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FOREWORD 

International Conference on Mechanical Engineering-2022 (ICME-22) is a multi-module, 

multi-track double blind peer-reviewed International Conference. held on February 16-19-2022 

in Main Auditorium, UET, Lahore, Pakistan. 

This conference showcased Research/Policy/Industry Papers, Posters and Projects, Industrial 

Products Exhibition, Students Professional development from all disciplines of Mechanical 

Engineering including but not limited to Thermo-fluids, Energy systems, Design Engineering 

and Stress Analysis, Industrial and Manufacturing Engineering, Engineering Management, 

Mechatronics, Control and Robotics, Textile Engineering, Aerospace and Metallurgy and 

Materials Engineering. 

We would like to express our sincere gratitude to United Stated, Education Foundation in 

Pakistan, Education USA, AJC Engineering (Pvt.) Ltd., Albario Engineering (Pvt) Ltd. Total 

PARCO Pakistan Ltd. Institution of Mechanical Engineers, UK – Pakistan Chapter for 

providing financial and technical support. 
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Abstract 

Porous Ti/Ha composites containing different amounts of HA by weight have an important place in 

biomedical applications due to their favorable mechanical properties, excellent biocompatibility and 

bioactivity. Powder metallurgy, spacer method, metal injection molding and additive manufacturing 

methods are used to produce porous Ti/HA composites. The formation of natural pores during the 

shaping of powders in the Binder Jetting method makes this method suitable for the production of 

porous parts. The polymer binders used to hold the particles/powders together in the Binder Jetting 

method form pores in the structure. In this study, titanium-Hydroxyapatite composites with different HA 

contents (5%, 10% by weight) were produced with a Binder Jetting 3D printer. After the binders in the 

structure of the parts produced in the 3D printer were evaporated, they were sintered at 1050 ºC using 

argon gas in the tube furnace. Density, SEM, and FTIR analysis of  sintered parts were permormed. 

The green part of Ti/HA composite were successfully fabreicated by Binder Jetting method. It has been 

observed that density of Ti/HA composites decreases as the amount HA increase in content. As a result 

of the study, Binder Jetting method is suitable for the production of porous Ti/HA composits.. 

Key Words: Additive Manufacturing; Binder Jetting; Biomaterials; Composites,Titanium; 

Hydroxyapatite.  
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Abstract 

External ballistics is a subject that focuses on the flight dynamics of the projectile. This study 

investigates the influence of the different shapes of the projectiles for the 40mm cannonballs made of 

distinct materials to understand which sample has the better shooting range operating with the air 

pressurized gas gun barrel system. The developed gas gun system empowered the projectile with 

compressed air. The projectiles are manufactured from beech and polyethylene to differ the density of 

the samples. Compressed air level increased step by step to reach 8bars in an open-air zone. For the 

total eight samples, different experiments are repeated with 7bars and 8bars. Because of the better self-

lubrication capability, polyethylene sample properties with filled conical nosed projectiles exhibit the 

maximum range of 26.25m. 

 

Key Words:  projectile shape; projectile range; gas gun; external ballistics 
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Abstract 

The research presented in this paper was conducted by the International Patient Service Directorate 

of a private hospital in Ankara. Health services are provided to Turkish and international patients in 

this hospital. The hospital's translation department was established in response to an increase in the 

number of foreign patients who arrived over time. This department's international patient relations 

specialists provide one-on-one service to patients from the time they make an appointment to the time 

they finish their treatment. Many issues arose as a result of the department's creation outside of a plan, 

rather than in response to a need. Employees' ineffective usage has an impact on their work 

performance, resulting in poor service quality. The goal of this paper is to optimize the number of 

international patient relations specialists and create a schedule that is appropriate for them.  

Key Words: Resource Assignment; Healthcare Industry; Operations Research; Optimization.
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Abstract  

Hybrid coating on metallic surfaces is recognized as a notable surface modification approach because 

of superior hardness and wear resistance, higher durability, synergistic properties of wear and 

friction, better lubricity etc. over other conventional or single-phase coatings. The surface coating 

processes can be divided into three namely, dry, wet, and liquid state and in general, a surface coating 

process can be applied to the surface of any engineering material for many tribological and high 

temperature, even ultra-high temperature applications. Here the authors discussed various coating 

materials, different coating processes, selection of coating systems, performance properties of the 

coating systems and hybrid coatings with the main purpose of widen the applications of newly 

developed hybrid coating. However, the biocompatibility, reduction of underlying substrate 

temperature, coating with oxidation and hot corrosion resistance, and other such recent advancement 

of hybrid coating with new, green, environmentally friendly, and sustainable coating materials have 

been seldom understood and published by the researchers although there are scopes for such studies 

on such sustainable coating materials using new, simple and cost-effective liquid additive 

manufacturing (LAM) process as a coating process. Further high temperature applications of hybrid 

coatings have been systematically summarized, including a case study of hybrid coating in terms of 

microstructure and hardness properties using a cost-effective process of LAM. Finally, the prospects 

and research directions of new hybrid composite coating are proposed. Therefore, it is hoped that the 

shift of the highly expensive laser beam liquid process to a cost-effective LAM approach for 

sustainable hybrid coating would be a major significance of this type of research work. 

 

Key Words:  Hybrid Coating; Liquid Additive Manufacturing; Sustainable; High Temperature 

Tribology 
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Abstract 

 The vortex tube is a device that can be manufactured by simple means within a low-price range 

and in different dimensions which proves the simplicity of the vortex tube. Although the efficiency 

of the vortex tube is low, it produces low temperatures without using expensive cooling machines. 

This paper presents the effects of cold mass fraction, rates of air flow and time on the hot and cold 

air exit temperatures that are generated in vortex tubes with different (DGi/Dh) ratios but same 

(Lh/Dh=9,5) ratio and a constant geometric ratio (λ=0,80) between the for different vortex tubes. 

We focused on the variation of cold and hot air exit flow temperatures of four different vortex 

tubes. During the experimental study, the working pressure was 5 bar and the air flow rate was 

adjusted to be 50,100 and 150 [𝑚3/ℎ]. The best cold and hot air exit flow temperatures that were 

obtained are respectively - 17℃ by means of the vortex tube 1 and 73℃ by means of the vortex 

tube 2.  

 

Key Words:  Vortex tube; cold mass fraction (CMF);coefficient of performance (COP). 

 
 

 

 

 

 

 

 

 

 

 

6

mailto:uysal@sakarya.edu.tr


Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

 

ARENA OR SIMIO? Which System Simulation Software Is 
Better for Industrial Engineering? 

Ibrahim SABUNCU* 

Industrial Engineering Department, Yalova University, Yalova, Turkey 

* Corresponding Author:  Email: isabuncu@yalova.edu.tr 

 

 

Abstract 

System simulation is one of the most fundamental and widely used tools of industrial engineering. 

Organizations perform system simulation applications using related software. Therefore, usually, 

systems simulation software education is given in industrial engineering programs. It has been 

detected that 19 different system simulation software are mentioned in the literature. It has been 

stated that the most widely used of these is ARENA system simulation software. Also, it seems that 

using other system simulation software such as PROMODEL and SIMIO has become widespread. 

So, which of this software is more suitable to be given in industrial engineering education? Is it the 

most widely used ARENA? Or should it be SIMIO which offers free academic version and is 

considered superior in animation qualities? Which one is easier to understand by students? This 

study aims to answer these questions. For this purpose, a questionnaire was applied to industrial 

engineering students who were trained in both ARENA and SIMIO system simulation software. They 

were asked to score various features of both software by using the Likert attitude scale. Using the 

scores given by the students, both software were compared. It is thought that the comparison results 

will be beneficial in terms of which systems simulation software to be used in industrial engineering 

education. 

Key Words: System Simulation Software; Industrial Engineering; ARENA; SIMIO 
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Abstract 

This paper presents the main highlights of the outcomes-based accreditation for Mechatronics 

Engineering Undergraduate program at Atilim University, Turkey. This perspective resulted in the 

granting of five years full accreditation with international validity twice, since 2015. Assessment of 

educational objectives and program outcomes, as both general and discipline-specific, are explained. 

The purpose of this paper is to share a successful experience regarding the positive results of the 

output-based quality and accreditation approach in mechatronics engineering education, which is a 

relatively new engineering discipline. 

Key Words: Engineering education, accreditation, mechatronics engineering, outcomes
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Abstract 

Dye sensitized solar cells (DSSCs) are promising photovoltaic devices that produce electricity from the 

photons that comes from sun. Photoanodes are one of the important components of DSSCs that collect 

electrons from excited dye molecules and transport these electrons the external circuit. Semiconductors 

such as TiO2, ZnO and SnO2 are usually used as photoanode material. While these semiconductors have 

suitable properties such as band gap, charge mobility that can be used in DSSCs, new approaches like 

doping should be applied to increase the solar conversion efficiency by impeding recombination and 

increasing charge mobility. In this study, TiO2/ZnO nanocomposite was synthesized and used as 

photoanode material for DSSCs. TiO2/ZnO nanocomposite was characterized by SEM and XRD to 

investigate its structural properties, and the yield and electrochemical behavior of DSSCs prepared 

with this synthesized nanocomposite were investigated via linear sweep voltammetry (LSV) and 

electrochemical impedance spectroscopy (EIS). 

Key Words: Dye sensitized solar cells, TiO2/ZnO nanocomposite, electrochemical study 
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Abstract 
A biomaterial is a material that is utilized to build or reuse a body's part and is in constant or 

intermittent contact with bodily fluids. It is also used for external devices for example structural 

members or hearing aids. The utmost mutual groups of biomaterials used are metals, polymers, 

ceramics, composites and apatite. In this review, only metallic biomaterials are debated to best bit their 

benefits and drawbacks in terms of mechanical and metallurgical properties. It was concluded that the 

available materials have limitations and that more refined multifunctional materials should be 

developed to accommodate the biocompatibility, metallurgical and mechanical complexity of organ 

replacement. 

Keywords: Biomaterials; Implants; Metals; Polymers; Ceramics;Composites 
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Abstract 

This presentation introduces the fundamental theory, practice and developments of energy storage 

systems. Such systems are needed on both supply and demand sides of the energy value chain. 

Integration of such storage systems will guarantee stable, balanced and continuous energy supply 

satisfying both thermal and electrical demands at any time. Due to the intermittent nature of solar 

and wind energies, it will not be possible to achieve 100% penetration of renewable energy in the 

different demand sectors without energy storage. Thus, energy sustainability could be achieved 

during the energy transition process leading to de-carbonizing the energy sector and achieving high 

energy efficiency utilization. Comparative assessment and applicability of the different energy 

storage technologies are presented in relation to time frame of storage needs (seconds, minutes, 

hours, days,… etc), cost, environmental impact and performance indicators. Such development track 

is continuously supported be R&D innovations targeting future cost reductions leading to dropping 

the cost learning curve for different technologies. 
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Abstract 

The paper investigates the behaviour of a passive adjustable shock absorber for a ground vehicle. The 

behaviour of the shock absorber clearly shows a nonlinear performance. The damping force was made 

adjustable by means of turning the knob at the top of the damper. This action causes a pin inside the 

shock absorber to restrict the flow of the damping fluid thus changing the damping force of the damper. 

The investigation of the performance of the damper was conducted by using the MTS damper test 

system. The data of the damping forces were recorded at different frequency and amplitude levels and 

the force-velocity curve of the passive adjustable damper were plotted. From the plot the empirical 

model of the nonlinear behaviour was generated. This empirical model was then used in the simulation 

of a quarter car model to further investigate the ride quality of a passenger car ground vehicle when 

subjected to various road conditions.  
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Abstract 

Thermal energy storage (TES) in solar thermal application assist to increase the performance and 

efficiency of the solar thermal collector system. Various technique has been developed to enhance TES 

performance such as using water and PCM as energy storage material. Type of material selection and 

design arrangement also contribute to the performance of solar thermal collector system. The aim of 

this research is to enhance the thermal performance on outlet temperature of Evacuated Glass-Thermal 

Absorber Tube Collector (EGATC) for air heating application. The performance study has been 

conducted to measure the outlet temperature as per indoor setup under the artificial solar radiation on 

the parameter effect of double pass flow arrangement with pre-heating inner absorber parameter. The 

comparison experiment at wind speed 0.9 m/s for stainless steel inner absorber showed better results 

on temperature outlet 47.7°C, energy store 4.46KJ and efficiency (collector + storage) 37.5% 

compared with insulation materials inner absorber with temperature outlet 44.7°C, energy store 4.40KJ 

and efficiency (collector + storage) 31.1%, respectively. This concluded that EGATC performance can 

be increase with those respective parameters.  

Keywords: 

Pre-heating; double pass flow arrangement, EGATC, thermal energy storage. 
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Abstract 

A hybrid rocket motor represents a compromise between a solid rocket and a liquid rocket motor. It 

offers throttling capability, increased safety, moderate cost, in addition to its benign environmental 

impact. However, a low regression rate is a major drawback of hybrid rocket performance. Regression 

rate depends on the viscosity of the burned propellant gas, enthalpy difference between flame zone and 

the wall, blowing factor, density of the fuel, vaporization of solid fuel and the velocity of gas at the 

boundary layer at the flame zone. Therefore, fuel compositions have to be modified in order to change 

its thermochemical reaction. This collaborative research work from various institutions is investigating 

the fuel regression rate in static firing using paraffin wax solid fuel doped with energetic additive, high-

entropy alloys (HEA) nanoparticles. HEA nanoparticles which are composed of aluminum, boron, iron, 

cobalt, nickel, and silicon are believed to increase the specific impulse, density specific impulse, and 

regression rate of the solid fuel. The presence of the nanoparticles will produce high radiative heat 

transfer to the molten layer on the solid fuel that will enhance the evaporation process and at the same 

time will increase the combustion efficiency. Computational Fluid Dynamics (CFD) is applied to model 

the regression process in hybrid rocket motors by using ANSYS FLUENT. Based on this model, we 

managed to establish regression rate correlation on the new type of energetic additives in a hybrid 

rocket motor. It was found that the regression rate is increased at higher mass flux and higher HEA 

concentrations. With HEA additives the regression rate is doubled as compare to the baseline fuel 

paraffin wax.   
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Abstract 

 
Rollover accidents are among the crashes that record the highest fatality rate in large passenger 

vehicles such as coach bus. The accident is one of the most crucial hazards for the safety of 

passengers and the crew on the bus. The concern on the hazard make United Nations Economic 

Commission for Europe (UNECE) developed Regulation R66 which refers to the term of Uniform 

Technical Prescriptions Concerning the Approval of Large Passenger Vehicles with regard to the 

Strength of Their Superstructure. UNECE R66 is the regulation that focuses on the bus 

superstructure, which is already implemented in Malaysia. The analysis conducted in evaluating the 

superstructure integrity is the crashworthiness where the capability of structure to protect against 

impacts and crash loads will be evaluated. In designing the crash energy management as part of 

nondestructive evaluation for bus manufacturer, an awareness assessment was conducted. Although 

most of them were aware of the regulation; a study is needed to obtain the level of implementation 

in their daily operation. The main objective of this study is to determine the awareness of the vehicle 

inspection in Vehicle Testing Approval (VTA) conducted by local authority. The method to determine 

the awareness are by visiting to the factory, interview session, and an online survey. From the results, 

58.2% of the bus manufacturers aware of the implementation of the regulation, and 45.45% agree 

that there are no major issues related to regulation practices. 89.4% and 80.99% also agree that 

those elements such as material selection and welding techniques should be considered in the 

designing and fabrication stage respectively. Through the survey conducted, bus industries in 

Malaysia should be alert on the regulation and implement the minimum requirement of UNECE R66 

so they can build the bus with better safety elements that are important as it is related to the safety 

of the passengers. 
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Abstract: 

Current experimental tools used to provide quantitative data on the air velocity and trajectory in 

rooms are either point-wise, planar, or limited to measuring volumes up to a few cubic centimeters. In 

the last two decades, 3D particle tracking velocimetry (3DPTV) has emerged as a promising 

technology to recover the motion statistics of thousands of particles immerged in fluids. The present 

paper details the experimental tracking of airflow in a 6.2m x 3.1m x 2.5m (L x W x H) full scale room 

using two combined 3DPTV systems. The experimental setup includes six cameras of 4Mo resolution 

equipped with fish-eye lenses, two 1000W fluorescent halogen lamps for illumination and neutrally 

buoyant helium filled soap bubbles used as tracers.  The bubbles are seeded in the room ventilation 

system and injected as an isothermal axisymmetric flow blown from room ceiling. The calibration of 

the camera network is described as well as the algorithm to merge particle trajectories initially 

calculated by each 3DPTV system separately. Results shows that the designed multi 3DPTV 

procedure is capable of successfully merging the tracer trajectories. Its precision of the longer 

trajectory obtained depends essentially on that of the base tracking algorithm used by each 3DPTV 

system.  
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Abstract 

Energy-water-environment nexus is very important to attain COP21 goal, maintaining environment 

temperature increase below 2oC, but unfortunately two third share of CO2 emission has already 

been used and the remaining will be exhausted by 2050. A number of technological developments in 

power and desalination sectors improved their efficiencies to save energy and carbon emission but 

still they are operating far from their thermodynamic limits. The theoretical thermodynamics limit 

for seawater desalination at normal conditions is about 0.78 kWh per m3 depending on the initial salt 

contents. However, practical plants are operated at several folds higher than this limit due mainly to 

inherent losses in the processes which incurred in removing dissolved salts. Technological 

advancement in thermally driven processes hybridization have set the new benchmark for lowest 

energy consumption that has boosted the water production trend of desalination industry. In this 

paper, we presented trihybrid cycle, integrating multi-effect desalination (MED), Adsorption (AD) 

and membrane distillation (MD), operating with concentrated photovoltaic thermal (CPV/T) to 

achieve net zero goals. The excellent thermodynamic synergy of tri-hybrid MED+AD+MD permits an 

effective utilization of energy input, achieving highest performance SUPR>25% of thermodynamic 

limit: one of the highest reported in the literature up till now. These figures can be translated to less 

than US$ 0.40/m3: - a lowest specific cost ever reported in the literature. The proposed tri-hybrid 

cycle is successfully tested at pilot scale at KAUST, Saudi Arabia. 
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Abstract: 

Advancement in the field of Bio-Mechatronics has provided numerous techniques to replicate the form 

and function of human upper limbs better, thus permitting the design of better prostheses for amputees.  

Transhumeral amputation refers to the loss of a biological hand, forearm, and elbow joint. Autonomy 

of prosthetic limbs is a challenge for researchers to make it as human limb is. This research proposes 

to automate the upper limb using human intention. Human intention is measured using EMG and fNIRS 

biosensors. The signals from both biosensors are hybridized to get the minimum required daily life 

functioning of the arm. The transhumeral prosthetic arm proposed has five degrees of freedom: One 

for elbow extension and flexion, one for wrist pronation and supination, and three for finger movement. 

The MYO armband acquires the filtered EMG signals for elbow and wrist motion from bicep of human 

arm whereas NIRSport™ will acquiring signals from mote cortex region of the brain for hand motions. 

The signals from biosensors are extracted for six motions of arm. The data features are extracted and 

used for pattern recognition. The data is classified for six arm motions implementing the hyberdization 

algorithm designed for this study. The method is implemented initially for off line motion prediction 

and later implemented in real time to the developed prosthetic arm for transhumerals. The accuracy of 

the method implemented is computed for offline as well as in real time for testing  of its performance. 

The results show upto 90% accurate performance which verifies the efficacy of the intention based 

control method proposed in this study. 
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Abstract 
Assembly plays a vital role in the quality of a final product and has a great impact on the 

manufacturing cost. The mechanical assemblies consist of parts that inevitably have variations from 

their ideal dimensions. These variations propagate and accumulate as parts are assembled together. 

Excessive amount of variations in an assembly may cause improper functionality of the product being 

assembled.Improving assembly quality and reducing the assembly time and cost are the main 

objectives of this research. The quality of an assembly is determined in terms of variations in critical 

assembly dimensions, also known as Key Characteristics (KCs). In order to improve assembly quality 

and reduce assembly time and cost, it is necessary to: (1) model non-ideal parts based on tolerances 

defined in design standards or current industrial practice of component inspection, (2) model 

assemblies and their associated assembly processes to analyse tolerance stack-up in the assembly, (3) 

develop probabilistic model to predict assembly variation after product assembly, and (4) implement 

control strategies for minimising assembly variation propagations to find optimum configuration of 

the assembly. Two assembly models have been developed, a linear model and a fully non-linear model 

for calculating assembly variation propagations. The assembly models presented in this research also 

allows for inclusion of geometric feature variation of each assembly component. The assembly 

variation models and the geometric variation models have been developed for 2D and 3D assemblies. 

An assembly case study representing the rotating part (rotor) of an aero-engine have been studied. A 

probabilistic method based on the linear model is presented as a general analytical method for 

analysis of 3D mechanical assemblies. Probability density functions are derived for assembly position 

errors to analyse a general mechanical assembly. The derived probability functions are validated by 

using the Monte Carlo simulation method based on the exact (fully non-linear) model. Results showed 

that the proposed probabilistic method of estimating tolerance accumulation in mechanical 

assemblies is very efficient and accurate when compared to the Monte Carlo simulation method, 

particularly if large variations at the tails of the distributions are considered. 
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Abstract: 

Advancements in development of sustainable and cost-effective green composites for a wide range of 

applications are increasing day by day. Bio composites with improved mechanical properties and 

thermal stability using natural fibers are one of these recent developments. Biopolymers are polymers 

that are derived from renewable resources (e.g., derived from plant-based feedstocks or from bacterial 

fermentation). Development of biodegradable plastics and lignocellulosic fiber reinforced composites 

is getting global attention because of their biodegradable properties in response to their interactions 

with environment. 

Research in Polylactic acid (PLA) composites with natural fibers / mineral fillers is one of the promising 

area due to deficiency in their mechanical and thermal profile. The novel bio-derived composites were 

developed with improved thermal and mechanical properties to meet the challenges of growing 

environmental and legislative concerns and providing a sustainable solution to cover the petrochemical 

based daily life commodity items. 
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Abstract 

Solar cells have gained attention of researchers due to the ever growing and depleting source of fossil 

energy resources. The efficiency of today’s solar cell is low and efforts are being made to enhance this 

to rationalize its capital cost. In this study effect of compact layer Titania (c-TiO2), blocking layer, on 

the performance efficiency of the carbon based perovskite solar cell is carried out. Structure of the 

fabricated cell is FTO compact layer, mesoporous- zirconia carbon layers perovskite infiltration of 

various forms of c-TiO2. Samples fabricated without compact layer, compact layer using screen printing 

and spin coating. Perovskite solar cell without c-TiO2 showed recombination problem and showed 

lowest power conversion efficiency of 3.18%. Solar cell fabricated with c-TiO2 deposited using screen 

printing gave efficiency of 3.87% whereas the c-TiO2 deposited using spin coating showed conversion 

efficiency of 4.74%. with Voc 0.8V and a current of 32mA. The presence of c-TiO2 also reduced 

hysteresis in the IV curve in carbon based perovskite solar cell. 

Key Words: c-Ti; perovskite solar cells 
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Abstract 

Improved performance characteristics (surface roughness and material removal rate) of machined parts 

are largely depended upon optimal combination of process parametric values and are requirement of 

modern age industries. The current study aims to optimize process parameters simultaneously by taking 

multi response outputs during turning of High Strength Low Alloy (HSLA) under Nano Fluid Minimum 

Quantity Lubrication (NFMQL). Taguchi based Grey Relational Analysis (GRA) method was employed 

for multiple response optimization. Taguchi L9 array was used for experimental design. Input process 

parameters used in this study were cutting speed (CS), feed rate (FR) and depth of cut (DOC) to get 

minimum Surface Roughness (SR) and maximum Material Removal Rate (MRR). Signal to noise ratios 

achieved from Taguchi method was converted in to grey relational grade (GRG) values for multi 

response optimization. Results revealed that optimal combination values using multi response 

optimization were level 1 (120 mm/min) of CS, level 1 (0.11 mm/rev) of FR and level 3 (0.8 mm) of DOC 

to minimize the SR and maximize the MRR simultaneously. Confirmatory tests confirmed that there was 

good agreement between estimated GRG and experimental GRG. Further, GRG value for performance 

characteristics was reasonably improved (12.8%) using Taguchi based GRA multi response 

optimization.   

Keywords: Surface roughness; Material Removal Rate; HSLA Steel; NFMQL; Multi response 

Optimization   
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Abstract 
Additive manufacturing has transformed the electronics industry from conventional to printed 

electronics. AM is a cost-efficient technique to produce three dimensional object with ease, avoiding 

the extreme processing conditions required. High performance efficiency and resolution in AM field 

allows the fabrication of functional electronic devices. These functional devices are mostly embedded 

with simple building blocks of electrical circuit including resistive and capacitive structures. This paper 

highlights the non-contact high resolution printing methods; Electrohydrodynamic (EHD) Jet printing 

and Micro-extrusion Direct Ink Writing (DIW). Materials like silver, carbon and PEDOT: PSS were 

deposited on rigid and flexible substrates, to achieve minimal printed width without any discontinuities. 

Electrical characterization of fabricated electrodes were carried out as thermoelectric generators 

(TEG), Resistance Temperature Detector (RTD) sensors, humidity sensors, strain gauges, flex sensors 

and micro-heaters. Temperature and humidity sensor has potential applications in medical, food 

monitoring and industrial environments. These fabricated electronic devices also has future in printed 

flexible wearable electronics.  

Keywords: Additive manufacturing, Printed sensors, Electrohydrodynamic Printing, Direct Ink Writing 
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Abstract 
Innovative waste heat recovery systems can improve energy efficiency, reduced Levelized cost, and 

lower environmental emissions. Different waste heat recovery systems utilize numerous ways of 

enhanced waste heat recovery to exploit the maximum power from the cycle. Existing research has 

focused on the usage of holistic and lumped approaches to model different systems including 

supercritical CO2 and Maisotsenko cycle based humid air saturator. The use of alternative and 

innovative methods have numerous potentials. The performance of the system is deduced through the 

energetic assessments by demonstrating net-work output and efficiency primarily. Here an assessment 

has been made related to the overall performance of both such innovative cycles. The assessment is 

also presented for various operating conditions ranges expected in our local climatic conditions 

especially pertaining to outdoor heat rejection temperatures, which play important part in low quality 

heat recovery. In addition, the life cycle savings along with carbon footprints are also presented for 

reference.\ 
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Abstract: 
The use of forest wood in the conventional inefficient cooking stoves has resulted in various 

environmental and health-associated challenges in Pakistan. These three stone conventional cooking 

stoves are highly inefficient with an overall efficiency of only 14% and deteriorate the indoor air quality, 

which leads to various diseases including asthma etc. According to World Health Organization, every 

year, 4.3 million people die because of the pollution resulted from indoor cooking. To mitigate these 

challenges, this study aims to design, manufacture and test a multi-purposed cooking stove. Data 

regarding the current cooking practices were collected from a hilly area community through site visits 

and a questionnaire. It was observed that the daily wood usage of an average house is 40 kg. Data on 

the indoor air quality was also recorded using an Indoor Air Quality (IAQ) monitor. In the light of data 

collected, a new design of cooking stove was developed which was then manufactured in the workshop 

of the Mechanical Engineering Department of Mirpur University of Science and Technology, Pakistan. 

Testing of this stove was performed in the Heat and Mass Transfer laboratory by performing a water 

boiling test. The experimental performance analysis of this new wood stove revealed that it uses 60% 

lesser wood than the conventional stove for cooking the same type of food. Further, it provides space 

heating and hot water which are additional benefits associated with this stove and increase its overall 

efficiency. The IAQ monitor readings also indicated that IAQ remains well within the recommended 

limits (PM2.5= 12-15 μg/𝑚3) while using this stove. It is recommended that this high-efficiency cooking 

stove should be promoted among the rural and hilly area communities in order to control the 

deforestation rate as well as the burden on the local hospitals. 
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Abstract 

In this experimental work, similar welding between AISI 316L austenitic stainless steel plates utilizing 

shielded metal arc welding procedure employed for two distinct weld consumables that are E308 and 

E316L was carried out to determine the tensile that are yield strength, ultimate tensile strength & 

percent elongation and impact properties that are fracture toughness and fracture strength of the plates 

being welded (weldments). Through this research, AISI 316L austenitic stainless steel plates with 10mm 

thickness were joined together through shielded metal arc welding employing two different types of 

welding consumables that are E308 and E316L. Radiographic tests were executed on these shielded 

metal arc welded AISI 316L austenitic stainless steel plates to ensure the non-defectiveness of the 

weldments. The tensile and charpy V-Notch impact tests were undertaken over the specimens prepared 

from these welded plates and it was evaluated that the weldments fabricated by employing welding 

consumable E308 exhibited superior tensile and impact properties than E316L welding consumable 

and is therefore recommended for fabrication of weldments of AISI 316L austenitic stainless steel plates 

that requires optimum tensile and impact properties through shielded metal arc welding. 

Keywords: AISI 316L austenitic stainless steel, Impact properties, Shielded metal arc welding, Tensile 

properties, Welding consumables. 
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Abstract- 

Diesel engines available in various sizes, ranging from a few horsepower to 10,000 hp, provide a self-

reliant energy source and are extremely reliable if maintained properly. However, they release toxic 

gases like nitrogen oxide, carbon monoxide, unburnt hydrocarbons, and particulate matter extremely 

harmful to the environment. Nowadays, diesel is blended with fuel-additives such as vegetable-based 

oils and metals oxides to control engine emissions. In the present study, the effect of fuel additives such 

as multi-walled carbon nanotubes, iron oxide, and graphite powder on controlled engine emissions in 

terms of the reduced quantity of toxic gases and un-burnt hydrocarbons have been investigated. Briefly, 

the emission of a single-cylinder diesel engine, operated at varying loads and speeds, fueled with plain-

diesel and blends of diesel with fuel additives were measured using automobile emission analyser with 

and without using customed designed microfilter. The experimental quantitative data of engine 

emissions, i.e., total hydrocarbons, carbon mono and dioxide, obtained from automobile emission 

analyser was then analysed using the Grey Taguchi method with minimum the better criteria. Taguchi 

quality loss function and overall-grey-relation-grade indicated a set of inputs for minimum output 

responses. The experimental and GTM optimised results were then validated using artificial neural 

network. The output responses were optimised at A=2, B=3, and C=4 for THCs, A=1, B=1, and C=1 

for CO2 emission, and A=4, B=4, C=1. The experimental results were again measured at similar input 

factors and levels with the implementation of a novel HE-OB-MF after treatment retrofit. The results 

of THC and CO2 were abated by 18.5 % and 16 % respectively, and CO emissions were found a bit 

increased with heat exchanger oil bath micro filter retrofit (HE-OB-MF). 

Keywords: Non-road diesel engine; Grey Taguchi method; Carbon nanotubes; Graphite 

powder; ANN 
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Abstract 

Gas turbines are systems that are widely used in the defense industry and electricity generation. The air 

compressed with the gas compressor is burned in the combustion chamber with the injected fuel and sent to the 

turbine section. In recent years, high temperature (1150-1350 C) combustion gas mixtures have been used to 

increase the thermal efficiency and power of gas turbines. For this reason, gas turbines must be cooled in order 

not to cause any malfunctions. One of these cooling methods is jet impingement cooling and in this study, jet 

impingement cooling on a flat surface was numerically investigated. The purpose of this study is to determine 

the effect of triangular jet holes orientation on the performance of heat transfer for the in-line jet array jet 

impingement configuration. Fully turbulent flow was used for the analyzes. The local Nusselt (Nu) numbers on 

the target surface, the heat transfer and the flow characteristics were investigated numerically using 

Computational Fluid Mechanics (CFD). The SST k-w turbulence model was used to solve the turbulence 

equations. Dimensionless jet spacing to jet diameter (Xn/Dj), dimensionless jet plate to target plate spacing to 

jet diameter (Z/Dj) and dimensionless target plate width to jet diameter (Y/Dj) were taken as 5.0, 6.0 and 6.0 

respectively. Three different jet orientations were investigated for four different Reynolds (Re) numbers. 

Equilateral triangles with a hydraulic diameter of 6 mm were used for the jet openings. The average Nusselt 

numbers for all jet orientations were approximately the same but the maximum local Nusselt number value was 

reached for the jet orientation of A 180 at all Reynolds numbers. 

 

Key Words: CFD, Impinging jet, Convective heat transfer, Triangular jet orientation 

 

Nomenclature 
 

Dj Jet hydraulic diameter (𝒎) Subscript  

𝑮𝒋 Nozzle spacing (m) 𝑨 𝟎 Jets turned 0 degrees 

𝑵𝒖 Nusselt number A 90 Jets turned 90 degrees 

Re Reynolds number 𝑨 𝟏𝟖𝟎 Jets turned 180 degrees 

Rej Reynolds number at the jets Greek Symbols  

X Streamwise direction coordinate [m] 𝝆 Air density [𝑘𝑔/𝑚3] 

Z Jet flowwise coordinate [m] 𝝁 Dynamic viscosity [Pa.s] 

 

1. Introduction 

Gas turbines used in airplanes and helicopters are 

one of the most important elements in the defense 

industry. Gas turbines are the most 

technologically advanced machines. Meaning the 

developments in gas turbines are parallel with the 

general technological developments. 

Developments in material sciences, control, 

combustion, cooling and thermal coating in 

particular lead to developments in gas turbines. 

One of the important problems of gas turbines is 

the cooling of the blades in the primary region of 

the high-pressure turbine. Especially in the 

combustion chamber outlet and turbine primary 

region, the combustion gas temperature rises up to 

1150-1350°C. For this reason, both the stator and 

rotor blades of the turbine blades in the primary 

section need to be cooled. Various experimental 

and theoretical studies for different geometries are 

available in the literature on increasing the heat 

transfer in turbine blades. 

 

 When these studies are examined, different 

cooling channel geometry designs, placing fins or 

turbulators in the channel, placing a pin between 

the two channels, or using impinging jets between 

the two surfaces can be seen as methods to increase 

the cooing performance [1].  

These studies also seem to focus on specific areas 

such as the cooling of the main fuselage, wing tip, 

leading edge and trailing edge.  
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The cooling performance of a wide variety of 

channel geometries has been studied 

experimentally. Han and Zhang [2], Talsim and 

Wadsworth [3] experimentally investigated the 

performance of rips placed in a channel in various 

ways (straight, and V-oriented). An experimental 

study by Goldstein and Behbahani [4] shows the 

crossflows effect on the convective heat transfer 

coefficient. They showed that the crossflow 

lowers the convective heat transfer coefficient 

when Z/Dj>12 and increases the convective heat 

transfer coefficient for lesser.  

 

Another experimental study was done by Li et al. 

investigating the cooling performance of the 

impingement jet cooling for elliptic hole [5]. A 

study was conducted by San and Lai examining 

the change in heat transfer for different Z/Dj and 

Xn/Dj values [6].  

An experimental study was done by Uysal et al., 

investigating impingement jet cooling using the 

TLC method to find the convective heat transfer 

coefficient for the trailing edge of a gas turbine’s 

blade [7]. A numerical study was done by 

Hoffman et al. They investigated the performance 

of the heat transfer regarding the Z/Dj ratio using 

a number of different turbulence models and 

concluded that the SST k-w turbulence model was 

the most effective [8]. Similarly, a numerical 

investigation was done by Kannan and Sundararaj, 

on impingement jet cooling with a variety of 

different Z/Dj ratios using Standard and RNG k-휀 

and SST k-w turbulence models and when 

compared amongst each other they found that the 

most precise solution was achieved using the SST 

k-w turbulence model [9]. Another numerical 

study was done by Sharif an d Mother, 

investigating concave and flat surfaces’ heat 

transfer coefficient using different turbulence 

models. The turbulence models used were LLR 

Reynolds Stress Transport, SST k-w, Realizable 

k-휀, RNG k-휀 and Standard k-휀 [10]. Tepe et al. 

investigated impingement jet cooling numerically 

and experimentally using the SST k-w turbulence 

model for the numerical investigation and the TLC 

method for the experimental study for extended jet 

holes [11]. Etemoglu and Can carried out an 

analytical study optimizing the thermal 

performance of single and multiple nozzle systems 

with impinging jets [12]. 

Looking at the literature it can be seen that there 

are a significant number of studies investigating 

different jet geometries including triangular jets 

but there is a vacancy when it comes to the 

triangular jet’s orientation. This study aims to 

investigate the effect of the orientation on the heat 

transfer and a numerical study was done to 

investigate impingement jet cooling with 3 

different orientations of triangular jets for 4 

different Reynolds numbers. The SST k-w 

turbulence model was used for the analyzes. To 

determine the accuracy of the method and the mesh 

structure used in this investigation the model used 

in the study by Tepe et al. [11] was solved first. 

 

2. Numerical Analyzes 
 

2.1 Grid Independence Study 

When solving numerical problems, the mesh 

structure and quality is extremely important to 

reduce time spent and increase the accuracy of the 

results. Because of this a more concentrated mesh 

structure is constructed around the area of the jets 

and the target plat’s surface to compensate the 

higher velocity and changes in temperature. In this 

numerical study the turbulence model used is the 

SST k-𝜔 turbulence model. Therefore, on the target 

plate’s surface the 𝑦+ value is kept close to 1. Fig 3 

shows the mesh structure used in this numerical 

study. 

 

Fig.1 Model geometry and dimensions (dimensions are in mm) 
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Table [1] Grid independence study 

Mesh Grid 1 Grid 2 Grid 3 Grid 4 

Elemen

ts 

118232

5 

209120

0 

335473

8 

537553

9 

Nodes 341100 622080 

110273

8 

194404

0 

Nu_ave 

39.410

3 

40.238

7 

40.358

3 

40.421

5 

To achieve a solution that isn’t bound by the mesh 

structure, fore different mesh structures were used. 

Table 1 show the fore different mesh structures 

and the average Nusselt numbers on the target 

plate’s surface for those structures and because the 

different between grids 3 and 4 are lesser the 

0.001% gird 3 is a sufficient mesh structure for this 

study. 

2.2 Validation Study 

 

Fig.2 Average Nusselt numbers on the target 

plate’s surface for the validation study and the 

experimental study [11] 

A validation study was done to assure the 

solutions accuracy. The model used in the study is 

the model without the extended jet holes by Tepe 

et. Al [11]. Fig. 2 clearly show that the average 

Nusselt numbers for different Reynolds numbers 

are approximately the same between the validation 

study and the experimental study done by Tepe et. 

Al [11]. 

2.3 Governing Equations 

The Reynolds average Navier-Stoke equations for 

the solution of the simulation is as follows: 

 

Fig. 3 Mesh structure of the model 

Continuity Equation:  

𝜕𝜌
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+
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= 0                        (1) 

Momentum Equation: 
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𝜕

𝜕𝑥𝑗
(−𝜌𝑢𝑖

, 𝑢𝑗
,̅̅ ̅̅ ̅) (2) 

The term −𝜌𝑢𝑖
, 𝑢𝑗

,̅̅ ̅̅ ̅ in equation 2 represents the 

Reynolds stress. The expression between the mean 

velocity gradients and the Reynolds stress 

hypothesized by Boussinesq is: 

−𝜌𝑢𝑖
, 𝑢𝑗

,̅̅ ̅̅ ̅ = 𝜇𝑡 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)

−
2

3
(𝜌𝑘

+ 𝜇𝑡

𝜕𝑢𝑖

𝜕𝑥𝑗
) 𝛿𝑖𝑗               (3) 

The term 𝜇𝑡 is the turbulent viscosity and is: 

𝜇𝑡 = 𝜌𝐶𝜇

𝑘2

휀
                              (4) 

Energy Equation: 

𝜕

𝜕t
(𝜌𝐸) +

𝜕

𝜕𝑥𝑖
[(𝜇𝑖(𝜌𝐸 + 𝑃)]

=
𝜕

𝜕𝑥𝑗
[(𝑘 +

𝐶𝜇𝑖

𝑃𝑟𝑡
)

𝜕𝑇

𝜕𝑥𝑗

+ 𝜇𝑖(𝜏𝑖𝑗)
𝑒𝑓𝑓

]                             (5) 

 

 

The term (𝜏𝑖𝑗)
𝑒𝑓𝑓

 is the deviatoric stress tensor and 
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is: 

𝜇𝑖(𝜏𝑖𝑗)
𝑒𝑓𝑓

= 𝜇𝑒𝑓𝑓 (
𝜕𝑢𝑗

𝜕𝑥𝑖
+

𝜕𝑢𝑖

𝜕𝑥𝑗
)

−
2

3
𝜇𝑒𝑓𝑓

𝜕𝑢𝑖

𝜕𝑥𝑗
𝛿𝑖𝑗                          (6) 

In this study, the turbulence model used for the 

solution of the numerical simulation is SST k-𝜔 

turbulence model. k and 𝜔 in the SST k-𝜔 

turbulence model respectively stands for the 

turbulent kinetic energy and diffusion turbulent 

energy and their transport equations are as 

follows: 

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑘𝑢𝑖)

𝜕𝑥𝑖

=
𝜕

𝜕𝑥𝑗
(Γ𝑘

𝜕𝑘

𝜕𝑥𝑗
) + 𝐺𝑘 − 𝑌𝑘

+ 𝑆𝑘                                                    (7) 

𝜕𝜌𝜔

𝜕𝑡
+

𝜕(𝜌𝜔𝑢𝑖)

𝜕𝑥𝑖

=
𝜕

𝜕𝑥𝑗
(Γ𝜔

𝜕𝑘

𝜕𝑥𝑗
) + 𝐺𝜔 − 𝑌𝜔 + 𝐷𝜔

+ 𝑆𝜔                                                  (8) 

𝐺𝜔 in Equation 8 represents the production of 

turbulent kinetic energy based on the mean 

velocity gradients. 𝐺𝜔 is a product of 𝜔 and Γ𝜔 and 

Γ𝑘 are undulating expansions of 𝜔 and k 

respectively. 𝑌𝜔 and 𝑌𝑘 represent the expansion of 

𝜔 and k due to turbulence. 𝑆𝜔 and 𝑆𝑘 represent 

user defined resource terms and 𝐷𝜔 stands for 

cross diffusion. 

The Reynolds number for the jets are calculated 

as: 

𝑅𝑒𝑗 =
𝜌𝑈𝑎𝑣𝑒𝐷𝑗

𝜇
                                   (9) 

In Equation 9 𝜌 represents the air density, 𝑈𝑎𝑣𝑒 

stands for the mean air velocity, 𝐷𝑗 is the jet 

hydraulic diameter and 𝜇 represents the dynamic 

viscosity of air. 

2.4 Solution Procedure 

Fig. 4 shows a schematic image of the boundary 

conditions and the computational domain. For the 

pressure velocity coupling the SIMPLEC method 

was used. For the turbulence, energy, momentum 

and continuity equations second order upwind 

scheme was used. 

The working fluid used in this analysis was air and 

the inlet air properties were taken from the 

thermophysical properties table [13]. Air enters the 

inlet section with a uniform temperature of 323 K. 

The hydraulic diameter is 0.021 m and the turbulence 

intensity was calculated using [14]: 

𝐼 = 0.16 𝑅𝑒−1/8                      (10) 

Where I is the turbulence intensity and Re is the 

Reynolds number. 

For the channel walls the no slip boundary conditions 

with a constant temperature approach was used and 

the temperature was taken as 294 K. At the outlet the 

pressure outlet condition was used. The hydraulic 

diameter was taken as 0.036 m and the turbulence 

intensity was calculated again using equation (10). 

For the target plate’s surface, a constant temperature 

approach was used and the temperature was taken as 

294 K. 

In this numerical study four different Reynolds 

numbers were used. These values are 16250, 21700, 

27100 and 32500 and because all of these numbers 

are greater than 104104 a fully turbulent flow can be 

assumed.  

The solving prosses was carried out until all of the 

residuals’ iterations converged to a value of 10−5. 

 

3. Results and discussion 

In this numerical study, the effect of triangular 

jet’s orientations on the average Nusselt number 

at the target plate’s surface was investigated.  

Fig. 4 Boundary conditions and the computational domain 
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Fig. 5 Effect of the jet orientation on the average 

Nusselt number at the target plate’s surface 

Fig. 5 shows the effect of the jet orientation on 

the average Nusselt number at the target plate’s 

surface is not affected much by the jet’s 

orientations. The number after the letter “A” 

represents the angel in which the jets have been 

rotated.  

 

 

(a) 

 

(b) 

 

(c) 

Fig. 6 Jet plate orientations (a) not rotated, (b) 

rotated 90 degrees, (c) rotated 180 degrees 

Looking at Fig. 7 it can be seen that for A 0 and A 

90, the highest Nusselt number is reached at the 

4th jet and for A 90 the Nusselt number 

distribution at the target plate’s surface is less 

symmetrical. For A180 the highest Nusselt 

number is reached at the 5th jet. The maximum 

local Nusselt numbers were obtained with the jet 

orientation of A 180 for all Reynolds numbers and 

the highest Nusselt number is 144 for A180 at 

Re=32500. 

4. Conclusion 

This study was done to investigate the effect of 

triangular jets orientation on the Nusselt number at 

the target plate’s surface for fore different Reynolds 

numbers using CFD.  

A grid independence study was done by using 4 

different mesh structures and using the sufficient 

mesh structure a validation study was done by 

solving the model used in Tepe et. Al [11]. 

The turbulence model used in this study is the SST 

k-𝜔 turbulence model. For the pressure velocity 

coupling the SIMPLEC method was used and second 

order upwind scheme was applied for the turbulence, 

energy, momentum and continuity equations. The 

solving process was carried out until all of the 

residuals’ iterations converged t a value of 10−5.  

 

 
Figure6  Surface Nusselt Number
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(c) 

A0 
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(d) 
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Fig. 7 Local Nu number distribution at the target plate surface for different Re numbers (b Re=16250, 

Figure7 Results 
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From Fig. 5 it can be seen that as the Reynolds 

number increase so does the average Nusselt 

number. And looking at Fig. 5 it can be seen that the 

average Nusselt numbers for the 3 different jet 

orientations are approximately the same. But 

looking at Fig. 7 we can see that the changes in the 

jet orientation had an effect on the local Nusselt 

number values at the target plate’s surface. For the 

jet orientations A 0 and 90 the highest Nusselt 

numbers are at the 4th jet and for A 180 the highest 

Nusselt number is at the 5th jet. It can also be seen 

that for A 90 the Nusselt number distribution is 

slating upwards due to the change in the jet 

orientation. The maximum local Nusselt numbers 

were obtained with the jet orientation of A 180 for 

all Reynolds numbers and the highest Nusselt 

number is 144 for A180 at Re=32500. 
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Abstract 

The development of a transparent, environmentally friendly and anti-fog coating for applications such as mirrors, 

windows, automobile windshields, eyeglasses and food packaging has an important place in our lives. Research 

in the field of anti-fog technology, which is well-known to make our daily activities more comfortable, has received 

increasing attention, especially in recent years, for numerous potential applications. In this study, an innovative 

coating based on tannic acid (TA) and chitosan (CHI) hybrids with excellent anti-fog properties was obtained. 

Synthesized TA/CHI films were obtained in highly transparent form after coating on glass substrates. The bond 

structures of the obtained coatings were illuminated by FTIR analysis, their hydrophilicity was characterized by 

contact angle measurements and antifogging tests were carried out. The coatings, which performed well when 

transferred from the refrigerator to room temperature, also showed anti-fog performance in a hot and humid 

environment. 

Key Words: antifogging; superhydrophilic coating, tannic acid 

1. Introduction 

Surface fogging is a problem caused by the 

condensation of water droplets, usually caused by 

sudden changes in temperature and humidity, 

which relieves some concerns in daily production 

and life [1]. Fog accumulating on the materials such 

as food packaging, camera lenses, safety glasses, 

and vehicle windows, which can cause light to be 

refracted and reflected, can also cause a decrease in 

light transmission. In daily life, especially in areas 

where transparency is essential, fogging causes 

discomfort and poses a risk. For example, fogging 

of safety glasses can significantly affect medical 

operations [2]. 

Superhydrophobic or especially superhydrophilic 

coatings are adopted to prevent light scattering on 

the substrate surface, maintain light transparency 

and reduce water adhesion or mitigate fogging 

hazards by spreading the water droplet at a uniform 

rate. It is stated in the literature that 

superhydrophilic coatings are one of the most 

effective strategies among the approaches to 

address the fogging problem. These materials 

include, for example, coatings of TiO2 and ZnO9, 

which have adverse effects due to their 

photocatalytic degradation activities [3]. That's 

why the development of polymer-based anti-fog 

coating has recently attracted the attention of 

researchers. There are also coatings in the literature 

that involve complex chemical reactions and 

require professional tools and machining processes. 

In addition, this method takes a lot of time, although 

it is a relatively easy method to produce anti-fog 

materials layer by layer. The development of an 

efficient and easy method for anti-fog coating 

design is a subject that continues to be studied [4]. 

Tannic acid (TA), a food-grade product derived 

from nature and known to be quite rich in tea, is a 

polyphenolic compound. In recent years, TA has 

attracted a lot of attention by researchers thanks to 

its functions, such as antimutagenic and antioxidant 

properties [5,6]. Chitosan (CHI) is a naturally 

biocompatible cationic polysaccharide and a weak 

polyelectrolyte. CHI, typically obtained from the 

cell walls of fungi or shells of shellfish, is known to 

be effective as an antibacterial agent [7,8]. TA and 

CHI, whose chemical structures are shown in 

Figure 1, are promising for use to obtain anti-

fogging coatings due to their non-toxicity and high 

hydrophilicity. In this study, an aqueous solution 

containing CHI and TA was obtained by the mixing 
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method. TA/CHI coatings with anti-fogging 

properties were coated onto the glass surface with a 

one-step coating strategy by a simple drop-casting 

process. As a result, TA/CHI coatings on glass 

substrates showed outstanding anti-fog properties 

without affecting transparency. 

2. Experimental Section 

2.1. Materials 

TA and CHI were purchased from Sigma Aldrich. 

All chemicals used in the experiments were used 

without further purification. Deionized water with 

a resistance of 18 MΩ was used for the solutions 

prepared throughout all experiments. 

2.2. Preparation of coating solutions 

CHI and TA were dissolved at a concentration of 

1g/50mL at pH 4.2 and neutral pH, respectively. To 

optimize the anti-fogging properties, different 

ratios of 1:0, 2:1, 1:2, and 0:1 TA and CHI were 

prepared. The prepared TA/CHI solutions were 

mixed for 1h by adjusting the pH value to 4.2 with 

0.1 M HCl or 0.1 M NaOH solutions to form a 

transparent mixture. 

2.3. Preparation of substrates 

Before coating, the glass substrates were cleaned in 

acetone, ethanol, and DI water for 10 min by 

sonication, respectively, and then dried. The area of 

the glass substrates was approximately 2.5 x 2.5 

cm2. 

2.4. Preparation of TA/CHI coated 

substrates 

50 𝜇L of TA/CHI solutions prepared at different 

mixing ratios were coated onto the cleaned glass 

substrates by drop-casting and dried at room 

temperature to obtain coatings. In addition, TA/CHI 

coatings can be prepared at various scales by 

adjusting the volumes of the precursor of TA/CHI 

coated on the substrates with this method, which is 

a relatively fast and practical method. 

2.5. Measurements and 

characterization 

Fourier transform infrared (FTIR) analysis (Perkin 

Elmer, Spectrum-Two) was performed at a 

resolution of 4 cm-1 and wavenumber range of 400-

4000 cm-1 for illuminating the structures of the 

samples. Hydrodynamic diameters and zeta 

potential measurements of the prepared samples 

and the Nano Plus device were made. The 

wettability and hydrophilicity of the samples were 

characterized at ambient temperatures by 

measuring the contact angle with the pendant drop 

method by a video-based device (Attention). The 

volume of water droplets used is 4 𝜇L. Images 

analyzed using software compatible with the device 

were acquired with the device camera with a 

charged connection. All data points of experiments 

performed in triplicate to express data are presented 

as mean ± standard deviation (n = 3). 

2.6. Anti-fogging tests 

Antifogging was evaluated by steam and cold fog 

tests. Coated and uncoated glass substrates were 

placed at 4 °C for 30 min before the steam test. 

Unexpectedly, samples taken from the refrigerator 

were photographed using a digital camera, held 5 

cm above a beaker containing hot water (85 °C) for 

60 s. 

The cold fog test subjected TA/CHI coated and 

uncoated samples stored in a refrigerator (−20 °C) 

for 30 min. Digital photographs of the samples were 

taken immediately under ambient conditions. 

3. Results and Discussion 

Primarily, different ratios of TA/CHI solutions 

were optimized. It was analyzed that the zeta 

potential of the samples at different ratios increased 

from −10.4 mV, 15.8 mV, 29.5 mV, 39.6 mV to 

54.2 mV, respectively (Figure 2). It was observed 

that the zeta potential of the samples prepared with 

the decrease of TA content increased. 

 

Figure 1. The molecular structures of (a) TA and (b) CHI.
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Figure 2. Zeta potential of TA, TA/CHI (2:1), 

TA/CHI (1:1), TA/CHI (1:2), and CHI. (± 

SD=3.5, n=3) 

With the obtained dynamic light scattering 

measurement, the main hydrodynamic diameter 

of the samples prepared at different rates was 

measured. Strong intermolecular interactions 

between TA and CHI can significantly influence 

the shrinkage of molecular segments. Thanks to 

these interactions, it was observed that the sample 

with a ratio of 1:1, as observed in Figure 3, had 

the smallest hydrodynamic diameter useful for 

preparing smooth coatings. 

Figure 3. Hydrodynamic diameters of TA, TA/CHI (2:1), TA/CHI (1:1), TA/CHI (1:2), and CHI (± 

SD=0.7, n=3). 

Since wettability is the most critical factor in mist 

formation, it is generally examined in anti-fogging 

studies. In this study, the contact angle 

measurements of each sample prepared at different 

rates were examined to detail how it will affect the 

mist properties. As shown in the Figure 4., it was 

observed that the contact angles of the coatings 

prepared at different ratios decreased to 15.8°, 

11.2°, 4.5°, 13.3°, and 16.1°, respectively, when 

compared to 65.4° belonging to the bare glass 

substrate without coating. TA/CHI coatings 

exhibited 1:1 superhydrophilicity, and this result 

showed that 1:1 coating could be suitable for anti-

fogging applications. 

The chemical compositions of the TA/CHI coating 

were investigated by FTIR measurements, as 

shown in Figure 5. The characteristic stretching 

vibration of C=C in the benzene ring of TA, the 

peaks belonging to the C=O and OH groups, were 

assigned to the peaks at 1610 cm-1 and 1710 cm-1 

and 3392 cm-1, respectively [9,10]. Symmetrical 

and asymmetrical N-H stretching, C-H stretching, 

and N-H deformation peaks, which are 

characteristic of CHI, were observed around 3350–

3300 cm−1, 2870 cm−1, and 1620 cm−1, respectively. 

In addition, as other groups, C-CH3 (amide II), C-N 

(amide III), and C-O stretches were assigned to the 

absorption peaks at 1380 cm-1, 1314 cm-1, and 

1160-1036 cm-1, respectively [11,12]. In 

conclusion, the peaks in the TA/CHI coating 

observed in the FTIR analysis indicate that the 

TA/CHI hybrid was successfully coated on the 

glass substrate surface. 

Figure 4. Contact angles of the bare and TA, 

TA/CHI (2:1), TA/CHI (1:1), TA/CHI (1:2), and 

CHI coated glass substrates. (± SD=2.1, n=3) 
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Figure 5. FTIR spectra of TA, CHI, and TA/CHI 

coated substrates. 

The anti-fogging properties of TA/CHI coatings on 

glass substrates were evaluated by steam and cold 

fog tests. After exposure to 85°C hot water vapor 

for 60 s, as shown in Figure 6a, the uncoated glass 

substrate blurred and the following words blurred 

while the coated glass substrates showed high 

transparency. In addition, the cold fog test was 

applied to further evaluate the anti-fogging 

performance under environmental conditions. 

Similarly, fog formation occurred on the bare glass 

substrate, resulting in a significant decrease in 

transmittance (Figure 6b). When looking at 

TA/CHI coated surfaces, no frost was found on 

their surface compared to bare glass substrates, and 

words on the back of the substrate could be clearly 

observed throughout the substrate. The anti-fog 

properties of TA/CHI coatings can be attributed to 

their superhydrophilic properties in light of the 

wettability analysis results. 

Figure 6. Photographs show the anti-fogging 

properties of TA/CHI coatings as a result of (a) 

Steam test and (b) Cold fog test. 

4. Conclusions 

As a result of the study, a coating based on TA/CHI 

hybrids with excellent anti-fog properties was 

prepared. A practical application method was used 

by a direct and stable coating of coatings onto glass 

substrates by a simple one-step deposition. It was 

observed that the optimum value of the coated 

substrates was 1:1 after the coating of TA/CHI 

hybrids. The contact angles of the optimum ratio 

coatings were reduced below 10°, and the coated 

substrates were imparted with exceptional 

superhydrophilicity and anti-fogging. Thus, a new 

component coating was obtained with the potential 

to be used as an anti-fog surface, which can find a 

wide range of uses. 
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Abstract 

Abstarct Text goes here The vortex tube is a device that can be manufactured by simple means within a low-price 

range and in different dimensions which proves the simplicity of the vortex tube. Although the efficiency of the vortex 

tube is low, it produces low temperatures without using expensive cooling machines. This paper presents the effects 

of cold mass fraction, rates of air flow and time on the hot and cold air exit temperatures that are generated in vortex 

tubes with different (DGi/Dh) ratios but same (Lh/Dh=9,5) ratio and a constant geometric ratio (λ=0,80) between the 

for different vortex tubes. We focused on the variation of cold and hot air exit flow temperatures of four different 

vortex tubes. During the experimental study, the working pressure was 5 bar and the air flow rate was adjusted to 

be 50,100 and 150 [𝑚3/ℎ]. The best cold and hot air exit flow temperatures that were obtained are respectively - 

17℃ by means of the vortex tube 1 and 73℃ by means of the vortex tube 2. 

 

Key Words: text; Vortex tube, cold mass fraction (CMF), coefficient of performance (COP). 

Nomenclature 
 

M Mass flow rate (𝑚3/ℎ) 𝑳𝒌 Length of the control valve (mm) 

∆𝑻 Temperature difference (℃) 𝒅 Diameter of the compressed air inlet (mm) 

𝑪𝑴𝑭 Cold mass fraction 𝑫𝒄 Diameter of cold tube (𝑚𝑚) 

λ Geometric ratio 𝑫𝒉 Diameter of hot tube (𝑚𝑚) 

COP Coefficient of performance (%) 𝑫𝒊𝒏 Inner diameter of vortex tube (𝑚𝑚) 

𝑷 Inlet pressure (𝑏𝑎𝑟) 𝑫𝑮𝒊 Inner diameter of the vortex generator(mm) 
𝑻𝒎𝒊𝒏 The lowest air temperature (℃) 𝑫𝑮𝑫 Outer diameter of the vortex generator (mm) 
𝑻𝒎𝒂𝒙 The highest air temperature (℃) 𝑫𝑲 Diameter of the control valve (mm) 

𝑻𝒂𝒗𝒂𝒓𝒂𝒈𝒆 The average of air temperature (℃) Supcript 

𝑳𝒉 Hot tube length (mm) 𝒊 Inlet 

𝑳𝒉 Hot tube length (mm) c Cold 

𝑳𝒄 Cold tube length (mm) 𝒉 Hot 
 

1. Instruction 

The paper must be written in double-column format 

The vortex tube was discovered by Ranque 

therefore called Ranque and Hilsch tube (RHVT) 

which is a device with a simple structure and wide 

applications. [1, 2] He got a French patent for the 

device in 1932 and a United States patent in 1934. 

Hilsch [3] improved the performance of the RHVT 

by adjusting the tube geometry and inlet pressure. 

After World War II, tubes and research that 

belonged to Hilsch was reveled and studied widely. 

Westley made more than 100 inquiries and 

references about the Vortex Tube. The Vortex tube 

has always been an intriguing subject since it was 

invented in 1932 and it has been used in some 

industrial applications (ovens and burners of gas 

turbines). By using the Vortex Tube, we get a cold 

and a hot flow simultaneously. Vortex Tubes are 

used frequently in industrial applications for 

heating and cooling process and it’s considered as 

a simple, small, and silent device. It can separate a 

compressed stream into hot and cold streams. Many 

researchers have made great efforts to demonstrate the 

phenomena that happens during the process of 

separating the energy inside the Vortex Tube. In the 

last several decades, great efforts have been carried 

out to explain the energy separation phenomenon 

inside the vortex tube and quite a few theories have 

been put forward [4–7]. But no exact theory has been 

put forward to explain the temperature separation 

phenomenon satisfactorily till today [8]. Many 

researchers studied this phenomenon in two different 

ways. The first one is used in experimental studies to 

interpret the phenomena. The second one is used in 

numerical and analytical studies that help to reveal the 

processes that happens inside the tube. 

There are a great number of articles that have been 

published by many researchers, some of which are 

Nash, Dobratz, Kalvinskas, McGree, and Curley. 

These articles show more applications and 

improvements for the Vortex tube. After Hilsch, an 

experimental study was done by Scheper [9]. He 

measured the speed, and pressure changes inside the 

tube as well as the total temperature. Yunpeng Xue, 
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Mehdi Jafarian [10], and others studied the process 

of the temperature separation in a Ranque-Hilsch 

vortex tube. They compared the temperature drop 

differences in the Vortex tube for different working 

fluids. They noticed that the lowest temperature 

within a vortex tube occurred in the central region 

near the injection (low pressure region). They also 

noticed that the cooling performance of Helium and 

Argon   are   superior  to  those   of   other working 

fluids(Air, N2 , CO2, NH3); whereas, under the 

same conditions, the efficiency of Helium in a 

Joule-Thomson expansion process is more optimal 

than others. Aydın and Baki [11] experimentally 

studied the energy separation in the counter-vortex 

tube. To maximize the temperature difference 

between the inlet and the cold air exit flow 

temperatures, they optimized the geometrical shape 

of the vortex tube by modifying the tube length, air 

inlet diameter and the angle of the control valve. In 

addition, they studied the inlet pressures and types 

of gases (Air, Oxygen, and Nitrogen) effects on the 

temperature difference inside the tube. They 

concluded that the optimal values of the angle of the 

control valve, the length of the tube and the inlet 

nozzle diameter are obtained at approximately 𝜇𝑐 = 
0.5, 𝐿/𝐷  = 20, 𝑑/𝐷 = 1/3. Nimbalkar and 
Muller 

[12] performed a series of experiments that focused 

on different geometries of the “cold end side” for 

various inlet pressures and cold fractions and the 

tests were done by using different cold end orifice 

diameters. They conclude that there is an optimum 

cold air exit flow diameter to achieve the maximum 

energy separation and their results also showed that 

the maximum performance factor was always 

reachable at a 60% cold fraction, regardless of the 

orifice diameter and inlet pressure. Gord and Sadi 

[13] stated that the geometry of vortex generator 

and the number of nozzles play an important role 

on the performance of the Vortex Tube. They 

concluded that the highest efficiency has been 

attained for a cold orifice angle (cold air exit flow 

nozzle angle) of 4.1o, a cold orifice ratio (The ratio 

of the cold air exit flow diameter to the vortex tube 

diameter) of 0.64 and a nozzle area ratio (The ratio 

of the nozzle are to the vortex tube are) of 0.14. A 

smaller cold orifice ratio would increase the back 

pressure in the VT which would result in a lower 

efficiency. A larger cold orifice ratio would tend to 

draw flow directly from the inlet and yield weaker 

swirl velocities in the VT, resulting again in lower 

efficiency. Rafiee and Sadeghiazad [14] designed 

different control valve shapes. Their study focusses 

on the spherical shaped control valve. They 

concluded that to reach the maximum cooling 

capability value, the distance between the 

stagnation point and the control valve has to be 

decreased as much as possible. Saidi and Valipour 
[15] separated the vortex tubes effecting parameters 

in to two groups: geometrical and thermophysical. 

They experimentally investigated the geometrical 

(Diameter and length of the main tube, diameter of 

the outlet orifice, shape of the entrance nozzle) and 

thermophysical (Inlet gas pressure, type of gas, cold 

gas mass ratio and moisture of the inlet gas) 

parameters. Zeng and others [16] investigated the 

effects of the inlet pressure and the cold mass fraction 

on the performance of the vortex tube. They explored 

the maximum cooling effect when the cold mass 

fraction is 0.3 and the maximum heating effect when 

the cold mass fraction is 0.8. Pouraria, Kia and others 

[17] used neural networks to model the effects of the 

length to diameter ratio, the cold outer diameter to the 

tube diameter ratio, inlet pressure and cold mass 

fraction on the counter flow vortex tubes cooling 

performance. Rahbar, Taherian and others [18] used 

computational fluid dynamics to investigate the 

energy separation phenomena in a micro-scale vortex 

tube. Their results showed that 3D simulations are 

more accurate than 2D axisymmetric simulations. 

They also evaluated the optimum cold-mass ratios to 

maximize the refrigeration-power and isentropic- 

efficiency. Cebeci and others [19] experimentally 

investigated the effects of the orifice nozzle number 

and the inlet pressure on the heating and the cooling 

performance of counter flow Ranque-Hilsch type 

vortex tubes by using air and oxygen as working 

fluids. They also showed that the temperature gradient 

between the cold and hot fluid decreases when the 

orifice  nozzle  number increases.  Majidi  and others 

[20] examined different arrangements of vortex tubes 

to get a higher cooling and heating performance. They 

investigated the effects of thermophysical parameters 

such as inlet temperature and inlet/outlet vortex tube 

pressure generated temperature gradient. They also 

proposed a new equation to estimate the hot outlet 

temperature based on the hot upper limit and cold 

lower limit temperatures and they verified it with 

experimental data. Adity Kumar and others [21] 

focused on both temperature and relative humidity 

separation in a vortex tube with and without 

insulation. They found that the best value of cold 

temperature drop is observed [15 − 20 ℃] at 0.4 cold 

friction, 2 bar inlet pressure, with and without 

insulation. Yunpeng Xue and others [22] described 

the flow behavior inside the vortex tube and addressed 

the cold and hot air stream generation mechanism and 

confirmed their results via several experimental 

methodologies that are visualization of the flow 

structure in a water-operated vortex tube and velocity 

profile measurements in both water and air operated 

vortex tubes. Gord and Sadi [23] experimentally 

investigated the effects of vortex generator parameters 

(Cold orifice angle, cold orifice diameter and nozzle 

are) on the performance of vortex tubes. They did 

their experiments with a natural gas pipeline with a 

constant pressure of 4 bars. Six generators with 

different cold orifice angles, six generators with 

different cold orifice diameters and three generators 

with different nozzle areas were studies to improve 

the efficiency of the vortex tube. They found that 

changing the nozzle are had no effect on the optimum 

cold mass fraction unlike the cold orifice angle and 
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the cold orifice diameter. They concluded that to 

reach the highest efficiency, the cold orifice angle 

has to be 4.1o, the cold orifice ratio has to be 0.64 

and the nozzle are ratio has to be 0.14. Hamdan and 

others [24] experimentally investigated the effects 

of the nozzle parameters on the energy separation 

of vortex tubes. They found that to achieve 

maximum energy separation, the nozzles 

orientation has to be tangential and that the 

symmetry/asymmetry of the nozzles has a minimal 

effect on the energy separation performance. They 

concluded that for the maximum energy separation 

there has to be approximately 4 nozzles. A. Celik 

and others [25] aimed to improve the diesel engines 

stability under low temperatures by using vortex 

tubes. They used the vortex tube to increase the 

intake air temperature in a six-cylinder, four stroke, 

direct injection diesel engine. To provide the 

compressed air for the vortex tube to operate, they 

used the air tank of the compressed-air brake 

system. They concluded that by using vortex tubes 

the cold starting performance of the diesel engine 

could be improved. 

 
 

When the studies conducted in the literature are 

examined, it is seen that different studies were 

performed regarding the performances of the vortex 

tubes and the dimensional sizes affecting this 

performance. It is known that the ratio of the hot 

tube length (L) to the diameter of the hot tube (Dh) 

Lh/Dh and the ratio of the inner diameter of the 

vortex generator (DGi) to the diameter of the hot 

tube (Dh) DGi/Dh are important and affect the 

cooling performance. This study investigates the 

performances of four different vortex tubes that 

have different DGi/Dh ratios but a constant Lh/Dh 

ratio of 9.5 and a geometric ratio (λ) of 0.8 between 

the different vortex tubes. In addition, the 

performance of a vortex tube manufactured by the 

Exair company which has a similar Lh/Dh ratio and 

is proportionally similar to but is equipped with a 

different vortex generator than the second vortex 

tube is compared. 

 

2. Experimental Setup 

The experimental setup is shown in Figure 1. A 

compressor is used to store compressed air inside 

an air tank. This proses continuous until the air 

inside the tank reaches the required pressure of 5 

bars. Before opening the shut off valve, it is 

necessary to make sure that the vortex tube is 

connected perfectly and there is no air leaking 

through the joints and tubes. The control valve in 

the vortex tube is used to adjust the CMF. When the 

control valve is closed entirely, all the compressed 

air that enters the vortex tube flows out through the 

cold exit and when it is completely opened, all the 

air flows out through the hot exit. The amount of air 

that flows out through the hot exit is adjusted by 

rotating the control valve. After making the 

necessary adjustments to the control valve, the shut- 

off valve is opened and it is adjusted to achieve the 

required flow rate; 50, 100, or 150 [𝑚3/ℎ]. For the 

adjustment of the flow rate, a FESTO model 6444 

flow meter was used. The thermocouples are placed at 

both exits (cold and hot) and they are connected to the 

computer for the recording of the temperature values. 

To record the temperatures J type thermocouples 

connected to a National Instrument brand data 

collection card were used. Using the Signal Express 

software, 10 temperature values were recorded every 

second during the experiments. 

The compressed air flows into the vortex tube then as 

mentioned is separated into two different exit flows as 

shown in Fig 1. This prosses is repeated for different 

flow rates and different CMF. Each experiment lasts 

about 20 seconds. The compressed air flows into the 

vortex tube and is divided into a hot and a clod flow 

as you see Figure 1. 

 

Fig.1 Schematic of the experimental setup. 

In this study, vortex tubes with similar generators but 

different sizes were investigated to analyze the effects 

of the size on the performance. In the experiments, 

four different sized geometrically proportional vortex 

tubes were used. The models used in the experiments 

consist of five different sections. 

These are respectfully (1) Hot current outlet section, 

(2) Cold current outlet section, (3) Control valve, (4) 

Compressed air inlet, (5) Vortex generator. In Figure 

2, sections and main geometric parameters are shown 

on the vortex tube. 
 

 

Fig 2. Geometric parameter symbols and schematic 

representation of the vortex tube 

 

The vortex tube has two main parameters, one of them 

is the hot tube length and the other one is the diameter 

of the hot tube. The ratio of the hot tube length to the 

diameter of the hot tube (Lh/Dh) were kept as a constant 

while for the other main dimensions a geometric ratio 

(for example: λ=Dh1/Dh2=Dh2/Dh3=Dh3/Dh4) of λ=0,8 

between the different vortex tubes was used to design 

and manufacture the four different experimental 

vortex tubes. The symbols used to represent the 

geometric parameters of the vortex tube are shown in 

Figure 2. Four different vortex tubes were 43



manufactured by changing these parameters. The 

values of these dimensional parameters are given in 

Table 1. 

 
    Table [1]. Dimensions of the Vortex Tubes  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
The cold stream in the central region flows out of 

the tube in the central orifice near to the entrance 

while the hot air exits from the far end of the tubes. 

The control valve is used to adjust the flow rate of 

the hot air. The Generators with geometrically 

similar properties were used in vortex tubes. The 

generator has six 60-angle radial jets. Figure 3 

shows the dimensions and drawings of the vortex 

generators for vortex tubes. 
 

Fig. 3. Four different vortex generators used in the 

vortex tubes 

 
 

3. Results and discussion 

The most important parameter indicating the vortex 

tube performance is the cold mass fraction which 

can be changed by adjusting the control valve, and 

the cold mass fraction can be expressed as: 

3.1 Comparing the effect of CMF on the 
temperature separation for the 
vortex tubes 1,2,3,4 

In figures 4-7 we can see the correlation between 

different CMF values and temperature separations at 

different air flow rates for the vortex tubes 1, 2, 3 and 

4. In figures 4a and 4b (vortex tube 1) we see that for 

both the cold and hot air exits the maximum 

temperature separation occurs at a CMF value of 0.4 

and the maximum temperature separation value for 

the cold air exit is 40 oC at a volumetric flow rate of 

150 m3/h and for the hot air exit it is 22 oC at a 

volumetric flow rate of 150 m3/h. 
 

Fig. 4a The effect of cold mass fraction on the 

temperature separation of the Vortex Tube 1. 
 

Fig. 4b The effect of cold mass fraction on the temperature 

separation of the Vortex Tube 1. 

𝜇𝑐  = 𝑀𝑐⁄𝑀𝑖 (1) 

Eq. (1) The cold mass fraction refers to the rate of 

the mass flow rate of the cold are to the mass flow 

rate of the inlet air. 

In this study, we are going to be discussing the cold 

and hot air temperature changes in relation to the 

cold mass fraction and flow rate of four different 

vortex tubes. (Vortex Tube 1, 2, 3 and 4; Exair 

Tube) as illustrated. 

 

 

 

 

 

 

 
Fig. 5a The effect of cold mass fraction on the 

temperature separation of the Vortex Tube 2. 

Vortex 

    Number  
Vortex 

tube 1  

Vortex 

tube 2  

Vortex 

tube 3  

Vortex 

tube 4  

𝐷ℎ [𝑚𝑚] 8 9.7 14 19.3 

𝐿ℎ [𝑚𝑚] 76.2 92.4 133.4 183.8 

𝐷𝑐 [𝑚𝑚] 12 14.7 18.5 23 

𝐿𝑐 [𝑚𝑚] 17 20.7 25 31.5 

𝐷𝐺𝐷 [𝑚𝑚] 15.2 19 24 34 

𝐷𝐺𝑖 [𝑚𝑚] 6,5 8 10 12,5 

𝑑 [𝑚𝑚] 6 8 9 11 

𝑙 [𝑚𝑚] 4 6 7.5 9 

𝐷𝐾 [𝑚𝑚] 12 15 18.5 24 

𝐿𝑘 [𝑚𝑚] 17.6 22 26.5 35 

𝐿ℎ/𝐷ℎ 9,5 9,5 9,5 9,5 

    𝑑/𝐷ℎ  0,75  0,82  0,64  0,57  
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Fig. 5b The effect of cold mass fraction on the 

temperature separation of the Vortex Tube 2. 

 

In figures 5a and 5b (vortex tube 2) we see that the 

maximum temperature separation for the cold air 

exit occurs at a CMF value of 0.3 and the maximum 

value is 37 oC at a volumetric flow rate of 150 m3/h 

and for the hot air exit we can see the maximum 

temperature separation occurring at a CMF value of 

0.8 and the maximum value is 51 oC at a volumetric 

flow rate of 150 m3/h. But we can also see that there 

is not a great difference in the temperature 

separation results for the volumetric flow rates of 

100 and 150 m3/h. 
 

Fig. 6a The effect of cold mass fraction on the 

temperature separation of the Vortex Tube 3. 
 

Fig. 6b The effect of cold mass fraction on the 

temperature separation of the Vortex Tube 3. 

 

In figures 6a an 6b (vortex tube 3) we can see that 

the maximum temperature separation for both hot 

and cold air exits occurs at a CMF value of 0.4 and 

the maximum temperature separation value for the 

cold air exit  is 34oC for a  volumetric  flow  rate of 
150  m3/h  and  for  the  hot  exit  it  is   15oC  for  a 

volumetric flow rate of 150 m3/h. In figure 6a we also 

see that there isn’t much fluctuation of the temperature 

separation values compared to the other vortex tubes 

and CMF values of 0.4 and 0.8 the temperature 

separation values are very close. 
 

Fig.7a The effect of cold mass fraction on the 

temperature separation of the Vortex Tube 4. 
 

Fig.7b The effect of cold mass fraction on the 

temperature separation of the Vortex Tube 4. 

 
In figures 7a and 7b (vortex tube 4) we can see that for 

both hot and cold air exits the maximum temperature 

separation occurs at a CMF value of 0.4 and the 

maximum temperature separation value for the cold air 

exit is 21oC at a volumetric flow rate of 150 m3/h and 

for the hot air exit it is 14oC at a volumetric flow rate 

of 150 m3/h. In figure 7 we can also see that the 

temperature separation values for the different flow 

rates are only different for their low point at CMF 

values of 0.1 and 0.7 but regardless of the flow rates 

they all reach the same maximum temperature 

separation value. 

 

When all the manufactured vortex tubes are compared, 

we can see that the maximum temperature separation 

occurs at a CMF values of 0.4 exempt for vortex tube 

2 and when the flow rate increases the temperature 

separation also increases. We also see that when the 

vortex tube gets larger the temperature separation 

decreases. 

 
 

3.2 The effects of the inlet volumetric 
flow rate on the temperature 
separation (cold and hot air) of 
vortex tubes 1, 2 and the Exair 
vortex tube 45



 

In the experiments, the cold air temperature is 

measured at the cold air exit and the hot air 

temperature is measured at the hot and cold air exit 

for the vortex tubes 1 and 2 and for the Exair vortex 

tube. The amount of cold and hot air can be changed 

by adjusting the control valve. When the inlet air 

flow is increased, the cold air exit temperature 

decreases and the hot air exit temperature increases. 
 

 

Fig. 8a The effect of the inlet volumetric flow rate on 

the cold air exit temperature changes of Vortex tubes 1 
 

 

Fig. 8b The effect of the inlet volumetric flow rate on 

the cold air exit temperature changes of Vortex tubes 1 

 
 

Fig. 9a The effect of the inlet volumetric flow rate on 

the cold air exit temperature changes of Vortex tubes 2 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 9b The effect of the inlet volumetric flow rate on the 

hot air exit temperature changes of Vortex tubes 2 

 
Fig. 10a The effect of the inlet volumetric flow rate on 

the cold air exit temperature changes of Exair vortex 

tube 
 

Fig. 10b The effect of the inlet volumetric flow rate on 

the hot air exit temperature changes of Exair vortex 

tube 

 

In the figure 10a (Exair vortex tube) we can see that 

the maximum cold air exit temperature which is 

approximately -14oC and is achieved at a CMF value 

of 0.6 and a volumetric flow rate of 150 m3/h. While 

at the same volumetric flow rate we can see in figure 

8a hot cold (vortex tube 1) that the maximum cold air 

exit temperature is -18oC and is achieved at a CMF 

value of 0.4 and figure 9a cold air (vortex tube 2) 

shows that the maximum cold air exit temperature is - 
14oC for a CMF value of 0.4. 

 
In figure 10b (Exair vortex tube) we can see that the 

maximum hot air exit temperature is 46oC and is 

achieved at a CMF value of 0.2 and a volumetric flow 

rate of 150 m3/h. 
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While at the same volumetric flow rate we can see 

in figure 8b hot (vortex tube 1) that the maximum 

hot air exit temperature is 44oC for a CMF value of 

0.4 and figure 9b hot (vortex tube 2) show that the 

maximum hot air exit temperature is 74oC and is 

achieved at a CMF value of 0.8. 

 

 

3.3 The effect of time on the increase 
and decrease of the exit 
temperatures for vortex tubes 1, 2 
and the Exair vortex tube: 

 

The experimental results of the cold and hot exits 

temperature changes with time is shown in figure 11a 

and 11b. It can be seen that the cold and hot air exit 

temperatures reach a steady state after a maximum of 

5 seconds. In figure 12 (Exair vortex tube), the 

maximum hot air exit temperature is 41oC and the 

maximum cold air exit temperature is -9oC for a CMF 

value of 0.2 and a volumetric flow rate of 150 m3/h. 

maximum cold air temperature is -18oC for a CMF 

value of 0.8 and a volumetric flow rate of 150 m3/h. The 

cold and hot air both reaches steady state after 4 

seconds. 
 

Fig. 12. The effect of time on the increase and decrease 

of the exit temperatures for the Exair vortex tube 

 

3.4 The effect of different air flow rates on 

the vortex tube’s COP: 

The COP is a value that shows the cooling 

performance of vortex tubes in general. In the study; 

The information obtained from the experimental data 

of the coefficient of performance in the vortex tubes, 

occurring at different flow rates, is shown in figures 

13.a,b,c and d. 

𝐶𝑂𝑃 = 
 𝑄𝑐  = 

  𝜇𝑐 𝐶𝑝 (𝑇𝑖−𝑇𝑐)  (2) 
𝑊 𝑃 (

 𝜒 
)

 
   𝜒 𝜒−1 

)𝑅𝑇𝑖[( ) −1] 
𝜒−1 𝑃𝑎𝑡𝑚 

 

 
 

Fig. 11a The effect of time on the increase and 

decrease of the exit temperatures for Vortex Tube 1 
 

Fig. 11b The effect of time on the increase and 

decrease of the exit temperatures for Vortex Tube 2 

 

The hot air temperature reaches steady state after 2 

seconds while the cold temperature reaches steady 

state after 3 seconds. While figure 11a (vortex tube 

1) show that the maximum hot air exit temperature is 

45oC and the maximum cold air exit temperature is - 

12oC for a CMF value of 0.4 and a volumetric flow 

rate of 150 m3/h. The hot air reaches steady state after 

5 seconds while the cold air reaches steady state after 

4 seconds. And figure 11b (Vortex 2) shows that the 

maximum   hot  air   temperature   is  45oC   and  the 

n this equation 𝜇𝑐 is the cold mass fraction, Cp is the 

airs specific heat, Ti is the inlet temperature, Tc is the 
cold temperature, Pi is the inlet pressure, Patm is the 

atmospheric pressure and R is the ideal gas constant. 

It has been determined that the COP value varies 

between 0.02 and 1.4, the maximum value occurs in 

the second vortex tube, and the maximum COP value 

generally occur at 0.4 valve opening for all vortex 

tubes. It can be observed that the lowest COP value 

occurs at 0.2 valve opening, while the COP value 

decreased at 0.8 valve opening, which is the highest. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 13a The COP of Vortex Tube 1 
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Fig. 13b The COP of Vortex Tube 2 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 13c The COP of Vortex Tube 3 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 13d The COP of Vortex Tube 4 

 

4. Uncertainty Analysis 

𝐸𝑟𝑟𝑜𝑟 = 
𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛 

𝑇𝑎𝑣𝑟𝑎𝑔𝑒 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

× 100% (3) 

As observed from the experiment; the temperature 

drop at the cold side and the temperature increase at 

the hot side are effected by several factors some of 

which are; the control valve position on the hot side 

(cold mass fraction), the inlet air flow rate and the 

inlet pressure. 

When we look at the manufactured vortex tubes it 

can be seen that the temperature separation has a 

bell curve like appearance except for vortex tube 2. 

It is also observed that the optimum CMF value for 

the greatest temperature separation is at 0.4 except 

again for vortex tube 2. But as the flow rate 

increases the temperature separation performance 

increases as well regardless of the vortex tubes size 

and when we compare the vortex tubes performance 

corresponding with the size of the vortex tube we 

can see that there is an inverse relationship. When 

the vortex tube gets larger the performance 

decreases. 

From the comparison of the vortex tubes 1 and 2 to 

the commercially manufactured Exair vortex tube 

(Which is approximately the same size as vortex 

tube 2 and has the same Lh/Dh ratio but has a 

different vortex generator.) we can see that vortex 

tube 1 has a 30% better cold air exit temperature 

than the Exiar vortex tube and we can also see that 

the vortex tube 2 has a 60% better hot air exit 

temperature that the Exiar vortex tube. 

The cold and hot air exit temperature increases 

occur almost instantly and the maximum hot air 

temperature that was obtained is 74oC with vortex 

tube 2 at a CMF value of 0.8 and a volumetric flow 

rate of 150 m3/h, and the maximum cold air 

temperature that was achieved is -18oC with vortex 

tube 1 at a CMF value of 0.4 and a volumetric flow 

rate of 150 m3/h. 

It has been determined that the COP value varies 

between 0.02 and 1.4, the maximum value occurs in 

the second vortex, and the maximum COP values 

generally occur at 0.4 valve opening. It is seen that 

the lowest COP value occurs at 0.2 valve opening, 

while the COP value decreases at 0.8 valve opening, 

The calculated error of the hot air temperature 

that flows out of vortex tube: ± 3,972 % 

The calculated error of the cold air temperature 

that flows out of vortex tube: ± 2,33 % 

 
5. Conclusion: 

This experimental study was done to investigate 

the temperature separation in the vortex tube and 

the results can be summarized as follows: 

This experimental study was done to investigate 

the temperature separation in vortex tubes with 

the same Lh/Dh and the same vortex generator 

but with different sizes. 

which is the highest opening. 

 

6. References 

[1] Ranque GJ. Experiments on expansion is a vortex 

with simultaneous exhaust of hot air and cold air. 

J phys Radium (Paris) 1933;4:112-4 S-115, june. 

Also translated as General Electric Co., 

Schenectady Works Library 1947; T.F. 3294. 

[2] Ranque GJ. Method and apparatus for obtaining 

from a fluid under pressure two outputs of fluid at 
different temperature. US patent 1:952,281, 1934. 

[3] Hilsch R. The use of expansion of gases in a 

centrifugal field as a cooling process. Rev Sci 

Instum 1947;18(2):108-13. 

[4] J.R. Simões-Moreira, An air-standard cycle and a 

thermodynamic perspective on operational limits 

50 m3/h 100 m3/h 150 m3/h 

1,60 

1,40 

1,20 

1,00 

0,80 

0,60 

0,40 

0,20 

0,00 

0 0,2 0,4 0,6 0,8 1 

μc 

50 m3/h 100 m3/h 150 m3/h 

1,00 

0,90 

0,80 

0,70 

0,60 

0,50 

0,40 

0,30 

0,20 

0,10 

0,00 

0 0,2 0,4 0,6 0,8 1 

μc 

50 m3/h 100 m3/h 150 m3/h 

0,70 
 

0,60 
 

0,50 
 

0,40 
 

0,30 
 

0,20 
 

0,10 
 

0,00 

0 0,2 0,4 0,6 0,8 1 

μc 

C
O

P
 

C
O

P
 

C
O

P
 

48



of Ranque-Hilsh or vortex tubes, Int. J. Refrig. 

33 (2010) 765–773. 

[5] N. Aljuwayhel, G. Nellis, S. Klein, Parametric 

and internal study of the vortex tube using a 

CFD model, Int. J. Refrig. 28 (2005) 442–450. 

[6] K. Stephan, S. Lin, M. Durst, F. Huang, D. 

Seher, An investigation of energy separation in 

a vortex tube, Int. J. Heat Mass Transf. 26 

(1983) 341–348. 

[7] C. Linderstrøm-Lang, The three-dimensional 

distributions of tangential velocity and total- 

temperature in vortex tubes, J. Fluid Mech. 45 

(1971) 161–187. 

[8] U. Behera, P.J. Paul, S. Kasthurirengan, R. 

Karunanithi, S.N. Ram, K. Dinesh, S. Jacob, 

CFD analysis and experimental investigations 

towards optimizing the parameters of Ranque- 

Hilsch vortex tube, Int. J. Heat Mass Transf. 48 

(10) (2005) 1961–1973. 

[9] Scheper GW. The vortex tube; internal flow 

data and a heat transfer theory. J ASRE Refrig 

Eng 1951;95:9859. 

[10] Xue Y, Jafarian M, Choudhry A, Arjomandi M 

(2015) The Expansion Process in a Counter- 

flow Vortex Tube. J Vortex Sci Technol 2: 114. 

 
 

[11] Aydın O, Baki M. An experimental study on the 

design parameters of a counter flow vortex tube. 

Energy J 2006; 31(14):2763-2772. 

[12]S.U. Nimbalkar, M.R. Muller, An experimental 

investigation of the optimum geometry for the 

cold end orifice of a vortex tube. Applied 

Thermal Engineering 29 (2009) 509–514. 

[13]M. Farzaneh-Gord, M. Sadi, Improving vortex 

tube performance based on vortex generator 

design. Energy 72 (2014) 492-500. 

[14]S.E. Rafiee, M.M. Sadeghiazad, Experimental 

and 3D CFD investigation on heat transfer and 

energy separation inside a counter flow vortex 

tube using different shapes of hot control 

valves. Applied Thermal Engineering 2017; 

648–664. 

[15]M.H. Saidi, M.S. Valipour, Experimental 

modeling of vortex tube refrigerator. Applied 

Thermal Engineering 23 (2003) 1971–1980. 

[16]N. Li , Z.Y. Zeng , Z. Wang , X.H. Han , G.M. 

Chen, Experimental study of the energy 

separation in a vortex tube. International journal 

of refrigeration 52015; 93-101. 

[17] Pouraria, H., et al. modeling the cooling 

performance of vortex tube. Using a genetic 

algorithm-based artificial neural network 

thermal science: year 2016, vol. 20, No. 1, pp. 

53-65. 

[18] Rahbar, N., et al. Numerical investigation on 

flow behavior and energy separation in a micro- 

scale vortex tube. Thermal science, Year 2015, 

Vol. 19, No. 2, pp. 619-630. 

[19] Ismail Cebeci, Volkan Kirmaci, Umit Topcuoglu. 

The Effects of Orifice Nozzle Number and Nozzle 

Made of Polyamide Plastic and Aluminum with 

Different Inlet Pressures on Heating and Cooling 

Performance. International Journal of 

Refrigeration S0140-7007(16)30221-3. 

[20] Majidi D, Alighardashi H, Farhadi F. Best vortex 

tube cascade for highest thermal separation. 

International journal of refrigeration 85 (2018) 

282–291. 

[21] Kumar A, Vivekanand, Subudhi S. Cooling and 

dehumidification using vortex tube. Applied 

Thermal Engineering 122 (2017) 181–193. 

[22] Xue Y, Arjomandi M, Kelso R. The working 

principle of a vortex tube. International journal of 

refrigeration 36 (2013) 1730-1740. 

[23]M.F. Gord, M. Sadi, Improving vortex tube 

performance based on vortex generator design, 

EnergyJ 72 (2014) 492e500. 

[24]M.O. Hamdan, B. Alsayyed, Nozzle parameters 

affecting vortex tube energy separation 

performance, Int. J. Heat Mass Transfer 

10.1007/s00231-012-1099-2. 

 
 

[25]A.Celik, M. Yılmaz and O.F. Yildiz, 

“Improvement of diesel engine startability under 

low temperatures by vortex tubes”, Energy 

Reports, V:6 pp:17-27., November 2020. 

https://doi.org/10.1016/j.egyr.2019.11.027 

49



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

Mechanically actuated Paper-based 
microfluidic valve for sequential delivery and 

flow control 
Gohar Hussain1, Syed Farhad Shah1, Ali Turab Jafry1* and Sohail Malik1 

 
1. Faculty of Mechanical Engineering, Ghulam Ishaq Khan Institute of Engineering Sciences and Technology, 

Topi (23460), Pakistan; gme2024@giki.edu.pk  (G. H); gme1967@giki.edu.pk  (S. F. S); 

sohailmalik@giki.edu.pk (S. M) ; 

* Corresponding Author:    Email: ali.turab@giki.edu.pk  

Abstract 

Paper-based microfluidics is a promising field and currently expanding its borders in fields of food quality, 

chemical testing, medical diagnostic devices and clinical testing. However, controlling the fluid flow mechanism 

especially valving functionality is one of the challenges that remain to be addressed. Herein, a mechanically 

actuated valve is designed to control the flow rate in downstream delivery channel. Detailed experimental study 

was performed by averaging results of wicking distance and velocity at contact widths of 2 mm, 4 mm, 6 mm and 

8 mm. The experiments were conducted with the valve in the turned ‘ON’ state. Experimental study of sequential 

delivery and intermixing of reagents was also performed which shows diffusion based mixing of liquid dyes that 

can be used as a mechanism for multiple chemical reactions at the same site. The developed paper-based 

mechanically actuated valve will prove to be a promising addition in volumetric flow control and on/off 

functionality for sequential delivery of reagents enabling paper-based microfluidics to reach one step closer to 

a true point-of-care diagnostic platform.   

 

Key Words:  Paper-based microfluidics; Mechanically actuated valve; Sequential delivery; 
Capillary action 

 

1. Introduction 

Paper-based microfluidics is a branch of fluid 

mechanics in which fluid flow in porous media is 

studied at micro level. In this field, the behavior of 

small amount of fluid is studied while flowing 

through a narrow channel or strips of paper 

membrane. Paper-based microfluidic devices are 

compact, integrated, easy to fabricate, easy to 

operate, biodegradable and cost-effective.  

Currently, due to these properties, these devices 

are being used in many real-life applications such 

as drug analysis, food quality control, analytical 

lab testing and medical diagnostic devices. Paper-

based microfluidics has a bright future ahead due 

to its user-friendly operation, convenient large 

scale fabrication techniques and no pumping 

requirements. 

Fluid flow in paper-based microfluidics differs 

from typical fluid flow in pipe or channel. Hence, 

the conventional fluid flow models are not 

applicable in paper. Fluid flow occurs passively 

due to capillary force developed by surface tension 

at the solid liquid interface in a microchannel. 

Lucas-Washburn equation and Darcy’s law are 

two laws that explain the behavior of fluid flow in 

paper-based devices.  

Classical Lucas-Washburn equation deals with 

wet-out process, in which fluid front moves 

through dry porous media. The physical 

parameters of paper type, porosity, permeability, 

fluid viscosity, contact angle of liquid, pore size 

govern the fluid flow in this equation given as 

follows [1]:  

 l(t) = 2√
𝑘𝛾𝑐𝑜𝑠𝜃

𝜑𝜇𝑟𝑎
√𝑡 (2) 

where l(t) is the wicking length of fluid in time t, 

k  

 

is permeability, γ is the surface tension, θ is the 

contact angle, 𝜑 is porosity and ra is pore size. 

Fluid flow in fully wetted region can be best 

described by Darcy’s law that is best used for 

one-dimensional flow and is given by as follows: 

 Q = 
𝑘∆𝑃

𝜑𝜇𝑙(𝑡)
 (1) 

where Q is volumetric flow rate, ∆P is difference 

of pressure, l(t) is wicking length of the fluid.  

Since fluid can only be traveled by capillary 

action without any external device to control the 

amount of fluid being transferred, the flow 

control is a serious issue. Manipulation of fluid in 

paper-based devices is tricky and many 

researchers proposed different techniques to 
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control the fluid in paper-based microfluidic 

devices for better performance and broader 

application spectrum. Among them are the 

chemical based methods to control or delay the 

wicking time of fluid by using materials such as 

paraffin wax [2], Cholonium based hydrogel [3], 

sugar based dissolvable bridges [4] and 

dissolvable pullulan film [5].   

On the other hand, some of the researchers 

proposed more simple method to control the 

amount of fluid by just varying the geometry of 

the paper channel or modifying the surface. Other 

approaches for controlled flow were by changing 

contact angle through UV radiation [6], by 

creating open channels parallel or perpendicular to 

the flow path through cutter blade [7], by 

introducing omni-phobic paper [8] and by 

incorporating cellulose paper shunt in the path of 

fluid [9]. Mechanical techniques were also 

investigated by researchers like rotating paper 

channel about hollow rivet [10], pressing paper 

through mechanical presser [11], by introducing 

rotating paper disk [12] and by rotating paper 

channels through plastic comb binding spines 

[13]. 

Moreover, electrical and electromagnetic 

techniques had been developed to control fluid 

flow including electrically actuated valves [14], 

evaporation of fluid using ink-jet printed heater on 

pad [15], incorporating electrowetting 

phenomenon [16], electromagnetically actuated 

cantilever beam valve [17] and thermally activated 

shape-memory polymer valve [18]. 

In this research work, mechanically actuated valve 

is designed and validated to perform flow rate 

experiments and mixing of reagents. The included 

results are on the basis of valve ‘Normally ON’ 

state and offer detailed study of change of fluid 

volume with respect to the contact width between 

the two channels. This microfluidic chip will 

prove promising in simplifying complex 

sequential reactions for development of lab-on-

chip (LOC) devices for the consumers. 

2. Methodology 
Integrated microfluidic chip had three parts 

combined: a) engraved patterns on acrylic chip, b) 

cut paper channels, c) Rotational active valve 

(RAV). Patterns that were being engraved on 

acrylic were first designed in Coral Draw 

software. CO2 laser cutting and engraving 

machine (50 W) was used to engrave these 

patterns with 18 watt power and at 150 mm/sec 

speed. The engraved pattern contains reservoir 

chamber, reaction chamber, central rotational 

valve zone between reservoir and reaction 

chamber and connecting channels (Fig. 1). The 

reservoir and reaction chamber had diameter of 

15 mm, central rotational valve zone had 

diameter of 25 mm, the connecting channels had 

length of 10 mm and width of 8 mm respectively. 

Paper channels were precisely cut out of 

Whatman grade 1 filter paper with same 

dimensions as engraved acrylic channels by the 

CO2 laser cutting and engraving machine. RAV 

was a combination of 25 mm circular acrylic disc 

attached to the bottom with wax treated filter 

paper disk. 

Filter paper disk that was attached to the acrylic 

disk was wax treated. The purpose of wax 

treatment of paper was to make it hydrophobic 

(no flow region) and hydrophilic (flow channel) 

for valving purpose. When the hydrophobic area 

gets connected to the reservoir or delivery 

channel, fluid cannot flow due to the hydrophobic 

barrier and when it gets connected to the 

hydrophilic zone of wax treated paper, it then 

flows easily.  

Screen printing technique was used to make wax 

treated paper. For that purpose, candle wax was 

melted in glass jar over hot plate at set 

temperature of 120 degrees for two minutes. A 

pressure sheet was cut to make a mask having 

windows at both sides that allowed melted wax to 

penetrate into the paper and block the wax from 

the area to be made as hydrophilic. After this 

treatment, central hydrophilic rectangular strip of 

width 8 mm and  

 

 

Fig. 1. (a) Setup for wax melting, (b) Microfluidic 

Chip, (c) Microfluidic Chip for sequential delivery 

and mixing, (d) RAV with hydrophilic and 

hydrophobic zones. 
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length 25 mm was achieved bordered on both 

sides with hydrophobic zones. Then, wax treated 

paper disk was removed from the mask and dried 

at room temperature to settle the melted wax. Wax 

treated paper disk was then attached to the acrylic 

chip with double sided tape. Tape was attached at 

the hydrophobic sides of the paper so that it could 

not affect the flow of fluid. Combination of acrylic 

circular disk and wax treated paper with double 

sided tape made an RAV. 

After the preparation of RAV, cut paper stripes 

were placed on engraved channels of acrylic and 

RAV was placed at the central location. Joining all 

these components on a single chip resulted in an 

integrated smart microfluidic chip.  

For sequential delivery of reagents, a second chip 

was fabricated. It had three inlets each of 4 mm 

width and 10 mm length. They were connected to 

the central rotational zone. Delivery channel had a 

length of 10 mm and width 8 mm. 

These experiments were performed in 

NORMALLY ON state of RAV to study the effect 

of flow velocity at different contact widths of 

RAV with reservoir and delivery channels 

omitting the effect of valve triggering time. Three 

experiments were performed for 2 mm, 4 mm, 6 

mm and 8 mm contact widths and their average 

results for each contact width were taken to 

calculate imbibition length and speed.  

3. Results and Discussion 
The developed (RAV) valve is multi-functional, 

as it can control the number of reagents/fluids 

transferred, on/off functionality and can also 

achieve mixing of three or more than three 

reagents. 

After the preparation of wax treated valve, 

experiments were performed to check the effect of 

wax boundaries on fluid flow. A simple 

comparison was performed to study the effect of 

wax boundaries and cut boundaries of same 

channel length and width. As indicated by results 

in Fig. 2, there was a little difference of fluid 

wicking rate in both wax and cut boundaries. 

Although paper channels had cut boundaries and 

RAV had wax boundaries, the wicking rate in both 

types of boundaries remained the same. So, effect 

of boundaries over the wicking rates can be 

neglected due to the same wicking rate in both 

types of boundaries. 

When fluid was dispersed in a reservoir chamber, 

it started to wick from the chamber to the channel 

and then entered the RAV channel. At this point, 

the effect of contact width is important to study 

because entering the fluid from higher width to a 

narrower width in case of 2 mm contact, can 

affect the flow patterns.  

From Fig. 3, as fluid entered the RAV channel, it 

covers more distance with respect to the time in 

case of 8 mm contact. At time 36 sec, when fluid 

entered the delivery channel (yellow shaded 

area), it travelled 32 mm (maximum) as 

compared to the contact of 2 mm and 4 mm that 

wicked a distance of 28 mm. The difference of 

this distance for different contact widths can be 

seen clearly at the end of the lines. 

Flow velocity can be achieved in a controlled 

way by altering the contact width of RAV by 

changing the angle of valve (Fig. 4). Initially, 

average velocity is maximum for all four types of 

contact, however, with increasing time, average 

velocities decrease non-linearly with time 

depicting the typical behavior of 1-D flow 

according to the Lucas-Washburn equation.  

At time zero second, the contact with 8 mm has 

maximum velocity of 2.1 mm/sec. when fluid 

entered the rotational valve channel (red shaded 

area), velocity for 6 mm and 8 mm coincides at 

the same point of 1.6 mm/sec. Whereas, in the 

delivery channel zone, flow velocity for 6 mm 

and 8 mm were similar. However, the 2 mm 

showed higher velocity due to increased flow due 

to higher 2-D area compared to 4 mm channel 

width. In delivery channel zone, maximum 

flowrate achieved for 8 

 

Fig. 2.  Comparison of fluid flow with laser cut 

boundaries and wax-treated boundaries. 

mm contact was 1 mm/sec as compared to the 0.8 

mm/sec for 4 mm contact. 

The same RAV was used with modifications for 

sequential delivery of reagents and intermixing of 
colored dyes (Fig. 5). For this purpose, a special 

microfluidic chip was fabricated having three 
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inlets for reagents to be delivered and intermixed, 

controlled by central RAV. Red, blue and yellow 

dyes were placed in different reservoir that were 

all connected to the central zone. Initially, the 

valve was closed, and reagents reached at the edge 

of RAV. Upon rotation to ON position, and 

connected to the blue and red fluid channel, both 

started to flow in the RAV channel, continuously 

moving and mixing. After a small interval of time, 

the RAV was rotated further to connect with blue 

and yellow dyes. This time yellow fluid started to 

flow towards reaction chamber along with red and 

blue. After complete mixing in reaction chamber, 

green, orange and purple colors were generated 

that showed the result of mixing red, blue and 

yellow colors. 

 

Fig.  1. Average distance vs time graph for contact 

widths of 2 mm, 4 mm, 6 mm and 8 mm. 

 

Fig.  2. Average velocity vs time graph for 

contact widths of 2 mm, 4 mm, 6 mm and 8 

mm. 

 

 

Fig.  3. Sequential delivery and intermixing of 

three colored dyes.  

4. Conclusion 
A paper-based microfluidic chip with a rotational 

active valve was developed with a promising 

potential in solving complex, sequential, and 

time-taking reactions. It was also revealed that a 

controlled and desired flow rate can also be 

achieved through this device. Boundary effect on 

fluid flow was also studied by experimenting and 

analyzing flow in cut boundary and wax treated 

boundary. The mechanically actuated valve can 

be rotated and adjusted to desired contact width. 

Detailed study was conducted by performing 

experiments on mechanically actuated valve at 

contact widths of 2 mm ,4 mm, 6 mm and 8 mm. 

The highest flow rate in delivery channel is 

achieved by 8 mm contact that is almost 1 

mm/sec as compared to the 2 mm and 4 mm 

contact. Minimum flowrate is achieved in 4 mm 

contact that is 0.8 mm/sec. The intermixing of 

three colored dyes showed the potential of this 

valving technique in an easy to use flow control 

and mixing device for paper-based microfluidic 

devices. This research work can be helpful in 

fabricating medical diagnostic devices for true 

point-of-care lab-on-chip reactions. 
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Abstract  

Energy is an important driving factor for the modern world. Even then numerous developing countries of the world 

including Pakistan are facing energy crises. The energy demand and crises can be overcome by the utilization of 

renewable energy recourses. Based on this idea, this analysis describes a performance and economic analysis of 

concentrated solar power (CSP) Plants which include parabolic trough (PT), solar power tower (SPT), and linear 

Fresnel reflector for three cities of Punjab province which include Lahore, Multan, and Bahawalpur.  The 

production capacity of the CSP plants was 30 Mwe with 12 hours of thermal storage. The simulations of the CSP 

plant for the selected locations was carried out using system advisor model software. The results showed that for all 

CSP plants, monthly highest energy production for all locations was obtained in April. For all locations, highest 

energy production and capacity factor was achieved for SPT plant. In particular, highest energy production was 

attained for Bahawalpur (191.39 GWh) with capacity factor of 80.9%. It was also revealed that the cooling water 

needs of SPT plant were much higher than PT and LFR plant. The economic analysis revelated that the capital cost 

of LFR plant was lowest for all locations followed by PT plant. The capital cost of SPT plant was much higher 

compared to LFR and PT plant for all locations. However, levelized cost of energy was lowest for SPT plant 

followed by LFR plant and PT plant.  

 

Key Words:  energy crises; concentrated solar power; system advisor model; Pakistan. 

 

 
1. Introduction 
Energy is the important driving factor for the 

modern world. The energy demand is directly 

proportional to population growth. Hence, with 

the population growth the demand of the energy 

is increasing. The energy demand can be fulfilled 

by two ways; either using non- renewable or 

renewable energy resources. However, 

considering the adverse effects of no-

conventional energy resources such as ozone 

layer depletion, acid rain, air pollution and 

climate change, the world is shifting to 

renewables to fulfill the energy demand. Pakistan, 

being the developing country, is also focusing is 

on the deployment of renewable energy 

resources. The country is blessed to have 

exceptionally good potential of renewable energy 

resources such as wind energy, and solar 

energy. In Pakistan, wind energy has been 

properly utilized and it is connected with the 

national grid too. However, for solar energy, only 

solar photovoltaics is mostly utilized on 

commercial scale. The first and only solar 

photovoltaic power plant of Pakistan is Quaid-e-

Azam solar park (QASP) at Bahawalpur which 

have planned capacity of 1000 MW and presently 

operating capacity of 100 MW [1] [2]. In contrast, 

solar thermal energy systems such as concentrated 

solar power (CSP) are not utilized even though the 

country has a very good potential of the solar 

energy. The CSP technology is widely 

commercialized in the countries such as Spain and 

USA, as presented in figure 1 [3].  

 

                Figure 1. Installed capacity of CSP plants 

worldwide.  

The four basic CSP technology shown in figure 2 are 

presented as follows: 

a. parabolic trough (PT): It’s a line focused system. In 

PT, the parabolically curved mirrors acts as 

collector.  
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b. solar power tower (SPT): It’s a point. focused 

system. In SPT, the flat/slightly curved mirrors 

act as collector. 

c. linear Fresnel reflector (LFR): It’s a line focused 

system.  

d. parabolic dish (PD): It’s a point focused system. 

PD system is different from PT, SPT and LFR in 

a way that it uses a Stirling engine for generating 

power.   

 

 
 

Figure 2. CSP technologies 

 

The primary parts of a CSP plant are: solar field, 

thermal storage, and power unit, as shown in 

figure 3. The working of the CSP plant is as 

follows: the solar radiations are incident upon the 

collector, the solar radiation is concentrated on a 

receiver in which heat transfer fluid is flowing. 

The heat transfer fluid collects all the energy from 

the collector and then the heat transfer fluid is 

directed into the thermal storage unit where 

energy is stored. Then heat transfer fluid is 

flowed to power unit and particular to boiler 

where water is converted into the steam. The 

steam is utilized to rotate the turbine blades which 

consequently rotate the electrical generator to 

produce the electricity.  

 

Several analyses have been performed worldwide 

for the investigation of CSP plants [4-10]. However 

few analyses have been conducted on investigation 

of CSP in Pakistan [11]. However, this study mainly 

focuses on performance and economic analysis of 

the 30 MWe CSP Plants which include PT, SPT and 

LFR for three cities of Punjab province which 

include Lahore, Multan, and Bahawalpur. Based on 

the study, best suitable technology and location will 

be recommended for the utilization of CSP 

technology in Pakistan. The technical analysis 

results will be presented in terms of annual energy, 

capacity factor, and annual water usage. Whereas 

economic analysis results will be presented in terms 

of factor capital cost and levelized cost of energy.  

Figure 3.  Components of CSP plant  
 

2. Methodology  

The performance and economic analysis for the 30 

MWe CSP Plants which include PT, SPT and LFR 

for three cities of Punjab province which include 

Lahore, Multan, and Bahawalpur was carried out 

utilizing system advisor model software. Firstly, the 

solar energy data for the selected locations have 

been generated from National renewable energy 

laboratory (NREL) database [12]. The direct normal 

irradiance (DNI) for the selected locations is shown 

in figure 4.  
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Figure 4.  DNI for selected locations 

The characteristics of the CSP plants are 
presented in table 1. 

Table 1: Characteristics of the CSP plants 

 

 

 

 

 

 

Description Technical parameter Value 

Heat transfer fluid Field HTF Therminol VP-1 

Power cycle Design gross output 30 MWe 

Estimated gross-to-net conversion factor 0.9 

Estimated net output at design 27 MWe 

Rated cycle conversion efficiency 0.356 

Boiler operating pressure 100 bars 

Design loop outlet temperature 391 °C 

Design loop inlet temperature 293 °C 

Condenser type 
Evaporative/ 

Air cooled 

Thermal storage Full load hours of TES 12 hours 
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The life cycle of each power plant was considered 

as 20 years.  

 

3. Results and Discussions  

In this section, the performance and economic 

analysis of 30 MWe CSP Plants which include 

PT, SPT and LFR for three cities of Punjab 

province which include Lahore, Multan, and 

Bahawalpur have been evaluated.  

3.1 Performance analysis 
Firstly, the technical analysis of the SPT plants is 

evaluated. The monthly energy production for 

SPT plant for three locations is depicted in figure 

5. 

 

 

Figure 5 Monthly energy production for SPT 

plant for three locations 

 

It can be seen in the figure that for all locations 

monthly highest energy production is obtained in 

October and April. In particular, highest energy 

production is attained for Bahawalpur (191.39 

GWh) followed by Multan (189.81 GWh) and 

Lahore (175.45 GWh). Other results of the SPT 

plant for three locations are listed in Table 2.  

Table 2: Other results of the SPT plant for three 

locations  

 

 

It can be seen that the highest capacity factor 

(80.9%) is achieved for Bahawalpur followed by 

Multan and Lahore and vice versa for cooling water 

requirement. From this case, it has been concluded 

that Bahawalpur is the suitable location for SPT 

plant compared to Lahore and Multan.  

 

Secondly, the technical analysis of the PT plants is 

evaluated. The monthly energy production for PT 

plant for three locations is presented in figure 6. It 

can be seen in the figure that for all locations 

monthly highest energy production is obtained in 

April. In particular, highest energy production is 

attained for Bahawalpur (50.45 GWh) followed by 

Multan (47.87 GWh) and Lahore (44.02 GWh). 

Other results of the PT plant for three locations are 

listed in Table 3.  

 

 

Figure 6 Monthly energy production for PT plant 

for three locations 

Table 3: Other results of the PT plant for three 

locations 

 

Parameter

s 
Unit 

Bahaw

-alpur 

Multa

n 

Lahor

e 

Annual 

electricity 

generated   

GWh 191.39 189.81 175.45 

Capacity 

factor  
% 80.9% 80.3% 74.2% 

Cooling 

water 

requirement

s 

m3/yea

r 
69,966  69,877 68,780 

Parameter

s 
Unit 

Bahaw

-alpur 

Multa

n 

Lahor

e 

Annual 

electricity 

generated   

GWh 50.45 47.87 44.02 

Capacity 

factor  
% 21.3% 20.2% 18.6% 

Cooling 

water 

requirement

s 

m3/yea

r 
17,560  17,284 16,839 
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It can be seen that the highest capacity factor 

(21.3%) is achieved for Bahawalpur followed by 

Multan and Lahore and vice versa for cooling 

water requirement. From this case, it has been 

concluded that Bahawalpur is the suitable 

location for PT plant compared to Lahore and 

Multan.  

 

Thirdly, the technical analysis of the LFR plants 

is evaluated. The monthly energy production for 

LFR plant for three locations is presented in 

figure 7. It can be seen in the figure that for all 

locations monthly highest energy production is 

obtained in April. In particular, highest energy 

production is attained for Bahawalpur (53.85 

GWh) followed by Multan (50.79 GWh) and 

Lahore (47.28 GWh). Other results of the LFR 

plant for three locations are listed in Table 4.  

 

 

 

Figure 7 monthly energy production for LFR 

plant for three locations 

Table 4: Other results of the LFR plant for three 

locations 

It can be seen that the highest capacity factor 

(22.8%) is achieved for Bahawalpur followed by 

Multan and Lahore and vice versa for cooling 

water requirement. From this case, it has been 

concluded that Bahawalpur is the suitable 

location for PT plant compared to Lahore and 

Multan.  

Lastly, the performance of PT, SPT and LFR plant is 

compared and presented in figure 8. Where it can be 

observed that the performance of SPT for 

Bahawalpur is highest in terms of annual energy 

production. 

 

 

Figure 8 Annual energy production for CSP plant for 

three locations 

For all locations, the cooling water needs of SPT 

plant are much higher than PT and LFR plant. 

Whereas energy production and capacity factor are 

higher for SPT plant.  

 

3.2 Economic analysis 

In this section, the economic analysis of 30 MWe 

CSP Plants which include PT, SPT and LFR plant 

for three cities of Punjab province which include 

Lahore, Multan, and Bahawalpur is evaluated in the 

terms of capital cost and levelized cost of energy. 

For PT plant, a comparison of capital cost and 

levelized cost of energy is presented in Table 5.  

 

Table 5: Capital cost and levelized cost of energy of 

the PT plant for three locations  

For PT plant, it can be observed that lowest capital 

cost is observed for Multan followed by Lahore and 

Bahawalpur. Moreover, it can be seen that the 

levelized cost of energy of SPT plant is lowest for 

Multan followed by Bahawalpur and Lahore.  

 

Parameter

s 
Unit 

Bahaw

-alpur 

Multa

n 

Lahor

e 

Annual 

electricity 

generated   

GWh 53.85 50.79 47.28 

Capacity 

factor  
% 22.8% 21.5% 20.0% 

Cooling 

water 

requirement

s 

m3/yea

r 
5,477  5,235 4,928 

Paramete

rs 
Unit Lahore 

Multan Bahawalp

ur 

capital 

cost 
USD 

225,266,52

8 

190,118,64

0 

225,281,29

6 

levelized 

cost of 

energy 
(real) 

Cents
/ 

kWh 

30.92 22.78 27.02 
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For SPT plant, a comparison of capital cost and 

levelized cost of energy is presented in Table 6.  

Table 6: capital cost and levelized cost of energy 

of the SPT plant for three locations  

For SPT plant, it can be observed that lowest 

capital cost is observed for Lahore followed by 

Multan and Bahawalpur. Moreover, it can be seen 

that the levelized cost of energy of SPT plant is 

lowest for Bahawalpur followed by Multan and 

Lahore.  

For LFR plant, a comparison of capital cost and 

levelized cost of energy is presented in Table 7.  

 

Table 7: Capital cost and levelized cost of energy 

of the LFR plant for three locations  

or LFR plant, it can be observed that lowest 

capital cost is observed for Lahore followed by 

Multan and Bahawalpur. Moreover, it can be seen 

that the levelized cost of energy of SPT plant is 

lowest for Bahawalpur followed by Multan and 

Lahore. The calculated levelized cost of energy 

for CSP plants are in good agreement with other 

studies which shows the viability of results [11].  

The capital cost of PT, SPT and LFR plant is 

compared and presented in figure 9. Where it can 

be observed that the capital cost of SPT for 

Bahawalpur is highest. 

 

Figure 8 capital cost of PT, SPT and LFR plant 

for three locations 

The levelized cost of energy of PT, SPT and LFR 

plant is compared and presented in figure 9. Where it 

can be observed that the levelized cost of energy is 

lowest for SPT. 

 

Figure 9 Levelized cost of energy of PT, SPT and 

LFR plant for three locations 

The reason behind the highest net capital and lowest 

levelized cost of energy of SPT is self-explanatory 

i.e., high energy production certainly reduces 

levelized cost of energy.  

Keeping in view above factors, it can be concluded 

that the SPT plant at Bahawalpur is the most suitable 

option in Punjab province for the electricity 

production in terms of production, capacity factor, 

and levelized cost of energy. 

 

4.  Recommendations 
 

 It is highly recommended that the CSP Technology 

particularly SPT plant may be commercialized at 

earliest to overcome the growing energy demand of 

the country. 

 Seminars, conferences and workshop may be 

conducted for the awareness about commercialization 

of CSP technology.  

 The legislators and the policymakers must play a 

very promising role to promote and commercialize 

the CSP technology in the country.  

 

5. Conclusion 

This study presented a performance and economic 

analysis of CSP Plants which include PT, SPT and 

LFR for three cities of Punjab province which 

include Lahore, Multan, and Bahawalpur.  The 

production capacity of the CSP plants was 30 Mwe 

with 12 hours of thermal storage. The simulations of 

the CSP plant for the selected locations was carried 

out utilizing system advisor model software.  

Paramete

rs 
Unit Lahore 

Multan Bahawalp

ur 

capital 

cost 
USD 

5411425

28 

5411713

92 
541174592 

levelized 

cost of 

energy 
(real) 

Cents/k

Wh 
16.97 15.72 15.59 

Paramete

rs 
Unit Lahore 

Multan Bahawalp

ur 

capital 

cost 
USD 

1901105

60 

1901186

40 
190125680 

levelized 

cost of 
energy 

(real) 

Cents/k
Wh 

24.44 22.78 21.51 
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 For all CSP plant, monthly highest energy 

production for all locations was obtained in April.  

 For SPT Plant, highest energy production was 

attained for Bahawalpur (191.39 GWh) followed 

by Multan (189.81 GWh) and Lahore (175.45 

GWh). The highest capacity factor (80.9%) was 

achieved for Bahawalpur.  

 For PT plant, highest energy production is 

attained for Bahawalpur (50.45 GWh) followed 

by Multan (47.87 GWh) and Lahore (44.02 

GWh). The highest capacity factor (21.3%) was 

achieved for Bahawalpur. 

 For LFR plant, highest energy production is 

attained for Bahawalpur (53.85 GWh) followed 

by Multan (50.79 GWh) and Lahore (47.28 

GWh). The highest capacity factor (22.8%) was 

achieved for Bahawalpur. 

 The cooling water requirements of SPT plant 

were much higher than PT and LFR plant.  

 The economic analysis revelated that the capital 

cost of LFR plant was lowest for all locations 

followed by PT plant.  

 The capital cost of SPT plant was much higher 

for all locations compared to LFR and PT plant.  

 However, levelized cost of energy is lowest for 

SPT plant followed by LFR plant and PT plant.  

 It is concluded that SPT plant at Bahawalpur is 

the most suitable option in Punjab province for the 

electricity production in terms of production, 

capacity factor, and levelized cost of energy. 

 

6. References 
 

1. Quaid-e-Azam Solar Power 

https://www.qasolar.com/  cited 30-oct-2021. 

2. Tahir, Z.R. and M. Asim, Surface 

measured solar radiation data and solar energy 

resource assessment of Pakistan: A review. 

Renewable and Sustainable Energy Reviews, 

2018. 81: p. 2839-2861. 

3. REN21 (2017) Renewable Global 

Status Report - REN21 Secretariat , Paris (See: 

〈http://www.ren21.net/status-of-

renewables/global-status-report/) cited 8th May 

2018). 

4. Hinkley J, C.B., Hayward J, Wonhas A, 

Boyd R, Grima C, et al. , Concentrating solar 

power – drivers and opportunities for cost-

competitive electricity. Commonwealth Scientific 

and Industrial Research Organisation (CSIRO). 

2011. 

5. Purohit, I., P. Purohit, and S. Shekhar, 

Evaluating the potential of concentrating solar 

power generation in Northwestern India. Energy 

Policy, 2013. 62: p. 157-175. 

6. Guzman, L., A. Henao, and R. Vasquez, 

Simulation and Optimization of a Parabolic 

Trough Solar Power Plant in the City of 

Barranquilla by Using System Advisor Model 

(SAM). Energy Procedia, 2014. 57: p. 497-506. 

7. Sundaray S, K.T., Preliminary feasibility 

evaluation of solar thermal power generation in 

India. . Int J Sustain Energy, 2014. 33:461–9. 

8. V., L., Comparative market analysis and 

economic simulation for Morocco of the 

parabolic trough and dish CSP technologies. ; . 

University of Lisboa, 2014. 

9. Wagner, S.J. and E.S. Rubin, Economic 

implications of thermal energy storage for 

concentrated solar thermal power. Renewable 

Energy, 2014. 61: p. 81-95. 

10. Kassem, A., K. Al-Haddad, and D. 

Komljenovic, Concentrated solar thermal power 

in Saudi Arabia: Definition and simulation of 

alternative scenarios. Renewable and Sustainable 

Energy Reviews, 2017. 80: p. 75-91. 

11. Soomro, M., et al., Performance and 

Economic Analysis of Concentrated Solar Power 

Generation for Pakistan. Processes, 2019. 7. 

12. National solar radiation database 

(NSRDB);  National Renewable Energy 

Laboratory (NREL); Available: 

https://nsrdb.nrel.gov/nsrdb-viewer; Cited 17 

May 2018. 
 

 

 
 

 

 

 

 
 

 

 
 

61

https://www.qasolar.com/
http://www.ren21.net/status-of-renewables/global-status-report/
http://www.ren21.net/status-of-renewables/global-status-report/
https://nsrdb.nrel.gov/nsrdb-viewer


Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

1 
 

Numerical study of temperature effects on pressure 
oscillations induced by water flow into pipe filled with 

steam 

Abdul Quddus1,*, Ajmal Shah2, Kamran Rasheed Qureshi1, Ahmad Tahir1 , Mazhar. Iqbal1, and M. 

K. Ayub3 

1Department of Mechanical Engineering, Pakistan Institute of Engineering and Applied Sciences, PIEAS, P. O 

Nilore, Islamabad. Pakistan 
2Center for Mathematical Sciences, Pakistan Institute of Engineering and Applied Sciences, PIEAS, P. O Nilore, 

Islamabad. Pakistan 
3Theoretical Physics Division, PINSTECH, P. O Nilore, Islamabad, Pakistan 
*Corresponding Author: engquddus613@yahoo.com 

Abstract 

The direct contact condensation (DCC) between steam and subcooled water is an important thermo-

hydraulic phenomenon experienced in many industries. The pressure oscillations are inevitable events 

during steam-water DCC which involves high pressure peaks, responsible for the possible failure of 

mechanical equipment and systems. This numerical study explores the underlying physics of condensation 

pressure oscillations by the injection of water into steam section. The effects of temperature of injected 

water on the amplitude of pressure oscillations have been studied. It has been found that the pressure 

oscillations are strongly related with injecting water temperature. 

Key Words:  Steam-water direct contact condensation; pressure oscillations; multiphase flow; CFD 

1. Introduction 

Direct Contact Condensation (DCC) is a 

process where sub-cooled water (water below 

saturation temperature) and steam comes in 

direct contact. This process has been found in 

many industries including food industry, 

conventional and nuclear power plants, minerals 

purification and renewable energy [1-4]. This 

process requires small driving potential. The 

considerable contact area at the steam water 

interphase facilitates the transportation of heat, 

momentum and mass transfer in DCC. There are 

various mechanical, thermal and physical 

parameters to be considered which control the 

DCC process to takes place [1, 3, 5, 6]. 

Historically, many researcher 

investigated the production of pressure 

oscillations as a result of violent condensation in 

DCC. They studied the amplitude, intensity and 

dominant frequency of these oscillations. Chan 

and Lee [7] experimentally explored the 

origination of oscillations as a result of steam 

injection in a quiescent water pool. Youn et al. 

[8] investigated the pressure peaks and 

oscillations in the unstable region of chugging 

flow in a horizontal pipe jet at low steam mass 

flux (10–80 kg/(m2s). Aya et al. [9]  conducted a 

number of experiments on DCC pertinent to 

pressure oscillations. Fukuda [10] concluded that 

oscillation frequency in DCC is directly 

proportional to water subcooling and inversely 

proportional to the steam nozzle size . Zhao et al. 

[11] focused his research on stable condensation 

(SC) flow region for studying steam pressure 

oscillations. They concluded that pressures 

surges were due to the effect of changing in steam 

cavity length and steam bubble vibration 

(oscillation). 

 Ajmal et al. [12] conducted 

experimentation on DCC using horizontal steam 

jet and proved the existence of compression and 

waves within the steam plume. Wang et al.  [13, 

14]  worked on CIWH under multiple operating 

circumstances.  

Datta et al. [15] did numerical 

simulations to predict the steam water interfacial 

characteristics and transient temperature field 

under various operating conditions. Barna et al. 

[16] investigated experimentally the hammering 

inducted as the consequence of violent 

condensation of steam at the steam water 

interface under a comprehensive range of steam 

pressures. Strubelj and others [17] predicted the 

temperature distributions at significant locations 

while carrying out experimental and numerical 

investigations. Yang et al. [4] did 

experimentations on vertical steam jet for 

pressure oscillations at low values of mass flux. 
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In summary, aforementioned DCC work 

by different scholars to investigate the behaviour 

of pressure oscillations was primarily focused on 

steam injection in a quiescent pool of water. The 

present work to probe into the pressure transients 

(in DCC) focuses on insertion of water in a 

confined space filled with steam instead of 

introducing steam in sub-cooled water. Water 

injection into steam has an important application 

in nuclear power plants. During emergency, loss 

of coolant accident (LOCA), pressurized Water 

from Emergency core cooling system flow either 

into the reactor hot leg or cold leg, ensuring 

adequate heat removal and hence safety of 

nuclear reactor. Similar situation occurs in the 

feed water system of steam generator in 

Pressurized water reactors (PWR) during 

accident or transient conditions. [18] 

The purpose of this study is to investigate 

the characteristics of pressure oscillations using 

CFD tool. As mentioned earlier, the analysis of 

the pressure amplitudes is very important for the 

safe design of the piping system, equipment and 

other associated systems. Therefore, in relation to 

the safe operation of a steam based industry 

where DCC is inevitable during accidents and 

transients, the present study is of utmost 

importance. 

 

In this research work, sub-cooled water 

has been injected into a steam-filled horizontal 

pipe. By comparing the findings with the 

previous published  experimental work of Barna 

et al. [16] , the adopted CFD methodology was 

validated. The parametric effects of water inlet 

temperature on pressure oscillations have been 

discussed in detail. A deep understanding of the 

amplitude of pressure oscillations and the 

probabilities of their occurrence would make a 

technological contribution towards the safe 

design and operation of related industries based 

on DCC. 

2. CFD Simulation  

2.1     Problem Description and 
CFD models 

In the present study, 2D transient 

simulations have been carried out by injecting 

subcooled water into a stagnant steam filled pipe 

using commercial CFD software Ansys Fluent. 

The geometry of the computational domain has 

been shown in Error! Reference source not 

found. DCC process starts as water from 40 mm 

pipe comes in contact with steam in pipe of 

diameter 66 mm. The L/D ratio for the selected 

pipe is 38. The schematic diagram along with 

initial and boundary conditions are also shown in 

in Error! Reference source not found. . All 

walls of the pipe geometry have been assumed 

adiabatic with no heat transfer. 

Velocity inlet boundary conditions has been used 

for injecting water into steam section at 6 bar. 

Outlet boundary condition was taken as outflow. 

Thermodynamic properties for both fluids (steam 

and water) have been used from fluent library. 

Volume of Fluid (VOF) model was employed for 

carrying the DCC simulations. This is quite 

accurate in predicting the interface 

characteristics with a great volume conservation 

when compared with other volume methods. 

Realizable k-ε model was used for solving the 

turbulence equations. Implicit scheme was used 

for time discretiztion. For pressure velocity 

coupling, SIMPLE algorithm was employed. 

Continuity equation was discretised using 

PRESTO scheme. The solution scheme for 

discretizing momentum, volume fraction, 

energy, turbulent kinetic energy and dissipation 

rate equation was second order upwind. Solution 

was run for 2 sec with a time step of 100 micro-

sec. All residuals (except for energy) 

convergence criteria was put below 1.0x10-3. For 

energy, it was adjusted below 1.0x10-6. Both 

steam and water were treated as incompressible 

as the operating pressure of the system was 

above10 kPa [19]. 

2.2     Governing equations 

In this study, VOF model was employed 

for studying the DCC flow characteristics in pipe. 

VOF method can trace the void fractions on each 

side of the domain interface. The basic governing 

equations, on the basis of transportation of mass, 

energy and momentum takes place in DCC can 

be seen normally in every text book of the CFD. 

Lee evaporation-condensation model [20] has 

been used to model this steam-water 

condensation study.  

This model  is a mechanistic model with 

a physical basis. The transportation of mass from 

steam-water is primarily governed by following 

vapor transport equation: 

 

 
. .( )k k

v v v lv vlv m m
t

 
  


 


   (1) 
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Where αv , vv and 


v are vapor phase 

volume fraction, steam phase velocity and 

density respectively. While  

.

lvm  and 

.

vlm  are 

the mass transfer rate resulting from evaporation 

and condensation (in kg/m3sec) respectively. 

The mass transfer can be defined on the 

basis of following temperature regimes, as 

below: 

If Tl> T sat (evaporation): 

    
 .

. *
l sat

lv

sat

l l
T T

m coef f
T

 


     (2) 

If Tl< T sat (Condensation): 

 .

. *
sat l

vl

sat

v v
T T

m coef f
T

 


        (3) 

The coefficient coef.f ,ρ and  α  are relaxation 

time, density and phase volume fraction 

respectively. The evaporation-condensation flux 

(kg/s/m2) based on the kinetic theory was 

computed by Hertz Knudsen formula[20].;  

 *

2
sat

sat

M
F P P

RT



           (4) 

Where accommodation coefficient, β, is the 

portion of vapor molecules being adsorbed by 

the liquid surface. T, is the temperature, P is the 

pressure, R is the universal gas constant and 
*P  represents the interface vapor partial 

pressure on the vapor side.  

The Clapeyron-Clausius equation was used to 

relate pressure with temperature at saturation 

condition; 

( )v l

L

T v v

dP

dT



            

(5) 

Where 
,v l

v v
 are the specific volume of the 

vapor and liquid respectively and L, represents 

the latent heat when P* and T* approached the 

saturation condition: 
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By assuming all vapor bubbles to be  of uniform 

diameter, then the interfacial area density in 

term of bubble diameter db, is computed by the 

following mathematical expression: 

            
6 v l

b

Ai
d

 
                              

(8) 

Then the phase source term (kg/s/m3) attains the 

following form: 

 
 *

6

2

satv v
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T TM
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                                               (9) 

From the above expression Coef f which is 

inverse of the relaxation time (1/s) can be 

defined as; 

Fig. 1:  Two-Dimensional block diagram of the geometry with physical dimensions and boundary 

conditions (all dimensions are in millimeters) 
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2.3     Mesh Independence 

Mesh independence study is usually 

performed to study the effect of grid size on the 

simulation results. In present study, volume 

fraction of water was plotted at 400 mm (as 

shown in Error! Reference source not found.) 

from the water inlet. The simulation procedure 

was repeated for five different cell sizes using 

similar case settings. Grid sizes used were 

Δx =0.90, 1.15, 1.25, 1.5, and 2 mm. Fig. 1 shows 

the distribution of volume fraction of water at 

400 mm from the inlet for all the five grid sizes. 

When the solution was run for Δx = 2 mm and 1.5 

mm respectively, the results were not same, 

which means that results were grid dependent. 

On further reducing the element size, it was 

noticed that patterns of volume fractions at the 

specified positions became independent of grid. 

Keeping in view the computational resource and 

solution accuracy, Δx=1.15 mm (which 

corresponds to 108640 number of cells) was 

chosen as the mesh independence size for further 

simulations.  

The time step independence study was 

carried out in term of temperature values at an 

axial location of 0.4 m from the water inlet 

(section a-a in Fig. 1) within the test section. The 

simulations were carried out at three different 

time, Δt =10-3, 10-4 and 10-5 with a specific cell 

size Δx =1.15mm at injecting water velocity of 

5m/s at temperature 20oC. Fig. 2 shows that the 

change in the temperature profile is the negligible 

when  Δt changes from 10-4 to 10-5. Therefore, 

Δt = 10-4 second has been selected for further 

simulations.  The simulations were run for a real 

time of 2 seconds with fixed time step of 100 

micro-seconds. 

2.4     Validation of CFD Results 

In order to check the correctness of the 

CFD methodology, the present results were 

validated with the  experimental results of Barna 

et al. [16].  

A horizontal pipe, diameter 0.073 m and 

length 3.0 m, initially filled with steam at 14.5 

bar was simulated with subcooled water injection 

at velocity 0.242 m/s and temperature 22oC. The 

pressure transients history were  measured at 

0.4m from left elbow which  was much consistent 

with the experiments by Barna et.al. 2010 [16] 

which has been shown in Fig. 3. The amplitude 

of the pressure peak is about same order but with 

little time lag. The maximum amplitude of the 

pressure is more important than its time to occur.  

Thus, it is concluded that the simulation results 

are consistent with the outcome shown [16] in 

showing that authenticity of the adopted 

methodology. 

 

Fig. 1 :  Mesh independence study in terms of 

variation in volume fraction of liquid at 0.4 m from 

the beginning of the test section for water velocity 

3m/s at 20oC and steam pressure 600kPa 

3. Results and Discussion  

In this work, computational fluid dynamics 

(CFD) study on pressure oscillations has been 

carried out by injecting subcooled water into 

steam filled test section. These oscillations may 

endanger the integrity of structures ultimately 

causing failure of piping and mechanical 

equipment in many industrial systems which can 

even result in personal injury and deaths.  

 In this section the parametric effects of water 

inlet temperature on pressure oscillations has 

been studied and discussed in detail. The findings 

were validated  with the  experimental work of 

Barna et al.,2010 [16]. The water was injected at 

varying temperatures with a fixed velocity of 

5m/s into a dry saturated steam filled test section 

at pressure of 6 bar (600kPa) and temperature of 

158.8°C (432 K). The injecting water 

temperature was varied within 20 to 60°C with 

the interval of 10°C.
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Fig. 2: Temperature history for different time 

steps at axial location of 0.4 m  from the 

beginning of the test section, for water velocity 

5m/s at 20oC,  Δx = 1.15 mm   

 

Fig. 3:   Comparison of transient pressure 

history with the published experimental work by 

Barna et al., 2010[16] 

The amplitude of this peak remained 

independent of the subcooled water temperature. 

The dynamics of such pressure oscillations under 

the influence of violent condensation is due to 

condensation induced water hammer (CIWH) 

phenomenon, which results in fast pressure peaks 

[5, 21]. The possible reason behind this pressure 

peak is the fact what when water wave front 

enters into test section it encapsulate the steam 

portion. The condensation of these steam pockets 

create low pressure in the region. This low 

pressure is filled by rushing of surrounding 

water. During this water accelerating process, the 

collision of water molecules cause the pressure to 

rise in the form of peaks. The encapsulation of 

steam depends the momentum imparted the 

subcooled water instead of water temperature. 

Therefore, the amplitude of the first pressure 

peak remains independent of subcooled water 

temperature.  

In Fig. 4, regular pressure oscillations 

started in continuous manner at time 0.2226s. 

The peak oscillations value   has been found as 

977.7 kPa while the minimum pressure as 

196.3kPa. The summary of maximum and 

minimum pressure peaks against each water 

temperature and their time to onset is given in 

Table 1. 

From these figure and Table 1, it is 

evident that the time of occurrence for continuous 

oscillations is earlier for lower temperature. It is 

due the fact that water with lower temperature 

has stronger condensation capability to condense 

entrapped steam. The condensation of this 

entrapped steams generates the pressure 

oscillations. The condensation of this steam is 

earlier for water with high subcooling. 

It is also noteworthy that cases with 

lower water temperature has larger value of the 

maximum pressure peaks. The same fact can 

been visualized by comparing the results in Fig. 

4 with Fig. 8. Again it is due the reason that 

cooler water has stronger condensation potential.  

The bursting of steam bubble from such 

subcooled water in a shorter time produces higher 

pressure amplitude. Similarly, stronger pressure 

peaks are followed by robust expansion. The 

decrease in pressure during expansion is more 

significant then pressure achieved after 

expansion of weaker pressure spikes. Therefore, 

smaller minimum pressure peaks were recorded 

for the cases with the lower water temperature.  

As stated earlier, these pressure spikes 

have paramount importance for the safety of the 

industrial systems and operating personals. Thus 

study of the transition of pressure oscillations is 

vital for understanding of undesirable steam-
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water condensations events.  

 

Fig. 4:Variation of pressure with flow time at 

water velocity 5m/s at 20oC 

Table 1:Summary of the Results 

Subcooled 

water 

temperatu

re 

Time to 

onset 

continuou

s 

oscillatio

ns (s) 

Maximu

m 

pressure 

peak   

(kPa) 

Minimu

m 

pressure  

(kPa) 

20°C 0.2226 977.70 196.30 

30°C 0.2296 949.97 240.95 

40°C 0.2325 948.77 242.27 

50°C 0.2386 946.94 251.61 

60°C 0.2832 904.16 283.67 

 

 

Fig.  5: Variation of pressure with flow time at 

water velocity 5m/s at 30oC 

 

 

Fig. 6: Variation of pressure with flow time at 

water velocity 5m/s at 40oC 

4. Conclusion  

In the present work, the CFD study on pressure 

oscillations was investigated by injection of 

subcooled water in a steam filled horizontal pipe. 

Various subcooled water temperatures were 

considered at injecting velocity of 5m/s. The 

major conclusions have been summarized as 

under: 

1-The steam condensation from water with high 

subcooling generated stronger pressure peaks 

then from water with low subcooling.  

2.- A strong instantaneous pressure peak is 

observed when water is injected into steam. The 

amplitude of this peak is independent of injecting 

water temperature.  

 

Fig. 7: Variation of pressure with flow time at 

water velocity 5m/s at 50oC 
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Fig. 8: Variation of pressure with flow time at 

water velocity 5m/s at 60oC 

The onset of continuous pressure oscillations 

within the test section from steam-water 

interaction is earlier for cases with lower water 

temperature.  
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Abstract 

In this work, experimental and numerical approach has been presented to evaluate porous 

media coefficients for wire screen regenerator (WSR). Pressure drop is obtained experimentally and 

numerically from stack of WSR in steady flow conditions by using air as working fluid. It was observed 

that the pressure drop increase with mesh size, porosity and air velocity. The Reynolds number for flow 

through WSR is a function of air velocity as well as porosity and hydraulic diameter of WSR. Therefore, 

a correlation of friction factor is proposed as a function of Reynolds number by curve fitting the data. 

The proposed correlation of friction factor is applicable to all mesh sizes and it was closely matched 

with the experimental data. Friction factor equation is based on two constants and their values are later 

used to evaluate inertial and viscous resistance coefficients for porous media modelling of WSR. 

Key Words: Stirling engine, wire screen regenerators, porous media, friction factor 

1 Introduction 

In Stirling engines, regenerator acts as a 

heat reservoir. Its primary effect is to increase the 

efficiency due to the re-usage of heat. In order to 

achieve ideal Carnot efficiency, the usage of 

regeneration in the Stirling engines is mandatory. 

Metal wire screens stacked on one another are 

commonly used as regenerators [1]. Other 

regenrators that are condisered for Stirling 

engines include miniature channel [2] and 

composite matrix [3]. Inertial and viscous losses 

through regenerator are some of the drawbacks. 

[4]. 

The challenge in designing of Stirling 

regenerator is to provide sufficient heat transfer 

capabilities with minimum dead space and 

resistance in the flow. The heat transfer area and 

heat storage capacity should be maximum but 

thermal conductivity in the axial direction should 

be minimum [5].  

Stirling regenerators are generally 

treated as a porous media for whole engine 

analysis [6]. The constants that are used to define 

regenerator as porous media are inertial 

resistance and viscous resistance coefficients and 

porosity [7]. The flow across the regenerator is 

complex and experimental techniques are often 

used for analysis. Sodre and Parise [8] evaluated 

the friction factor by connecting a test section 

with an air circuit. Liu et al. [9] calculated friction 

factor for multi-layer sintered wire mesh 

structures by measuring pressure drop and mass 

flow rate. Hsu et al. [10] [11] tested wire screens 

of different mesh sizes by using a pipe under 

steady and oscillating flow. Alfarawi et al. [2] 

evaluated a new circular miniature-channel 

Stirling regenerator and it was observed that flow 

resistance was minimal but axial conduction was 

a major concern. Jin and Leong [12] determined 

the permeability and inertia coefficient of open 

cell aluminum foam with three different pore 

densities. Pamuk and Ozdemir [13] obtained the 

values of permeability and inertial coefficient of 

porous media fabricated from stainless steel 

balls. Liu et al. [9] also calculated the 

permeability and inertia coefficient of sintered 

woven wire mesh structure by using the modified 

Darcy equation containing measured pressure 

drop. Gheith et al. [14] performed an 

experimental study and investigated four 

different Stirling regenerators having materials 

such as; Monel 400, Aluminum, Copper and 

Stainless steel.  

Tew et al. [15] used a non-equilibrium 

porous media model for Stirling. Clearman et al. 

[16] experimentally measured the pressure drop 

in radial flow and axial flow apparatus for the 

different annular mesh (325 & 400 mesh) 

screens. Costa et al. [7] found that pressure drop 

of wound wire matrix system was higher than 

stacked wire matrix system. Chen et al. [17] 

tested a moving regenerator and found that 

regenerator screens arranged perpendicular on 
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displacer were most suitable. Kato and Baba [18] 

observed that the efficiency of the normal layered 

matrix was higher than the matrix layered parallel 

to the stream. Li et al. [19] tested a new micro 

channel type Stirling regenerator and found that 

Nusselt number was a function of Reynold’s 

number and Prandtl number. In full scale CFD 

modelling of Stirling engines, regenerators are 

modelled as porous media [20]. Evaluation of 

porous media constants is complex therefore in 

this study, a new simplified method has been 

introduced to find values viscous and inertial 

resistance coefficients. 

2 Description of experimental setup 

The experimental setup is shown in Fig. 

1 to test WSR placed inside the transparent 

circular pipe and pressure drop was measured 

with the help differential pressure sensor 

(MPXV7002) at different air velocities.  

Air velocity from a variable-speed fan 

was measured by an anemometer UT363 Uni-

Trend. Three different mesh sizes of wire screen 

i.e. 50, 100, and 200 mesh are tested. Fig. 2 

shows three stacks of wire screens that are tested. 

The geometric parameters of wire screens are 

given in Error! Reference source not found. 

3 Numerical simulation of wire 
screen regenerator 

In this modelling approach, actual 

geometry of wire screens is created in 

SolidWorks and analyzed in ANSYS 

Fluent.  The computational domain of 100 mesh 

wire screen and flow region is shown in Fig. 3. 

Boundary conditions were applied at the velocity 

inlet in the range of 1-6 m/sec. The difference in 

pressure of inlet and outlet is the pressure drop 

across wire screens.  

 

Fig. 1: Steady flow test setup for measurement of 

pressure drop across wire screens 

 

Fig. 2: Stack of wire screen of 50, 100 and 200 

mesh size 

The Darcy’s Law is used for 

measurement of pressure drop according to eq. 

(1). 

 2

2
f i

C
p v v v





     (1) 

Where C2 is inertial resistance 

coefficient 1/α is viscous resistance coefficient. 

Ergun proposed a general form friction factor eq. 

(2) based on two constants. 

Table 1: Geometric parameters and Inputs of porous media model for wire mesh screens 

Mesh 

size 

Porosity, 

(φ) 

dw (mm) dh (mm) Regenerator 

length, (mm) 

Inertial 

resistance, 2C  

Viscous 

resistance, 

1/  

50 0.75 0.1397 0.4249 0.2794 7.27e3 6.65e8 

100 0.62 0.114 0.188 0.228 2.39e4 4.01e9 

200 0.657 0.05334 0.1021 0.10668 3.97e4 1.32e10 
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Fig. 3: computational domain of wire screen 

under steady flow 

 

 1
2

Re

a
f a 

 
(2) 

Where 1a  and 2a  are two constants. 

Basic equation for pressure drop is given by eq. 

(3).   
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2
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h

L
p f u

d


 

 
(3) 

Where max /u u   is maximum 

velocity obtained by dividing inlet velocity and 

porosity of wire screens. hd is hydraulic 

diameter of wire screen calculated by eq. (4).  

 
(1 )

w
h

d
d







 (4) 

The Reynold’s number from porous 

media is found by eq. (5).  

 maxRe
f

hd u





 
(5) 

Eq. (2) and eq. (5) are used in eq. (3) 

that is resulted as eq. (6).  

 
21 2

max max2

.

2 2
f

h h

a aL L
p u u

d d


    (6) 

The values of two constants 1a  and 2a  

is found by plotting the data of friction factor 

from eq. (3). Then curve fitting the data in 

MATLAB resulted in a friction factor 

correlation equation which is given by eq. (7). 

 
180.6

1.753
Re

f    (7) 

After knowing the values of constants  

1a  and 2a . Viscous resistance may be found by 

comparing the coefficients of eq. (1) and eq. 

(6). Viscous resistance is given by eq. (8) and 

inertial resistance is given by eq. (9).  

 
1

2

1

2 h

a

d 
  (8) 

 
2

2 2

h

a
C

d 
  

(9) 

The calculated viscous and inertial 

resistance coefficients are summarized in Table 

1 for three different mesh sizes.  

 

4 Results and discussion 

In this section, the WSR is analyzed 

under steady flow conditions for different mesh 

sizes. The pressure drop across the wire screen is 

measured experimentally and numerically which 

was utilized to calculate friction factor. The 

results are then compared with previous studies 

and a correlation is proposed for the prediction of 

friction factor for WSR as a function of 

Reynold’s number. The proposed correlation of 

friction factor is two parameters empirical 

relation. The values of two constants in friction 

factor correlation are used to define viscous and 

inertial resistance of wire screen regenerator.  

The pressure drop measured from the 

experiment and simulation are compared in Fig. 

4 for 50 mesh wire screen. The Reynold’s 

number for porous media is function of inlet 

velocity and hydraulic diameter. The hydraulic 

diameter of porous media is dependent upon wire 

diameter and porosity. Therefore, it can be 

concluded that Reynold’s number for 50 mesh 

screen will be higher than that of 100 mesh screen 

for the same inlet velocity only due to hydraulic 

diameter. The results are showing a good match 

between experiment and simulation. The data of 

pressure drop is showing almost a linear trend 

versus Reynold’s number. 
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Fig. 4: Pressure drop across 50 mesh wire screen 

as a function of Re 

 

In Fig. 5 and Fig. 6, the pressure drop 

data is compared for 100 mesh and 200 mesh 

wire screens respectively.  

The experimental values are showing 

good agreement with simulation results. It shows 

that simulation results are validated with 

experiments. The maximum percentage 

difference between readings is found less than 

12% which is in an acceptable range. The 

validated simulation of wire screens can save 

experiment costs as well as time in future studies.  

Furthermore, a wire screen of any mesh 

size could be evaluated for an extended range of 

parameters by numerical simulation. It is obvious 

from the results that pressure drop is strongly 

affected by Reynold’s number and mesh size. 

0 20 40 60 80 100 120 140
0

50

100

150

200

250

P
 (

p
a
)

Re

 simulation

 experimental

 

Fig. 5: Pressure drop across 100 mesh wire screen 

as a function of Re 
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Fig. 6: Pressure drop across 200 mesh wire screen 

as a function of Re 

The pressure drop data obtained in the 

previous section were used to estimate friction 

factor for all three mesh sizes according to eq. 

(3). The friction factor data is plotted against 

Reynold’s number in Fig. 7. The friction factor 

reported by Gedeon and Wood [21], Costa et. al 

[22] and Tanaka [23] is also plotted. The 

comparison of friction factor data shows that 

current work was best fitted with proposed 

correlation in this work. The proposed 

correlation has two constants 1a  and 2a  that are 

used to find viscous and inertial resistance of 

wire screens according to eq. (8) and eq. (9).  
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Fig. 7: Friction factor for wire screen regenerator 

as a function of Reynold’s number 

5 Conclusion 

In this work, flow characteristics of wire 

screen Stirling regenerators under steady flow are 

analyzed. Some of the important findings of this 

work are given below. 

Pressure drop across wire screens of 50, 

100, 200 mesh size was measured by 

experimental and numerical methods which were 

closely matched having a maximum percentage 

difference of 12%.  

Friction factor correlation equation is 

proposed based on pressure drop data as the 

function of Reynold’s number which is 

applicable for all mesh sizes. 

180.6
1.753

Re
f  

 

Inertial and viscous resistance 

coefficients were found by constants of friction 

factor equation and pressure drop equation that is 

used as input to equivalent porous media model 

for full scale CFD modelling of Stirling engine.  
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Abstract 

Photovoltaic solar panels are in daily life practice with an overall efficiency of nearly upt0 20%. This 

experimental study was conducted with the motivation to experimentally evaluate the effect of active cooling and 

hyrophonic TiO coating on performace of a conventional solar panel under climate condtions of Sahiwal 

Punjab Pakistan. The study was caried out with three input factors and three levels. DOE was performed in 

MINITAB 17 for these inputes and levels using orthogonal array L9. The performance parameters such as 

operating temperature, power, efficiency, performance ratio and fill factor were experimentally evaluated as 

per DOE. The results were then used for finding the most optimized targets over the inputs using Grey-Taghuchi 

method for minimum the better and larger the better chriteria for certain parameters. The operating 

temperature of PV panels was optized at run number 4 where A=2 B=1 and C=2. It could be concluded that the 

temperature of the solar panel was minimum for actively cooled solar panel at irradiance of 600 w/m2 with 

ambient temperature of 350C. The output responses such as power efficiency performance ratio and fill factor 

were optimized to be maximum at run number 5 with A=2 B=2 and C=3. The results indicated that power out 

put was 29% higher than conventional and 12.5% greater than TiO coated solar panel at same operating 

conditions of solar irradiance and ambient temperature.Solar efficiency of water cooled solar panel was evalted 

as 9% higher than conventional and 13% higher than that of TiO coated solar panel as similar operating 

conditions.Performance ratio and fill factor were found improved by 29% and 15% as compared to 

conventional solar panel. Where as the improvement of 3% and 5% was observed a compared to TiO coated 

solar panel operating at similar conditions.  

Key Words: Super hydrophonic coating; Active cooling; Ambient Temperature; Irradiance Grey-

Taguchi; ANN 

1 Introduction and background 

The development of the world wealth, the 

regular thriving of human needs, 

industrialdevelopments havelead to an increased 

demand for energy and consumption of 

conventional energy resources. Pakistan and 

most of the developing countries are in energy 

crisis due to dependence on fossil fuels; fossil 

fuels have been a major contributor to 

greenhouse gases.  

The amounts of these gases could be reduced if 

solar energy is used for electricity 

production.Solar energy is one of the most 

viable renewable energy subsequently it 

provides an unlimited, clean and 

environmentalfriendly energy.  

(Mirza, Mercedes Maroto-Valer, & Ahmad, 

2003) investigatedthat the average global 

radiation falling on a horizontal surface in 

Pakistan is about 200-250 watt per m2 in a day 

with about 1500-3000 sunshine hours in a year. 

Siffalovic(Šiffalovič et al., 2014)studied the 

impact of different parameters on environment 

the performance of polycrystalline PV system in 

the tropical region.The result shows that the 

effectiveness ofperformance PV system changes 

with the change in 

environment.Adinoyi(Adinoyi & Said, 

2013)investigated the effect of environmental 
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temperature performance of different types of 

PV cells in different areas of Egypt. It 

investigates that the amorphous thin film 

varieties best suited for areas with average 

maximum ambient temperature more than 40 

Mahmood et al. studied using different solar 

technologies to evaluate the performance of PV 

modules in case of dust deposition on the 

surface. This study showed that there is a 

noticeable effect of dust deposition on the 

efficiency of PV modules. The efficiency and 

output power of both mono crystalline and 

polycrystalline PV modules showed a 

significant loss in it by a decrement of 20 and 

16% respectively and the volume of dust 

deposition responsible for this decrement in 

output powers was around 0.9867 

mg/cm2.Raheem (Raheem, Abbasi, Memon, 

Samo, & Danquah, 2016) studied the behavior 

of different PV modules with dust deposited on 

their surfaces. It concluded that dust 

significantly reduces the efficiency of solar 

photo voltaic panel up to 30% respectively 

compared to clean modules. Taxila (Taxila, 

2016)experimentally studied to compare the 

performance of PV module flow of 1 LPM and 

used the hot water produced by system. It was 

observed that efficiency and temperature 

increased by 50% and 20  Akbarzadeh et al. 

designed PV combined system and used gravity 

assisted pipes to transfer heat. It concluded that 

cooling of PV modules with water, efficiency 

increased by 50% and temperature of module 

was not increased above 

46 .Thongpao(Thongpao et al., 

n.d.)experimentally studied to compare the 

efficiency of PV module with natural and forced 

convection. With natural convection; efficiency 

of module was increased by 12% and in forced 

convection efficiency increased by 25%, 28% 

and 30%.Ampatzi(Ampatzi, Knight, & 

Wiltshire, 2013) investigated by using tri-layer 

film on the glass substrates which  shows that 

higher average transmittance of 98.4%, on the 

other hand brass glass substrates showed 92%of 

an average transmittance in the region of 400-

800nm. Results showed that coated glass also 

showed an excellence abrasion resistance was 

only 0.2% and efficiency increased by 30%. 

Wai (Wai, Member, Wang, & Lin, 2008) 

developed silicon super hydrophobic film; 

output power of the substrate increased by 

18.33% and PV modules coated with the silicon 

based super hydrophobic film increased by 

1.36%.Gholami (Gholami, Akbar, & Saboonchi, 

2017) developed TiO2 coatings, deposited on 

glass samples. The results indicated that samples 

titled 45°, dust surface deposition was 0.3889 

(g/m2) and coating reduced amount of dust on 

the surfaces up to 46%.Willson(Willson & 

Mordvinov, 2003) prepared coating of glass in 

which bottom layer was prepared with hollow 

silica (HSiO2) nanoparticles, upper layer with 

TiO2 nanoparticles. Both layers produced 

reflective index close to idealist value 1.22 

while transmittance value reported as 99.73%. 

Jose(Jose, Brophy, Jose, Jose, & Data, 2014) 

developed hydrophobic coating; which 

transmittance value reported as 89.7%.It 

concluded that it is beneficial to use super 

hydrophobic coating on solar PV panel which 

increases its efficiency, stability and 

performance. Current study was conducted with 

a motivation to experimentally evaluate the 

performance of solar panels under varying solar 

intensity, operating temperature, passive cooling 

and microcoating. The experimental results 

(targets) such as temperature of solar panel, 

power output, fill factor, performance ratio and 

efficiency of solar panel were evaluated over the 

set of input parametrs such as solar irradiance, 

passive cooling and TiO coating. The 

experimental results were then utilized for grey 

relational generation and taguch quality loss 

function methods for optimization of most 

valuable input factors for idealy best targets. 

The experimental and GTM normalized results 

were then validated using a trained artificial 

neural network in MATLAB. The converged 

experimental set was obtained uing DOE in 

MINI-TAB 17.  

2 Material and methods 

The study was conducted at comsats university, 

Sahiwal, Punjab, Pakistan. Conventional solar 

panel was used as baseline standard for 

evaluation of photovoltaic energy conversion 

parametrs such as panel temperature, power out 

put, Fill factor, performance ratio and efficiency 

of solar panel. The baseline solar panel was then 

passively cooled using water as cooling agent 

and the experimental results were evaluated. 

Simmilar Photovoltaic cell was then 

hydrophocally coated with Tilorium oxide film 

for evaluation of the experimental targets. The 

set of experimental targets over the define 
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inputes and levels were the normalized using 

Grey relational generation for minimum the best 

chriteria for solar panel temperature and 

maximum the better chriteria for parameters 

such as Power, fill factor, performance ratio and 

Efficency. The experimental and GTM 

optimized results were then used for validation 

of these rsults with ANN predicted results.  

2.1 Design of experiments 

The experimental study was conducted with a 

motivation to optimize the input factors and 

levels that have maximum effect on the 

performance of a solar panel. Ambient 

temperature, Solar irradiance, and Photovoltaic 

panels with leves as indicated in table 1 were 

used for DOE in MINITAB 17. The facors and 

their levels could be visualized in table 1. The 

L9 othogonal array Tagushi design was used for 

design of experiment using three factors and 

three levels for each factor. The result of DOE 

using L9 orthogonal array cloud be visualized 

intable 2. 

Table 1 factors and levels 

Sr 

No 

Factors Levels 

1 PV panels Normal Cooled Coated 

2 Iradiance 

(W/M2) 

700 800 900 

3 Temperature 
0C 

28 35 42 

Table 2 Design of experiments 

Sr. No 

PV 

Pannel 

Irradiance 

W/m2 Temperature0C 

1 Normal 700 28 

2 Normal 800 35 

3 Normal 900 42 

4 Cooled 700 35 

5 Cooled 800 42 

6 Cooled 900 28 

7 Coated 700 42 

8 Coated 800 28 

9 Coated 900 35 

2.2 Experimental methods 

The experiments were conducted as per defined 

design of experiment DOE. The experimental 

results of performance parameters such as 

temperature, fill factor, power, performance 

ratio, and efficienct were evaluated nine time for 

all the inputes and levels. Each experiment was 

performed three time. The results were only 

accepted with uncertainty level of 0.05%. The 

experimental responses wererecored at 

COMSATS University Sahiwal in July and 

August 2019 at 9 AM 12: 00 PM and 3:00 pm. 

The reason behind the time selection of the 

experiments wasdifferent iradiance levels at 

morning, noon and evening.The specifications 

of the experimental photovoltaic solar panel 

could be visualized. For this experiment Super 

Hydrophobic coating was used that is composed 

of TiO2 (Bhattacharya, Chakraborty, & Pal, 

2014). It could be applied directly with brush or 

spray. The experimental polycrystalline PV 

panel was coated using brush with approximate 

film thichness of 1 micometer. The super 

hydrophobic TiO2 coating with characterization 

of coating was then experimentallt tested for the 

targets over defined experiments. 

Fig. 1 TiO2 Super Hydrophobic coating 

Fig.2 Diagram of Setup for Cooling of 

Solar PV Module 

A water distributer was used to regulate the flow 

of cooling water around the channels for proper 

cooling of module and a storage tank with 30 L 

capacity was used as active cooling source. 

Minimum level of head was maintained to get 
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smooth flow of water (Andrews, Pollard, & 

Pearce, 2013). 

2.3 Measurement methods 

The experimental results for the inputs and 

targets were evaluated using measuring tools as 

specified. Curvimeter PROVA 210 was used to 

measure the responses of a Photovoltaic panel , 

the temperature of the solar PV panel was 

recorded using temperature gun model UNI-T 

UT301C and the radiation instensity incident of 

solar panel were measured using Irradiance 

Meter 200R. 

2.4 Methemetical Methods 

Maximum power is measured by using equation, 

while I-V curve meter solve this by directly 

given the maximum power value (Friedman, 

Steiner, Perl, & Simon, 2017). Maximum power 

output efficiency was calculated using model as 

in equation 1.  

𝜂𝑝= ×100  (1) 

Where is power efficiency of panel, Pmeasured is 

experimental power and Pmax is the theorwtical 

power incident as measured using Irradiance 

meter. Performance ratio shows the amount of  

energy that is available after energy losses and 

is given by:   

𝑃𝑅=   (2) 

Fill factor is important factor to measure the 

quality of the solar cell.  

FF= ×100    (3). 

This factor was measured directly with I-V 

curve meter. 

2.5 Grey Taguchi Method 

Experimental results (power, efficiency, fill 

factor and performnace ratio) are first 

normalized in the gray relationship analysis in 

the range of zero to one, which is also known as 

gray relational generation. Next, from 

normalized experimental data, the gry relational 

coefficient is calculated to express the relation 

among the desired and actual experimental data. 

Then averaging the grey relation grade 

corresponding to each process answer is the 

gray relational coefficient. The overall 

assessment of multiple process answers is based 

on the gray connection grade. This helps you to 

optimize the complicated multiple process 

responses. Responses can be translated into one 

gray relational grade optimization. In other 

words, the gray relational grade can be 

considered as an overall assessment  Multi-

response experimental data. In the current 

experimental analysis, GRG's output and 

efficiency responses such as Power, Fill Factor, 

efficiency and performance ratio have been 

studied using largerthe better, where PV solar 

cell temperature is analyzed with the smaller the 

better ideal parameters. 

Xi(K)==   (4) 

Yi(K)==   (5) 

Where xi(k) is the gray relation-generation 

value, min yi(k) is the smallest yi(k) value for 

kth-response, and max yi(k) is the largest yi(k) 

value for kth-response. The gray partnership 

generation sequences. The optimal sequence for 

Power, Fill Factor, Leistung and Efficiency is 

x0(k) (k=1, 2,.,. ., 9. The gray relational grade 

description in the gray relational analysis 

demonstrates how the nine sequences [x0(k) and 

xi(k), i=1,2, are related to the grade. , 9, k=[1), 

2,,. , 8]. 

 (6) 

X* = 1.00 

Where om is Taguchi quality loss function, Xm 

is the individual comparable data series, X* is 

the maximum value of  data series, and x 

indicated the number of experiments. The 

corresponding results ofTaguchi quality loss 

function for comparable data series are 

presented. 

min max
m

m max

Ψ
  

  

 


 
  (7) 

m
1

1
( ) Ψ

y

m
my




  ò    (8) 

An average GRC for each response is 

determined by the overall gray relation grade 

(OGRG). OGRG The whole thing Multi-

response function of any process, using the Eq 

(7)Ψm is grey relational coefficient calculated 

by the model in equation (3) the value of 

coefficient  was taken as average 0.5 and 
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  where y indicates the total 

observations of the data. The results of nine 

Fig.3 ANN Training Test and Validation 

experiments conducted for the targets are 

optimize by grey relational generation Taguch 

quality loss function and Over all grey relational 

grade with maximum value of OGRG indicating 

optimsed input factors and levels for maximum 

responses. The minimum value in Texp columns 

indicates the optimized inputes and targets for 

minum the better chriteria 

2.6 Artificial Neural Network Method 

An artificial neural network (ANN) 

computational model is based on the 

configuration and functions of the biological 

neural network. The network information affects 

the ANN's setup, since this relies on a neural 

network input and output. Nonlinear statistical 

data processing methods are called ANNs, 

which model or document complex associations 

between features.The distributed Artificial 

Neural Network (ANN) operates like human 

brain neurons, storing experimental information 

and still delivering it. This neurons will store the 

necessary data from the experimental data 

through a learning and training process. In order 

to decide output / response for each input signal, 

the synaptic weight of ANN neurons are 

connected to each other, depending on the form 

of function activated (such as TANSIG or 

PURELIN).Using the MATLAB artificial neural 

network system, the optimized inputs package 

was predicted. With the nnstart method the UGI 

widow using ANN prediction was 

accomplished. The input and output matrices 

have been imported into the nnstart window 

from the PC. The fitting tool was used to train 

ANN via defined inputs for destinations and the 

predicted goals through the unknown inputs 

were obtained.The predicted results for a trained 

ANN could be visualized. The results predicyed 

by the network using three inputs five 10 

neurons and five  outputs were 92% converged 

towards the experimental results in validation 

regression plot. ANN network training state and 

fitting results could be visualized  

3 Results and discusions 

Current study was conducted with the 

motivation to experimentally evaluate the 

performance parameters of a solar panel such as 

operating tmeprature, power out put, solar 

power efficiency, performance ratio and fill 

factor and compare the experimental results of 

conventional solar panel with active cooling and 

superhydrophbic TiO2 coating applied to the 

simmiar solar panel. The experimental results of 

conventional solar panel, actively cooled and 

TiO2 coated solar panels were the validated 

using a trained ANN model in MATLAB.The 

experimental and Predicted results were then 

optimized for using Grey Taguchi method with 

larger the better criteria for Power, efficiency, 

Performance Ratio and Fill factor and smaller 

the better criteria for operating temperature of 

the solar panel. This section of the article 

contains brief discussion on experimental 

predicted and optimized results of performance 

parameters over the range of in put factors.The 

graphical representation of experimental and 

ANN Predicted results of performance 

parameters such as operating tmeprature, power 

out put, solar power efficiency, performance 

ratio and fill factor could be visualized The 

predicted results were conveged towards the 

experimentally evaluated results up to 95%.  
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Fig.4 Exprimental and Predicted Responses 

3.1 Optimised power, Efficiency, 

performance ratio and fill factor 

The performance parametrs such as power 

output, solar efficiency, performance ratio and 

fill facor were experimentally analysed over the 

input factors and levels as presented in DOE. 

The experimental results were then validated 

using a trained ANN Model in MATLAB. The 

experimental and predicted results were 

converged by 95%  with an Rvalue of 0.9561. 

the experimental results were then normalized 

using grey relational generation. The 

optimization of targets with input factors and 

levels was obtained using over all grey 

relational grade with larger the better chriteria. 

The output responses were optimized to be 

maximum at run number 5 with A=2 B=2 and 

C=3. The set of inputs corresponds to actively 

cooled solar panel with irrandiance level of 900 

w/m2and ambient temperature of 420C.It could 

be concluded that the over all optimized 

performance of the conventional, cooled and 

coated solar panels was better for actively 

cooled solar panel with operating condition of 

maximum solar intensity (900 w/m2at noon)and 

ambient temperature of 420C. The results 

indicated that power out put was 29% higher 

than conventional and 12.5% greater than TiO 

coated solar panel at same operating conditions 

of solar irradiance and ambient temperature. The 

increase in power output was observed due to 

cooling of solar panel metal body glass cover 

and semiconductor diodes. The over all 

resistance of semiconductor material based 

photovoltaic diodes was optmised at moderated 

operating temperatures after application of 

active cooling.Solar efficiency of the a solar 

panel is an other performance parametrs of 

interest. In current study solar efficiency of 

water cooled solar panel was evalted as 9% 

higher than conventional and 13% higher than 

that of TiO coated solar panel as similar 

operating conditions. The net increase in solar 

efficiency was observed due to improved output 

elextrical power over input radiations. 

Performance ratio and fill factor were found 

improved by 29% and 15% as compared to 

conventional solar panel. Where as the 

improvement of 3% and 5% was observed a 

compared to TiO coated solar panel operating at 

similar conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5 Optimised performance parametrs of solar 

panels 

4 Conclusion 

The depleting reservoirs and harmful exhaust by 

products of fossel fuels have puhed the world’s 

energy demand towards renewable energy 

resources such as solar power, hydropower and 

wind power. Photovoltaic solar panels are in 

daily life practice with an overall efficiency of 

nearly 16%. This study was conducted with the 

motivation to experimentally evaluate the effect 

of active cooling and hyrophonicTiO coating on 

performace of a conventional solar panel under 

climate condtions of Sahiwal Punjab Pakistan. 

The study was caried out with three input 

factors and three levels. Solar panel type, 

81



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

 
 

Irradiance and ambient temperature were the 

input factors and the leves of these factors could 

be visualized in table1. DOE was performed in 

MINITAB 17 for these inputes and levels using 

orthogonal array L9. The performance 

parameters such as operating temperature, 

power, efficiency, performance ratio and fill 

factor were experimentally evaluated as per 

DOE. The results were then used for find most 

optimized targets over the inputes using Grey-

Taghuchi method for minimum the better and 

larger the better chriteria for certain parameters. 

The experimental and optimized results were 

then Validated using a train ANN network in 

MATLAB with three inputs 10 hidden neuron 

and five targets as indicated in fig 6. 

Fig.6 ANN Artechechture 

The operating temperature of PV panels was 

optized at run number 4 where A=2 B=1 and 

C=2. It could be concluded that the temperature 

of the solar panel was minimum for actively 

cooled solar panel at irrandiance of 600 w/m2 

with ambient temperature of 350C. The 

temperature of the panel was decreased  40% 

and 37% as compared to conventional and 

coated solar panel respectively.The output 

responses such as power efficiency performance 

ratio and fill factor were optimized to be 

maximum at run number 5 with A=2 B=2 and 

C=3. The set of inputs corresponds to actively 

cooled solar panel with irrandiance level of 900 

w/m2and ambient temperature of 420C.The 

results indicated that power out put was 29% 

higher than conventional and 12.5% greater than 

TiO2 coated solar panel at same operating 

conditions of solar irradiance and ambient 

temperature.Solar efficiency of water cooled 

solar panel was evalted as 9% higher than 

conventional and 13% higher than that of TiO2 

coated solar panel as similar operating 

conditions.Performance ratio and fill factor were 

found improved by 29% and 15% as compared 

to conventional solar panel. Where as the 

improvement of 3% and 5% was observed a 

compared to TiO coated solar panel operating at 

similar conditions. 
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Abstract 
 

Environment-friendly renewable power assets are the vital replacement of conventional wellsprings of energy. 

Like other developing nations, Pakistan needs to switch towards environment friendly power to adapt to the 

serious energy demand. Wind Power generation is a flourishing, reformed, and best in class innovation that can 

chop down the current energy emergency in Pakistan. This research centers around design and calculations for 

the horizontal axis wind turbine to satisfy the demand for energy at small scopes in Pakistan.  This is the design 

to generate around 10 kilowatts of power to share the heap of normal home apparatuses. The region picked for 

this examination is Jhimpir, Sindh in Pakistan to assemble the wind turbine for power. Configuration esteems 

are approximated by suitable formulas of the wind energy plan. In the present research, blade element 

momentum (BEM) theory is used for the designing of the turbine blade profile. Maximum power coefficient is 

accomplished at an intended velocity of 9 m/s. This paper concludes with a brief summary of the generation of 

10 kW power from HAWT to achieve sustainable development goals.  

Key Words: wind energy; power coefficient; blade element momentum theory; sustainable 

development 
 

1. Introduction 
 
Over the recent many years, the world has 

assumed responsibility for all significant drivers of 

monetary and social turn of events. The quick 

headway in the fields of Information Technology 

(IT) across the globe has changed the method of 

living. The Internet and IT has progressed our way 

of life and our reasoning. This load of crucial 

innovations and foundations are completely 

founded on Electrical Power (EP). Regardless of 

whether it is private, business or mechanical area 

is requesting increasingly more Electrical power. 

The current population of Pakistan is 225.5 

million based on projections of the latest United 

Nations data. The UN estimates the July 

1, 2021 population at 225.1 million [1]. 

This increase in the worldwide population results 

in higher electricity demand. To fulfill this 

redundant demand for electricity, the power 

utilities are working perpetually. Mostly 

conventional sources like natural gas, crude oil 

and coal etc. are the main sources used in the 

generation of power. But during the twenty-first 

century, most of the research is being conducted 

on renewable sources that are sustainable [2-4]. 

The renewable resources include wind, solar-

thermal, solar-voltaic, biomass, geothermal, 

hydropower, ocean energy etc. [5-7].  

Wind stream designs are adjusted by the world's 

landscape, waterways, and vegetative cover. The 

electricity can be generated by using this flow of 

wind or motion energy when modern turbines 

harvest them.  

Sun is the ultimate source of all the renewable 

energy sources except power from geothermal and 

tidal sources.  Around one or two percent of this 

energy is converted over to wind energy. The 

assessed energy capability is 50,000MW. The 

wind power generating capacity of the country is 

the wind corridor projected to increase from 250 

MW to 1,530MW. Pakistan has a 1,046 km 

coastline in the South (Sindh and Balochistan), 

however, a large portion of the breeze power 
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projects are right now being introduced at Gharo-

Keti Bander and Hyderabad wind passage. 

2. Design Parameters 
 

In present day turbines, sharp edges get the wind 

as it strikes on a superficial level and use this wind 

to turn the shaft of connected generator. Effect of 

wind heading and wind speed is clarified in Fig. 1 

given beneath.  Here, φ is the yaw angle and β is 

the pitch angle.   

 
Fig.1 Effect of wind speed and wind direction on 

blade design. 

If the wind strikes at a point that is comparative 

with the central chord line, then, at that point it can 

influence the lift and drag forces. Subsequently, 

there will be also variations in the shaft due to the 

change in the angular velocity and torque. The 

smart blade is used for the current research, which 

can change its shape as needs be with variable 

wind conditions. In the present research, blade 

element momentum (BEM) theory is used for the 

designing of the turbine blade profile. Some 

important parameters of blade design are; 

 

Blade length = 4.25 m 

Hub diameter = 0.42 m 

Chord length = 0.13 m 

Twist Angle = 17o 

 

Tip speed ratio with respect to different wind 

speeds is calculated as follows;   

   

 8 / ; 7.5m s    

 8.5 / ; 7m s    

 9 / ; 6.67m s    

Tip speed ratio with respect to different numbers 

of blades is calculated as follows;  

                  4 /TSR n         (1) 

 For 2 blade wind turbine,  

6.28TSR   

For 3 blade wind turbine, 

4.19TSR   

For 4 blade wind turbine 

3.14TSR   

  can be achieved as follows:  

 
31

2

p

P
C

A 

                      (2) 

Power Coefficient at different wind speeds is 

calculated as follows; 

          8 / ; 0.56pv m s C         ,      

                    8.5 / ; 0.39pv m s C      ,    

The following relation is used to calculate power 

coefficients at different TSR on the different 

number of blades using different pitch angles. 

2 0.171
( 0.220 5.6)

2
pC e               

(3) 

Where, 

 

      
 

 
Fig.2 Relation between TSR and  for 0o  , n= 

2,3 & 4 
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Fig.3 Relation between TSR and  for 2o  , n= 

2,3 &  

4 

 

Fig.4 Relation between TSR and  for 3o  , n= 

2,3 & 4 
 

 31

2
P Av               (4) 

 

Output power is the electric power supplied by the 

generator. Output power is given as follows; 

       
31

2
pP C Av                  (5) 

 

Fig.5 Relation between mean wind speed & output 

power 

3. Simulation Analysis 

 

Analysis of computational fluid dynamics (CFD) 

is also conducted in this research to verify the 

design of the blade. In this regard, Fig. 6 and Fig.7 

shows the geometry of blades and dissection part 

of meshing, respectively. Meshing contains 51335 

nodes and 252377 elements. 

           Fig. 6 Geometry of turbine blades 

 

Fig.7 Dissection part of meshing 
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Considering the boundary conditions, the 

following results are obtained, 

Fig. 8 Drag Coefficient 

Rotor Power; 

                  
10.2

rotor

rotor

P T

P kw




             (6) 

Fig. 9 Lift Coefficient 

 

Power Coefficient;                   

                    
rotor

p

wind

P
C

P
           (7)

  

0.39pC    

   

Output Power; 

31
*0.39*1.23*56.7*9

2

10

P

P kw





  (8) 

 

Simulation results of drag and lift coefficients and 

forces are illustrated in Fig. 8, Fig. 9, Fig. 10, and 

Fig. 11 respectively. 

 

Fig. 10  Drag Force 

Fig. 11 Lift Force 

 

Table 1 demonstrates the theoretical and actual 

values of drag and lift coefficients.  

Table 1: Drag and Lift Coefficient 

Term Drag 

Coefficient 

Lift 

Coefficient 

Theoretical 0.039 0.0129 

Actual 0.0399 0.0132 

The velocity Contour of NASA0012 Airfoil is 

illustrated in Fig. 12. 

 

 

 

 

 

 

Fig. 12 Velocity Contour of NASA0012 Airfoil 
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Hence, this research presented the design and 

calculations of HAWT to satisfy the demand for 

energy in Pakistan at the microscopic level. 

4. Conclusion 

To achieve the goal of sustainable development, 

the current research includes the numerical 

analysis of HAWT for generating the power of 10 

kW. Blade element momentum (BEM) theory is 

used for the designing of the turbine blade profile. 

Maximum power coefficient is accomplished at an 

intended velocity of 9 m/s. The drag and lift 

coefficients are obtained directly from Ansys 

software, and also calculated theoretically by 

taking the drag and lift forces from Ansys 

calculation that varies slightly. In this way, results 

were also verified through simulation software as 

well.   
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Abstract 

Steam-water direct contact condensation phenomenon is commonly found in many industries like chemical 

industry, food industry and nuclear industry etc.  In this study the injection of subcooled water into a steam filled 

pipe has been studied computationally. As a result of steam-water mixing the pressure oscillates with certain 

frequency which may cause damage to piping, equipment or systems. The effect of injecting water temperature on 

first and second dominant frequencies of pressure oscillations have been studied. The first dominant frequency 

peak was observed around 0.5 Hz whereas, the second dominant frequency peak was in the range of 2824-2868 

Hz. The amplitude and frequency of second dominant frequency was found greater than first dominant frequency. 

The injecting water temperature has no noticeable effects on first dominant frequency while second dominant 

frequency first increased then decreased with the increase in water temperature. This study may be helpful to 

unfolds various important facts regarding steam-water interaction. 

Key words:  Steam-water direct contact condensation; pressure oscillations; CFD; dominant frequency 

1. Introduction 

Direct contact condensation (DCC) of 

steam is a process in which steam is condensed 

with the direct interaction with subcooled water. 

DCC process has attained enormous 

consideration among the scholars as it has been 

considered an efficient way of heat and mass 

transfer. The contact area between steam bubbles 

and liquid water at the phase interface is large in 

this process which accelerates the exchange or 

heat and mass between two fluids [1-3]. The 

driving potential required by DCC process is also 

lower as little external energy is needed. 

The phenomenon of the steam-water 

DCC depends upon several factors. The complex 

interaction between these factors is responsible 

for the steam-water DCC phenomenon [1, 3]. The 

DCC phenomenon can cause bubble burst under 

certain situations that can generate fast pressure 

pulses.  

This pressure change is often termed as 

Condensation Induced Water Hammering 

(CIWH). The fast pressure surges produced by 

CIWH are of great importance, particularly when 

pressure oscillation frequency become close to 

the natural frequency of the relevant equipment. 

As a result, the resonance occurs which imparts 

additional vibratory load and may cause damage 

to the equipment [4-6]. There are cases in which 

pipes of larger diameter vibrates and damages the 

apparatus and can also be a risk to human life. 

After years of studies, some causes were 

identified and design changes were made to avoid 

the problem but some reasons are still unknown. 

Many scholars have studied this phenomena 

considering the parameters like steam plume 

shape, flow regimes, heat transfer coefficient, 

pressure intensity, amplitude and dominant 

frequency. Chan and Lee [7], Fukuda  [8] and 

Youn et al. [4], studied the pressure oscillations 

and its frequency in steam water DCC. 

Chong et al.[5] worked on second 

dominant frequency in Steam Cavity (SC) 

regime. Cho et al. [9]  explored the pressure 

oscillation with a horizontal jet and presented a 

regime map. Yuan et al. [10] investigated 

pressure oscillation frequency for Condensation 

Oscillation (CO) region.  

Ajmal et al.[11]  verified that the steam 

jet expands and contracts in subcooled water. 

Datta et al. [12] numerically predicted the 

interface characteristics and temperature 

distribution history. Ding et al. [13] numerically 
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explored the thermal hydraulic characteristics in 

steam condensation against subcooled water 

spray. Barna et al. [14] studied CIWH for a wide 

range of steam pressure. Strubelj and others [15]     

predicted the  temperature field at various  

locations within the test domain. 

The data on dominant frequency during 

DCC is limited. Although, the experimental 

approaches are sufficient to analyze flow during 

DCC, these techniques for DCC studies are 

limited because of instrumentation constraints. 

Thus, computational work could provide more 

useful information about dominant frequencies 

during steam-water DCC. Many efforts have 

been made previously to avoid the phenomena of 

CIWH. The CIWH causes pressure oscillations 

with certain oscillations frequency. But due to its 

complexity, very little data is available in 

literature. A necessary prediction of dominant 

frequencies from pressure oscillations is vital. 

The purpose of this study was to 

investigate the effect of temperature on dominant 

frequencies resulting pressure oscillations 

through Computational Fluid Dynamics (CFD) 

analysis. The knowledge of these frequencies is 

very important for the safe design of piping 

system, equipment and other systems in many 

industrial applications. Thus, the present study is 

of key importance regarding the safe operation of 

various industrial processes involving DCC. 

In present study, sub cooled water was 

injected into a horizontal pipe section filled with 

saturated steam. CFD methodology was 

validated by comparing present results with the 

published data of Barna et al., [14]. Moreover, 

the effects of water inlet temperature on 

oscillations dominant frequency were discussed. 

2. CFD Simulation  

2.1    Problem Description and CFD 
models 

In the present study, main focus of this 

was to perform computational fluid dynamics 

(CFD) analysis of injecting sub-cooled water in a 

horizontal pipe containing saturated steam. 

ANSYS Fluent has been used to perform the 

numerical analysis in two-dimensional domain.  

Schematic diagram showing physical 

model, geometry, and computational domain 

along with the boundary conditions are shown in 

Fig. 1.  

Pipe geometry has internal diameter of 

66 mm and length of 2500 mm. Initially the pipe 

contains dry saturated steam at pressure of 600 

kPa (6 bar). The walls of the pipe were given 

adiabatic no-slip boundary condition. 

The summary of the operating conditions are 

shown in Table 1. Simulations were carried out 

at five different injecting water temperatures i.e. 

20oC, 30oC, 40oC, 50oC and 60oC, keeping the 

water velocity  constant at 3m/s. Physical 

properties were taken from ANSYS Fluent 

database for both steam and water.  

Transient case was simulated for steam-water 

DCC using implicit time discretization scheme. 

As the process under study is a multiphase flow, 

Volume of Fluid (VOF) multiphase model was 

used which is accurate in volume conservation. 

SIMPLE scheme was adopted for solving 

pressure–velocity equations.  

Turbulence is modeled using realizable k-ε 

model. Equation of continuity was discretized 

using PRESTO scheme [16]. Momentum, 

volume fraction, turbulent kinetic energy, 

energy, and dissipation rate were all calculated 

using second order upwind scheme.  

Convergence criteria was selected below 1.0x10-

3. The simulations were carried out for a time 

span of 2 seconds with fixed time step of 0.1 

millisecond.  

2.1    Governing equations 

In this study, VOF model is employed 

for studying the DCC flow characteristics in pipe. 

VOF method can trace the void fractions on each 

side of the domain interface. The basic governing 

equations, on the basis of transportation of mass, 

energy and momentum takes place in DCC can 

be seen in ref. [16, 17].  

Lee evaporation-condensation model has 

been used to model this steam-water 

condensation study [17]. The transportation of 

mass from steam-water is primarily governed by 

following vapor transport equation: 

 
. .( )k k

v v v lv vlv m m
t

 
  


 


  (1) 

Where αv , vv and ρv are vapor phase 

volume fraction, steam phase velocity and 

density respectively. While mlv  and mvl are the 

mass transfer rate resulting from evaporation and 

condensation (in kg/m3sec) respectively. 
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Fig. 1:  Two-Dimensional block diagram of the geometry with physical dimensions and 

boundary conditions (all dimensions are in millimeters) 

Table 1: Operating Condition of the Simulation for injection velocity variation 

Case Water Injection 
Velocity (m/s) 

Water Temperature 
(oC) 

Steam Pressure 
(bar) 

Steam 
Temperature 

(oC) 

1 to 5 3 20, 30, 40, 50 and 60 6 (600 K Pa) 158.80 (431.95K) 

 
. .( )k k

v v v lv vlv m m
t

 
  


 


  (2) 

Where αv , vv and ρv are vapor phase 

volume fraction, steam phase velocity and 

density respectively. While mlv  and mvl are the 

mass transfer rate resulting from evaporation and 

condensation (in kg/m3sec) respectively. 

The mass transfer can be defined on the 

basis of following temperature regimes, as 

below: 

If Tl> T sat (evaporation): 

 .

. *
l sat

lv

sat

l l
T T

m coef f
T

 


    (3) 

If Tl< T sat (Condensation): 

 .

. *
sat l

vl

sat

v v
T T

m coef f
T

 


   (4) 

The coefficient coef.f ,ρ and  α  are relaxation 

time, density and phase volume fraction 

respectively.  

The evaporation-condensation flux (kg/s/m2) 

based on the kinetic theory is computed by Hertz 

Knudsen formula;  

 *

2
sat

sat

M
F P P

RT



    (5) 

Where accommodation coefficient, β, is the 

portion of vapor molecules being adsorbed by the 

liquid surface. T, is the temperature, P is the 

pressure, R is the universal gas constant and 
*P  represents the interface vapor partial 

pressure.  

The Clapeyron-Clausius relation is used to relate 

pressure with temperature at saturation 

condition; 

( )v l

L

T v v

dP

dT



   (6) 

Where vv and vl are the specific volume of the 

vapor and liquid respectively and L, represents 

the latent heat when P* and T* approached the 

saturation condition: 

   * *

( )
sat sat

v l

L
P P T T

T v v
  



      (7) 
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2 sat

T TsatM v l
F L

RT l v Tsat

 


  

 
  

 
  (8) 

91



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

4 
 

By assuming all vapor bubbles is of uniform 

diameter, then the interfacial area density in 

term of bubble diameter db, is computed by the 

following mathematical expression: 

                
6 v l

b

Ai
d

 
     (9) 

Then the phasic source parameter (kg/s/m3) 

attains the following form: 

 *

6

2

satv v
l l

sat satb

T TM
FAi L

d RT l v T

 
  

  

  
      

           (10) 

From previous expression Coef f (inverse of the 

relaxation time (1/s)) is determined as; 

6
.

2

v v

satb

M
coef f L

d RT l v

 


  

 
  

 
    (11) 

2.2    Mesh Independence 

The purpose of mesh independence is to 

obtain the appropriate grid sizing at which 

solution becomes independent of grid size. It is 

performed to save computational time and cost.  

For present study, mesh independence was 

performed by plotting the flow time at x-axis and 

the variation in liquid volume fraction at y-axis. 

The portion of interest at which liquid volume 

fraction is plotted is the section a-a in Fig. 1 

which is at a distance of 0.4m from water inlet. 

Five different grid sizes were used for this 

computation which had Δx =0.90, 1.15, 1.25, 1.5, 

and 2 mm. The plot in Fig. 2 shows the variation 

of liquid volume fraction five different mesh 

sizes. It was observed that volume fraction 

variation became independent of the grid size at 

Δx =1.15mm. Therefore, the grid size of 

Δx = 1.15 mm was selected for further 

computation in present work, which gives total of 

108,640 elements.  

The time step independence study was 

conducted in term of temperature history at a 

axial location of 0.4m from the water inlet 

(section a-a in Fig. 1) within the test section. The 

simulations were performed at three time steps, 

Δt =10-3, 10-4 and 10-5 with a specific mentioned 

grid size Δx =1.15mm. Water at velocity of 5m/s 

at temperature 20oC was injected into steam. Fig. 

4 shows that the change in the temperature 

distribution becomes negligible when   

Δt changes from 10-4 to 10-5. Therefore, time step 

Δt = 10-4s has been selected for further 

simulations.  The simulations were run for a real 

time of 2 seconds with fixed time step of 100 

micro-sec. 

2.3    Validation of CFD Results 

In order to check the correctness of the 

CFD methodology, the present results were 

validated with the  experimental results of Barna 

et al. [14]. A horizontal pipe having diameter 

0.073m and 3.0m long, containing steam at 14.5 

bar was simulated. Subcooled water was injected 

at velocity 0.242m/s and temperature 22oC. The 

pressure transients history were  measured at 

0.4m from left elbow which  was much consistent 

with the experiments by Barna et.al, 2010[14]. 

The same has been shown in Fig. 4 . The 

magnitude of the pressure peak obtained is about 

same order but with little time lagging in the 

curve. Since in any mechanical system, the 

maximum amplitude of the pressure is more 

important than its time to occur.  

 

 

Fig. 2: Mesh independence for volume 

fraction of liquid at 0.4m from the 

beginning of the test section for water 

velocity 3m/s at 20oC and steam 

pressure 600kPa 

3. Results and Discussion  

In this work, computational fluid 

dynamics (CFD) study on pressure oscillations 

has been carried out by injecting subcooled water 

into steam. These oscillations may endanger the 

integrity of structures ultimately causing failure 

of piping and mechanical equipment in many  
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Fig. 3: Temperature history for different time 

steps at axial location of 0.4m  from the 

beginning of the test section, for water 

velocity 5m/s at 20oC,  Δx = 1.15 mm   

 

Fig. 4:   Comparison of transient pressure 

history with experimental work by 

Barna et al., 2010[14] 

industrial systems which can even result in 

personal injury and deaths.  

 In this section the parametric effects of 

water inlet temperature on pressure oscillations 

has been studied and discussed in detail. The 

findings were validated  with the  experimental 

work of Barna et al.,2010[14]. The water was 

injected at varying temperatures with a fixed 

velocity of 5m/s into a dry saturated steam filled 

test section at pressure of 6 bar (600KPa) and 

temperature of 158.8°C (432 K). The injecting 

water temperature was varied as 20°C to 60°C 

with the interval of 10°C.  

In this work, 2D transient computational 

fluid dynamics (CFD) analysis on dominant 

frequency of oscillations have been studied. The 

rapid condensation of steam with subcooled 

water leads to pressure oscillations with certain 

frequency. As stated earlier these frequencies 

become significant when becomes equal to the 

natural frequency of the system. The coincidence 

of these frequency may endanger the integrity of 

structures eventually triggering failure of piping 

and mechanical equipment in many industrial 

systems which can even result in personal injury 

and deaths.  

 In this section the parametric effects of 

water inlet temperature on frequency spectrum 

has been studied. The subcooled water has been 

injected at different temperatures with a constant 

velocity of 3m/s into a horizontal pipe containing 

dry saturated steam at pressure of 6 bar (600KPa) 

and temperature of 158.8°C.  

Fig. 5, Fig. 6,Fig. 7Fig.8 and Fig. 9 show 

the frequency spectrums of pressure oscillation at 

five different temperatures 20°C, 30°C, 40°C, 

50°C and 60°C, respectively. The velocity for 

injection of water has been fixed at 3m/s for each 

stated temperatures. From these figures, first 

dominant frequency was found around 0.5 Hz 

while the range for second dominant frequency is 

2824-2868 Hz. This range of frequency is 

normally well away from structural natural 

frequency. However, the second dominant 

frequency become comparable to natural 

frequency of the structure under certain 

accidental conditions. Under such situations the 

significance of second dominant frequency also 

becomes vital.  

The second dominant frequency has 

been found with higher amplitudes than first 

dominant frequency. This amplitude declines as 

injecting water temperature rises. The reason 

behind this observation is that as water 

temperature rises the condensation potential 

decreases accordingly . 

This decrease in cooling capacity of 

water relatively stabilize the liquid-vapor 

interface. Due to stable interface, decline in 

second dominant frequency has been found at 

higher water temperature i.e. 50oC and 60oC. In 

Fig. 5, Fig. 6,Fig. 7Fig.8 and Fig. 9, it is also 

interesting to note that first dominant frequency 

remains nearly constant for all water 

temperatures. This shows that the source of the 

vibration is same and independent of the water 

temperature.  
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Fig. 5: Frequency spectrogram at injecting 

water velocity 3m/s at 20oC 

 

Fig. 6: Frequency spectrogram at injecting 

water velocity 3m/s at 30oC 

 

Fig. 7: Frequency spectrogram at injecting  

water velocity 3m/s at 40oC 

 

Fig.8: Frequency spectrogram at injecting 

water velocity 3m/s at 50oC 

 

Fig. 9: Frequency spectrogram at injecting 

water velocity 3m/s at 60oC 

4.   Conclusions  

In the present work, numerical study on dominant 

frequencies during pressure oscillations were 

explored by injecting subcooled water in a steam 

filled pipe.Various subcooled water temperatures 

(20-60oC) were considered at injecting velocity 

of 3m/s. The major conclusions have been drawn 

as follow: 

1- During steam-water mixing, the pressure 

spikes are produced at different frequencies. The 

second dominant frequency has been found 

greater than first dominant frequency.  

2. - The amplitude of the second dominant 

frequency is greater than amplitude of the first 

dominant frequency produced from injecting 
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water velocity of 3m/s into steam at 6bar pressure 

.  

3- The frequency of the first dominant frequency 

remains independent of injecting subcooled 

water temperature while the second dominant 

frequency first increased then decreased with the 

increase in water temperature. 

The study may be helpful for providing guideline 

for understanding of pressure oscillations which 

is most commonly found in steam bases 

industries. 
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Abstract 
 
Humanity is facing a water crisis because of the increase in global clean water consumption in recent 

decades, with demand anticipated to surpass supply by 40% by 2030 if present trends persist. The reverse 

osmosis process is one of the most widely used methods for producing clean water, but it requires high 

operational costs and energy consumption. Therefore, in this research work, an idea is proposed to recover 

energy from wastewater concentrated stream coming from a reverse osmosis plant. A Pelton wheel turbine 

as an energy recovery device was designed and fabricated according to the site conditions of the reverse 

osmosis filtration plant of Atlantis Water Company in Faisalabad, Pakistan. The results from the modelling 

and analysis of the Pelton wheel turbine, indicated that pressure has a significant influence on the obtained 

mechanical power. For the accurate purification or desalination of the contaminated water, the rejected 

waste water pressure of the reverse osmosis plant was 10.24 bar. Three different conditions of the pressure 

were considered for the comprehensive analysis of the recovered energy. At 7 bar, by achieving a flow rate 

of 0.24 m3/min, 92% of the energy was recovered using the Pelton wheel turbine. This method of recovering 

energy can reduce the operational cost of a plant as well as the cost of purified water. 

 

Key Words: Reverse Osmosis; Energy Recovery; Pelton Wheel Turbine

1. Introduction 

Water is a life symbol. Since water shields, 71% of 

the earth's surface is covered with water, but 97% 

of this water is saltwater, which is not suitable for 

drinking. Surface water, glaciers, icecaps, rivers 

and lakes hold 3% of all water on the planet [1]. 

Every year, millions of people die as a result of 

drinking contaminated water. If the current 

trend continues as it is today in 2021, an estimated 

75 million people will die each year from diseases 

caused by contaminated drinking water. Various 

water filtration technologies, such as activated 

carbon and bio filters, have emerged over the last 

10 years and served a specialized purpose. 

However, such a filter only removes components 

that are absorbed by carbon and cannot effectively 

remove heavy metals, fluorides, and toxic 

substances [2]. Unlike these technologies, reverse 

osmosis can filter almost all contaminants from 

water [3]. Osmosis is one of the important naturally 

occurring phenomenon. It is a process where a 

weaker saline solution will tend to migrate to a 

strong saline solution. Examples of osmosis are 
when plant roots absorb water from the soil and our 

kidneys absorb water from our blood. In contrast, 

reverse osmosis is artificial technique to 'push' the  

water through the reverse osmosis membrane by 

applying pressure that is greater than the naturally 

occurring osmotic [4]. Despite the advantage of 

removing almost all contaminants from water, 

issues such as possible high capital cost, high 

electricity, and disposal of rejected water, 

frequently back-flushing and replacement of the 

membrane after a specific interval, arise in reverse 

osmosis plants [5]. Salty water in rejected stream of 

this plant is concentrated stream that has high 

hydraulic energy. Therefore, researchers are 

focusing on recovering energy from this rejected 

waste water stream to make running of reverse 

osmosis plant economical in all aspects [6-8]. 

Recycling back concentrate stream energy has an 

important role in the reduction of energy cost and 

as well as cost of clean water [9, 10].  

The Pelton Wheel is a rotary machine that converts 

the falling water potential energy into mechanical 

energy and can be used as energy recovery device 

[11, 12]. It is also called an impulse turbine because 

the impulsive force of the water jet through the 

nozzle strikes the buckets of the wheel. Due to this 

force, the wheel rotates, which produces electricity 
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directly coupled with the shaft and with the help of 

a dynamometer [13, 14]. The Pelton Turbine is a 

tangential flow turbine because the water strikes the 

runner tangentially and it requires a small amount 

of water to move it [15]. In this study, a Pelton 

wheel turbine was designed and fabricated to 

recover energy from the waste concentrated stream 

coming from the reverse osmosis filtration plant of 

Atlantis Water Company in Faisalabad. Actual site 

conditions such as rejected water flow rate, rejected 

water pressure, rejection pipe (penstock) length, 

diameter, and roughness were used for the design 

and fabrication of the Pelton wheel turbine. To 

estimate the amount of energy recovered, power 

output and efficiency calculations were carried out 

at variable pressure conditions

Table 1: Site conditions of reverse osmosis filtration plant of Atlantis Water Company 

 

 

 

 
2. Turbine Design and Numerical 

Calculations 

Mathematical modelling was done before the 

design of the Pelton wheel turbine according to the 

site conditions, i.e., parameters measured from the 

reverse osmosis filtration plant of Atlantis Water 

Company in Faisalabad. Table 1 lists the measured 

flow rate and pressure of the concentrated stream, 

as well as the dimensions of the concentrated waste 

water stream rejection pipe. Required head for the 

installation of turbine was calculated using the 

equation (1) and was found to be 104.48 m. 

 P = ρgH 

 

(1) 

 

Where, P is waste water pressure, ρ is density of 

water, g is gravitational acceleration, and H is 

required head.  

To design the Pelton wheel required calculation of 

its diameter. Therefore, to calculate the diameter of 

wheel, the diameter of water jet and jet ratio should 

be known. Diameter of water jet (d) was calculated 

using the equation (2). 

 

 d = √
4Q

πCv √2gH
 (2) 

Where, Cv is co-efficient of velocity of jet which is 

0.98 in case of Pelton wheel. Then, knowing the  

 

 

diameter of water jet (d), diameter of Pelton wheel 

(D) was calculated using the equation (3), 

 

 D = md (3) 

 

where, m is jet ratio and was considered 12 for 

Pelton wheel turbines. 

After calculating the diameter of Pelton wheel, 

dimensions of buckets are needed. Calculations 

related to dimensions and the number of buckets 

were carried out using the equations 4-7. 

 

 Axial width of bucket = 3.4 × d (4) 

 

 Radial width of bucket = 3 × d (5) 

 

 Depth of bucket = 1.2 × d (6) 

 

 Total no. of buckets = 15 + D/d (7) 

After the required mathematical calculations for 

design of Pelton wheel turbine according to 

requirements of site, it was designed in 

SOLIDWORKS as shown in Fig. 1. 

Waste water flow rate (m3/min) 0.07296 

Waste water pressure (bar) 10.24  

Penstock/pipe diameter (m) 0.0254 

Penstock/pipe length (m) 6 

Roughness of pipe (mm) 0.0015 
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Fig. 1: Design of Pelton Wheel Turbine 

 

3. Experimental Setup 

Unutilized energy, which is basically hydraulic 

energy coming from the reverse osmosis plant, was 

found to be 1.23 kW at a water jet pressure of 10.24 

bar. Therefore, the experimental setup was 

designed to recover this energy using a Pelton 

wheel turbine. In the present study, an input power 

of 1.23 kW was achieved at a pressure of 4 bar by 

achieving a high flow rate of the water jet. 

Therefore, experiments were performed at 

pressures higher than 4 bar to recover maximum 

energy in the form of power output from the 

turbine. The experimental setup employed for 

experiments is shown in Fig. 2 (a). The Pelton 

wheel turbine, shown in Fig 2. (b), was fabricated 

using stain-less steel (304 grade) and was 

connected to a rope brake dynamometer to measure 

Fig. 2:  Experimental Setup (a) Complete Setup (b) Demonstration of fabricated Pelton wheel turbine 
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torque. An ammeter was connected to the pump to 

measure current, and the pressure of the water jet 

was regulated by varying the current. Furthermore, 

a tachometer was used to measure the speed of the 

turbine. The volume flowrate of the water inlet was 

also measured using a stopwatch and a measuring 

cylinder. Experiments were performed to find the 

speed, torque, power output, and mechanical 

efficiency of the Pelton wheel turbine to analyze the 

amount of recovered energy at variable water jet 

pressure conditions of 4, 5.5, and 7 bar. 

Additionally, by applying loads using a rope brake 

dynamometer, the resistive torque for the turbine 

was also found for different speeds at all water jet 

pressures of 4, 5.5 and 7 bar. Power output and the 

efficiency of turbine to recover energy was 

calculated using the equations 8 and 9, respectively.  

 

 Power Output (kW) = 2πNT (8) 

 

where, N is speed of turbine and the T is driving 

torque. 

 

 Efficiency (%) = 
Power Output (kW)

Power Input (kW)
 (9) 

 

 

Power input here is 1.23 kW coming from the 

hydraulic energy of concentrated stream of waste 

water of reverse osmosis plant. Power input was 
calculated using equation 10. 
 

 

 Power Input (kW) = P ×  Q (10) 

 

 

Where, P is water jet pressure and Q is volume 

flowrate of water. After finding the optimum value 

of recovered energy, cost of the energy saving per 

day and payback period of the proposed project was 

calculated using the equations 11 and 12, 

respectively. 

 

 

 
 

CostES/D (Rs. ) = ES (KWh) × Cu 
(11) 

 

Where, CostES/D is cost of energy saving per day 

calculated according to the saved energy (ES) and 

the unit cost (Cu) of energy as of December 2021. 

The payback period is calculated as: 

 

 

 

Payback Period (Days) =  
CostC

CostES/D
 

(12) 

 

where, CostC is capital cost of proposed project. 

4. Results and Discussion 

Fig. 3 (a) highlights the linear relationship between 

the pressure, and the driving torque; therefore, due 

to increase in pressure, buckets of the designed 

turbine will quickly convert the hydraulic energy to 

the output mechanical power. This is because, at the 

higher value of external pressure, excitation force 

on the proposed design of turbine will be increased. 

Consequently, at the constant value of the moment 

arm, the resultant torque is directly proportional to 

Fig. 3: Characteristics of energy recovery system via pressure (a) Torque (b) Angular speed. 
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the pressure. Therefore, the moment arm of 0.029 

m was considered to obtain the optimal torque, and 

it was noticed that 7 bar was the most significant 

value of the pressure to achieve a maximum torque 

of 2.842 Nm. Afterwards, the tachometer was 

utilized to measure the angular speed of the shaft 

under the afore-described values of the pressure as 

shown in Fig. 3(b). Results highlighted that due to 

increase in the pressure, shaft speed would be 

increased and this was because of swift conversion 

of hydraulic kinetic energy into the applied force on 

the rotor blades. Therefore, the investigated 

analysis (pressure vs torque and speed) of the 

designed turbine system enhanced the effectiveness 

of the energy recovery system, and consequently, 

angular speed of 3839 rev/min was obtained at an 

optimal 7 bar pressure.  

The performance of the Pelton wheel turbine is 

usually measured in terms of the generated power 

by utilizing the hydraulic kinetic energy. Therefore, 

a set of current values were considered to change 

the volumetric flowrate of the system as shown in 

Fig. 4. Due to increase in the flowrate, there would 

be a drift in the transformation of waste hydraulic 

energy into the rotational speed of the turbine. 

Consequently, this increase in rotational speed 

would enhance the output power of the turbine. 

Aside from the afore-said rotational speed, the 

output power is also highly influenced by the 

driving torque of the shaft. Therefore, output power 

Fig. 4: Power output of turbine vs Flow rate of water 

 

Fig. 5: Energy Recovery Efficiency vs Flow rate of water 
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of 1.14 kW is obtained at the flowrate of 0.24 

m3/min which is sufficient enough to drive a 

rotational mechanical system. Additionally, the real 

time investigation of the osmosis plant highlights a 

constant flowrate of 0.07296 m3/min, and therefore, 

the proposed analysis would help the researchers to 

significantly measure the output power under the 

several conditions of the flowrate. It was noticed 

that flowrate is one of the prominent parameters of 

the proposed system for precise recovery of the 

wasted hydraulic energy from the reverse osmosis 

plant. Therefore, the efficiency of the proposed 

recovery system was analyzed by considering three 

different values of the flow rate as shown in Fig. 5. 

Results revealed that flowrate of 0.24 m3/min is the 

most-efficient one in achieving the desired 

efficiency of 92%. Therefore, it is highly 

recommended to utilize the afore-said flowrate in 

the reverse osmosis plant for the efficient recovery 

of the wasted energy. 

During the experimental investigation of the 

proposed system, it was found that a certain 

resistive force, known as resistive torque acts to 

minimize the obtained rotational speed of the 

turbine. Therefore, torque-speed characteristics of 

the designed turbine were developed to analyze the 

effectiveness of the proposed system. It was 

observed that at higher water jet pressures giving 

higher speeds of turbine, required highest resistive 
torque to eventually stop the turbine. At 7 bar 

pressure, turbine was rotating at 3839 rpm without 

load, and it required 2.842 N-m resistive torque to 

completely stop the turbine. While at lowest water 

jet pressure of 3 bar, turbine was rotating at 2717 

rpm without load, and it required 1.7052 N-m 

resistive torque to completely stop the turbine (Fig. 

6).  

5. Conclusion 

In this research work, the different inherent 

parameters of the conceptual design have been 

considered to analyze the recovered energy from 

the reverse osmosis plant. Moreover, the ultimate 

goal of the proposed system was to analyze the 

conversion of hydraulic energy into useful 

mechanical power. Therefore, during the modelling 

and analysis of the Pelton wheel turbine, it was 

observed that pressure has a significant influence 

on the obtained mechanical power. The site-

pressure of the rejected waste water from the 

reverse osmosis plant was 10.24 bar, giving 

hydraulic energy equivalent to 1.23 kW, which was 

going unutilized. However, in this research work, 

different conditions of the pressure were considered 

for the comprehensive analysis of the recovered 

energy. It was found that 1.23 kW of energy was 

achieved at 4 bar pressure by achieving a high flow 

rate of water jet. As a result, increasing the pressure 

is a proposed idea to increase the turbine's input 

power in order to achieve a higher output at the 
turbine. At 7 bar water jet pressure, the highest 

turbine speed of 3839 rpm was recorded, which 

Fig. 6: Resistive Torque vs Speed of Turbine 
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required 2.842 Nm of resistive torque to completely 

stop the turbine rotation. Also, at this pressure of 7 

bar, 92% of the energy such as 1.14 kW, was 

recovered by achieving a water flow rate of 0.24 

m3/min. According to this optimized value of 

energy recovered, cost of energy saved per day was 

found to be 492.48 rupees per day and the payback 

period of the project was found to be 48 days. 

Therefore, it can be concluded that this idea of 

energy recovery can help with the water 

purification industry to reduce the operational cost 

of purification plants as well as the cost of purified 

water. 
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Abstract 

Climate change is significantly affected by the increase of greenhouse gases produced by burning fossil fuels. 

The transportation sector is considered one of the major sources of these emissions. A real need to develop an 

efficient and clean transport system such as electric vehicles (EVs) can play a significant role to reduce 

greenhouse emissions. However, EVs have several main concerns that are interrelated to each other such as 

range anxiety, charging time, and lack of charging infrastructure. This study proposes a new design concept 

of charging infrastructure (IMLEV) for EVs using micro-turbine generator technology combined with 

lithium-ion batteries (LIB) as an off-grid power source. The charging infrastructure architecture was 

designed based on system components sizing optimisation to meet the power demand. A multi-physics 

modelling tool was used to develop the control system and the control strategies. Four different charging 

demand scenarios were implemented to evaluate the system's ability and showed good results in terms of 

power delivery and stability in IMLEV. 

 

 

1. Introduction 

 
The high demand for electric vehicles (EVs) 

in shortcoming years can potentially lead to 

issues such as charging time and charging 

infrastructure. The market survey performed by 

Woodward et al. [1] also acknowledges that these 

two concerns are among the top three for the 

EVs' future ownership. To resolve these issues, 

more investment has been planned to meet the 

energy demand. In European Union countries, it is 

estimated that 1.3 million public charging 

infrastructure is required by 2025 with €1.8 

billion investment [2]. 

Several works have been carried out to 

improve the EVs charging infrastructures for 

solving the range anxiety and the charging time 

issues by developing several charging methods. 

Huang et al. [3] develop a model to design a slow 

and fast charging infrastructure that can meet 

charging demands. Meintz et al. [4] studied 50 – 

120 kW DC fast charging technology based on 

different vehicle models and understood the 

impact in terms of charging time, limitation of 

battery C-rate, the electrical component system 

design, and vehicle cost. Joy et al. [5] developed 

a multi-point bi-directional contactless charging 

system for EVs application. The maximum DC 

power handling capacity of the system was 

designed and simulated at 200 kW and analysed 

for vehicle-to-grid V2G) and grid-to- vehicle 

(V2V) operations. The same approach was also 

used by Arancibia and Strunz [6] using a DC fast 

charging infrastructure for three vehicles with a 50 

kW DC power. However, the main difference 

between the two methods was the 50 kW DC 

power has reactive power compensation. Khan et 

al. [7] developed a control system for on- grid 

charging infrastructure by using a constant 

current-constant voltage charging scheme to 

improve the performance of the charging 

infrastructure by reducing the current harmonic 

distortion. However, the work did not include the 

high impact of such designs on the power grid 

and the issues that can occur throughout peak 

time. From the above literature, the charging 

infrastructures are steered for two approaches, 1) 

an off-grid EVs charging infrastructure, and 2) a 

combined charging system using renewable 

energy sources such as wind and solar energy 

with the grid source. Based on these concepts, 

many ideas appeared to design and develop the 

off- grid or the combined energy charging 
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infrastructures depending on different 

technologies. For example, wind turbine 

technology was widely experienced as a 

renewable and independent power source. 

Fathabadi [8] proposed a wind energy charging 

infrastructure with V2G ability and a three-phase 

bidirectional DC/AC inverter connected to the 

grid. Xydis and Nanaki [9] presented a wind 

energy analysis study based on geographic 

information systems to identify the optimum sites 

of the wind energy system. The result revealed 

that the optimum location of the wind energy 

systems has to be outside the cities, where the 

power is required for the public charging 

infrastructures. Also, wind energy systems 

require a high initial investment, and it may 

produce noise and aesthetic pollution. Esfandyari 

et al. [10] used a photovoltaic array that can be 

combined with battery energy storage to cover 

the charging demand of EVs. On the other hand, 

Liu et al. [11] designed a charging infrastructure 

assignment and power grid impacts assessment in 

big cities. 

Based on all methods proposed using 

renewable energy sources, it can be concluded 

that any concept of charging infrastructure 

adopted has its limitations. Therefore, the 

integration of all the current methods is required to 

develop a more robust charging infrastructure 

solution. The charging demand still needs more 

effective efforts to find constructive solutions to 

cope with the increasing EVs demand, which is 

required to offer a reliable charging service. 

However, most charging infrastructures that are 

being used or developed nowadays rely on the 

electricity provided by the main power grid either 

totally or partially. This arrangement can be 

damaging to the main power grid, and the 

negative impact can be growing in the next few 

years as a result of increasing charging 

infrastructures. For all the challenges 

surrounding the EVs that were explored earlier, 

this study proposes an off- grid fast-charging 

infrastructure for EVs by using a new concept of 

micro-turbine generator (MTG) as a power 

source combined with a second life lithium-ion 

batteries (LIB) with a maximum state-of-energy 

(SOE) of 80%. The work focuses on the 

requirements in terms of 1) system component 

sizing for optimum system design, 2) control 

strategies for peak and off-peak demands using 

fast charging and slow charging, and 3) system 

stability. 

 

 
2. Simulation set-up 

 
Based on the available DC fast charging 

standard, MTG with 50 kW electrical power 

output was considered for the charging 

infrastructure system. A LIB of 50 kW was 

integrated with MTG to provide fast DC charging 

for EVs to meet the charging mode 4 standard 

requirements [12] to resolve the issues with range 

anxiety and charging time. The power output of 

LIB was based on 20 – 80% SOE. The 

Figure 1. System model of mode 4 IMLEV AC/DC charging infrastructure 

architecture for peak and off-peak demands 
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architecture of integrated MTG and LIB of EV 

charging infrastructure (IMLEV) in this work is 

shown in Figure 1. MTG was considered the 

primary power source in IMLEV and was mainly 

used to provide DC fast charging for EV_2 port 

and AC charging for EV_1 port. IMLEV also 

provided power to the main grid during off-peak 

charging demand. 

 
LIB supported IMLEV during peak charging 

demand and charged by MTG during off-peak 

demand. Therefore, it was designed to provide DC 

fast charging and AC slow charging as well as to 

expand the availability of IMLEV to meet all 

possible charging conditions. Also, a power 

distribution unit (PDU) was used to control the 

performance of IMLEV throughout various 

operation conditions. The control system has a 

significant role to manage and control IMLEV 

based on energy availability and operation 

conditions to obtain the desired outputs. Since 

there were several inputs and outputs to PDU, a 

multi-input multi-output concept was proposed 

for IMLEV. The primary input was the power 

supplied from MTG and the secondary power 

input came from LIB. The outputs consisted of 

DC fast-charging port, AC charging port, grid 

load, and LIB charging line. The powers for both 

AC and DC charging ports were supplied by 

MTG and LIB. 

Table 1 shows four control functions of 

IMLEV power distribution with an embedded 

controller using a rule- based function. The 

outputs of IMLEV were generated by four 

functions 1) B-1, battery side connection, 2) L-I, 

DC fast charging side connection, 3) GRID, grid 

load condition, and 4) BAT, battery status for 

charging and discharging situation. Also, the 

outputs pulses of the controller D1, D2, D3, and 

D4 were used to control circuit breakers. An 

AC/DC rectifier was employed to provide DC 

fast charging from MTG directly to the DC 

charging point and provide LIB with DC 

charging. Additionally, a DC/AC inverter was 

used to provide the AC charging point with the 

required AC power from LIB. Table 2 shows the 

power strategies of IMLEV for DC fast charging 

and AC charging. A grid load was simulated to 

evaluate the robustness of IMLEV in four power 

strategies 

 

 

Table 1. Rule-based function of IMLEV. 

 
Conditions Paramete

rs 

Swit

ch 

Functi

on 1 

B_I = 0, 

L_I = 1 

B_I > 0, 

L_I > 1, 
BAT < 1, 

GRID < 1 

D1 = 

0 

Functi

on 2 

L_1 = 1, 

B_I = 0 

B_I > 0, 

L_I > 0, 

BAT < 1, 
GRID < 1 

D2 = 

0 

Functi
on 3 

L_1 = 0, 
B_I = 0 

B_I < 1, 
L_I < 1, 

BAT > 0, 

GRID < 1 

D3 = 
1 

Functi

on 4 

L_1 = 0, 

B_I = 0 

B_I < 1, 

L_I < 1, 
BAT < 1, 

GRID > 0 

D4 = 

0 

.  

Table 2. Four steady-state operating power strategies of 

IMLEV 
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EV1 

 
EV2 

 
Battery 

charging 
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ry 
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Grid 

1 
On 

(22 kW) 

from LIB 

On 

(50 kW) 

from MTG 

Off 
On 

(22 kW) 

to EV1 

Off 

2 
On 

(22 kW) 
from 
MTG 

On 

(50 kW) 
from LIB 

Off On 
On 

(28 kW) 
from MTG 

3 
On 

(22 kW) 
from 
MTG 

Off 
On 

(28 kW) 
from 
MTG 

Off Off 

4 Off Off Off Off 
On 

(50 kW) 

from MTG 
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3. Power strategies results 

 

 

 

 

Figure 2 shows the simulated results of 

power strategies based on peak demand and 

off-peak demand. All IMLEV power 

strategies were stable and had no remarkable 

fluctuations in the system frequency or the 

system voltage. A negligible amount of 

fluctuation occurred at approximately ± 0.1% 

for the initial 0.1 seconds. IMLEV frequencies 

for 3-phase AC voltage from the simulation 

was at 50 Hz with ± 400 V. LIB SOE shows 

energy depleting and charging based on power 

strategies respectively. 

Conclusion 
IMLEV model has been successfully 

validated against steady-state power strategies. 

The embedded controller worked with IMLEV 

and produced stability of the system 

throughout various loads and for all the 

measured parameters of the system such as 

power inputs and output, voltage, and LIB 

SOE.  

 

 

 

To improve the work, further work will be 

carried out to study IMLEV at transient-state 

based on actual power demanded to reflect its 

performance behaviour, energy consumption, 

and emissions. 
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Abstract 

Solar cells have gained attention of researchers due to the ever growing and depleting source of fossil energy 

resources. The efficiency of today’s solar cell is low and efforts are being made to enhance this to rationalize its 

capital cost. In this study effect of compact layer Titania (c-TiO2), blocking layer, on the performance efficiency 

of the carbon based perovskite solar cell is carried out. Structure of the fabricated cell is FTO compact layer, 

mesoporous- zirconia carbon layers perovskite infiltration of various forms of c-TiO2. Samples fabricated 

without compact layer, compact layer using screen printing and spin coating. Perovskite solar cell without c-

TiO2 showed recombination problem and showed lowest power conversion efficiency of 3.18%. Solar cell 

fabricated with c-TiO2 deposited using screen printing gave efficiency of 3.87% whereas the c-TiO2 deposited 

using spin coating showed conversion efficiency of 4.74%. with Voc 0.8V and a current of 32mA. The presence of 

c-TiO2 also reduced hysteresis in the IV curve in carbon based perovskite solar cell. 

Key Words: c-TiO2, perovskite solar cells 

1. Introduction 

As civilization progresses, the demand for 

energy also increases and a major chunk of 

electricity will be still coming from fossil fuels. 

On the other hand, renewable energy sources 

like solar, wind, hydro can play a vital role in 

overcoming energy challenges. Annual average 

amount of sunlight that hits the atmosphere of 

Earth is around 1361W/m2 [1] that can be 

harnessed to run applications of daily use. The 

biggest advantage of the renewables sources of 

energy is that they are everlasting, pollution free 

and environmental friendly.  

Daily average insolation for the Earth from Sun 

is around 21.6MJ/m2[2], it is very important to 

extract this form of energy and convert it into 

electricity. The cost of energy generated from 

solar is descending day by day. As compared to 

the power generated from fossil fuels. Earth 

receives 1.361kW/m2[1,3] from a distance of 93 

million miles at a temperature of 5500K amount 

of solar energy daily which if harnessed 

properly can electrify the whole universe. The 

amount of sunlight that we get daily on the 

surface can reduce our dependency on fossil 

fuels 

Solar Cells are categorized in various 

generations based on the time and materials of 

their production. Figure 1 shows classification 

of Solar Photovoltaics, whereas the most 

common solar cells available in the market are 

first generation solar cells that consists of mono 

crystalline and poly crystalline solar cells. 

Second generation solar cells are Amorphous 

Silicon, Cadmium Telluride and Copper Indium 

Galium Photovoltaic technology. The third 

generation solar cells are also referred to as thin 

film solar cells. In this category different thin 

film solar cells fall including copper zinc tin, 

sulfides photovoltaic cells, dye sensitized solar 

cells, perovskite solar cells, polymer solar cells 

and quantum dot solar cells. Perovskite has 

emerged from the crystal structure of a 

compound called calcium titanate. The 

perovskite material was named in 1839 by Lev 

Perovski. After that, all the chemicals with the 

crystal structure related to calcium titanate are 

referred as perovskite material. Perovskite has 

general formula of ABX3 where A and B metal 

organic cations and X refers to anions. In this 

study, the perovskite material used is Methyl 

Ammonium Lead Iodide.  where, A is methyl 

ammonium (CH3NH3
+), B is metal cation Pb2+ 

and X stands for halide anion I- as shown in the 

figure 2. Perovskite Solar cell is a sandwich 

structure with a total of 5 layers in a cell. The 

cell structure starts with glass covered with 

Flourine doped Tin Oxide (FTO) layer. Two 

layers of titania are followed by Zirconia layer 

and then a carbon layer. The finally infiltrating 

perovskite solution of Methyl Ammonium Lead 

Iodide (CH3NH3PBI3) in the cell. 
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Figure 1 Classification of Photovoltaic Solar Cells 

 

Figure 2 The hybrid perovskite material crystal 

structure with a general formula of ABX3. A and 

B are metal/organic cations whereas X is anions 

[1] 

Layers of the cell  

Perovskite Solar cell consists of following 

different layers as shown in Fig.3. A FTO layer 

is deposited on the glass substrate which acts as 

a conductive layer, whereas a titania paste 

(compact layer) is a blocking layer and prevent 

short circuiting.  

Figure 3 Typical perovskite cubic lattice structure 

[2] 

 

Titania paste (mesoporous layer) works as 

electron transport layer. Zirconia paste is an 

insulating medium between titania and a carbon 

cathode as the fifth layer in Perovskite solar cell. 

Perovskite precursor solution is used as active 

material in which electron-hole pairs are 

generated when high energy photons hit the 

material and current is generated. 

It is very important for efficient solar cell to 

have characteristics like good optical 

absorbance and small binding energy. 

Perovskite material used in this research already 

exhibit these amazing characteristics which 

results in high power conversion efficiency of 

the solar cell [5–8]. These properties make the 

perovskite material as the best light harvesting 

material with a tunable bandgap. This new 

arrival of the material in the photovoltaic cell 

family has created a hype since first reported by 

Kojima et al [9].  

More than a decade ago, Miyasaki et al was the 

first one to fabricate carbon based perovskite 

solar cell. The first ever cell fabricated showed 

an efficiency of 3.8% [10] and the structure 

followed was of Dye Sensitized Solar Cell of 

layers. The liquid based dye solar cell resulted 

in poor stability and poor performance. Park et 

al achieved an efficiency of 6.5% [11]. Solid 

state dye sensitized solar cell that gave better 

results after replaced by liquid electrolyte. In 

2012, Lee et all fabricated a cell and got an 

efficiency of 10.9% [12-13] 

Another researcher, Wang et al. [14] fabricated 

the perovskite cell using graphene and that 

resulted an efficiency of 15.6%. Seong Sik Shin 

et al. achieved a record of 22.6% currently [15-

16]. They got the efficiency of 21.2% in their 

research work [17]. The tandem cell also 

achieved a high performance where they are 

combined together with Si cells. [18-19]. The 

progress in this type of solar cells make them 

promising to be used in near future due to low 

cost and ease of fabrication. According to the 

theoretical calculation, the perovskite based 

solar cells can easily achieve efficiency of 25–

27% in couple of years [20]. It shows that this 

new technology still needs investment before 

marketing [21-24] 

 

 

 

Classification of PV 
Solar Cell

First Generation PV 
Solar Cell

-Mono Crystalline
-Poly Crystalline

Second Generation 
PV Solar Cell

-Amorphous Silicon
-Cadmium 
Telluride

-Copper Indium 
Gallium

Third Generation 
PV Solar Cell

Copper Zince Tin 
Sulfide PV Cell

DSSC
Organic PV Cell

Perovskite PV Cell
Polymer PV Cell

Quantum Dot PV 
Cell
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2. Material and Fabrication 

The cell structure followed in this work is 

shown in figure 4 below. A step by step 

procedure is describes in the figure 5 below.  

 

Figure 4 Perovskite solar cell architecture 

 

Figure 5 Step by Step procedure for fabrication of 

perovskite solar cell 

Flourine Doped Tin Oxide (FTO) glass are used 

as substrates to deposit the layers. Glass 

substrates are masked using Teflon tape. 

Chemical etching is done to remove top 

conductive layer using Zinc powder and 

hydrochloric acid (HCL-35% concentrated). The 

glass substrates are then cleaned in ultrasonic 

bath using acetone, ethanol and isopropyl 

alcohol and then allowed to dry in oven. All the 

chemicals are used as received from Solaronix. 

Blocking layer / Spin Coater (BL/SC) is used to 

coat the first layer using spin coater at speed of 

2000rpm for 30 seconds. Ti-Nanoxide Blocking 

Layer compact titania (c-TiO2) Blocking Layer 

150/Screen Printing (BL150/SP) is used to 

deposit the compact layer using screen printing 

mesh and followed by heating at 540 degrees 

Celsius for 45mins. Transparent 165/Screen 

Printing (T165/SP) is used to deposit the 

mesoporous layer followed by heating at 500 

degrees Celsius for 45mins. Zirconia/Screen 

Printing (ZR/SP) is used to deposit zirconia 

layer on the top of mesoporous layer using 

manual screen printing technique through mesh 

and heated at 475 degrees Celsius. Carbon Paste 

Elcocarb/Screen printing (B/SP) is deposited on 

the cell via screen printing technique and heated 

at 400 degrees Celsius for 30 mins. Perovskite 

precursor solution is heated at 70 degrees 

Celsius prior using. It is then infiltrated into pre-

fabricated solar cell. A single drop of 5 micro 

liter (uL) is injected using micro pipette into the 

cell and kept in dark area for 1hour. The cell in 

then heated at 60 degrees Celsius for 30 minutes 

and the cell is ready to operate. 

3. Experimental Setup 

Perovskite Solar Cells are fabricated using 

screen printing technique. Detailed experimental 

method is described in the fig 6. The FTO glass 

substrate is initially etched. This is followed by 

chemical deposition one by one and finally 

perovskite is infiltrated into the fabricated solar. 

The samples were fabricated using spin 

coater and manual screen printer. Spin 

coater was setup at 2000 revolutions per 

minute (rpm) to rotate the glass substrate 

and a drop of compact layer was placed to 

deposit the layer. For manual screen 

printing, squeegee was used to deposit the 

chemicals on glass substrate. The fabricated 

carbon based perovskite solar cells were 

tested for IV curve performance using Solar 

Simulator with Keithley source meter. The 

intensity of the simulator was set as 

1000W/m2. The device was set with a step 

size of 0.1A and time delay of 0.1s. The 

current was set to 0.37A while measuring 

the IV curve of the cell. 
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Figure 6 Experimental setup for perovskite solar 

cell. 

4. Results and Discussions 

Total 18 samples were fabricated with three 

variations and characterized for IV 

measurements. The only difference in samples is 

deposition technique of compact layer titania (c-

TiO2). In the first case, six samples were 

fabricated with c-TiO2 using spin coating. In the 

second case, six samples were fabricated with c-

TiO2 using screen printing technique. In the last 

case, six samples were fabricated without c-

TiO2.  A desired optimum layer thickness of 

50nm was obtained using both the deposition 

techniques. It was observed that titania layer 

coated with spin coater show the highest 

efficiency of 4.74%. The c-TiO2 coated with 

screen printer gave efficiency of 3.87% and the 

cell without the compact layer gave efficiency 

of 3.18%. The result shows that titania layer 

coated with spin coater was a uniform layer and 

spread uniformly across the glass substrate. Due 

to uniformity of the layer, the chances of short 

circuit was reduced and showed the highest 

efficiency. In the case of manual screen printing, 

it was observed that glass substrate was not 

completely deposited with paste which led to 

short circuiting of the cell and hence gave low 

current density and efficiency. In last case, it is 

obvious to observe to have lowest efficiency of 

the cell. 

 

Figure 7 IV Curve of the cell with c-TiO2 

deposited using spin coater 

For the first case, c-TiO2 was coated using spin 

coating machine at speed of 2000 rpm for 25 

seconds. Six samples were fabricated for 

consistency and best result was recorded. The 

results are shown below. The fig.7 shows 

voltage and current of six samples and 

efficiency is then calculated. The active area of 

the sample is 0.00018cm2. The liquid c-TiO2 

was used as received from Solaronix. A drop of 

compact titania layer was dropped on FTO glass 

and allowed to rotate at given speed. The 

highest efficiency recorded was 4.74%. 

For the second case, c-TiO2 was coated using 

screen printing deposition technique using 

squeegee. Six samples were fabricated for 

consistency and best result was recorded. The 

results are shown in fig.8 where it shows voltage 

and current of six sample and efficiency is then 

calculated. Active area of the sample is 

0.00018cm2. The paste form c-TiO2 (BL150/SP) 

was used as received from Solaronix. The paste 

was initially deposited on mesh and then 

squeeze on glass substrate using the squeegee. 

The highest efficiency recorded was 3.87%. 
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Figure 8 IV Curve of the cell with c-TiO2 

deposited using manual screen printing 

For the third case, cells were fabricated 

without c-TiO2. Six samples were fabricated 

for consistency and best result was 

recorded. The results are shown below. 

Figure 9 shows voltage and current of each 

sample and efficiency is then calculated. 

The active area of the sample is 

0.00018cm2. The highest efficiency 

recorded was 3.18%. No analysis has been 

done before in literature by comparing the 

efficiencies of perovskite solar cells with 

different compact layer deposition 

techniques as discussed in this paper. 

 

   Figure 9 IV Curve of the cell without c-TiO2 

 

Table 1 shows efficiency achieved using 

different methods of deposition of compact 

layer on glass substrates. 

Table 1 Efficiency of Perovskite Solar Cell 

without and with compact layer with different 

deposition techniques 

5. Conclusion and Future Work 

The role of compact blocking layer in the 

fabrication of perovskite solar cell is very 

significant. The c-TiO2 layer plays a major role 

in selectively allowing the photo generated 

electrons to be extracted to the FTO substrate 

and effectively blocking the holes at the 

FTO/perovskite interface. The solar cell 

fabricated, with compact layer deposited via 

spin coating achieved the highest conversion 

efficiency of 4.74%, followed by 3.87% when 

compact layer is deposited via screen printing 

and an efficiency of 3.18% without compact 

layer. The results clearly show that with coating, 

a uniform compact blocking layer is achieved 

and hence results in highest power conversion 

efficiency. The future work can include 

introduction of nano particles in the sandwich 

cell structure to increase the efficiency. Nano 

particles small in size will increase the surface 

area and hence surface area. Keeping the 

humidity low will also lead to good results after 

perovskite infiltration on the cell. Screen 

printing can be replaced by automatic screen 

printing so that there no chances of fault and 

results in accurate printing. Inkjet printer can be 

used for deposition of liquid perovskite. The 

different cartridges in the inkjet printer can be 

used for each individual chemical. Chemicals 

can be optimized so it can be used with inkjet 

printer. 
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Abstract  

The increasing effects of global warming have compelled scientists to look into all the available resources that 

could reverse, or at least stop, the increasing temperature of the earth. Historically, one of the reasons for global 

warming has been inefficient and environmentally disruptive refrigerants. The issue of global warming could 

potentially be solved, if, cleaner, more efficient refrigerants are used. In order to find a viable replacement to the 

high Global Warming Potential refrigerants commonly used in the industry, we have compared the properties of 

some low GWP refrigerants. The baseline refrigerant for this comparison has been R134a having a high GWP of 

1430. The refrigerants R1234yf, R1233zd(E), R1234ze(Z), R365mfc, R32, and R152a were analyzed and put 

through various virtual tests to compare their performance. The parameters used to analyze these were 

compressor work input, refrigeration effect, and the coefficient of performance. Results showed that R32, R152a, 

and R1234ze(Z), all possessed the required thermodynamic performance characteristics, with significantly less 

impact on the environment than the R134a. At an evaporator pressure of 1 bar and a condenser pressure of 9 

bars, the R1234ze(Z) showed only a 14% and 19% decrease in refrigeration effect and COP respectively. 

Whereas, R32 showed a 2.3% and a 5.7% increase in the respective parameters. R152a also showed better 

statistics than R134a but slightly underperformed the R32. This trend continued at other pressure combinations 

as well. Hence, R32, R152a, and R1234ze(Z) can be used as potential alternatives to R134a in certain application. 

Key Words: Global Warming, Refrigerants, HVAC, Global Warming Potential 

1. Introduction 

Global Warming Potential is a scale to compare the 

abilities of different gases to capture heat energy in 

reference to Carbon dioxide [1]. It is the 

comparison of the amount of energy 1 ton of a gas 

will absorb over an average period of 100 years to 

the amount captured by Carbon dioxide [2].The 

global ecosystem is naturally dependent upon the 

Greenhouse effect for its proper functioning. 

Without Greenhouse gases, the average estimated 

temperature of the Earth would have been -190C 

instead of the present 140C [3]. According to 

National Oceanic and Atmospheric Administration 

(NOAA), the annual rate of increase of CO2 in the 

atmosphere has been 100 times faster than any other 

natural increase in the history [4].  

Global warming is becoming an increasingly bigger 

issue and consequences of minute increase in 

temperature are severe [5]. Increased temperature 

will lead to increased sea level which is a threat for 

smaller islands [6]. To stop climate from such 

chaos, steps should be taken and one of the reasons 

for this is refrigerants [7][8].  

The working substance in the refrigeration cycle 

that evaporates by absorbing heat and produces a 

cooling effect is called refrigerant [9]. Search for 

better refrigerant is very old and there are four 

generations of it [10]. All the refrigerants of first 

class were toxic, flammable, and highly reactive 

[11]. These were ammonia, carbon dioxide, 

Sulphur dioxide, ethers, and CCl4. Toxic 

refrigerants were not good for foods that’s why 

‘safe & reliable’ class was introduced with the 

invention of hydrochlorofluorocarbons (HCFC) 

and chlorofluorocarbons (CFC) in the 1920s. But in 

the 1980s, the depletion of the ozone layer occurred 

and it was due to Chlorine atoms of the refrigerant 

[12].  

Due to ozone depletion, 3rd class was introduced 

which consisted of hydrofluorocarbons (HFC). 

These types of refrigerants have zero potential of 

ozone depletion and include R32, R23, and R134a, 

etc. Now, global warming is one of the major 

concerns and it has been observed that these 

refrigerants are serving as a greenhouse gas having 

GWP in the range of 500-15000 [13].  

During the Montreal Protocol in October 2016, the 

member countries decided to phase down 

hydrochlorofluorocarbons (HCFCs) and 

hydrofluorocarbons (HFCs), to reduce the average 

global temperature by half a degree Kelvin[17].  
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Different refrigerants in market have higher GWP 

values and the EU has stated that the automotive 

industry must use a refrigerant gas with a Global 

Warming Potential (GWP) of 150 or less.  

Research for the refrigerant with lesser GWP leads 

to fourth class of refrigerants, called 

Hydroflouroorefins, which have much lower GWP 

[16]. The current study explores some low GWP 

refrigerants including R154a, R32 (Third 

Generation HFCs), and R1233zd(E), R1234yf, 

R365mfc, R1234ze(Z) (Fourth Generation HFOs), 

and compares their performance to conventionally 

used refrigerants. The standard refrigerant used for 

the comparison is R134a which has a relatively high 

GWP of 1430. The effect of these refrigerants  on 

the environment can be determined by their 

conversion efficiency and Life Cycle Analysis [21]. 

Thermodynamic properties of first three classes of 

refrigerants are given in table 1. 

The best way to test these afore-mentioned 

refrigerants would be to test them on a very 

commonly used refrigeration cycle which is Vapor 

compression Cycle VCC. At first, saturated vapors 

are compressed to condenser pressure. This process 

allows vapors to reject heat. After becoming a 

saturated liquid, they undergo isenthalpic 

expansion via an expansion valve. These vapors 

evaporate in the cooling unit (otherwise known as 

the evaporator unit) where they generate a cooling 

effect. 

Table 1: Properties of refrigerants from three generations 

 
M (Molar mass), NBP (Normal Boiling point 0C), CRT (Critical Temperature 0C), CRP (Critical Pressure-

bar), SG (safety group), ODP (ozone depletion Potential), GWP (Global Warming Potential). 

2. Methodology 

Refrigerant Selection 

ASHRAE standard 34 classifies refrigerants according to the flammability and toxicity level. 

R no. Category  M kg/mol NBP CRT CRP SG ODP  GWP 

First generation Refrigerants 

R-717 Ammonia 17.03 -33.3 132.25 113.33 B2 0 0 

R-744 Carbon dioxide 44.01 -55.6 31.6 73.77 A1 0 1 

R-610 Ethers 74.12 35 194.0 36 - 0 0 

Second generation Refrigerants 

R-11 CFCs 137.4 23.71 197.96 44.1 A1 1 4000 

R-12 CFCs 120.91 -29.75 111.97 41.4 A1 1 8500 

R-12 CFCs 104.5 -81.3 29.2 39.2 A1 1 11700 

The third generation of refrigerants  

R-32 HFCs -52.02 -51.65 78.11 57.8 A2L1 - 580 

R-

134a 

HFCs 102.03 -26.07 101.06 40.6 A1 - 1300 

R-

404a 

Pseudo-

azeotropic 

97.6 -46.6 72.14 37.4 A1 - 3800 
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Table 2: Flammability and toxicity classifications of refrigerants[22] 

 

Table 3 shows most of the low GWP refrigerants that are available in the market with their IUPAC name, 

their ASHRAE name, and their GWP. 

Table 3: Low GWP Refrigerants [23] 

IUPAC name Structure 
ASHRAE 

designation 
GWP100 

Carbon dioxide CO2 R-744 1 

(E)-1,3,3,3-tetrafluoroprop-1-ene CHF=CH-CF3 R-1234ze(E) <1 

Difluoromethane CH2F2 R-32 677 

1,1-Difluoroethane CHF2-CH3 R-152a 138 

2,3,3,3-Tetrafluoroprop-1-ene CH2=CF-CF3 R-1234yf <1 

(Z)-1,2,3,3,3-pentafluoro-prop-1-ene CHF=CF-CF3 R-1225ye(Z) <1 

1,1,2,2-Tetrafluoroethane CHF2-CHF2 R-134 1120 

1,1,1,2-Tetrafluoroethane CF3-CH2F R-134a 1430 

 

From the above tables, we can see that a trade-off 

is required between toxicity and GWP. Keeping this 

scenario in view, some refrigerants including 

R1233zd(E), R1234yf, R365mfc, R1234ze(Z), 

R154a, and R32 have been selected for analyses. 

All of these have a GWP value near to or less than 

800. 

Mathematical Modeling of VCRC-

Based Refrigeration System 

The most commonly used refrigeration system, 

both, in domestic and industrial environments, is 

the vapor compression refrigeration cycle (VCRC). 

The input parameters that are required for the 

solution of the standard vapor compression cycle 

are two operating pressures, condenser, and 

evaporator. If absolute values of parameters are to 

be calculated, the refrigerant flow rate is required. 

For this study, a practical VCRC has been utilized 

with a degree of superheat of 3 Kelvin. The 

subcooling temperature has the same value as well. 

Five different condenser pressures (6, 7.5, 9, 10.5, 

and 12 bars) have been used in combination with 

five evaporator pressures (0.7, 1, 1.3, 1.6, and 1.9 

bars). The size of the condenser is taken as 

0.00017126 m3 and its angular velocity is 3000 

rpm. There degree of superheating and subcooled is 

constant at all pressures. For the whole analysis 

steady-state conditions have been assumed i.e., no 

change in kinetic and potential energy. The 

isentropic efficiency of the compressor is taken 

75%. 

 

Engineering Equation Solver (EES Pro) software 

V.10.561 has been used to perform the 

thermodynamic analysis of the selected 

refrigerants. Figure 1 is showing the Pressure-

Enthalpy (p-h) diagram for VCRC of our baseline 

refrigerant, R134a, operation between 6 bar and 0.7 

bar. Constant temperature lines are also shown 

there. 

Toxicity Level No Flame Propagation Lower Flammability High Flammability 

Low Toxicity A1 

R-22 

R-134a 

R-410A 

R-404A 

R1233zd(E) 

R744 

A2 

R-152a 

A2L 

R-32 

R1234yf 

R-1234ze(E) 

A3 

R-190 

R-600a 

High Toxicity B1 

R-123 

B2 

B2L 

R-717 

B3 
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Figure 1: P-h diagram for R134a VCRC operating 

between 6bar and 0.7bar 

Mathematical expressions for refrigeration effect, 

work given and COP are given in the equations 

below. 

𝑄𝑒𝑣𝑎𝑝 = �̇�(ℎ1 − ℎ7) 

𝑊𝑐𝑜𝑚
̇ = �̇�(ℎ3 − ℎ2) 

𝐶𝑂𝑃 =
𝑄𝑒𝑣𝑎𝑝

𝑊𝑐𝑜𝑚
̇

 

Enthalpies at all states are defined. Mass flow rate 

can be found be the expression given below 

�̇� =
𝑁

60
× 𝐷𝑐𝑜𝑚𝑝 × 𝜌𝑣 × 𝜂𝑣 

Here, N is the angular speed (rpm) of the 

compressor. Dcomp is the displacement of the 

compressor (m3/rev). ρv is the density of refrigerant 

at the entrance of the compressor.  ηv is the 

volumetric efficiency of the compressor. 

Comparison of refrigerants with baseline, R134a, 

can be made by using equations below. 

𝑄𝑒𝑣𝑎𝑝,𝑝𝑣 =
𝑄𝑒𝑣𝑎𝑝,𝑟𝑒𝑓 − 𝑄𝑒𝑣𝑎𝑝,𝑅134𝑎

𝑄𝑒𝑣𝑎𝑝,𝑅134𝑎

× 100 

�̇�𝑐𝑜𝑚𝑝,𝑝𝑣 =
�̇�𝑐𝑜𝑚𝑝,𝑟𝑒𝑓 − �̇�𝑐𝑜𝑚𝑝,𝑅134𝑎

�̇�𝑐𝑜𝑚𝑝,𝑅134𝑎

× 100 

𝐶𝑂𝑃 𝑝𝑣 =
𝐶𝑂𝑃𝑟𝑒𝑓 − 𝐶𝑂𝑃𝑅134𝑎

𝐶𝑂𝑃𝑅134𝑎
× 100 

Here, subscript ‘pv’ shows percentage 

variation in certain parameters, while ‘ref’ stands 

for the refrigerants. 

 

 

P-H Graphs for Selected Refrigerants 

Fig. 2-7 show the p-h dome for all the selected 

refrigerants. We can see that for the same operating 

pressures, different refrigerants have different 

enthalpies which will lead to different COP & 

refrigeration values. 

 

Figure 2: P-h diagram of R1233zd(E) 

refrigeration cycle operating between 6bar and 

0.7bar 

Figure 3:P-h diagram of R1234ze(Z) refrigeration 

cycle operating between 6bar and 0.7bar 

Figure 4:P-h diagram of R1234yf refrigeration 

cycle operating between 6bar and 0.7bar 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

120



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

 
Figure 5:P-h diagram of R365mfc refrigeration 

cycle operating between 6bar and 0.7bar 

 

Figure 6:P-h diagram of R152a refrigeration cycle 

operating between 6bar and 0.7bar 

Figure 7:P-h diagram of R32 refrigeration cycle operating between 6bar and 0.7bar 

3. Results and Discussion 

Effect of Condenser Pressure on 

Refrigeration Effect 

Figure 8 shows a decreasing trend of refrigeration 

effect with the increase in condenser pressure. It 

can be seen from the graph that the refrigerant R32 

has the highest refrigeration effect. This is followed 

by R152a. Next is the standard for our comparison, 

the refrigerant R134a. The heat exchanged at the 

evaporator is slightly less for R1234ze(Z) than 

R134a. Figure 9 represents the refrigeration effect 

with respect to R134a. R32 shows significantly 

better statistics than R134a, with almost 25% higher 

performance at 12 bars of condenser pressure. It can 

be noted that the difference in performance relative 

to R134a increases as the condenser pressure is 

increased. 

 

Figure 8: Effect of condenser pressure on 

refrigeration effect of various refrigerants at 

constant evaporator pressure of 1.6 bars 
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Figure 9: Percentage variation in refrigeration 

effect of selected refrigerants with respect to 

R134a at constant evaporator pressure of 1.6 bars 

Effect of Evaporator Pressure on 

Refrigeration Effect 

The refrigeration effect is represented as a function 

of the evaporator pressure while keeping the 

condenser pressure constant at 9 bars in Figures 10 

and 11.  

At low evaporator pressure, the refrigeration effect 

is generally low for all refrigerants and it increases 

linearly with increasing evaporator pressure. 

R365mfc had the lowest refrigeration effect.  

Figure 10: Effect of evaporator pressure on 

refrigeration effect of various refrigerants at 

constant condenser pressure of 9 bars 

 

 

Figure 11: Percentage variation in refrigeration 

effect of selected refrigerants with respect to 

R134a at constant condenser pressure of 9 bars.  

 

Effect of Condenser Pressure on 

Compressor Work Input 

Figure 12 represents the compressor work input 

with respect to the condenser pressure. The 

compressor work input does increase with the 

increase in compressor pressure. However, this 

increase is not drastic.  

 

Figure 12: Effect of condenser pressure on 

compressor work input of various refrigerants at 

constant evaporator pressure of 1.6 bars 

 

Figure 13: Percentage variation in compressor 

work input of selected refrigerants with respect to 

R134a at constant evaporator pressure of 1.6 bars 

 

Effect of Evaporator Pressure on 

Condenser Work Input 

Figure 14 shows the effect of evaporator pressure 

on condenser work input, while keeping the 

condenser pressure constant at 9 bars. We can see 

that the compressor work input varies directly with 

the evaporator pressure. Out of the HFO 

refrigerants R1234ze(Z) consumed the highest 

work in HFOs. R32 had the highest work input 

overall.  
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Figure 14: Effect of evaporator pressure on 

compressor work input of various refrigerants at 

constant condenser pressure of 9 bars 

 

Figure 15: Percentage variation in compressor 

work input of selected refrigerants with respect to 

R134a at constant condenser pressure of 9 bars 

Effect of Condenser Pressure on 

COP 

Figures 16 and 17 show the effect of condenser 

pressure on COP. Overall, the COP was greatest for 

R32, and it was highest for R1234ze(Z)among all 

HFO refrigerants. A steady but decreasing trend 

was observed at higher condenser pressures.  

 

Figure 16: Effect of condenser pressure on COP 

of various refrigerants at constant evaporator 

pressure of 1.6 bars 

 

Figure 17: Percentage variation in COP of 

selected refrigerants with respect to R134a at 

constant evaporator pressure of 1.6 bars 

Effect of Evaporator Pressure on 

COP 

In Figure 18, the COP has been represented as a 

function of pressure in the evaporator. Coefficient 

of performance of R32 was the highest amongst the 

lot. R1234ze(Z) had the highest COP amongst 

HFOs. And R365mfc showed the lowest COP. 

Figure 18: Effect of evaporator pressure on COP 

of various refrigerants at constant condenser 

pressure of 9 bars 
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Figure 19: Percentage variation in COP of 

selected refrigerants with respect to R134a at 

constant condenser pressure of 9 bars 

4. Conclusions 
1. Out of all the refrigerants, the R32 clearly 

possessed the highest refrigeration effect at all 

condenser pressures. R152a followed R32, and 

performed slightly better than the R134a. The 

R134a had higher refrigeration effect than all 

HFOs. Amongst the HFOs, R1234ze(Z) had 

the highest refrigeration effect.  

2. The highest refrigeration effect among the 

HFO refrigerants was that of R1234ze(Z). This 

was followed by those of R1234yf and 

R1233zd(E). Among all refrigerants, R32 and 

R152a had highest refrigeration effect at all 

pressures, while R365mfc had the lowest 

values.  

3. Compressor work input was increased 

proportionally to the condenser pressure. 

However, this increase was not much 

significant compared to the other trends. R32 

showed the highest power consumption at all 

condenser pressures.  

4. R32 again showed the highest work input for 

compressor at all evaporator pressures. 

However, it had also the highest refrigeration 

effect.  

5. The highest COP values were recorded for R32 

and R152a, which was followed by the baseline 

refrigerant R134a.  

6. The COP was highest for R32 and lowest for 

R365. R152a had a COP higher than that of 

R134a at all pressures.  

R32 has a GWP value twice as less as that of R134a. 

Whereas R152a has a GWP value more than 10 

times smaller than that of the baseline refrigerant. 

Amongst the HFOs, the best characteristics were 

shown by R1234ze(Z). R152a is put under the 

category A2, which has low to medium 

flammability and toxicity. R32 and R1234ze are 

classified as A2L refrigerants, which means that 

they have even lower flammability and toxicity. 

R32 super-seeded all other refrigerants in all 

performance characteristics. But it has a GWP of 

677, which is higher than what the EU requires in 

automotive air-conditioning systems. However, it 

may be used in confined workspaces in some 

industries. It is, however, a much better option 

compared to R134a, considering both 

environmental and performance aspects. R152a has 

a GWP of 150, and it may be used as a refrigerant 

in the industry with suitable measures to counter its 

flammability. And finally, R1234ze(Z) showed the 

best results on all test amongst the HFOs. It is 

completely environmentally friendly, with a GWP 

of less than 1. It has no flame propagation and toxic 

effects and is only slightly less in performance 

when compared to R32. Therefore, R32 and R152a 

(HFCs), and R12334ze(Z) (HFO) are all potentially 

great alternatives to the R134a for their respective 

applications. 
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Abstract 

Post-harvest losses and spoilage of agriculture products are a major problem for tropical countries and it is even 

more challenging for countries encountering fluctuated power shortages like Pakistan. Therefore, this study 

focused on the development of multi-commodity cold storage to store three products (potatoes, pomegranates, 

and potatoes) according to their season and respective storage spans throughout the year. The cooling load of 

cold storage was supported by LiBr-H2O vapor absorption and vapor compression refrigeration system to 

maintain the desired temperature for each product inside cold storage.  To operate cold storage refrigeration 

systems a solar thermal-PV system is installed. It was found that the maximum peak cooling load of 87KW inside 

cold storage is attributed to pomegranates due to high ambient conditions during its loading month while the 

respective evaporative load was found to be 97KW. The loading rate of the product significantly affects the cooling 

load of cold storage and varies directly with it, as noticed for an increase of product loading rate from 0 to 

50000kg/day cooling load also increases from 34KW to 87KW. To meet the thermal demand of the generator of 

vapor absorption system parabolic troughs were installed to operate cold storage and it was found that a minimum 

of 4 PTC is needed to support peak cooling load at maximum product loading rate and minimum DNI value. To 

meet the electrical demand of cold storage electrical equipment and compressor of vapor compression system 

solar photovoltaic panels were installed and it was found that a minimum of 618 panels was required at a 

minimum value of tilted radiation value. To justify the feasibility of the proposed system economic analysis was 

also conducted which revealed a payback period of 12 years for kinnow and potatoes and 16 years for 

pomegranates. 

Key Words:  Cold storage; Multi-commodity; Vapor absorption refrigeration system; Parabolic trough 

collectors; Solar photovoltaic panels. 

1 Introduction 

Pakistan is an agricultural country, where nearly 

58 % of the total output of vegetables and 45% of 

the harvested fruit is found. In Pakistan fruit and 

vegetables contribute significantly to economic 

growth as they produced 12 % of agricultural 

GDP. Pakistan contains a wide range of agro-

ecological conditions, including temperate, 

tropical, and subtropical regions with a diverse 

variety of horticultural crops. They are also highly 

economically important crops with a prospect of 

export markets, local consumption, processing, 

and playing an important role in poverty reduction 

and food security. However, the total production 

of vegetables and fruits in Pakistan is 

approximately 13.764 million tons [1]. Distinct 

varieties of fruits are cultivated on an area of more 

than 0.74 million hectares with a total production 

of more than 6,96 million tonnes. In 2018-19, 

total fruits export of 1.60 million tons and in 

2019-20 it is, 1.80 million ton, an increase of 13 

percent as compared to last year [2]. 

However, postharvest losses of agriculture 

products pose a severe threat to food security in 

many developing countries, like Pakistan. 

Pakistan is among those developing countries 

where the losses of many products occurred due 

to lack of awareness about the advanced 

equipment, technology, implementing the old 

tools, techniques, and processes. It is estimated 

that 35-40 % of postharvest fruits and vegetables 

were wasted [1]. Cold storage is a key element for 

worldwide food security.  

According to the International Institute of 

Refrigeration, 475 million tons of perishable 

foods were spoiled in 2013 in developed and 

developing countries because of a lack of 

refrigeration. This lost food could have been 

saved by using cold storage and could have 

theoretically fed 950 million people in that year 

[3] Cold storage are dedicated to maintaining the 

quality and freshness of agricultural products and 

impeding them from spoilage beyond their 

normal shelf life, for a specific interval of time [4] 
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__________________________________________________________________________________

Nomenclature 

Abbreviations 

HTF Heat transfer fluid 

SPV Solar photovoltaic 

DNI Direct normal irradiance 

GTI Global tilted irradiation 

CRF Cost recovery factor 

EES Engineering equation solver 

 

Subscripts 

ws weak solution 

ss strong solution  

 

Greek letters  

𝛼 Absorptivity 

𝜏 Transmissivity 

𝜀 Emittance 

𝜌 Reflectivity 

𝜎 Stefan-Boltzmann constant  

𝛾 Intercept factor 

 

List of symbols  

X Concentration of liBr 

C  Initial capital investment cost 

Gb DNI 

Gt GTI 

ṁ Product loading rate  

�̇�𝐻𝑇𝐹 Mass flow rate of heat transfer fluid

____________________________________________________________________________________ 

 

Cold storages extensively operate on VCR to 

achieve the desired temperature which requires a 

large amount of energy usually supplied through 

the grid for mechanical operation of the 

compressor. Solar power is a promising renewable 

source that is intended to make an important 

contribution to world energy supply and demand 

due to the limited amount of fossil fuels and 

environmental damage [5].In Pakistan, the daily 

solar irradiations value ranges from 4.68kWh/m2/d 

to 5.54kWh/m2/d, and the annual global solar 

irradiation value is~1900-2200 kWh/m2 that can be 

harnessed in form of electrical energy. The high 

solar insolation potential of solar energy resources 

can be used to generate electricity for off-grid 

applications [6]. 

Hamid Ikram et al [7], studied a cold storage facility 

based on the conventional vapor compression 

system for banana fruit. The optimized 

consumption is taken to be integrated with grid-

connected Solar PV arrangement to further 

decrease the conventional power and utility cost. 

Nasiru I et al [8], investigated operational and 

performance characteristics of a solar-driven 

lithium bromide-water absorption chiller integrated 

with absorption energy storage of the same working 

fluid. The system can offer short-term cooling 

energy storage and long-term heating energy 

storage. Diva A Selvaraj et al [9], attempted to 

investigate the problems with power quality in 

traditional vapor compression systems. In terms of 

power quality, VAR has been determined to be a 

superior solution than the unity power factor for 

rural communities in distant places where 

electricity demand is a particularly challenging 

issue. Abir Hmida et al [10], modeled a cold storage 

room by considering thermal insulation of walls 

and conducted energy optimization on a cold 

storeroom used for fruits preservation and found 

that an ammonia/water absorption refrigeration 

machine provides a cold load of about 8 kW, 

required for the product storage thus obtaining a 

good with existing cold room. Ismail et al [3], 

investigated several cold storage buildings with 

different capacities but similar conditions and 

calculated their cooling loads. A parametric study 

is performed for the VAR system between the 

cooling loads and energy consumption for 

compressor using ammonia for larger spaces while 

R404a for small capacities. Results indicate that the 

power consumption per unit volume decreases with 

the increase in cold storage capacity for smaller 

capacities but for larger capacities the effect is 

negligible. Sharad et al [11] designed a cold storage 

unit for HARSODAN district Ujjain for the storage 

of potatoes. He initially developed a theoretical 

model of cold storage and calculated the cooling 
load of 30 tons and designed a thermodynamic 

model of Vapor Compression refrigeration system 
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and calculated the COP of 3.84. Dipankar et al [12], 

investigates the conceptual design and cost analysis 

of a 'water–lithium bromide absorption system' for 

a specific cooling demand of 3.5KW utilizing a 

solar thermal and PV system. According to the 

findings, the suggested system may offer an 

estimated annual surplus of 17.4 kWh of energy per 

day. The cost analysis for the PV and thermal 

collectors are shown to have a payback period of 

less than 4 years, making the proposed system 

considerably more practical from both a 

technological and financial standpoint. 

It was quite evident from the literature that 

considerable work on cold storage based on 

accommodating a single commodity is done and 

most of them rely on conventional vapor 

compression systems for refrigeration purposes and 

powered through. Therefore, this study focuses on 

developing multi-commodity cold storage to 

accommodate three extensively produced and 

exported products of Pakistan (potatoes, 

pomegranates, and kinnow) with their storage 

conditions given in the table. The cold storage will 

be powered through a solar-operated thermal-PV 

system to drive the absorption and compression 

refrigeration system to meet the cooling demand of 

cold storage for maintaining the desired 

temperature for each product in rural areas of 

developing countries with high solar insolation like 

Pakistan. 

2 System Description  

The proposed solar-operated multi-commodity cold 

storage is shown in figure 1. The cold storage is 

supported by the libr-H2O VAR system. Water will 

act as a refrigerant while LiBr will act as an 

absorbent in the VAR system. Low-pressure water 

will leave the evaporate at state 2 and enter the 

absorber. A strong solution at state point 3 is then 

pumped to the generator at state point 4 and enters 

the generator where separation of refrigerant and 

absorbent will occur under high temperature. 

Saturated water vapors at high pressure from the 

generator will enter the condenser at state point 7 

while the weak solution from the generator at state 

point 5 will return to the absorber through the 

expansion valve at state point 6. Saturated water 

vapors will condense through circulating cool water 

by releasing the latent heat of condensation and 

after rejecting heat high pressure saturated liquid at 

state point 8 expands through the expansion valve 

and low pressure and temperature refrigerant will 

enter the evaporator at state point 1 to remove heat 

and the cycle continuous. A conventional VCR 

system using refrigerant R-410a is also installed to 

support the cooling load. The refrigerant absorbs 

heat in the evaporator and saturated refrigerant is 

available at state point 12. The electrically powered 

mechanical-driven compressor compresses the 

refrigerant to high pressure and converts refrigerant 

into supersaturated form at state point 13. 

Supersaturated refrigerant enters the condenser to 

reject heat and lower its temperature. The low-

temperature refrigerant at state point 14 passed 

through the expansion valve to lower its pressure 

before it enters the evaporator at state point 11 and 

the process continuous. Parabolic trough collectors 

are employed to fulfill the thermal demand of the 

generator to operate the absorption system.

 

.

 

Figure 1   Schematic of  multicommodity cold storage operated by a solar thermal-PV system 

PTC’s utilize the DNI of the sun to raise the 

temperature of heat transfer fluid (HTF) which 

flows through the receiver tubes. High-temperature 

HTF at state point 10 enters the thermally insulated 
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storage tank to deliver heat to the hot water in the 

storage tank and this hot water is circulated through 

a generator to meet its heat load. Low-temperature 

HTF at state point 9 is pumped again to circulate 

through collectors for heat gain. Multi crystalline 

silicon cell type SPV panels with a nominal rating 

of 150Wp are used for power generation to meet 

electrical demand. Along with PV panels, an MPPT 

charge controller, inverter, control unit, and 

batteries are auxiliaries installed for conversion and 

regulation of power produced. The DC power 

generated by PV at day time will be stored in 

batteries and through the inverter AC power is 

supplied to drive the compressor of VCR at state 

point 17 

3 Mathematical Modeling 

This paper presents detailed thermodynamic 

models and economic models of all integrated 

systems with input data given in table 2 and table 3 

to determine and analyze the performance from 

energy and economic perspectives. 

3.1 Model Assumptions 

In table 1, the assumptions used to model the 

systems involved in cold storage are given. 

3.2 Thermodynamic Modeling 

3.2.1 Cold Storage 

The cooling load of cold storage that must be 

supported by VAR and VCR is found out by using 

the following equations in reference [13] to model 

the cold storage. 

 

Qcooling load = QT + QP + QHR + QINF + QM + QEQ (1) 

 

Where QT, QP, QHR, QINF, QM, QEQP are the 

Transmission load, Product load, Respiration load, 

Infiltration load, Occupancy load, and Equipment 

load respectively. 

Total Transmission Load due to heat transfer 

through walls, ceiling, door, and floor must be 

removed to maintain cold storage at the desired 

temperature. Transmission load can be found as 

 

Q = UA(To-Ti) (2) 

where U is the Overall Heat Transfer Coefficient in 

W/m2.K, A is the area of cold storage in m2, Ti, and 

To are the inside and outside Temperatures in ℃. 

Product load consists of sensible load due to heat 

released by the loading of product from field to 

bring it to storage temperature and respiration load 

due to breathing of product during storage. Product 

load can be calculated as, 

 

QP = ṁ * Cp * (Ti – Tstore) + M * Hresp (2) 

 

Here ṁ denotes product loading rate in kg/day, Cp 

represents the specific heat of products in kJ/kg. K-

stored Ti shows the initial loading temperature for 

products at the loading month in ℃ and Tstore  

denotes the storage temperature of each product in 

℃. M is the total mass of product stored in cold 

storage in kg while Hresp is the heat of respiration of 

each product in W/kg. 

Infiltration load is caused by the hot warm air which 

enters through door or leakages and can be 

calculated as, 

 

QINF = V ρair Δh ACH (3) 

 

V is the total internal volume of cold storage in m3, 

ρair is the density of air, Δh is the change in enthalpy 

of air in kJ/kg.K and ACH is the air changer in cold 

storage per day 

Occupancy Load is the load makeup by the workers 

moving inside the cold storage and as they work, 

they release heat due to metabolic process and this 

load can be calculated as, 

 

QM = Np Qavg t  (4) 

 

Np is the number of people working in cold storage 

per day, Qavg  is the average heat given off by one 

person in watts, t is the average no of working hours 

per day 

Equipment Load is due to the lights, fans, motors, 

and other electrical equipment and can be 

calculated as, 

 

QEQ = QLights + QFans + Qmotors  (5) 

A safety factor of 10% is considered on the final 

value of the cooling load to compensate for the 

unpredicted leakages and inaccuracies left during 

calculations. Therefore, cooling load that must be 

supported by the evaporator is given by, 
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𝑄𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟= 1.1 × 𝑄𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑙𝑜𝑎𝑑  (6) 

 

3.2.2 Vapor absorption and 
compression refrigeration 
system 

Modeling of individual components of the VAR 

and VCR system to meet the cooling load of cold 

storage is given in Table 5. 

The COP of the VAR and VCR system is given 

by[14], 

 

COPVAR =
�̇�𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟,𝑣𝑎𝑟

�̇�𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟+WPump
 (7) 

 

 

COPVCR =
�̇�𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟,𝑣𝑐𝑟

�̇�𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟
  (8) 

 

3.2.3 Parabolic trough collectors 

Modeling of cold storage is done by using the 

equation given in reference [15]  

Rate of useful heat gain: 

 

𝑄�̇�= �̇�𝐻𝑇𝐹𝐶𝑝,𝐻𝑇𝐹(𝑇10 − 𝑇9) (9) 

 

Where �̇� HTF is the mass flow rate of HTF in 

collectors,  𝐶𝑝.𝐻𝑇𝐹is the specific heat of HTF, 𝑇10 is 

the outlet temperature of HTF and 𝑇9  is the inlet 

temperature of HTF. It can also be calculated by 

 

𝑄�̇� = 𝐴𝑎𝑝𝐹𝑅(𝑆 −
𝐴𝑟

𝐴𝑎𝑝
𝑈𝐿(𝑇9 − 𝑇𝑎) (10) 

 

Heat Absorbed by the receiver: 

 

S=𝐺𝑏ɳ𝑟 (11) 

 

Gb is direct radiation heat  

Receiver Efficiency is given by: 

 

ɳ𝑟 =  𝛾𝛼𝜌𝜏𝑘𝑟 (12) 

 

Heat Removal Factor: 

 

𝐹𝑅 =
�̇�𝐻𝑇𝐹𝐶𝑝.𝐻𝑇𝐹

𝐴𝑟𝑈𝐿

[1 − exp (−
𝐹′𝐴𝑟𝑈𝐿

�̇�𝐻𝑇𝐹𝐶𝑝.𝐻𝑇𝐹

)] (13) 

 

Where 𝐹′ is collector efficiency factor, 𝑈𝐿is Solar 

Collector Overall heat loss Co-efficient and 𝐴𝑟 is 

the receiver area. 

Collector’s Efficiency is given by: 

 

ɳ =  
�̇�𝑢

𝐺𝐵𝐴𝑝𝑡𝑐
 (14) 

 

3.2.4 Solar photovoltaic modules 

Total Energy Consumption per day of all loads in 

WH/day that be supported by PV panels is 

determined for sizing and numbers of PV panels. 

 

The energy required from PV modules: 

 

WSPV = 1.3  Econsumption  (15) 

 

Peak Load Capacity of PV panel: 

 

Wpeak = 
𝑊𝑆𝑃𝑉

𝐺𝑡
  (16) 

 

𝐺𝑡 is solar insolation in KWH/m2 

 

No. of PV panels required: 

 

Npv = 
Wpeak

𝑊𝑝
 (17) 

 

𝑊𝑝 is the Rating of the PV panel used  

 

Area required for PV modules: 

 

ASPV = 
𝐸𝑠𝑝𝑣

𝜂𝑠𝑝𝑣 𝐺𝑡 
 (18) 
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3.3 Economic Model 

The economic performance of the system is 

evaluated for each product type to find the initial 

investments and payback period and cost of 

components is given in table 4. The initial capital 

investment cost of the system includes the cost of 

the power system (CPower System), cost of vapor 

absorption system (CVAR), and balance of system 

cost (CBOS) which compensates the hidden cost of 

equipment during cost estimation. Hence the initial 

capital cost is given by [16]; 

 

C = CPower System + CVAR (19) 

 

CVAR = 1143 * (�̇�𝑝𝑒𝑎𝑘)0.67  (20) 

 

The net present value (PNPV) of the system is given 

by; 

 

PNPV = C + Rm [
(1+n)n−1

i(1+i)n
]+ Rp [{

1

(1+i)p
} +

{
1

(1+i)2p} + ⋯ + {
1

(1+i)n−p}] – S [
1

(1+i)n] 
(21) 

 

The payback period (PB) of the proposed system is 

given by; 

 

PB = 
ln(

CF

CF
−(i∗PNPV))

ln(1+i)
 (22) 

 

CF is the annual cash flows generated from the 

amount of energy saved respective to the standard 

tariff rate which is given by, 

 

CF = (Esaving Zenergy) + (Mproduct Zstorage) (23) 

 

 

Annualized Uniform Cost (R) to be estimated from: 

 

R = PNPV * CRF  (24) 

 

CRF is the Capital Recovery factor 

 

CRF = [
i(1+n)n

(1+i)n−1
]  (25) 

 

Hence the cost of Cooling per Kg of product can be 

calculated as: 

 

Ccooling = 
R

Mproduct
 (26) 

 

4 Operation Strategy 

To operate the multi-commodity cold storage 

throughout the year with different products, the 

following operational strategy is devised for cold 

storage. 

Cold storage will remain functional for 11 months 

in the year while it will not accommodate any 

commodity in the month of February due to the 

annual maintenances of systems  

Potato which is harvested in February will be 

loaded first in the cold storage during the month of 

March, after their storage span is completed cold 

storage will be loaded with pomegranates in the 

month of October while in the month of December 

cold storage will be accommodated by kinnow. 

The thermal demand to operate VAR for cold 

storage during daytime is met by the solar PTC, 

through which hot water from a thermally insulated 

storage tank is supplied to the generator during peak 

sunshine hours. 

To operate cold storage during the night or cloudy 

seasons, Solar PV panels are arranged to generate 

electricity throughout the day and power the VCR 

system when the VAR system is unable to meet the 

cooling load as well as it will also supply electricity 

to the electrical equipment inside cold storage. 

5 Results and Discussions 

A computer program for the multi-commodity cold 

storage was developed using an engineering 

equation solver (EES) for evaluating the energy and 

economic parameters that affect the performance of 

the integrated system. The program takes ambient 

conditions of Lahore to evaluate the performance of 

cold storage for each product. The performance 

solar PTC and SPV panels systems were 

investigated using maximum and minimum values 

of DNI and GTI values for Pakistan. 
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5.1 Performance analysis of cold 
storage 

Cold storage which is allocated to store three fruits 

round the year is analyzed for the mass it can store 

for each product and the effect of product loading 

rate and changing ambient temperature on cooling 

load of cold storage. The proposed cold storage has 

shown the capacity to store 381-ton, 448 tons, and 

478 tons of pomegranates, potatoes, and kinnow. 

The effect of the loading rate shown in fig 2(a) 

indicates that the cooling load is minimum for 

potatoes and maximum for pomegranates. This is 

because cooling load which includes product load, 

infiltration load, and transmission load depends 

upon the ambient conditions which variate for 

different months and affect the cooling load 

 

 

a       b 

 

 

c 

Figure 2 Effect of product loading rate, operating hours, and ambient temperature on cooling load

 

 

Therefore, maximum cooling load is attributed to 

pomegranates in the month of October during 

which high ambient conditions exist. It is also 

shown in the figure that cooling load variates 

directly with the product loading rate. When the 

product loading rate becomes zero the cooling load 

is minimum for each product while it is maximum 

for the product loading rate of 50000 kg/day for 

each product. This is because product load accounts 

for almost 70% of the total cooling load in loading 

days of products. Product load represents the 

sensible and respiration load of which the product 

load exists only during loading months while 
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respiration load remains during the storage span of 

the product. 

Peak Cooling load of cold storage is found for 

pomegranates therefore it is examined for varying 

ambient temperature and its corresponding effect of 

evaporator load. Fig 2(b) shows that cooling load 

variates directly with respect to ambient 

temperature for a product loading rate of 50000 

kg/day. As discussed above that the transmission 

load is fundamentally dependent on ambient 

temperature therefore it will affect the cooling load 

of storage as well as the evaporator load. The same 

phenomenon is related to the other two products 

kinnow and potatoes, however, due to peak cooling 

load only the pomegranates ambient temperature 

effect is shown in the figure. 

Cold storage is further analyzed for operational 

hours at three different values of product loading 

rate for all products. In the present study, the cold 

storage operates for 18 hours in the day to maintain 

the desired temperature for products, however, if it 

operates for more than 18 hours a trend of decrease 

in cooling load is noticed which may be due to the 

fact that when cold storage operates for fewer hours 

it needs to remove much more heat to maintain the 

same temperature as compared to when it operates 

for more hours. The effect of changing operational 

hours w.r.t to different product loading rates is 

shown in figure 2(c) which also indicates that for 

maximum product loading rate and operational 

hours cooling load is minimum and vice versa. 

5.2 Performance of PTC 

The effect of several parameters was studied to 

analyze the performance of PTC’s under varying 

DNI and product loading rate values. At first, the 

effect of changing the mass flow rate of HTF at 

different DNI values on a number of PTC’s and heat 

gain by a single PTC is evaluated which is indicated 

by figure 3(a). It is shown in the figure that variation 

of the mass flow rate of HTF between 0.35 to 0.9 

kg/sec significantly affects heat gain and PTC’s 

number. An increase in heat gain and PTC’s 

number is observed at a certain DNI value, 

however, a massive increase in heat gain and 

decrease in the number of PTC’s are observed at 

high DNI values. The mass flow rate of HTF has a 

minimum effect on the number of PTC’s as shown 

by the figure. 

Similarly, the effect of loading rate of products on 

PTC numbers and corresponding area required for 

PTC’s is investigated for different DNI values and 

it was found that with the increasing loading rates 

the number of PTC and area required also increase, 

however, this increase is found to be maximum for 

minimum DNI values at increasing loading rates. 

The effect is indicated in figure 3(c). 

The effect of varying DNI on numbers and area 

required for PTC is shown in figure 3(b) which 

indicates that as the DNI increases the number of 

PTC and the area required for them reduce 

considerably. It is due to the fact that the increase 

in DNI heat gain will increase which 

simultaneously reduces the number and area of 

PTC 

 

 

(a)      (b) 

133



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

9 

 

(c) 

Figure 3 Effect of  DNI, the mass flow rate of HTH, and loading rate on PTC 

 

5.3 Performance of SPV panels 

Solar photovoltaic panels are designated to power 

the compressor of VCR systems and the electrical 

demand of cold storage. The number of PV panels 

will be determined by the required load to be 

supported and the number of hours up to which 

load needs to be supported but the major 

contributor to a load of PV panels is the 

compressor of the VCR system. At first, the study 

was conducted on a VCR system by using five 

different refrigerants to investigate the 

corresponding effect on COP of the VAR system, 

input to the compressor, and the number of PV 

panels required for each case. The effect of using 

different refrigerants is illustrated in figure 4(a) 

which indicates that minimum COP is obtained 

for R407C followed by R410a, R134a, R22, and 

R12. Similarly, the minimum work input for 

compressor and number of PV panels is obtained 

for R12 followed by R22, R134a, R410a, and 

R407C. 

 

 

(a)       (b) 
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(c) 

Figure 4 Effect of loading rate, refrigerant, and GTI on SPV panels 

 

The other parameter investigated for evaluating PV 

panels performance is the effect of varying loading 

rate of products on evaporative load, compressor 

load, and PV panels numbers. Figure 4(c) illustrates 

the effect of varying loading rates and indicates that 

evaporative load, compressor load, and PV panels 

required to support load varies directly with respect 

to the loading rate of products. 

Further, the performance of PV panels is evaluated 

for varying GTI values which would significantly 

affect the numbers of PV panels for corresponding 

hours of operation. The effect is shown in fig 4(b) 

which indicates that with the increased GTI values 

the number of PV panels also increases but as the 

operating hours for PV panels increase the numbers 

to fulfill that demand during need hours also 

increase. 

5.4 Economic performance 

The economic performance was investigated for 

various parameters shown in figure 5(a) (b) and (c). 

Figure 5(a) illustrates the initial investment capital 

cost of the proposed system. The figure shows that 

the capital cost of the whole system is maximum for 

pomegranates followed by kinnow and then potato. 

A possible reason for such variation is that the peak 

cooling load supported by VAR and VCR systems 

and their respective power systems required to 

support individual systems varies for each product. 

The figure also denotes the variation of the net 

present value of the installed system for each 

product. It is shown in the figure that the net present 

value for pomegranates is high than kinnow and 

potato. The possible reason for this trend is due to 

the fact that the net present value of the system 

solely depends upon initial capital cost while the 

maintenance and replacement cost along with 

interest rate and salvage value remains same for all 

products and as discussed above initial cost is high 

for pomegranates, therefore, its corresponding 

effect on net present value for pomegranates is also 

higher. The figure further shows the amount saved 

on each product throughout the year by avoiding 

grid and consuming energy from solar-powered 

PTC and SPV. It is indicated that the amount of 

product saving cost for kinnow is more than 

potatoes and pomegranates. It is due to the fact that 

product saving cost depends upon the total mass of 

product accommodated by cold storage and cold 

storage in the present study shows the high capacity 

for kinnow for the same volume, therefore, the 

amount saved on it comes out to be higher. The last 

factor indicated by the figure is the annual cash 

inflows. The annual cash inflows are higher for 

kinnow followed by pomegranates and then 

potatoes. As discussed above product saving cost 

for kinnow is much more than pomegranates which 

significantly affects the cash inflows which 

simultaneously increases cash inflows for kinnow
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.  

(a) (b) 

 

 

(c) 

Figure 5 Economic effect on system costs and payback period for each product 

 

Figure 5(b) indicates the payback period of the 

system for each product stored in cold storage. It is 

shown in the figure that the payback period of the 

installed system for cold storage to accommodate 

kinnow and potato is of 12 years while the system 

installed for pomegranates gave a payback period 

of 16 years. The payback period depends upon two 

factors i.e, annual cash inflows and net present 

value and as discussed above net present value for 

pomegranates storage is higher while cash inflow 

value for kinnow storage is higher but its variation 

is not very high enough to effect on payback period, 

therefore, the payback period for pomegranate 

storage is higher as compare to other products. 

Figure 5(a) illustrates the cost of cooling per kg of 

product stored in cold storage for the proposed 
system. The indicated that cooling cost per kg of 

product is higher i.e, 0.67$/kg for pomegranate 

followed by kinnow and potatoes. The possible 

reason for this is due to the fact that as discussed 

previously in a study that pomegranate shows high 

peak load than other products because of high 

ambient conditions during its storage month which 

also affects the net present value for the power 

system installed for it. Therefore, pomegranates 

show a high cost of cooling per kg than other stored 

products for the same cold storage. 

6 Conclusions 

Following has been concluded from analysis of 

proposed cold storage. 

 The cold storage peak cooling load of 

87KW is found to be for pomegranates, 

followed by kinnow 81KW and then 
potatoes 72KW and refrigeration capacity 

of cold storage respective to peak cooling 
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load is found to be 25 tons and evaporative 

load for both VAR and VCR systems with 

respect to peak cooling of cold storage is 

found to be 91KW. 

 To meet the thermal demand of the 

generator of the VAR system to support the 

peak cooling load of cold storage, four 

PTC of specified specification in the study 

needs to be installed. To meet the electrical 

demand of the VCR system for peak 

cooling load to operate for maximum 

hours, 618 SPV panels are required to 

fulfill demand. 

 When the product loading rate increases 

from 0 to 50000 kg/day, the cooling load 

of cold storage also increases from 34KW 

to 87 KW for pomegranates, 31KW to 

81KW for kinnow, and 28KW to 72KW 

for potatoes. Similarly, the respective 

evaporative load for peak cooling load 

increases from 35KW to 91KW. 

 When operating hours for cold storage 

increases from 18 to 24, cooling a load of 

cold storage for product loading rate 0 

kg/sec increases from 31KW to 23KW for 

kinnow, from 33KW to 25KW for 

pomegranates, 28KW to 21KW for 

potatoes, for the product loading rate of 

25000 kg/day it increases from 56KW to 

42KW for kinnow, from 60KW to 45KW 

for pomegranates, 50KW to 37KW for 

potatoes and for the product loading rate of 

50000 kg/day it increases from 81KW to 

61KW for kinnow, from 87KW to 65KW 

for pomegranates and from 72KW to 

54KW for potatoes. 

 For product loading rate of 0 to 50000 

kg/day required numbers of PTC and area 

of PTC for DNI value of 0.66KW/m2 

increases from 1 to 4 and 231m2 to 551m2, 

for DNI value of 0.77KW/m2, it increases 

from  1 to 3 and 183m2 to 472m2 and for 

DNI value of 0.88KW/m2, it increases 

from 1 to 3 and 160m2 to 413m2. 

 When the mass flow rate of HTF in PTC 

changes from 0.35 to 0.9 kg/sec, for DNI 

value of  0.66KW/m2  heat gain of single 

PTC decreases from  32.57KW to 

32.17KW, for DNI value of 0.77KW/m2 

heat gain decreases from  38.19KW to 

37.65KW, for DNI value of 0.88KW/m2 

heat gain decreases from 43.83KW to 

43.15KW. 

 When the loading rate increases from 0 to 

50000 kg/day the evaporative load for the 
VCR system increases from 35KW to 

90KW and the compressor load increases 

from 10KW to 27KW and the required 

number of PV panels for minimum GTI 

increases from 274 to 618. 

 The minimum compressor work and 

maximum COP for the VCR system for the 

product loading rate of 50000 kg/day were 

found to be for refrigerant R22 while the 

maximum compressor work and minimum 

COP is for R407C and the respective 

number of PV panels increases from 568 to 

682 for minimum GTI. 

 The capital cost of the proposed system for 

meeting the cooling load of pomegranates 

is found to be maximum i.e., 214188$ 

followed by kinnow 200979$ and then 

potatoes 180266$ and Payback period of 

installed system is found to be minimum 

for kinnow and potatoes i,e. 12 years with 

annual cash inflows of 34209$ and 31081$ 

while the payback period of the system for 

pomegranates is found to be 16 years with 

annual cash inflows of 32833$. 

7 Recommendations 

The present study focused on energy and economic 

analysis of cold storage; however, it is 

recommended to conduct energy analysis by 

considering standardized factor of safety for cold 

storage walls and equipments. Furthermore, exergy 

analysis of proposed system should be performed to 

minimize energy losses and enhance system 

performance. It is also recommended that proposed 

system should be optimized by replacing single 

effect absorption cycle with double or multi-effect 

absorption cycle. 
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Table 1 Assumptions 

1. The walls, roof, and floor of the cold storage are considered to be airtight. 

2. Kinetic and potential energy changes are considered to be negligible. 

3. The heat transfer to/from ambient and pressure drops in the pipes are neglected. 

4. There are no pressure changes except through the flow restrictors and the pumps. 

5. The reference state temperature and pressure are taken to be 25 _C and 101.325 kPa, respectively. 

6. The refrigerant leaves the condenser as a saturated liquid and the evaporator as a dry saturated vapor. 

7. Solutions leaving the generator and the absorber are in a saturated condition corresponding to their 

respective temperatures. 

8. Both refrigerant and the solution valves are perfectly isenthalpic. 

9. The specific heat of all working fluids is constant. 

10. All systems components operate adiabatically. 

11. Temperatures of absorber and condenser are assumed to be 10C higher than the ambient temperature. 

12. Only components cost is considered for the economic analysis  

13. Components are assumed to remain functional for their defined life expectancy period, therefore is 

no need to replace any component. 
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Table 2 Storage conditions for commodities 

 

Table 3 Input Data 

Parabolic Trough Collectors 

Incident angle modifier, 𝒌𝒓                                                              1 

Reflectance/reflectivity of the mirror, 𝝆                                           0.94 

Intercept factor, 𝜸                                                                             0.93 

Transmittance of the glass cover, 𝝉                                                  0.96 

Absorbance/absorptivity of glass mirror, 𝜶                                     0.96 

Emittance of the glass cover, 𝜺𝒈                                                      0.86 

Single collector length (m)                                                              12.27 

Solar collector width (m)                                                                 5.67 

Stefan-Boltzmann constant                                                              5.67*10-11 

Emittance of receiver, 𝜺𝐑                                                                 0.15 

Receiver tube inner diameter (m)                                                    0.066 

Receiver tube outer diameter (m)                                                    0.07 

Glass cover inner diameter (m)                                                       0.115 

Glass cover outer diameter (m)                                                       0.121 

 

Vapor Absorption Refrigeration 

Evaporater Temperature(°C)                                                           6 

Generator Temperature(°C)                                                            90 

Condensor Temperature(°C)                                                          40 

Absorber Temperature(°C)                                                            40 

Concentration of libr in strong solution (%)                                 55 

Concentration of libr in weak solution  (%)                                  60 

 

Vapor Compression Refrigeration 

Data                                                        Potato     Pomegranate     Mandarins(kinnow) 

Storage temperature (℃)10                    7                 8 

Relative humidity (%)                            90-95          90-95                 90-95 

Harvesting time                                      Feb             Sep                     Nov 

Storage span                                           Mar-Sep     Oct-Nov             Dec-Jan 

Specific heat (kJ/kg.k)                            3.67            3.70                    3.90 

Bulk density (kg/m3)                              675             654.88                820  

Heat of respiration (W/kg)                      0.018          0.022                  0.024  
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Condenser Temperature(°C)                                                           40 

Evaporator Temperature(°C)                                                            0 

Refrigerant                                                                               R-410a 

Solar photovoltaic panels (SPV) characteristics under STC 

Nominal Maximum Power (W)                                                     150 

Open circuit voltage, Voc                                                                                            44.30 

Short circuit current, Isc                                                                                                   4.51  

Module efficiency (%)                                                                12.89 

 

 

Table 4 Economic data and components cost 

Parabolic trough collectors                                            234 $ per m2 

Solar photovoltaic panels                                              0.65 $ per Wp 

Balance of system cost                                                  2000 $  

Interest rate                                                                    12% 

Maintenance cost                                                           2% of initial investment cost 

Life expectancy of system (n)                                       25 years 

Salvage value                                                                 10% if initial investment cost 

Zstorage                                                                                                                    2.9 $ per quintal  

 

Table 5 Model Equations 

                                                 Vapour absorption System  

Component                 Energy Balance (ΣĖin = ΣĖout)                  Mass Balance (Σṁin = Σṁout) 

Evaporator                      �̇�𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟= ṁr (h2 -h1)                              ṁr = ṁ1ṁ1 = ṁ2 

Absorber                         �̇�𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟= ṁrh2 + ṁwsh6 – ṁssh3ṁ3            ṁssXss ṁss = Xws ṁwsṁss = ṁr + ṁws 

 Pump                              WPump =
𝑚𝑠𝑠

ɳ
(ℎ4 − ℎ3) ṁ3 = ṁ4 

Generator                        �̇�𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟= ṁrh7 + ṁwsh5 – ṁssh4                      ṁws = ṁ5ṁ5 = ṁ6 

Condenser                       �̇�Condenser = ṁr (h7 – h3)                                ṁ7 = ṁ8ṁ8 = ṁ1 

                                               Vapour Compression System 

Evaporator                      �̇�𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟
̇  = ṁ (h12 – h11)                          ṁ11 = ṁ12m12 = ṁvcr 

Compressor                    �̇�𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟= ṁ (h13 – h12)                           ṁ12 = ṁ13 

Condenser                      �̇�𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑜𝑟= ṁ (h13 – h14)                             ṁ13 = ṁ14 

Throttle Valve                h11 = h14                                                        ṁ13 = ṁ11 
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Abstract 

Currently, the building sector is the major energy consumer all over the world. Due to increase in population 

growth and urbanization the demand for energy is projected to increase. While it is essential to acquaint with 

sustainable building materials that reduces the energy needs. This study evaluates the thermal performance of the 

sustainable construction materials for the housing sector. Energy Modeling Tool is used for evaluating the 

performance for the moderate climate zone of Pakistan. Cooling and heating load for conventional and energy 

efficient building is calculated through “Passive House Planning Package”. The demand of energy for heating 

and cooling for conventional building is 26.4 Kwh/m2 and 109.2 Kwh/m2 correspondingly. For energy efficient 

building consumes 19.5 Kwh/m2 for heating and 87.2 Kwh/m2 for cooling. The comparison revealed that by 

integrating the sustainable materials on building envelope improves 47% of energy for heating and 35% for 

cooling as well. Moreover, type of building, building orientation, and weather conditions also important factors 

that effects consumption of energy throughout the building life cycle. 

Key Words: AAC Blocks; Energy Efficient; Energy Demand

1. Introduction 

The world's population is around 7.8 billion, with 

a rate of growth of 1.2% in year 2020 and by 2055 

it is predicted to reach 10 billion [1]. The global 

primary demand for energy is increasing day by 

day, from 1940-1965 this demand increased by 

nearly 100 qBtu and from 1990-2015 the 

increased was 196 qBtu. By 2040, it is estimated 

that energy demand will increase by 700 qBtu 

[2]. 

In the building industry, the requirement of 

energy is growing globally due to weather 

changes and the enhancement of modern building 

standards. The demand of energy, specifically in 

the residential buildings is an important part of 

the total utilization of energy in several countries. 

Multiple aspects influence the energy utilization 

in buildings like type of building and household 

specifications, availability of energy sources and 

policies. The building sector energy utilization 

varies from 20% to 40% [3]. The International 

Energy Agency states that the consumption of 

building energy in 2007 was 2759 Million tons, 

which is estimated to increase by 37% to 4400 

Million tons by 2050 [4]. This demand has 

previously risen by around 2 % yearly [5]. On the 

other hand, the residential buildings have been 

accounted for more than 60% of building 

consumption, whereas commercial buildings 

accountable for the rest [6].  

World Energy Consumption 

The rapidly growing global energy consumption 

over the last two decades is alarming and it 

significantly influenced the international energy 

sector by depletion of energy resources, energy 

shortfall due to difficulty in supply and adverse 

ecological impacts. The steady energy demand 

growth in the building sector (both residential 

and commercial) has surpassed other major 

energy demanding sectors such as industries, 

transport and agriculture. In developed countries, 

the 20% to 40% of final energy is consumed in 

the building sector [7]. The world’s overall 

energy consumption has increased by 30% 

during last twenty five years [8]. Future prospects 

are that by the end of the year 2056, global energy 

demand will increase three times due to 50% 

increase in the world’s population. Moreover, the 

economic growth will also be increased by five 

times [9]. The building sector, by utilizing 30 to 

40 % of world energy resources, stands third in 

ranking after industrial and agricultural sector 

[10]. Increase in population, urbanization rate, 

and income level, lifestyle, demanding higher 

level of comfort and more time spent inside the 
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buildings are the major factors contributing in 

overall building energy demand [11].  

 

Figure 1. Total World Energy Consumption by 

Source [4] 

Pakistan’s Energy Demand 

Pakistan was established in 1947 with limited 

generation capacity of 60 MW only. An 

incredible development in the energy sector was 

made in the first few decades after independence 

and approached at its peak till 1990. Later on, 

increasing energy demand associated with a 

rapidly growing population, urbanization trend, 

industrialization and economic growth 

propagated intolerable energy gap between 

supply and demand sides [12]. Dynamic growth 

in the country’s economy in 2005, tremendously 

increased the energy demand. The situation 

imparted negative impacts on the energy sector in 

the form of severe electricity shortfall, which was 

increased steadily from 5000 MW in 2010 to 

7000 MW in 2013. With this rate, the shortfall is 

expected to approach 13,000 MW in 2020. 

Pakistan is a developing country and its 

residential sector, and through consumption of 

final energy about 46-48% is holding top most 

position as compared with other sectors. 

However, the consumption of  energy in 

developed countries, ranges from 20%  to 25% 

and holds third or fourth position [13]. 

2. Methodology 

3D Model of building is generated through 

google sketup and imported to the PHPP. In this 

study “Passive House Planning Package” is an 

energy Modeling tool use to find out the annual 

demand of energy for the building. Two differnet 

model of building is generated for the compaison 

of their thermal performance.  

 

Figure 2. Methodology Flow Diagram 

Site Selection and Climate Condition 

The study includes three different climate zones 

and different geographic locations available in 

Pakistan. But only one site was selected that had 

moderate climate conditions. The exact location 

of the site on Google maps is 33°41´12.9´´ 

(North) and 72°49´00.8´´ (East). The size of the 

building is 30´x60´. The local climate data for the 

whole year was retrieved from website of 

Pakistan Meteorological Department (PMD) to 

support passive design strategies. 

 

Figure 3. Climate Condition of Selected Site 

Building Layout 

Building layout (Shape and Orientation) is the 

most important parameter of passive technique. 

Building shape depends upon external conditions 

of selected site. The building orientation is more 

important because it depends on the solar 

radiations. Passive building design optimizes the 

exposure of building towards the sun to 

maximize the solar heat gain in winter and 

minimize in summer. Annual sun path changes 

should consider during designing of the building. 
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Due to the geographical location of Pakistan on 

earth, the sun remains sunny and hot for the 

maximum time of year. In this study demand of 

energy for the building was calculated for  

building facing South. 

 

Figure 4. Sun Path Chart of Selected Site 

Model Development 

Comparison of energy consumption in 

conventional building and energy efficient 

buildings a model was developed. For this 

purpose construction material and passive 

techniques were adopted in the existing 

buildings. A reference building was selected in 

Islamabad for analyzing the annual energy 

demand. A 3D model was developed in PHPP for 

energy efficient home design.  

 

Figure 5. 3D Model of Building 

Construction Material 

The main target of this study is to explore the 

energy efficient, cost effective and 

environmentally friendly construction material 

known as AAC Block in construction instead of 

clay brick. The model needs the thermal 

conductivity of the material for determination of 

annual energy demand. 

Energy Balance 

Space heating and cooling are term as the basic 

components of energy balance.  Heat passes 

through the walls is balanced at point where heat 

reject equal to heat supplied. 

𝑄𝐿𝑜𝑠𝑠𝑒𝑠 = 𝑄𝐺𝑎𝑖𝑛𝑠 

 𝑄𝑇 + 𝑄𝑣 = 𝑄𝑠 + 𝑄𝐼 (1) 

The demand of space heating for the building is 

calculated by 

 𝑆𝐻𝐷 = 𝑄𝐿𝑜𝑠𝑠𝑒𝑠 − 𝑄𝐺𝑎𝑖𝑛𝑠 (2) 

In this study, monthly system was utilized to 

accomplish energy balance for each month of the 

year to calculate accurate annual demand of  

heating. 

The following equation is used to determine 

yearly heat losses for each building constituent 

that makes up the thermal envelope. 

 𝑄𝑇 = 𝐴 × 𝑈 × 𝑓𝑇 × 𝐺𝑡 (3) 

The below equation is used to determine heat 

losses ventilation. 

 𝑄𝑣 = 𝑉𝑣 × 𝑛𝑣 × 𝐶 × 𝐺𝑡 (4) 

The building's overall heat losses are estimated 

by summing transmission and ventilated heat 

losses. 

 𝑄𝐿 = 𝑄𝑇 + 𝑄𝑣 (5) 

Emission of heat from sources such as occupants, 

physical/metabolic activities, lighting devices 

and miscellaneous household devices such as 

computers, laptops and appliances cause internal 

heat gains. In PHPP, the internal heat gain is 

calculated using the equation. 

 𝑄𝐼 =
𝐾ℎ

𝑑⁄ × (𝑑 𝑎⁄ ) × 𝑞𝑖 × 𝑇𝐹𝐴  (6) 

Solar heat gain can be calculated by using the 

following equation. 
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 𝑄𝑆 = 𝑟 × 𝑔 × 𝐴𝑤 × 𝐺 (7) 

The sum of internal and solar heat gains are 

called free heat gains. It can be calculated by 

using an equation. 

 𝑄𝐹 = 𝑄𝐼 +𝑄𝑠 (8) 

The share of the free heat gain utilized in space 

heating is called useful heat gains and is 

calculated using the equation. 

 𝑄𝐺 = 𝜂𝐺 × 𝑄𝐹 (9) 

The difference between free heat gain and useful 

heat gain gives the non-useful heat gain, which is 

actually lost across different components of the 

building envelope. Mathematically, 

 𝑄𝑁 = 𝑄𝐹 − 𝑄𝐺 (10) 

Table 1. Thermal Resistance of Building Envelope 

Building Component Material 
Thickness 

(mm) 

U-Values 

(W/m2K) 

Conventional Building 

External plaster 9.52 

0.345 Clay brick 200 

Internal plaster 9.52 

Energy Efficient Building 

External plaster 9.52 

0.28 
AAC block 200 

Internal plaster 9.52 

Polyurethane 50 

Partition Walls(EEB) 

External plaster 9.52 

0.507 
AAC block 100 

Internal plaster 9.52 

Polyurethane  25 

Roof 

Concrete 12 

0.461 
XPS  25 

RC Slab 125 

Cement Mortar 9.52 

The computational difference between total heat 

losses (transmission + ventilation) and useful 

heat gains gives the annual heating demand of the 

building. Mathematically, 

 𝑄𝐿 = 𝑄𝐿 − 𝑄𝐺 (11) 

The computational difference between useful 

heat losses (transmission + ventilation) and free 

heat gains gives the useful cooling demand of the 

building. Mathematically, 

 𝑄𝐶 = 𝑄𝐹 − 𝑄𝐿,𝑛 (12) 

Thermal Resistance of Building 

The Thermal resistance of building envelope 

such as extranal walls, roofs, etc were used in this 

study. Table 1 lists the various building 

envelope components, together with their 

thickness, thermal conductivity, and computed 

"U-values". 

3. Results and Discussions 

The building energy demand analysis was 

performed by an energy modeling software 

PHPP for a reference building in moderate 

climate zones in Pakistan. Annual heating and 
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cooling demand of conventional construction 

material (Clay Brick) and energy efficient 

building material (AAC) was determined.  

Conventional Building Material 

For conventional building clay brick was used as 

construction materials of walls having south face 

was selected to calculate the yearly cooling and 

heating requirement. through PHPP. 

Energy Balance (Heating) for 
Conventional Building Material 

In PHPP's "Heating Worksheet," the energy 

balancing is computed for cooling and heating 

months. All the calculations are based on thermal 

capacity and the radiation balance of different 

building components. The values of different 

variables involved in heating balance are 

automatically retrieved from corresponding work 

sheets. Figure 6 visually depicts the energy 

balancing during heating season, giving a rapid 

summary of yearly heating requirements. 

 

Figure 6. Energy Balance (Heating) for 

Conventional Building Material 

The major heat loss of 15.1 KWh/m2, 11.8 

KWh/m2 takes place across the roof and external 

walls correspondingly throughout heating 

periods. Through the windows, 1.3 KWh/m2 of 

heat is lost. The annual heating demand of 

Conventional building having clay brick wall 

structure is 26.4 KWh/m2. 

Figure 7 depicts monthly particular demand of 

heating, total heat losses as well as surpluses for 

every month. 

 

Figure 7. Monthly Specific Heat Losses and Gains 

of Conventional Building Material 

The building's heating demand begins in 

November and December having values of 1.7 

KWh/m2 and 15.9 KWh/m2, correspondingly, 

and rises to a peak of 13.9 KWh/m2 in January 

eventually having dropped to 7.1 KWh/m2 in 

February. 

Energy Balance (Cooling) for 
Conventional Building Material 

The energy balance for months of summer 

determines the cooling request of the building. 

The demand of cooling for the building is 

grounded on heat load of the building. Solar and 

internal heat gains are the major source of heat 

load. The component wise heat losses, heat loads 

and useful cooling demand for summer months is 

indicated on the energy balance diagram shown 

in Figure 8. 

 

Figure 8. Energy Balance (Cooling) for 

Conventional Building Material 
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Figure 8 illustrates the loads of solar heat for 

buildings are 36.3 KWh/m2, whereas  3.34 

KWh/m2 and 2.7 KWh/m2 are the losses of heat 

through the roofs and exterior walls, 

correspondingly. 1.12 KWh/m2 of heat is lost via 

the floor slab. An effective demand of cooling 

109.2 KWh/m2 is needed/year for the 

building baseline (cooling period). 

Figure 9 depicts the particular cooling 

requirement, total losses of heat, solar, and 

interior heat demands for every month. 

 

Figure 9. Useful Cooling Demand Losses, Gains of 

Conventional Building Material 

The particular demand of cooling for the 

building is 6.9 KWh/m2 in April and 18.4 

KWh/m2 in May. The warmest months are June 

and July, having a demand of cooling 21.0 

KWh/m2. In August - September, the cooling 

requirement is lowered to 18.8 KWh/m2 and 15.1 

KWh/m2, correspondingly. Ultimately, the 

cooling season ends in October, with a demand 

of cooling 6.6 KWh/m2. 

Efficient Energy Building Material 

For energy effectual building AAC Blocks were 

used as construction materials of walls having 

south face was selected to calculate the yearly 

cooling and heating requirement. through PHPP. 

Energy Balance (Heating) for Energy 
Efficient Building Material 

In PHPP's "Heating Worksheet," the energy 

balancing is computed during months of heating. 

Figure 8 visually depicts the energy balance over 

the period of heating, giving a rapid summary of 

yearly demands of heating. The major heat loss 

of 15.1 KWh/m2 takes place across the roof 

during heating periods. AAC blocks are highly 

thermal insulated so the heat losses through the 

walls are very small. Heat loss of 4.1 KWh/m2 

takes place through the windows. Furthermore, 

the building gains 1.3 KWh/m2 and 2.4 KWh/m2 

of solar and interior heat respectively throughout 

the heating season. Now the yearly demand of 

heating for Conventional building having AAC 

block wall structure is 19.5 KWh/m2 which is less 

than clay brick building.  

 

Figure 10. Energy Balance (Heating) for Energy 

Efficient Building Material 

Monthly definite demand of heating, total heat 

gains and losses for each month and shown in 

figure 11. 

 

Figure 11. Monthly Specific Heat Losses and 

Gains of Energy Efficient Building Material 

The building's heating demand starts at 7.1 

KWh/m2 in December, rises to 10.3 KWh/m2 in 

January, and then drops to 5.2 KWh/m2 in 

February. During summer months, the specific 

heat losses are negative, which means no heat 

loss rather external heat transfer inside of the 

building across building envelope components. 
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Energy Balance (Cooling) for Energy 
Efficient Building Material 

The energy balance for summer months 

determines the demand of cooling for the 

building. The cooling demand of the building is 

based on heat load of the building. Solar and 

internal heat gains are the major source of heat 

load. The component wise heat losses, heat loads 

and useful cooling demand for summer months is 

indicated on the energy balance diagram shown 

in Figure 12. 

 

Figure 12. Energy Balance (Cooling) for Energy 

Efficient Building Material 

Figure 12 indicates that solar heat loads for 

building are 22.2 KWh/m2. The heat losses across 

the external walls and roofs are 0.32 KWh/m2 

and 0.98 KWh/m2 respectively. The heat loss 

across the floor slab is 1.12 KWh/m2. For the 

building baseline, a useful cooling demand of 

87.2 KWh/m2 is required per year (period of 

cooling).  For extraction the generated heat inside 

the building to achieve an optimal degree of 

interior comfort, which is significantly less than 

clay brick and hollow block structures. 

Figure 13 depicts the particular demand 

of cooling, total heat losses, internal and solar, 

heat loads for each month. 

The particular demand of cooling for the 

building is 5.4 KWh/m2 and 14.8 KWh/m2 in 

April and May, correspondingly. The 

warmest months, June - July, having a 

demand of cooling 16.9 KWh/m2. In August- 

September, the cooling requirement is 

lowered to 15.1 KWh/m2 and 12.1 KWh/m2, 

correspondingly. The negative values of 

specific heat losses during the cooling 

months from May to Sep is because the 

direction of heat flow is reversed (outside to 

inside) due to negative temperature 

difference between internal and external 

climate. 

 

Figure 13. Monthly Specific Cooling Losses and Gains of Energy Efficient Building Material 

Thermal Performance of Sustainable 
Materials 

For dynamic evaluation, performance energy 

assessments of newer energy efficient materials 

and old materials were presented in this study. 

The results reveal that by employing energy 

efficient materials on the building exterior, 

energy efficient buildings have a big potential to 

save a large amount of energy.
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Table 2. Comparison of Conventional and Energy efficient Buildings 

  Conventional Building Energy Efficient Building   
ED Parameters CB EB % EI CB EB % EI 

Heating 

(KWh/m2a) 

Heating demand 26 4 

25% 

19 3 

35% 

Internal gains 2.4 2.4 2.4 2.4 

Solar gains 1.1 1.1 1.1 1.1 

Window losses 1.32 1.28 1.32 1.28 

External wall 

losses 
11.81 1.95 4.92 1.58 

Ventilation 

losses 
0.9 0.9 0.9 0.9 

Cooling 

(KWh/m2a) 

Cooling demand 109 25 

40% 

87 23 

47% 

Internal heat 

loads 
20 20 20 20 

Solar heat loads 36.3 10.3 22.2 9.5 

Window losses 0.3 3.05 0.9 3 

External wall 

losses 
4.62 2.89 3.69 0.32 

Ventilation 

losses 
-0.4 6.3 -0.4 6.3 

4. Conclusion 

This article totally focused on the evaluating the 

performance of the building materials. The 

investigation shows that energy losses and gains 

through the building envelope. By integrating the 

sustainable building materials such as AAC 

blocks on the building envelope reduces the 

energy consumption up to 45% of the operational 

energy. Conventional buildings made with Clay 

bricks and Hollow blocks needs a higher amount 

of energy to achieve the comfort level during 

winter and summer season. Thermal conductivity 

of clay brick is high, so the heat losses and gains 

are larger. AAC blocks are itself thermal 

insulator and hence heat loss and gain through 

AAC block wall structure are less and need 

almost 10 to 15% less energy than other 

construction materials. The energy improvement 

of building in period of cooling can be enhanced 

expressively by infiltration prevention. Building 

type and orientation, weather condition also 

important factors that directly effects on the 

performance of the building. 
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Abstract 

In the current work, biodiesel as a liquid and Magnesium Oxides (MgO) nanoparticles as solid fuel additives were 

added in varying concentrations to conventional diesel for preparing diesel-biodiesel- nanoparticles (DBN) 

blends. The engine performance was comparatively evaluated using brake-specific fuel consumption (BSFC) and 

brake thermal efficiency (BTE) in the speed range of 1000-2000 rpm and at loads of 30 and 45%. Biodiesel 

addition to diesel in concentrations of 3,6,9,12 and 15 % proved unfavorable for BSFC while beneficial with BTE. 

However, the addition of Magnesium Oxide (MgO) in concentrations of 25, 50, and 75 ppm to DB blends improved 

BSFC and BTE, with BTE showing an average increment of 8.1 and 8.2% for 25 and 75 ppm respectively 

compared to the case of DB blends. Moreover, a deep learning application was implemented for designing eight 

distinctive Artificial Neural Network (ANN) prediction models with Levenberg-Marquardt training function and 

hidden layer neurons in the range of 8-17. The comprehensive statistical evaluation rendered model with 15 

neurons (N15) as most accurate owing to Mean Root Error (MRE), Root Mean Square Error (RMSE), and 

coefficient of determination (R-square) values of 0.882, 4.28, and 0.9758 for BSFC while 0.922, 0.240 and 0.9728 

for BTE. Further, the predicted results of N15 were incorporated in Response Surface Methodology (RSM) 

numerical optimization. The optimum operating conditions identified were speed of 1000 rpm, 15% biodiesel, 

45% engine load, and 57 ppm of MgO corresponding to BSFC of 337.857 g/kWh and BTE of 23.035%. The 

composite desirability (D) of the optimization model was 0.9989 which validated the accuracy of the obtained 

results. Thus, the integrated use of experimental data, ANN, and RSM could be used for optimizing the 

performance parameters of engine operation without the investment of capital. 

Key Words: Biodiesel; Nanoparticles; Artificial Neural Network; and Response Surface Methodology 

and Optimization. 

1 Introduction 
The severe issues of depleting fossil fuels and 

deteriorating environment have initiated the need 

for alternative energy resources [1-3]. On one 

side, the diesel engine is a reliable technology 

and is excessively used for power generation in 

the agricultural and industrial domains [4]. 

However, at the same time, it is a prime 

contributor to global warming and pollution due 

to the hazardous emissions causing acute 

respiratory diseases [5-7].  

Biodiesel as an alternative fuel for power 

production in the automotive sector has shown 

promising results in terms of its potential to 

replace conventional diesel and to meet the 

stringent emission standards [8, 9]. The recent 

years have witnessed the rising interest of 

researchers towards feasible large-scale biodiesel 

production from environmentally friendly 

methods [10-12]. Moreover, nano solid fuel 

additives were proved worthy of enhancing the 

performance attributes of biodiesel-diesel blends 

[13]. The comprehensive literature review in 

Table 1 presents the improvement in engine 

performance characteristics with the addition of 

1st, 2nd, and 3rd generation biodiesel and metal 

additives to neat diesel as well diesel-biodiesel 

blends. The studies conducted showed that by 

mixing minute quantities of biodiesel and metal 

nanoparticles with diesel, its combustion 

properties are improved to a considerable extent 

[24]. The biodiesel blends shown in Table 1 are 

mostly obtained from transesterification of 

natural oils including canola, palm, soybean, 

corn, and sunflower [25, 26]. The addition of 

biodiesel facilitates smooth combustion due to 
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the presence of oxygen in its structure [27]. The 

most obvious benefit of this fuel additive is that 

its physical and chemical properties are 

comparable to neat diesel which smoothens its 

way of easy utilization in compression ignition 

(CI) engines without any modification. However, 

this liquid additive consequently affects fuel 

economy and increases emissions and must be 

potentially addressed. 

Table 1 Performance of CI engine with different fuel blends 

Biodiesel Source 
Author 

Reference 
Additive Type BP BSFC BTE 

  Liquid Additives Blend Average Trends  

Waste Sunflower Oil [14] DB5 and DB20   - - 

Mahua Oil  [15] DB20, DB40, DB60, DB,80 -     

Canola Oil [16] DB5, DB10, DB50 -     

Fish Oil [17] DB30, DB20 - -   

Castor [18] DB10, DB20, DB30     - 

Metal Nanoparticles 

Type 
 Metal Additives Blend    

CeO2 [19] CeO2 + DB5, DB10, DB15 -     

Mn [20] D + 4ppm Mn, D + 8 ppm Mn -   - 

Aluminum Oxide [21] D + 50 ppm Aluminum Oxide -     

Aluminum, Iron and 

Boron  
[22] 

D + Aluminum (30-60 ppm) 

D + Iron (5-15 ppm) 
-     

Titanium Oxide  [23] Palm oil BD + 25 ppm     - 

DB – Diesel Biodiesel Blends 

D – Neat Diesel 

ppm – parts per million 

 

The most effective and reliable method of 

catering to the mentioned problems is the use of 

metallic and non-metallic fuel additives. Many 

such studies have been conducted to evaluate the 

effects of nanoparticles including Aluminum 

Oxide (Al2O3), Manganese (Mn), and Copper 

Oxide (CuO) [28].  In addition to providing 

enhanced surface area, these additives improve 

heat transfer owing to higher metallic 

conductivities offered by the metallic portion of 

fuel [29]. Among such nanoparticles, 

Magnesium Oxide (MgO) has shown promising 

results in terms of engine performance 

improvement and emission reduction both for 

gasoline and diesel engines. Farzin Zamankhan 

et.al comparatively evaluated the effect of MgO 

and CeO2 nanoparticles addition on gasoline 

properties and engine performance. They 

deduced that engine operation at lower speeds 

and MgO resulted in lesser emissions [30]. 

Similarly, Ali et.al evaluated the diesel engine 

performance and emissions by the addition of 

magnesium and molybdenum-based metal 

additives to tall oil biodiesel. He reported that for 

DB60 and metal additives of Mg and Mo, BSFC 

slightly decreased when compared to neat diesel 

[31]. Moreover, recent advancements have also 

witnessed biodiesel production from microalgae 

[32, 33]. In this context, Bradley conducted the 

comparative evaluation of engine performance 

and emissions with biodiesel prepared from 

microalgae, yeast and bacteria. He reported that 

maximum BSFC was found for biodiesel sources 

from algae [34]. 

This study investigates the performance 

characteristics of a 4-stroke diesel engine by 392 

different combinations of diesel, liquid additive 

(biodiesel), metal additive (MgO), engine speed, 

and engine load. The response variables for the 

analysis are BSFC and BTE. The obtained 

experimental results were validated in light of 

published literature. Moreover, a deep learning 

application was implemented using MATLAB 

for creating eight different ANN prediction 

models with the capability of predicting the 
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variables under consideration. Prior to ANN, a 

correlation study was conducted for estimating 

the involvement of varying factors on the output 

parameters. Later, the statistical performance of 

all models was evaluated based on MRE, RMSE, 

and correlation coefficient, and the best-

performing model was identified. Finally, ANN 

results were integrated with RSM for identifying 

the optimum conditions of speed, load, blend 

amount, and additive concentration. The main 

novelty of the research is the combined use of 

deep learning and statistical technique for 

predicting and optimizing engine performance 

regarding desirable values for involved study 

factors. 

2 Methodology  

This section presents biodiesel preparation, 

blends formulation, adapted engine testing 

scheme, and ANN modeling nomenclature. 

2.1 Test engine specifications 

The engine used for the testing purposes was a 

GEW-80/DWE-60/150-P water-cooled, 4-

cylinder diesel engine. An eddy current 

dynamometer with the maximum absorbing 

power of 150 hp was coupled with the engine for 

controlling the load, speed, and torque. Figure 1 

shows the schematic of the experimental setup 

while specifications of the test engine and 

dynamometer are listed in Table 1. 

 

Figure 1 Schematic of the experimental setup 

Table 2 Specifications of equipment  

Characteristic Specification 

Engine Manufacturer Toyota 

Bore (mm) 89 

Stroke (mm) 92 

Volume of Cylinder (L)  2.289  

Number of Cylinders 04 

Peak Torque (N.m.) 134.35 at 2000 rpm 

Maximum Output (Watts) 54.43 

Dynamometer Model DWE-60 

Dynamometer Absorbing Power (Kw) 110 

Dynamometer Maximum Speed (rpm) 13000  
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2.2 Biodiesel preparation 

For the present work, biodiesel was prepared 

from waste cooking oil through 

transesterification with methanol in the presence 

of a catalyst. The cooking oil samples were 

collected from the University of Engineering and 

Technology, Lahore cafeteria, and were stored in 

the containers of a capacity of 3.5 liters. The 

process flow diagram for biodiesel preparation is 

shown in Figure 2. First, the suspended 

impurities were removed from collected samples 

of cooking oil by filtering it twice using a filter 

cloth with a mesh size of 2mm. Second, the 

purified oil was placed in a transesterification 

reactor operating in the temperature range of 50-

60 0C. The methanol was added to the oil in a 6:1 

molar ratio. Moreover, 47 grams of catalyst was 

added to the reactor for every 2 liters of methanol 

addition. The oil and methanol mixture were 

continuously stirred at speed of 250 rpm for a 

complete one hour at a designated temperature 

range. Finally, the products of the reaction (ester 

and glycerol) were separated by means of a 

measuring flask, and the ester was washed, 

filtered and purified. The biodiesel obtained was 

then heated up to temperatures of 100 0C for 

purification. 

Figure 2 Biodiesel preparation 

2.3 Fuel blends preparation 

The engine performance, brake-specific fuel 

consumption, and thermal efficiency were 

recorded at various combinations of engine 

speed, diesel-biodiesel blends, engine load, and 

magnesium oxides metal particle concentrations. 

First, the engine was tested on 100% diesel in the 

speed range of 1000-2000 rpm with an increment 

of 100 rpm at each step, at loads of 30 and 45%. 

Later, the same scheme was used for testing with 

a distinctive combination of blended fuels and 

magnesium oxide metal particles. The 

comprehensive testing scheme employed for the 

current work is shown in Table 3. 

Table 3 Testing scheme 

Specification Description 

DB3, DB6, DB9, DB12, DB15 
Diesel with 3, 6, 9, 12, and 15 by volume 

biodiesel concentration 

DB3, DB6, DB9, DB12, DB15, DB18 and 

M25, M50, M75 

Diesel with 3, 6, 9, 12, and 15 by volume 

biodiesel concentration and 25, 50 and 75 ppm 

of MgO metal particles 

Engine speed 
1000-2000 rpm 

(Increment of 100 rpm) 

Engine load 30 and 45% 

Performance parameters 
Brake specific fuel consumption, 

brake thermal efficiency 
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2.4 ANN modeling 

The performance parameters of the engine were 

predicted through the application of Artificial 

Neural Network Models (ANNMs). MATLAB 

2021 nn-toolbox was used for creating 8 different 

models with each having a varying number of 

neurons in the hidden layer. The feedforward 

backpropagation network was used with the 

Levenberg-Marquardt training algorithm. 

Moreover, the percentages of 70, 15, and 15% 

were designated for training, testing, and 

validation of test data. The regression plots and 

error histograms were plotted for each model for 

the in-training process. Similarly, the outputs of 

all models were comparatively analyzed in the 

post-training process using correlation 

coefficient and mean relative error for identifying 

the most accurate model. The nomenclature of 

ANNMs and the associated attributes are listed in 

Table 4. 

Table 4 ANNMs attributes 

Specification Description 

N8, N9, N10, N11, N12, N13, N15, N17 
The digits designate the number of neurons 

in the hidden layer 

Training Algorithm Levenberg-Marquardt 

Epochs 200 

In-Training Performance Plots Regression and error histograms 

Post-training performance parameters 
Mean Relative Error (MRE), Root Mean 

Square Error (RMSE), R-square 

Data Distribution 
70% Training, 15% (Testing) and 15% 

(validation) 

Stopping Criteria Minimization of mean square error 

3 Results and Discussion  
This section presents the results of experimental 

findings, Artificial Neural Network Modelling, 

and statistical optimization associated with 

Response Surface Methodology based 

optimization.  

3.1 Experimental results for BSFC 

The variation patterns of BSFC with engine 

speed and biodiesel blends at lower loading 

conditions are shown in Fig.3 (a). The 3D surface 

of BSFC is seen following an increasing trend 

with the addition of biodiesel at each testing 

condition. The maximum and the minimum fuel 

economy conditions were found at the least 

operating speed of 1000 rpm and 3 percent by 

volume blend i.e., DB3. The observed pattern 

could be attributed to the inherent lower heating 

value of biodiesel additive and its viscous nature. 

The addition of additive (biodiesel) to fuel 

(diesel) lowers the overall heating value, causes 

poor combustion, and provides a rich air-fuel 

mixture for combustion [35, 36]. All these factors 

collectively contribute to compel the engine to 

consume more fuel. Similarly, the BSFC 

variations at higher loading conditions are shown 

in Fig.3(b). A trend similar to the previous case 

is observable, however, the less steep curve 

validates the lower incremental increase at each 

step. Moreover, for a load of 45% BSFC 

improved significantly as indicated by the curve 

position at lower numerical value along the 

ordinate. The reduced BSFC at a higher load is 

due to improved combustion inside the cylinder. 

In addition, the effect of blending Magnesium 

Oxide metal nanoparticles with fuel in three 

different concentrations on the fuel economy at 

lower and higher engine loads has been studied 

and is shown in Fig.3(c) and Fig.3(d). Both 

surfaces show an increasing-decreasing trend 

with MgO blends and engine speed. The 25ppm 

MgO addition showed an average BSFC of 391.3 

g/kWh which is similar to the case of DB blends 

only. However, the BSFC improved by 8.1 and 

8.2% for concentrations of 50 and 75 ppm 

154



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

blended biodiesel. The oxygen content provided 

by metal nanoparticles facilitates complete 

combustion, resulting in reduced consumption of 

fuel compared to diesel-biodiesel blends. Thus, 

the blending of MgO nanoparticles emerged 

favorable for improving BSFC at all test speeds 

[31]. 

3.2 Experimental results for BTE 

Another important engine performance 

parameter studied is brake thermal efficiency 

which relates transmitted power to engine 

braking power. The variations of BTE with 

engine speed and biodiesel blends for two 

different engine loads are shown in Fig.4 (a) and 

(b) where the varying factors were speed, load, 

blend and metal nanoparticles were assigned the 

coded alphabets of A, B, C, and D respectively. 

The 3D surface demonstrates that the addition of 

biodiesel to diesel improved BTE for all blended 

test fuels at a load of 30%. The biodiesel addition 

as an additive improves the overall oxygen 

content of the fuel which consequently improved 

the combustion inside the cylinder and BTE [14]. 

Similarly, the BTE variations at a load of 45% 

were found following a similar trend. However, 

the surface is visibly located higher position 

along the ordinate; demonstrated by an average 

5.14% increased BTE. Another important aspect 

of BTE variations was considered through a 

blend of metal nanoparticles with DB fuels, as 

shown in Fig.4. (c) and (d). The MgO addition in 

all concentrations significantly improved BTE. 

The average increase of 8.14 and 8.3% was 

observed for the MgO concentrations of 50 and 

75 ppm respectively compared to neat diesel. The 

improved BTE with metal nanoparticles is due to 

accelerated Air fuel mixing and effective burning 

of fuel. Moreover, the increased oxygen content 

eases the quick release of heat during the 

combustion which boosts BTE compared to 

unblended fuel.  

 

  

Figure 3 Variation of BSFC with engine speed for (a) low load (b) high load (c) low load and MgO (d) high load and MgO 

(c) 
(d) 

(a) (b) 
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Figure 4 Variation of BTE with engine speed for (a) low load (b) high load (c) low load and MgO (d) high load and MgO 

4 Artificial Neural Network 
Modelling (ANNM) 

Over the years, the promising reliability of deep 

learning has opened up room for its application 

in complex engineering processes [34]. It is a 

type of machine learning based on a mechanism 

similar to human thinking and processing ability 

[36, 37]. In this, Artificial Neural Networks 

(ANNs) learn from a large amount of data using 

designed algorithms, train and validate itself and 

give the predicted results in relation to input data. 

Its structure is essentially composed of three 

layers: input, hidden, and output. The network 

type, training parameters, and algorithm have to 

be carefully selected in the context of the data 

available at hand. The number of neurons in the 

hidden layer is central to the performance of a 

designed network and is selected utilizing an 

iterative approach through a comparative 

evaluation of each model based on statistical 

parameters. In the current work, eight ANN 

models have been developed with engine speed, 

load, blend amount, and particle concentration 

designated as variables in input layers, 8-17 

neurons in hidden layers, and BSFC and BTE 

designated as target variables. The complete 

structure of a single ANNM is shown in Fig.5. 

(d) (c) 

(a) 

(b) (a) 
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Figure 5 ANN structure 

4.1 Correlation study 

Prior to training models in the MATLAB 

environment, a comprehensive study of 

correlations among the involved input and target 

variables was conducted. Correlation is an 

estimation of the strength of the relation between 

the variables involved. Its value is in the range of 

[-1,1] with end extremes negative and positive 

extremes indicating the strong negative and 

positive correlation respectively. The heat map 

showing the correlation coefficients for the 

current work is shown in Fig.6. It is evident that 

all the input variables to some extent are affecting 

BSFC and BTE and any model developed would 

have significant contributions from these. The 

input variable, load, is showing a negative 

correlation with BSFC while a positive 

correlation with BTE. This simple visualization 

established that with increment in load, BSFC 

would decrease while on the other hand, BTE 

would increase. Moreover, the heatmap also 

shows that biodiesel blend amount as an additive 

is more strongly correlated to fuel economy 

comparable to the engine efficiency. 

 

         Figure 6 Heatmap for correlations 
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Table 5 Key performance parameters for each model   

4.2 ANNMs results 

The prediction of BSFC and BTE through 

different neural networks were comparatively 

evaluated on statistical grounds in the post-

training phase for the selection of an appropriate 

model. The key performance parameters were: 

Mean Root Error (MRE), Root Mean Square 

Error (RMSE), and coefficient of determination 

(R-square). The parameters mentioned were 

evaluated for each model and are listed in Table 

5. The MRE for the BSFC was in the range of 

[0.882-1.269] while for BTE the range band was 

[0.922-1.64]. Similarly, R-square for BSFC was 

in the range of [0.9542-0.975] while for BTE the 

results were more promising with the narrow 

range of [0.938-0.972].  

 

 

For ease of identifying the best performing 

model, the pie-charts and R-square plots for 

BSFC and BTE were plotted and are shown in 

Fig.7 (a-c). The MRE pie charts drawn for BSFC 

and BTE (Fig.7(a and b)) show the percentage 

contributions of all models on a scale of 100% 

along with the numerical values. The charts show 

that with the least percentages contribution of 

10.2 and 9.2% for BSFC and BTE, the ANN 

model with 15 neurons in hidden layers (N15) 

stands with the best accuracy of predicted results. 

Moreover, the second-best predicting model was 

N12 with MRE values comparable to those of 

N15. Similarly, the same results are observable 

from Fig.7 (c) where the maximum correlation 

coefficient turned out for N15 both for BSFC and 

BTE. 

 

 

ANN Models 

Nomenclature 
BSFC (g/kWh) BTE (%) 

 MRE RMSE R2 MRE RMSE R2 

N8 1.125246 5.28528 0.962466 1.641711 0.443782 0.906117 

N9 1.225916 5.766664 0.95543 1.294927 0.328509 0.949118 

N10 1.269148 5.827143 0.954271 1.410664 0.36156 0.938732 

N11 1.056867 4.901508 0.967872 1.284496 0.334629 0.947263 

N12 0.948899 4.499511 0.972988 1.260071 0.329571 0.949759 

N13 1.012387 4.670868 0.970796 1.067885 0.269676 0.965951 

N15 0.881586 4.279592 0.975799 0.922863 0.242022 0.972772 

N17 1.101242 5.140885 0.96618 1.18636 0.305715 0.95709 
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Figure 7 (a) Pie chart of MRE for BSFC (b) Pie chart of MRE for BTE and (c) R-square plot of 

trained ANN models 

 

In the context of comparative evaluation, 

ANNMs results were also visualized during in-

training phases. First, all the trained models were 

evaluated based on their performance validation 

graphs and error histograms. The criteria selected 

for the performance validation was the target 

minimization of mean square error (MSE) to 10-

7 for all three phases i.e., training, testing, and 

validation. Fig.8 shows the decreasing curves for 

MSE merging with the minimum error line at 

epoch number 47. All the three curves after 

certain runs have become parallel, indicating the 

constant MSE over the remaining iterations. 

Moreover, the efficient performance of all phases 

of ANN is gauged by the maximum clustering of 

residuals around zero. Error histogram with 20 

bins in Fig.8 (b) shows that the error range for the 

neural network is [-16.98, 10.55] with each bin of 

size 1.3765 units. The vertical axis signifies the 

samples from each data set lying in a particular 

bin. For the bin corresponding to residual 0.4056, 

300 samples from the training, 46 samples from 

validation, and 40 samples from test data sets 

have errors in this range. Thus, both the in-

training performance validation and error 

histograms reinvigorate the selection of N15 for 

accurate predictions of BSFC and BTE. 

(a) (b) 

(c) 
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Figure 8 (a) IN-training Performance validation of Model N15 and (b) In-training error histogram of Model N15 

 

Similarly, the performance of N15 based on 

individual predictions of variables (BSFC and 

BTE) has also been studied through histograms 

plots with normal distribution curves. The errors 

matrices of variables obtained from ANN were 

graphed in the theme of the normal distribution 

as a cross-check for validation and are shown in 

Fig.9 (a) and (b). The difference of output and 

input for BSFC were in the range of [-15,10] 

while for BTE it was in the range of [-0.8,1]. The 

instances for fuel economy along the ordinate 

show that 74 samples have an error the in 

proximity of zero. Similarly, for thermal 

efficiency, 110 samples are found with an error 

approximately equal to zero. Moreover, the 

pattern of error matrices is following a normal 

distribution curve with BSFC showing skewness 

towards right while BTE is skewed towards the 

left. Therefore, the comprehensive post training 

and in-training results 

render model N15 highly accurate and reliable for predicting the exact fuel economy and efficiency. 

 

 
 

Figure 9 Error histogram for (a) BSFC and (b) BTE 

(a) 
(b) 

(a) (b) 
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5 RSM Based Optimization 

5.1 Optimization setup 

Response surface methodology-based 

optimization has seen an immense rise in its 

utilization during recent years [38]. Its reliability 

has provided an easy way of optimizing complex 

systems with multiple factors and responses. In 

the present work, the results of the most accurate 

ANN model (N15) were used for identifying the 

optimized conditions for engine operation.  

 

The multi-objective optimization model was 

developed using DESIGN EXPERT 13 with the 

goals of minimizing fuel efficiency and 

maximizing brake thermal efficiency. The 

optimization setup is shown by Table 6 where the 

varying factors speed, load, blend, and metal 

particle concentration have been coded with 

alphabets A, B, C, and D. Moreover, the in-range 

criterion was designated for the factors, and the 

relative importance of variables and responses 

was set at 3. 

Table 6 Optimization setup 

Name Goal 
Lower 

Limit 

Upper 

Limit 

Lower 

Weight 

Upper 

Weight 
Importance 

A: Speed in range 1000 2000 1 1 3 

B: Load in range 30 45 1 1 3 

C: Blend in range 0 15 1 1 3 

D: Metal 

Particle 
in range 0 75 1 1 3 

BSFC minimize 337.977 431.247 1 1 3 

BTE maximize 18.2153 23.0451 1 1 3 

5.2 Optimization results  

After setting the required parameters for 

optimization and designating the desired number 

of results to 15, the solutions were obtained. In 

the context of the goals defined, the best RSM 

optimization solution identified a speed of 1000 

rpm, 45% load, 15% by volume biodiesel, and 57 

ppm of MgO corresponding to BSFC, and BTE 

of 337.857 g/kWh and 23.035% respectively. 

The optimized model could be validated using 

the composite desirability (D). The D value for 

the current model comes out to be 0.998917 

which shows that overall responses have been 

ideally optimized and engine operation at 

identified parameters would result in the most 

desirable results. The ramp chart in Fig.10 

demonstrates how individual study parameters 

have been adjusted for acing the selected goal of 

minimizing BSFC and maximizing BTE. The 
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blue circles represent responses and are seen 

falling on extremes while the red circles 

symbolize the exact position of input factors 

where they were declared optimum. Similarly, 

the individual desirability (d) shows how the 

variations in input would be related to the 

responses.  The d values for BSFC and BTE were 

1 and 0.9978 respectively, which shows that any 

intentional variations in study factors would 

impact fuel economy significantly more 

comparable to thermal efficiency. 

Figure 10 Ramp chart 

6 Conclusions 

In the current work, the effect of the addition of 

biodiesel prepared from waste cooking and MgO 

metal nanoparticles was studied on fuel economy 

and thermal efficiency of a diesel engine. 

Moreover, the ANN prediction models for BSFC 

and BTE were developed and were integrated 

with RSM for optimization of engine operating 

parameters. The results could be summarized as: 

i. The biodiesel blend with diesel increased 

BSFC for all combinations of speed and 

load.  

ii. MgO addition in the concentration of 50 

and 75 ppm introduced an average 

increment of 8.1 and 8.2% respectively 

in BSFC, when compared to simple DB 

blends.  

iii. The blend of diesel with biodiesel 

improved BTE for all runs and load of 

45% showed an average 5.14% higher 

BTE than a load of 30%. 

iv. The correlation study identified that load 

is in negative and positive correlation 

with BSFC and BTE. 

v. The MRE percentages contribution of 

10.2 and 9.2% for BSFC and BTE 

rendered the ANN model with 15 

neurons in hidden layers as the most 

accurate. 

vi. The error range for N15 with 20 bins was 

[-16.98-10.55]. 

vii. The error histograms for BSFC and BTE 

showed the clustering of maximum 

errors around zero. 

viii. RSM optimization identified a speed of 

1000 rpm, 45% load, 15% by volume 

biodiesel, and 57 ppm of MgO for 

minimum BSFC of 337.857 g/kWh and 

maximum efficiency of 23.035%. 

Thus, the liquid and nano fuel additives addition 

to simple diesel proved valuable in terms of 

efficient fuel requirements and engine thermal 

efficiency. Moreover, the reliable results from 

the application of deep learning and statistical 

optimization on a complex machine like an IC 

engine have provided the new domain of research 

for performance optimization with promising 

benefits of least investment of time and capital.  
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Abstract 

The use of biofuels has been increasing in recent years. Biofuels are also known as clean renewable energy. An 

increasing number of biofuels are being used in kitchens as one of the alternative energies. This study aims to 

investigate a specially designed burner for biogas and an effective combustion process for cooking. All the 

information obtained from this study will be used to assess the feasibility of experimental and practical 

applications. Parametric simulations on pressures, various compositions, and burner hole diameters were 

examined and the most suitable biogas burner was obtained. From simulation studies, the best configuration 

was identified for industrial kitchen appliances. It was shown that biogas produced lower average temperatures 

on the cooker compared to the other gases due to their low calorific value. However, it has the potential as a 

fuel for industrial kitchens. Results showed that supportive fuel channel diameter was the most important 

parameter in energy efficiency. 

Key Words: Commercial kitchens, innovative burner design, renewable fuels. 
 

1. Introduction 

The emission values of fossil fuels create risks 

on the environment and increase the negative 

effects on global warming [1, 4]. In addition, with 

the continuous increase in the prices of fossil fuels 

(natural gas, crude oil, etc.), the demand for 

renewable energy sources also increases [5]. 

Among the renewable energy sources, solar [6-8], 

wind [9-11], biogas [12-14], and hybrid renewable 

energies [15-17] are developing in applications. 

Commercial kitchens are widely used in 

restaurants, factories, dormitories, shopping malls, 

etc. used in many fields. Natural gas and liquid 

petroleum gas (LPG) are widely used in various 

cooking products (fryer, cooker, grill, stove, etc.) 

in commercial kitchens. In recent years, the 

demands for systems in which alternative 

renewable energy sources were used in industrial 

kitchen products have been increasing by 

consumers. Various studies have been carried out 

on specially designed burners in stoves used in 

cooking systems [18-20].  

However, there is no study in which biogas is 

used as a renewable energy source for commercial 

kitchens. Within the scope of this study, an 

innovative burner prototype with a unique design 

working with biogas was developed for a cooker 

used in the commercial kitchen area. 

Summary information on various studies carried 

out in the field of renewable energy is given below 

[21-23]. 

Al-Shetwi evaluated the developments in the use of 

various renewable energy sources [21]. The 

classification of commonly used renewable energy 

sources is given in Fig. 1. 

 

                           Fig. 1 A summary of the most common renewable energy sources. [21]. 
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The power values of the energy obtained by 

using bioenergy between the years 2010-2020 are 

given in Fig. 2. [22]. 

 

                   Fig. 2 Global power generated using bioenergy between 2010 and 2020. [22]. 

 

Khan et al. evaluated the upgrading, use and 

storage of biogas as a renewable energy fuel [23].  

 

Current technologies for upgrading biogas are 

shown in Fig. 3. 

Fig. 3. Current technologies for biogas upgrading. [23]. 
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2. Methodology 

Original designs for the use of biogas in the 

innovative burner were primarily developed. The 

innovative burner developed for commercial 

kitchens was made of stainless steel material. 

The burner was vertically fired and there were 

24 main fuel channels where fuel exited to ambient 

air, having 0.8 mm diameter each, divided into 4 

packs. There was 12.95 °C between fuel channels 

and 25.25 °C between the channel groups which 

provided gaps between channel packs as shown be 

seen in Fig. 4-a.  

To support and stabilize the main flame core, 

evenly 68 radial fuel channels were placed right 

below the main ones. Fluid Geometry was created 

according to the original drawing. Fuel entered the 

domain from the entrance of the venturi, went up 

along with it, and exited through the fuel channels.  

A control volume where fuel and air mixed and 

combustion occurred was defined from the bottom 

face of the cooker to some convenient level below 

the fuel channels as illustrated in Fig. 4-a. The  

sidelines of the top cylinder were defined as an 

outlet for burnt gas and the bottom of the cylinder 

was defined as an air inlet.  

Mesh view of the burner can be seen in Fig. 4-b 

which shows the mesh quality at and around 

sensitive areas such as fuel channels, including the 

whole geometry and closer view. 

The sensitivity of different grid densities, with 

the total number of cells, was tested for the same 

model. The results indicated that a sufficiently fine 

grid was achieved with 1267018 cells. 

Solutions have been carried out with biogas as 

fuel inlet pressures as 8, 14, 20, and 32 mbar, and 

four different fuel channel diameters as 0.25, 0.30, 

0.35, and 0.40 mm. A pressure-based solver was 

used with steady-state conditions for the 

simulations. The standard wall function was 

applied to each wall boundary. A temperature 

patch of 1000 K was applied on the surface inside 

fuel channels to provide ignition at the first 

iteration. 

 

 

Fig. 4. Model of the developed burner and mesh 

structure. 

In this study, there was no heat transfer 

mechanism applied to the model to obtain 

theoretically maximum temperature distribution on 

the bottom surface of the cooker. In other words 

bottom surface of the cooker was assumed as 

perfectly thermally insulated. Air inlet temperature 

was set to 300 K and the pressure was atmospheric. 

Fuel feed rates were given according to pressures 

of 8, 14, 20, and 32 mbar at fuel inlet boundary 

with 300 K temperature.  

In every set of solutions, a non-premixed 

combustion model with calculating tables was used 

for combustion reactions. RNG (Renormalization 

Group) k-Ԑ turbulence model with default settings 

and Discrete Ordinates (DO) radiation model was 

chosen. Operating conditions were set to 298 K 

and 1013.25 mbar (atmospheric pressure). 

The bottom surface of the cooker was defined as 

steel with the following parameters;  

density (ρ) = 8030 kg/m3,  

specific heat (c) = 502.48 j/kg-K,  

thermal conductivity (k) = 16.27 W/m-K.  

The diameter of supportive fuel channels which 

were placed right below the main ones was varied 

for 0.25, 0.30, 0.35, 0.40 millimeters. 

3. Experimental procedure 

The temperature contours on the bottom surface 

of the cooker for biogas fuel showed the expected 

distribution with increasing diameters and fuel inlet 

pressure. The impact of gaps between channel 

packs on the temperature distribution can easily be 

discovered from Fig. 5 which created a cooler 

region between the hotter areas. As expected, the 

temperature was increased with both diameter and 

fuel inlet pressure. Another significant observation 

was the temperature distribution along with the 

venture. 

At the lower pressure zone, the combustion at 
the top heats the unburnt fuel coming through the 

venturi greater than in higher pressure conditions. 
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According to Fig. 5, the cooker could be placed 

closer to the head of the burner, the diameter of the 

cooker could be chosen bigger or a small-scale 

burner could be used. Obtained results are shown 

in Fig. 5. 

 

Fig. 5. Optimisation work and mapping results 

(Different fuel inlet channel pressures and fuel 

channel diameters). 

The test stage photo of the innovative biogas 

burner developed for commercial kitchens is given 

in Figure 6.  

 

Fig. 6. The test stage photo of the innovative 

biogas burner developed for commercial kitchens  

4. Conclusions 

An innovative biogas burner prototype with an 

original design for commercial kitchens has been 

developed through studies based on R&D 

systematics. 

The evaluations made after the test phase are 

given below.  

As a result, it was observed that there was no 

big difference in efficiency between Ø20 cm, Ø22 

cm, and Ø24 cm (pot diameter). However, it was 

determined that the efficiency is increased with an 

increase in pot diameter (Ø30 cm). However, the 

increase in the percentage of CO2 in the biofuel has 

adversely affected the efficiency. 

The cooker prototype worked with biogas (new 

design burner / 2 kW). 

The average cooking temperature (400-450°C) 

has been reached based on the cooking utensils 

used in the commercial kitchen cooker prototype. 

Since there is not a valid international standard 

for biogas, the data will make a significant 

contribution to future studies. 
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Abstract  

Reverse Electrodialysis (RED) is an emerging technique that converts the salinity gradient of alternative streams 

into electrical energy. However, its application on commercial scale has not been realized yet owing to some 

barriers. For application of RED, flexible methods are to be explored. In this paper, we have reviewed and 

discussed RED as a novel technology and an alternative method for the production of electrical energy along 

with its applications in recent years. Different applications of RED such as energy extraction, desalination and 

treatment of waste-water have been summarized in this paper along with a brief discussion of areas to be 

improved. Electricity produced through this technique can be stored in batteries or can be converted into 

hydrogen, so that it can be accessed any time. The application of RED has been enhanced further by the 

introduction of RED heat engine which can produce electricity from waste heat. Desalination techniques can be 

paired with RED resulting in improved power density and at the same time, minimizing the emission of brine to 

the environment. RED or combined RED techniques can also be employed for water treatment either by direct 

or indirect reactions. As the related technologies will be explored and developed, RED will also be recognized 

as a promising technique in a number of applications. 

 
Key Words: Salinity gradient power (SGP); sustainable energy generation systems; renewable energy; 

low energy desalination; alternative energy 

 
1. Introduction 

With the advent of era of technological and 

sustainable development, the concern, regarding 

the solution for the depletion of conventional 

energy resources, has been increased on global 

perspective. Energy generation is linked with 

economy, business, and human development for 

the society. With increase in demand of energy, the 

dynamics of increasing shortage of conventional 

energy resources should be balanced [1]. The main 

problem faced on global level is that demand for 

energy is increasing daily for all the aspects of life, 

nation, economy, industry, etc. The above 

statement is validated by the statistics published by 

Energy Information Administration (US), which 

predicts that the total energy demand will increase 

by 56% from 2010 to 2040 [2]. However, the 

resources are limited which account all the 

conventional means utilized to produce energy 

with the evolution of different environmental 

concerns like global warming. By 2050, it is also 

expected that the carbon footprints ratio related to 

energy generation will be increased by 46% 

reaching to 45 billion metric tons [3]. This context 

demands the progressive development of 

alternative energy resources to meet the large 

scale shooting energy demand and to reduce the 

environmental impact for global responsibility 

[4]. 

Salinity Gradient Power (SGP) is generated with 

the combination of different salinity streams of 

water. On theoretical ground, 0.8 kWh can be 

harvested with the flow of 1m3 of fresh water into 

sea water. This can be translated to 2 TW of 

energy potential on global scale based on total 

flow between river water and sea water [5]. 

Reverse electrodialysis has become the 

mainstream technology to harvest energy from 

gradient due to salinity. RED comprises of 

stacking structure which consists of endplate, 

electrodes, ionic exchange membrane (IEM) and 

spacer. High Salinity (HS) and Low Salinity (LS) 

solutions are added alternatively in the RED stack 

where the IEM separates both the cations and 

anions in opposite directions building up 

electrical polarization [6]. 
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Fig.1: Simple Operating mechanism for RED 

 

This paper discusses the progress made by RED 

technology with different future perspectives. 

Commercial development with current status and 

future challenges are also presented to broaden the 

concept for practical applications of this novel 

concept. 

2. Literature Review 

Different Reviews are already done on the 

development of RED but there is still need of 

comprehensive summary on the latest 

developments of RED and its future endeavors.  

The scope of RED research has been increasing 

from past decade. Pattle (1954) first introduced the 

concept of salient gradient power generation. SGP 

is also known as blue energy.  

This energy is generated by the conversion of 

potential difference of the salt solutions into 

electrical energy [7]. The significant use of RED 

could not take place due to the poor performance 

of membrane technology. With the development of 

nanotechnology, the practical feasibility and 

efficiency of membranes have been improved with 

low resistance, high conductivity and monovalent 

ion selectivity characteristics.  

Guler et al. (2012) implemented the use of tailor 

made anionic membranes for power generation 

using RED [8].  Younggy kim and Bruce E.logan 

(2011) analyzed the production of hydrogen from 

inexhaustible supplies of salt and fresh water using 

microbial RED cells [9].  

Cao et al. (2011) showed that there is a significant 

increase in power density by the incorporation of 

nano-technology in RED using ion-selective nano-

channels [10]. Zhang et al. (2015) reported that 

there is an increase in the power density by four 

times using an innovative spacer designs like ion 

conductive spacers [11].  Kim et al. and Anne et al. 

(2018) assessed the role of operation parameters 

to generate the maximum power density. Elevated 

temperature and high flow rates have a positive 

impact over the performance parameters like 

power density and Emf [12, 13].  

First demonstration unit for RED was built in 

2014 in Italy having 50 m2 membrane area for 125 

cell pairs stack. The pilot installation was tested 

for real sample brackish water with a maximum 

power density of 1.3 W/m2 [14].  

There are two pilot plants of RED working in Italy 

and Netherland. Many efforts have been made to 

introduce commercialization of RED technology, 

but still substantial challenges are still there to 

fulfill the dream of energy generation. These 

include membrane fouling [15], electrode solution 

leakage [16] and geographical constraints [17].  

Due to these challenges, the minimum power 

density of 2.2 W/m2 for commercial applications 

is not achieved outside laboratory conditions [18].  

Through literature and discussion, there is a 

research gap for improving and implementing 

RED to make it for commercial use.  

With global decreasing fresh water supply, 

desalination and water purification technologies 

are going to become the future.  

This compels the need to improve RED 

techniques for use in energy generation and 

desalination. RED can be used in combination 

with Capacitive Deionization (CDI) for 

desalination with energy generation. 

 

3. Methodology 

From Gibbs free energy for a mixture, we can 

calculate the amount of energy which can be 

extracted by mixing a proportion of LS and HS 
solution at constant temperature [19]. 
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∆𝐺𝑚𝑖𝑥 = 𝑅𝑇 {[∑ 𝑐𝑖 ln(𝑐𝑖 . 𝑦𝑖)

𝐼

]

𝐿𝑆

+ (
1 − 𝑓

𝑓
) [∑ 𝑐𝑖 ln(𝑐𝑖 . 𝑦𝑖)

𝐼

]

𝐻𝑆

− (
1

𝑓
) [∑ 𝑐𝑖 ln(𝑐𝑖 . 𝑦𝑖)

𝐼

]

𝑚𝑖𝑥

}   (1) 

 

where T is absolute temperature, R is the ideal gas 

constant, f is the ratio of LS volume to total feed 

solution. Ci is the molar concentration of 

respective ions in the aqueous solution.  

The theoretical EMF can be calculated using 

Nernst equation [20]. 

 

𝐸 = (𝛼𝐶𝐸𝑀 + 𝛼𝐴𝐸𝑀)
𝑁𝑚𝑅𝑇

𝑧𝐹
ln (

ϒ𝐻𝑆𝑐𝐻𝑆

ϒ𝐿𝑆𝑐𝐿𝑆
)  (2) 

 

Nm represents the number of IEMs while α is the 

perm selectivity of respective membrane. 

RED output voltage can be calculated based on the 

Emf generated and the potential drop across the 

internal stack resistance. 

 

𝑈 = 𝐸𝑚𝑓 − 𝐼𝑅𝑠𝑡𝑎𝑐𝑘                      (3) 

 

I represent the electrical current in the circuit.  

 

 
 

Fig.2: Electrical Circuit Equivalent to RED [21] 

 

Rstack is the overall resistance offered by the stack 

to the current flow.  

 

  𝑅𝑠𝑡𝑎𝑐𝑘 = 𝑅𝑜ℎ𝑚𝑖𝑐 + 𝑅𝑛𝑜𝑛−𝑜ℎ𝑚𝑖𝑐   (4) 

 

Ohmic resistance is caused due to hinderance in 

transportation of ions mainly due to the resistance 

offered by IEMs and feed portions [22]. 

 

𝑅𝑜ℎ𝑚𝑖𝑐

= 𝑅𝐶𝐸𝑀 + 𝑅𝐴𝐸𝑀 +
𝛿

휀2𝑐𝑜𝑛𝑑𝐻𝐶(𝑥)

+
𝛿

휀2𝑐𝑜𝑛𝑑𝐿𝐶(𝑥)
                         (5) 

 

Where RCEM and RAEM are the resistance offered by 

the IEM.  δ is the specified inter-membrane 

distance and 휀 is the porosity of spacer used. 

Non-ohmic resistance constitutes double layer 

resistance which is due to concentration change on 

bulk level. Diffusion boundary layer also acts as a 

form of non-ohmic resistance [23]. 

 

𝑅𝑛𝑜𝑛−𝑜ℎ𝑚𝑖𝑐(𝒙) = 𝑅∆𝑐(𝒙) + 𝑅𝐵𝐿(𝒙)       (6) 

 

Power density (W/m2) which is related to the power 

dissipated in the external load is a function of 

resistance and emf. 

 

𝑃 = 𝐼2(𝑅𝑙) = (
𝐸𝑚𝑓

𝑅𝑠𝑡𝑎𝑐𝑘 + 𝑅𝐿
)

2

𝑅𝐿         (7) 

 

The maximum power density is obtained when the 

external resistance becomes equal to internal stack 

resistance which can be evaluated as [23]: 

 

𝑃 =
𝐸𝑒𝑚𝑓

2

4 𝑁𝑚𝑆𝑚𝑅𝑠𝑡𝑎𝑐𝑘
                 (8) 

 

Here 𝑁𝑚 and 𝑆𝑚 represent the number and the 

projected area of IEMs. 

Efficiency of the RED process can be measured 

using the common principal of output over the 

input, in which the power captured is divided with 

the theoretical amount of energy released from 

Gibbs free energy during mixing [24]. 

 

𝜂 =
𝑃𝐴

∆𝐺𝑚𝑖𝑥Ф
                        (9) 

 

Ф represent the volumetric flow rate of the LS 

compartment. 

 

4. Results and Discussion 

Due to advancement in the technology of RED, 

there has been an exponential increase in the 

versatile applications of RED. There are many 

applications of RED such as Microbial RED cell, 

closed loop RED heat engine, hybrid process for 

energy storage, Concentration battery, Nano 

fluidic reverse electro dialysis system, etc. These 

applications and techniques are used to increase 

the power generation from RED. Some of the 
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applications are given as below: 

 

4.1 Microbial RED cell 

It is a hybrid process that utilizes thermodynamic 

favorable electrode reactions. These reactions 

generate additional voltage, and it also avoids the 

over-potential of ordinary electrode reactions. The 

experimentation on the microbial RED cell revealed 

that the maximum voltage and power density 

obtained are 1.3V and 4.3W/m2 respectively. The 

solutions used were acetate fuel and sodium 

chloride solutions. Decrease in the number of RED 

membrane pairs increases the power density. There 

is spontaneous generation of voltage in the 

microbial RED cell. This increased voltage can be 

used for the chemical evolution of cathode. If the 

thermolytic solution is used, then the power density 

can further increase. Moreover, there can be 

reduction in the capital cost and also, the need for 

the natural water resources decreases.  

 
4.2 Closed loop RED heat engine 

There are many disadvantages of open loop RED 

system, such as there is a need of pre-treatment and 

many fouling control strategies. The exposure of 

pollutants and waste water to the environment is 

also a detrimental effect of the open loop system on 

the environment.  

There is difference in the concentrations between 

inlet and outlet solutions. As the higher 

concentration decreases, the lower concentration 

increases. Thus, there is need to regenerate the feed 

solution and for this purpose closed loop system is 

used. In the closed loop system two techniques are 

used. the solvent removal and salt removal 

techniques. The solvent is separated from salt by 

using evaporative techniques such as thermolysis 

and precipitation. 

The other technique is the salt recovery technique. 

It is a very beneficial process. There is recovery of 

waste heat and conversion of waste into electricity. 

There is recycling of the effluents used in RED. The 

low-grade heat (greater or equal to 60oC) can be 

used for geothermal and industrial applications. 

The energy efficiency obtained by closed loop 

system is 5% and 5.4% with different feed solutions. 

The exergy efficiency of 85% is obtained by this 

system. 

The solution used in the closed loop RED process is 

ammonium bicarbonate. NaCl can also be used in 

closed loop RED engine by just using membrane 

distillation processes. Futher studies are needed to 

explore the feed solutions. 

  

 
 

Fig.3: Schematic illustration of closed loop RED 

system. 

 

4.3 Concentration Battery 

For gaining the output of a battery from a RED 

system, some changes in the design is needed. The 

battery used in RED system stores energy and 

known as ‘concentration battery’. The power is 

produced by the RED system during the process 

of discharging. The recovery of the chemical 

potential is during the charging phase which 

utilizes a higher potential. This method has many 

advantages such as non-toxic salt solutions, the 

flexibility for the optimization of different 

parameters and also other diverse applications. 

The losses included in battery known as faradic 

losses were due to the osmosis process. It is due 

to inhibition by osmosis from returning to the 

initial state. For its treatment, an un-charging 

solute is added to the electrolyte solution. This 

increases the efficiency up to 50% as compared to 

the faradaic open loop system. 

It is also concluded that efficiency of 

concentration gradient flow battery increases with 

an increase in the current density and decreases by 

increasing higher concentration. The highest 

efficiency of 72% is achieved. 

4.4 Hybrid process for desalination 

There are many types of hybrid system for RED 

process. In this process, the SGP (salinity gradient 

power) is converted into electricity that is utilized 

to increase the desalination process or decrease 

the energy consumption. The concentrated brine 

can be used as higher concentration solution. 

Thus, the higher power generation can be 

achieved. Also, the environmental impacts can be 

controlled using this process. A mathematical 

model is also defined for hybridization with 

reverse osmosis desalination. There can be great 

increase in energy saving by using these 

processes.  
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There can be pure water generation from this 

method. Using RED as a pretreatment can diminish 

the concentration difference in the feed solution. 

There are many other SGP technologies where the 

RED system is used as a power source. Many 

applications can be achieved by operating in round 

cycle.  

4.5 Nano fluidic RED system 

Using miniaturized electrical devices, Nano-

technology can be used in the RED system for 

energy conversion. A system of salinity gradient 

energy generation using Nano channels made up of 

silica is used. Also, the applications of Nano pores 

and fluid channels are discussed. The difference in 

the electrical power is due to the difference of ionic 

transport for different electrolytes. The main 

factors that affect the output power are the 

electrolyte type and Nano pore charge selectivity.     

 
 

Fig.4: Schematic illustration Nano fluidic RED 

4.6 Pilot Testing 

There are many studies on the pilot testing. The 

pilot plants are present in Netherlands and Italy. 

More working is needed in this regard. Also, the 

limited power density obtained by RED is also a 

challenge for researchers and work should be done 

on it. In Netherlands, RED stack BV was the first 

company who initialized 5 kW pilot plant. Another 

real-world plant of 50 kW was made by 

Netherlands. The purpose of this study was to 

evaluate RED performance in ambient conditions. 

In Italy, the power extracted by pilot plant was 

700W with the help of artificial solutions. 

Improvement in system and design is required and 
also the investigation of optimum materials is also 

needed. 

 

Fig.5: RED pilot plant in marsala (Italy) with 125 

cells and 44*44 cm2 membrane area. 

5. Conclusion 

Unique applications and advancements of RED, 

established during last decade, have been briefly 

described in the review. There is a summary of 

RED based innovative techniques for conversion 

of energy, desalination, and waste-water redress. 

Application of RED has been enhanced by the 

introduction of RED-HE, using which waste heat 

can be transformed into electricity. The problem 

regarding RED being uneconomical because of 

low current power densities and commercial 

membranes prices can be addressed by the fact 

that electricity produced by this technique can be 

stored in other forms and can be converted into 

hydrogen. Desalination technique can be 

coordinated with RED to obtain high power 

density and greater rate of recovery of water while 

minimizing dispense of brine. To further enhance 

the power density and rate of water recovery, 

other techniques to be combined with RED along 

with additional modes of combinations are to be 

discovered. Moreover, waste-water problems can 

be resolved using RED or combined RED 

techniques without requiring any power supply. 

To apply it practically, studies have to be 

conducted for evaluation of its energy efficiency 

and capital cost. 
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Abstract 

Diesel engines available in various sizes, ranging from a few horsepower to 10,000 hp, provide a self-reliant 

energy source and are extremely reliable if maintained properly. However, they release toxic gases like 

nitrogen oxide, carbon monoxide, unburnt hydrocarbons, and particulate matter extremely harmful to the 

environment. Nowadays, diesel is blended with fuel-additives such as vegetable-based oils and metals oxides to 

control engine emissions. In the present study, the effect of fuel additives such as multi-walled carbon 

nanotubes, iron oxide, and graphite powder on controlled engine emissions in terms of the reduced quantity of 

toxic gases and un-burnt hydrocarbons have been investigated. Briefly, the emission of a single-cylinder diesel 

engine, operated at varying loads and speeds, fueled with plain-diesel and blends of diesel with fuel additives 

were measured using automobile emission analyser with and without using customed designed microfilter. The 

experimental quantitative data of engine emissions, i.e., total hydrocarbons, carbon mono and dioxide, obtained 

from automobile emission analyser was then analysed using the Grey Taguchi method with minimum the better 

criteria. Taguchi quality loss function and overall-grey-relation-grade indicated a set of inputs for minimum 

output responses. The experimental and GTM optimised results were then validated using artificial neural 

network. The output responses were optimised at A=2, B=3, and C=4 for THCs, A=1, B=1, and C=1 for CO2 

emission, and A=4, B=4, C=1. The experimental results were again measured at similar input factors and 

levels with the implementation of a novel HE-OB-MF after treatment retrofit. The results of THC and CO2 were 

abated by 18.5 % and 16 % respectively, and CO emissions were found a bit increased with heat exchanger oil 

bath micro filter retrofit (HE-OB-MF). 

Key Words: Non-road diesel engine; Grey Taguchi method; Carbon nanotubes; Graphite powder; 

ANN 

1. Introduction  

Daily life facilities need some type of prime 

mover to supply mechanical power for pumping, 

electrical power generation, operation of heavy 

equipment, and to act as a backup electrical 

generator for emergency use during the loss of 

the regular power source. Several prime movers 

are available, i.e., gasoline engines, steam, and 

gas turbines, nevertheless diesel engines remain 

equally popular. They are small, inexpensive, 

powerful, fuel-efficient, and extremely reliable 

if appropriately maintained (Shuai et al. 2018). 

However, diesel engines are known to release 

toxic environmental gases like nitrogen oxide 

(NO), particulate matter (PM), carbon monoxide 

(CO), and unburned hydrocarbons (UHCs) (Y. 

Zhang et al. 2018). In addition, the depleting 

reservoirs of fossil fuels and the adverse effects 

of engine emissions like THCs, PM and CO2 has 

forced researchers towards the experimental 

investigation of biodiesels as fuel alternatives. 

The use of biodiesels enhances combustion and 

performance of diesel engines, but nuclei-mode 

particulate emissions may increase substantially. 

Recently, several attempts have been made to 

reduce engine emission by blending plain-diesel 

with a variety of fuel additives.  

For instance, a study has reported that 

nanoparticles of aluminium oxide (Al2O3) dosed 

in diesel fuel resulted in a greater reduction in 

NO, CO, UHC, and smoke emissions which 

ultimately boosted the brake-thermal efficiency 

of a diesel engine compared to that of plain 

diesel (M. Zhang et al. 2018). Similarly, cerium 

oxide (CeO2) nanoparticles mixed in bio-diesel 

fuel resulted in a significant improvement in 

engine efficiency and reduction of UHCs and 

NO emissions. The rationale behind using metal 

additives such as CeO2 and Al2O3 is that these 
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metal oxides generally decompose on burning, 

thus releasing active metal ions, before the 

vaporisation of fuel and water, reducing the 

formation of unburnt carbon (Khalife et al. 

2017). This also promotes low surface friction 

between the engine parts and improves engine 

fuel consumption. In contrast, metal additives 

are toxic to human health as they are also 

released as part of the combustion by-products 

(Domínguez-Sáez, Rattá, and Barrios 2018) and 

hence must be controlled. 

Therefore in lieu of metal oxides and metallic 

nanoparticles, multi-walled carbon nanotubes 

(MWCNTs) and graphite powder can be 

environmentally friendly fuel additives because 

they form free-metal compounds. They provide 

high heat of combustion and boost chemically 

active sites for complete combustion [6], which 

effectively reduces diesel engine emissions, 

thereby improving engine fuel consumption 

(Smitha et al. 2017). Similarly, the exceptionally 

high thermal conductivity of CNTs can enhance 

nanofluids' thermal properties (Said 2016). The 

addition of CNTs in diesel can also increase the 

fuel's cetane number as it acts as a catalyst to 

accelerate the burning rate. Tramp metals and 

tramp metal ions tend to bundle with impurities 

found in the fuel and form insoluble complexes, 

negatively affecting engine performance (Said 

2016). Carbon fibers in CNTs act as 

sequestering agents for tramp metals present in 

diesel fuel, thus resulting fuels will have fewer 

insoluble impurities (Incorvia 2015). Table 1 

summarizes the use of fuel additives in 

conjunction with bio-diesel along with major 

findings. 

Table 1 Literature review of fuel additives for bio-diesel. 

Fuel Additives Major Findings 

MWCNTs 

Optimized emission characteristics are obtained at a dose level of 30 mg/l where 

remarkable emission reduction is observed; NOx by 45 %, CO by 50 % (EL-

Seesy et al. 2016). 

Mahua oil biodiesel + 

alcohol blends 

CO emissions were reduced by 7.4 %, HC emissions were reduced by 5.7 %, 

smoke emissions were decreased by 2.9 % (Lei, Bi, and Shen 2011).  

Papaya and 

watermelon seed oil 

Smoke emissions were reduced by 8.3 %. HC emissions were found to be 23.8 % 

lesser.CO emissions decreased by 27.27 % (Asokan et al. 2018). 

Graphite Oxide and 

Single-Walled Carbon 

Nanotubes 

Reduced CO emission up to 23.4 %, and lowered UHC emissions up to 24.1 %. 

SWCNTs and GO additives could be an effective approach to lowering engine 

emissions (Ooi et al. 2018).  

Biodiesel 
Results showed that 20% of waste cooking biodiesel reduced harmful emissions 

of an unmodified stationary diesel engine (Mofijur et al. 2019). 

Coconut shell oil 

The coconut shell was used as a nanoparticle (20 nm) along with diesel and 

biodiesel blends. NOx was reduced by 18.56 %, and CO also decreased 

significantly (Vinukumar et al. 2018). 

Rice bran biodiesel 

and n-butanol 

Carbon monoxide emissions and smoke were found to be decreased with the 

inclusion of rice bran biodiesel in the blends and were further decreased with n-

butanol (Goga et al. 2019). 

Mahua methyl ester + 

nanoparticles of 

titanium dioxide. 

Biodiesel was prepared by transesterification processes. Heat rate is increased the 

adding of the nanoparticle because of an increase in more carbon combustions and 

therefore promote the complete combustions (Udaya Kumar et al. 2020). 

Hydrotreated 

vegetable oil 

The results obtained from this study showed a significant reduction of carbon 

monoxide (52 %) and hydrocarbon (47 %) emissions. PM emissions were also 

reduced by 10 % by particulate mass (Dobrzyńska et al. 2020). 

Salvinia molesta 

(plant) oil 

The emissions from this experimental setup showed a maximum reduction of CO, 

CO2, UBHC, NO, smoke as 14 %, 3.38 %, and 20.83 %, 12.86 %, 10.99 %, 

respectively compared to diesel oil (Qureshi et al. 2019). 

Poppy oil 
Results described an increase in NOx but a decline in CO emissions (Uyumaz et 

al. 2020). 

Gasoline and kerosene 
CO emissions were reduced up to a maximum of 45 %. NOx increased almost up 

to 7.5% (Gad and Ismail 2021). 

Hydrogen 
Due to the increase of hydrogen ratios NOx emission was increased. Complete 

combustion of carbon reduced CO emissions (Bayramoğlu and Yılmaz 2020). 

Diesel-kerosene The inclusion of ethanol in the adulterated diesel notably reduced engine exhaust 
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ethanol emissions along with improvement in the performance and combustion parameters 

(Bhowmik et al. 2020). 

Ethanol 

Biodiesel with oxygen content increase NOx emissions. Conversely optimum 

values of CO2, CO, and HC were obtained in the given experimental setup (Ayhan 

et al. 2020). 

2. Scope of the manuscript 

Literature review, as summarized in table 1, has 

revealed a limited number of studies on the 

CNTs, graphite powder, and iron oxide as fuel 

additives with pure diesel oil. This work, thus, 

aims to dig out the effect of using different 

proportions of fuel additives in plain diesel on 

engine emissions. Additionally, this study 

intention is to examine the effects of graphite, 

iron oxide, and MWCNTs as a catalyst on the 

performance, characteristics of a single-cylinder 

direct injection diesel engine operated with plain 

diesel blends. Engine performance parameters, 

that is, the brake-thermal efficiency (BTE), 

brake power (BP), and heat release rate (HRR), 

would also be investigated. The goal of the 

present experimental investigation is to 

investigate the effect of multi-walled carbon 

nanotubes (coal), graphite powder (lead pencil), 

and iron oxide (rust) on emissions of a single-

cylinder non-road diesel engine at various 

operating conditions. 

3. Materials and Methods 

The experiments were conducted at the internal 

combustion engine laboratory of Pakistan 

Institute of Engineering and Technology 

Multan, Punjab Pakistan. Single-cylinder non-

road air cooled diesel engine with 

specifications in table 2 was used to conducted 

experiments as indicated in the DOE section. 

The specifications of dynameter, magnetic 

stirrer, fuels additives, and emission 

measurement, and emission control unit are 

provided in tables from 3 to 7

Table 2. Specification of the diesel engine. 

Engine 

Characteristics 
Engine Specification 

Engine Type 

Single Cylinder, 4 

Stroke, Air Coled  

LDF 170F 

Combustion 

System 
Direct Injection 

Bore x Stroke 

(mm) 
70 x 55 

Displacement (cc) 211 

Engine Speed 

(rpm) 
3000 – 3600 

Maximum Output 

(HP) 
3.8 - 4.2 

Continuous 

Output (HP) 
3.4 - 3.8 

Fuel Tank 

Capacity 
2.5 

Lube Oil 

Capacity 
0.75 

Dimensions 420 x 360 x 460 

 

Table 3. Specifications of magnetic stirrer 

Properties Values 

Model  

Power Supply 

 

AC 220 V/110 V 50 Hz/60 

Hz 

Speed 0-2400 rpm 

Motor powers 25W 

Heating power 200W 

Temperature control 

range 

Room temperature to 100 

Celsius 

Timer 0-120 min 

Two-way rotation Yes 

Material Steel 

Table 4. Specifications of dynamometer 

Properties Values 

Weight (Kg) 17 

Model GF6054 

HP 1 

Poles 4 

RPM 3000 

Mounting Foot 

Type Capacitor Start Capacitor Run 
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Table 5. Physical properties of carbon nanotubes 

Properties Values 

Length 10-20 nm 

Diameter 3-8 µm 

Purity >99 % 

Density 1-2 g/cm3 

Interlayer distance 0.34 nm 

Table 6. Properties of iron oxide (FeO) and graphite 

powder. 

Properties 
Iron 

oxide 

Graphite 

powder 

Molecular 

weight 
71.84 12.01 

Melting point 1377 0C 3697°C 

Boiling point 3414 0C 4200°C 

Density 
5.74 

g/cm³ 
1.8g/cm3 

 

Table 7. Specification of automobile emission 

analyzer. 

Measurements CO2 CO HC 

Measuring 

Range                                        

0 – 20 

% 

0 – 

10 % 

0 - 

9999 

ppm 

Resolution     

Model    

            

0.01 % 

BK-

EA501 

0.01 

% 

1 ppm 

Warm-up Time

  

10 minutes 

Display LCD display 

Response Time TD + T90: 10 seconds 

(NDIR); ECD: 30 seconds 

Power 110 V - 220 V±10 %, 50 

Hz ± 1Hz 

Operation 

Temperature 

0 - 40 ℃ 

Dimension

  

260 mm × 180 mm × 360 

mm 

Net weight

  

6 kg 

Flow rate 0.7 - 1.2 L/min 

4. Heat exchanger oil bath micro 
filter retrofit 

The THC, CO2, and CO emission of single-

cylinder diesel engine operated at varying loads 

and speeds fueled with plain diesel, and blends 

of diesel with MWCN tubes, Iron oxide and 

graphite powder Table 8. Diesel engine inputs with 

levels. 

As specified were measured using automobile 

emission analyser as specified in table 7 with 

and without custom designed heat-exchanger-oil 

bath-microfilter retrofit after treatment unit. 

 

Figure 1. Heat exchanger-oil bath micro filter 

retrofit. 

The design of the experiment was performed in 

Minitab using Taguchi design of experiment 

method. Orthogonal array with L16 DOE model 

was selected based on three input variables (A: 

Fuel blend, B: Speed and C: Load) and four 

levels (LI, L2, L3, and L4) were used in 

orthogonal array design. Table 8 indicated input 

variables with their corresponding levels and 

table 9 indicates the number of experiments 

conducted with the defined inputs. 

5. Experimental Methodology 

5.1 Experiments with plain diesel  

Experiment was performed on single-cylinder 

diesel engine with 100 ml plain diesel was 

poured it into a graded glass tube. The engine 

testbed was turned on and Set the apparatus at 0 

% load and 1800 rpm. Turned the stopwatch on 

and noted the time the engine took to consume 

10 ml of diesel. Noted the total hydrocarbon, 

CO2, and CO emission with and without HE-

OB-MF retrofit from the digital indicators on 

the automobile emission analyser to be used for 

further analysis. Repeated same procedure at 

1800, 2000, 2200 and 2400 rpm at 33 %, 50 %, 

and 100 % load. 
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5.2 Plain diesel and CNT 

Took 80 ml Diesel in a beaker and poured 20 

mg multi-walled Carbon Nano Tubes in it. 

Placed the beaker on a magnetic Stirrer and 

placed a stirring bar in it. Allowed the mixture 

to stir for 15-20 minutes at 2400 rpm. Poured 

the blend in the glass tube to be consumed by 

diesel Engine. Set the apparatus at 0% load and 

the speed at 1800 rpm. Turned the stopwatch on 

and noted the time the engine took to consume 

10 ml of diesel blend. Noted the total 

hydrocarbon, CO2, and CO emission with and 

without HE-OB-MF retrofit from the digital 

indicators on the automobile emission analyzer 

to be used for further analysis. The experiments 

were repeated with the procedure at 1800 rpm, 

2000 rpm, 2200 rpm, and 2400 rpm at 33 %, 50 

%, and 100 % load.  

Similar experimental methodologies were used 

for blends of graphite powder and iron oxide 

with a small proportion at specified stirring 

speed and temperature. The experimental 

emission results were measure for further 

analysis and discussions. The fuel was blended 

up to 20 minutes, and it had to be used within 20 

minutes; otherwise, the nanoparticles would 

have been settled down in the beaker as they 

have large particle sizes. Particles suspended in 

liquids are prone to form aggregates that would 

finally lead to separation and settling due to 

gravity. On the other hand, aggregation is 

contemplated as a major mechanism responsible 

for nano-fluids enhanced thermal conductivity. 

A certain degree of aggregation in a nanofluid 

may be beneficial, but the ultimate settling 

would limit its practical use.  

In addition to thermal conductivity 

deterioration, separated large aggregates may 

clog filters and block the flow in narrow 

channels in heat transfer devices. However, for 

mineral extraction and effluent treatment 

industries, separation and settling are basic 

prerequisites of operation. To welcome or avoid 

it, one may need to understand the particle 

settling processes and settling rates. 

 

Fig.4. Experimental methodology. 

5.3 Experimental Results 

The summary of results for the single-cylinder 

diesel engine under defined input levels and the 

designed number of experiments can be 

visualised in table 10. The run number indicates 

the number of experiments conducted fuels 

blends, speed (rpm) and load (%) are the defined 

inputs, whereas THC, CO2, and CO are the 

responses with and without HE-OB-MF retrofit. 
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5.4 Grey-Taguchi method (GTM) 

The data series obtained from the experiment on 

a single-cylinder non-road diesel engine fueled 

with plain diesel, blends of diesel with multi-

walled carbon nanotubes (coal), iron oxide 

(rust), and Graphite powder (Lead pencil) at 

specified operating loads and speeds were used 

to predict the optimised input and out 

comparable factors (Pohit and Misra 2013). The 

prediction of optimised input factors and levels 

was performed in three steps. In the first step, 

grey relational generation of comparable data 

was obtained from experimental results using a 

normalising technique with smaller is the better 

as ideal methodology. 

 In the second step, Taguchi quality loss 

function was used to determine the level of 

uncertainty in the predicted and original data 

series. 

 In the end, in the third step, the overall grey 

relational grade was calculated to get optimised 

input factors for minimum output response and 

OGRG (Gul et al. 2019). 

5.5 Grey relational generation 

Grey relational analysis is majorly used to 

normalise the data series obtained from 

experiments into a comparable series of data 

with minimised uncertainty level.  

The experimental responses in the current study 

were then normalised using the grey relational 

model for the ideal case of smaller is the better 

by using equation 1 (Yessian and Varthanan 

2020). 
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Where Xi (P) is the normalised compareable to 

output for the Xo
i (P) data value from table 10. 

Max Xi(P) and min Xi(P) are the largest and 

smallest data point in the same table. The 

comparable data series of the experimental 

responses are provided in table 11.  

The run number indicates the number of data 

series rows and inputs, as well as smaller the 

better normalised responses, can be visualised in 

the same table. 

5.6 Taguchi quality loss function 

The difference between the experimental data 

and predicted normalised data termed as quality 

loss function ∇0𝑚. Model 2 was used to 

calculate the Taguchi QLF for the representation 

of correspondence between the original and 

comparable data series (Kumar 2015). 

∇om= [𝑋∗ − Xm(X,m = 1,2,3… . x)
 X* = 1.00------------------(2) 

Where om is Taguchi quality loss function, Xm 

is the individual comparable data series from 

table 11, X* is the maximum value of  data 

series, and x indicated the number of 

experiments. The corresponding results of 

Taguchi quality loss function for comparable 

data series are presented in table 12. 
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An average GRC for each response is 

determined by the overall gray relation grade 

(OGRG). OGRG The whole thing Multi-

response function of any process, using the Eq 

(iv)(Gul et al. 2019). Ψm is grey relational 

coefficient calculated by the model in equation 

(3) the value of coefficient ζ = [0,1] was taken 

as average 0.5 and 
1
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y




   where y 

indicates the total observations of the data. The 

overall grey relational grade and grey relational 

coefficient, as indicated in table 13 for the 

comparable data series indicated the minimum 

the best criteria for output responses (Yessian 

and Varthanan 2020). It can be visualised that 

the results in run number 2 for A=1, B=2, and 

C=2 are the minima for all output responses in a 

combined way and the overall grey relation 

generation coefficient also minimum these 

inputs. Hence grey-Taguchi method has 

predicted that the total hydrocarbon, CO2, and 

CO emission may be minimum at an operating 

speed of 2000 rpm and 33% load with Diesel 

and Multi-walled carbon nanotubes as fuel. 
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 For all other input combinations, the emission 

results of all the output parameters could not 

optimise as a minimum. Individual responses 

were minimum at some other input variables 

and levels. 

5. Results and discussions 

The single-cylinder non-road diesel engine was 

operated sixteen times with the combinations of 

the different levels of the influencing input 

factors, and output results are presented in Table 

10. (A) Fuel Blends (B) Speed and (C) Load 

were selected as the three input factors for the 

engine. Four levels of variation for factor A are 

D, D+CNT, D+FEO, and D+G and four levels 

of variation for factor B are 1800, 2000 2200, 

and 2400 rpm, and four levels of divergence for 

factor C are 0% 33%, 50%, and 100%. 

Experimental data of output parameters, 

including THC, CO2 & CO was collected by 

using L16 (44) OA design as given in Table 10. 

The experimental data series were then 

normalised for conversion into comparable data 

series using Grey relational generation for 

minimum the better criterial. Taguchi QLF and 

OGRG methods were used to predict the most 

optimised set of input factors and levels for 

minimum emissions of the single-cylinder diesel 

engine. It can be visualised from table 12 that 

the results in run number 2 for A=1, B=2, and 

C=2 are the minima for all output responses in a 

combined way and the overall grey relation 

generation coefficient also minimum these 

inputs. Hence Grey-Taguchi method has 

predicted that the total hydrocarbon, CO2, and 

CO emission may be minimum at an operating 

speed of 2000 rpm and 33% load with diesel and 

multi-walled carbon nanotubes as fuel. 

ANN Prediction 

A computational model of the artificial neuron 

network (ANN) is based on the biological neural 

network's structure and functions. The 

information passing through the network 

influences the configuration of the ANN as it is 

dependent on this input and output by a neural 

network. ANNs are called nonlinear methods for 

statistical data processing, to model or track 

complex relationships between features 

(Agatonovic-Kustrin and Beresford 2000). The 

artificial neural network (ANN parallel) 

distributed processing Units function like human 

brain neurons, saving experimental information 

and supplying it at all times. Via a learning and 

training phase, these neurons may store required 

data from the experimental data. The synaptic 

weight of ANN neurons is associated with each 

other to operate based on the type of feature 

triggered (such as TANSIG or PURELIN) for 

deciding the output/response for each of the 

input signals. The most optimised set of inputs 

was predicted using the artificial neural network 

method in MATLAB(Ozan et al. 2008). The 

UGI widow used ANN prediction was obtained 

with the nnstart tool. The input and output 

matrixes were imported from PC into the nnstart 

window. The fitting tool was used to train ANN 

over defined inputs for target outputs and the 

predicted targets were obtained over the 

unknown inputs. Fig 5a, 5b, 6a, 6b, and 7 

indicate the ANN Training and prediction 

results 
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Fig.7. ANN training and fitting results 

Three input parameters with 20 hidden neuron 

layers and three output layers were used for 

training the ANN. By hit and trial method, the 

number of hidden layers is evaluated with 16 

test data until the mean squared error between 

the real experimental data and the expected data 

is reduced. 'Trainlm' trains the ANN model and 

changes the value and weight by optimisation 

for the Levenberg-Marquardt model (Gavin 

2019). Experimental, predicted, and controlled 

output responses can be visualised in table 14. 

 

Fig. 8. ANN Architecture 

Optimisation of total 
hydrocarbon emissions 

The bar charts in figure 9(a) indicate the 

summary of output response of THC emissions 

for the most optimised input factors, as 

indicated in run number 7 table 14. The total 

hydrocarbons were minimum at input factors 

and levels as A=2, B=3, and C=4. The ANN 

predicted results for total hydrocarbon emissions 

at these input factors and levels were on the 

higher side up to 18 % as compared to the 

experimental results. The variation between 

experimental and ANN modelled results could 

be due to human, environmental, instrumental, 

and silent parameters in the simulation tool. The 

total hydrocarbon emission was reduced by 18.5 

% by the implementation of HE-OB-MF retrofit. 

As the diesel engine exhaust passed through the 

HE-OB-MF retrofit, the temperature of the 

exhaust emissions was reduced in the Heat 

Exchanger section, and some amount of soluble 

organic fraction of HCs was dissolved in lube 

oil contained in the oil bath section of the 

retrofit the exhaust gasses were then passed 

through baghouse (microfilter) where insoluble 

organic fraction was controlled by some level. It 

can be concluded from the experimental, grey 

Taguchi and ANN simulation results that if a 

single-cylinder non-road diesel engine fueled 

with a blend of graphite power and plain diesel 

in the proportion of ¼ (mg of graphite 

powder/ml of plain diesel) at 2200 rpm with full 

load condition the total hydrocarbon emissions 

could be minimum. 

Optimisation of CO emissions 

CO emissions are more related to the rich burn 

engines where the amount of oxygen supplied 

for combustion in the cylinder is limited or the 

amount of fuel is much higher than the 

stoichiometric ratio. In the current experimental 

study as MWCNTs, G, and Iron Oxide were 

used as fuel enrichment mixtures and their effect 

on emissions was studied. The experimental, 

ANN validated and CO emissions with HE-OB-

MF retrofit could be visualised in figure 9(b). 

As per GTM criteria of minimum the better, the 

CO emission was observed as a minimum for 

input factors A=4, B=4, C=1 when the diesel 

engine was operated with plain diesel at 2400 

rpm and no-load condition. The experimental, 

ANN predicted and CO results with HE-OB-MF 

are presented in figure 9(b). The CO emission 

results were found slightly higher with the 

implementation of HE-OB-MF retrofit as the 

exhaust gasses were slowed down as they 

passed through the Oil bath and microfilter 

section of the retrofit and out cylinder pressure 

of exhaust gasses increased. 

Optimisation of CO2 emissions 

The CO2 was observed minimum at input 

factors and levels as A=1, B=1, and C=1. The 

ANN predicted results for CO2 emissions at 

these input factors and levels were on the higher 

side as compared to the experimental results. 

The bar charts in figure 9(c) indicate the 

summary of output response of CO2 emissions 

for the most optimised input factors as indicated 

run number 1 table 14. The validation of 

experimental and ANN modeled results could 

be Visualised in figure 9(c). The CO2 emission 

was reduced by 16 % by the implementation of 
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HE-OB-MF retrofit. As the diesel engine 

exhaust passed through the HE-OB-MF retrofit 

the temperature of the exhaust emissions was 

reduced in the heat exchanger section and some 

amount of soluble organic fraction of CO2 was 

dissolved in lube oil contained in the oil bath 

section of the retrofit the exhaust gasses were 

then passed through baghouse (microfilter). It 

can be concluded from the experimental, grey 

Taguchi and ANN simulation results that if a 

single-cylinder non-road diesel engine fueled 

with a blend of MWCNTs and plain diesel in the 

proportion of ¼ (mg of MWCNTS/ml of plain 

diesel) at 1800 pm with no load condition the 

CO2 emissions could be minimum. The 

reduction in CO2 with multi-walled carbon 

nanotubes as an additive was due to the transfer 

of lean burning of mixture towards rich burning 

due to the added amount of pure carbon. 

 

Fig.9. Experimental, ANN, and Abated THCs 

6. Conclusion 

The experimental study was conducted with a 

motivation to investigate the effect of natural 

fuel additives like multi-walled carbon 

nanotubes, graphite powder, and iron oxide on 

THCs, CO2, and CO emissions of a single-

cylinder non-road diesel engine at various load 

and speed conditions. The experimental study 

was started with L16 DOE in Minitab. 17 a 

statistical tool that suggested 16 experiments 

depending upon three inputs and fours levels. 

The experimental results of THC, CO2, and CO 

were then analysed using the grey Taguchi 

method to transform the data series into 

comparable data series with minimum better 

criteria. Taguchi QLF and OGRG indicted the 

optimised set of inputs for minimum output 

responses. The experimental and GTM 

optimised results were then validated by using a 

trained Artificial Neural Network model using 

the nnstart tool in MATLAB 17. The output 

responses were optimised over at A=2, B=3, and 

C=4 for THCs, A=1, B=1, and C=1 for CO2 

emission, and A=4, B=4, C=1. The experimental 

results were again measured at similar input 

factors and levels with the implementation of a 

novel HE-OB-MF after treatment retrofit. The 

results of THC and CO2 were abated by 18.5% 

and 16% respectively and CO emissions were 

found a bit increased with HE-OB-MF. 
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9. Policy statement 

The fuel additives used in the current study are 

natural element resources and can be 

manufactured at the mass production level. The 

amount of natural additives used in this study 

was 0.025 % of the total plain diesel by weight. 

Total plain diesel imports of Pakistan are 5.6 
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million tones/year (Finance 2012). The 

replacement of diesel with these additives shall 

save the capital in billions. The sustainability of 

plain diesel for future endeavors shall be another 

outcome of this replacement. A policy could be 

devised at the national level to replace 0.025 % 

of the plain diesel with the most optimised 

natural fuel additive MWCN or Graphite 

powder as suggested in this study. 
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Abstract 
 

Thermal efficiency of a coal-fired power plant is an important performance indicator which indicates the fuel 

economy, effectiveness of operation control, and the performance of energy devices integrated with the power 

plant’s operation. In this paper, thermal efficiency of a 660 MW power plant is modeled by deploying real 

operational data in Artificial Neural Network (ANN) modeling technique. Effective and validated ANN process 

model is constructed and coupled with response surface methodology (RSM) tool. The effective operating zones 

for maximizing the thermal efficiency are identified in contour plots. Further, optimal values of control 

variables under half load, mid load and full load power generation capacity of the power plant are determined 

by response optimizer algorithm. Significant reduction in fuel savings have been identified. It is estimated that 

maximum annual reduction in Hg, SO2, CO2, CH4 and N2O emissions are 2.4 kg/year, 35 ton/year, 157638 

ton/year, 18 ton/year and 2.6 ton/year respectively for half load power generation capacity of the power plant. 

 

Key Words: Artificial neural network, Industry 4.0, Response surface methodology, Fuel 

savings, Annual emission reduction. 

 

1. Introduction 

Over the last few decades, the global 

energy demand has increased exponentially and 

it is anticipated that the energy demand would 

be even higher considering the population 

growth, increased industrialization and 

development in the under-developed countries 

[1]. A major proportion of the global energy 

needs is met by the fossil based power plants 

and coal is a major contributor in the energy 

mix of the countries [1]. Considering the 

volumes of emissions and their impact on the 

global warming and environment deterioration, 

it is a pressing issue among the research 

communities to develop solutions for efficient 

power generation from the coal power plants 

and maintaining the higher thermal efficiency 

since fossil based power plants would continue 

to produce power even years to come until 

economical and viable energy sources are 

adopted by the communities [2].  

The thermal efficiency of a functioning 
coal power plant is governed by a wide number 

of operating parameters. The thermal efficiency 

has a non-linear, inter-dependent, and complex 

connection with the operating parameters [3]. In 

this regard, conventional physical models cannot 

yield effective solutions since these are based on 

simplified assumptions. However, artificial 

intelligence based analytical tools have presented 

remarkable performance in modeling the complex 

and large-scale industrial operations. Moreover, 

the tools are also deployed for estimating the 

optimum solutions for enhancing their 

performance [4]. 

The artificial neural network (ANN) is 

widely utilized in research studies for modeling 

real-life engineering systems through their 

operational data [5]. ANN performs well for high-

dimensional featured data and mines the non-

linear interactions effectively. Moreover, its 

remarkable computational performance and 

handling the large volumes of data effectively 

makes it suitable for the large-scale engineering 

systems’ problems. Researchers have reported 
various studies incorporating artificial intelligence 

tools for conducting value-creating analytics for 
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the energy systems. Complex data mining 

methodologies are employed to decrease the net 

coal consumption rate of a 1,000 MW power 

station. This method is used to establish the 

point of reference values for the power plant's 

critical operation’s parameters [6]. A cross-

feature convolutional neural network is utilized 

to generalize boiler load fluctuations behavior 

in the petrochemical industry to achieve 

maximum energy consumption efficiency and 

ethylene output. The typical relative 

generalization error is 2.86%, while energy 

consumption efficiency has increased by 6.38% 

[7].  

LSSVM-based hybrid models for 

predicting the grid's energy demand as well as 

the energy consumption of intricate industrial 

processes are being developed to enable 

effective operation management and control of 

the cement industry [8-9]. In other 

investigations, LSSVM and ANN have been 

utilized to optimize the functioning of an 

entrained flow gasifier on a pilot scale [10]. 

These models are provided for gas combustor 

monitoring and stability [11], increasing coal-

fired utility boiler energy conversion, 

optimization, and thermal efficiency [12, 13], 

faults diagnosis [14], and for forecasting the 

660 MW coal power plant's boiler thermal 

efficiency [15]. However, a comprehensive 

study presenting a generalized methodology for 

improving power plant thermal efficiency and 

reducing emissions from coal-fired power 

plants must be developed.  

The selected input control variables’ 

operational data is obtained from the 

Supervisory Information System (SIS) of a 660 

MW plant to create the ANN process model for 

the power plant's thermal efficiency in this 

study. The information distribution in the input 

and output is represented graphically, and data 

are deployed for constructing the ANN model. 

By implementing the industry 4.0 digital 

transformation methodology, power plant 

operating excellence can be achieved. An ANN 

model is combined with a response surface 

methodology technique to investigate the power 

plant thermal efficiency. The enhancement in 

power plant thermal efficiency would be 

beneficial for reduced fuel consumption and 

emissions mitigation. The use of cutting-edge 

and advanced technologies dedicated to the 

employment of industry 4.0 in industrial 

complexes for higher yield and active operation 

control is in line with the United Nations 

Sustainable Development Goals' industry, 

innovation, and infrastructure program and the 

Paris Agreement to fulfil countries’ commitments 

for sustainable development. 

 

2. Selection of Control Variables 
and Data Visualization 

To simulate the thermal efficiency 

(ηthermal), five operating parameters are chosen: 

Main Steam Pressure (MSP), Main Steam 

Temperature (MST), Reheat steam Temperature 

(RHT), Flue Gas Temperature at the boiler exit 

(FGT), and Turbine Heat Rate (THR). The 

Supervisory Information System provides a total 

of 32,468 data points, out of which, 29201 

observations are deployed for training the models 

whereas remaining data are kept for the validation 

of the developed models. All variables have 

continuous numeric values, and the associated 

data-distributions are shown in Fig. 1(a-c).  

 
 

 
 

 
Fig. 1: Data-visualization of variables (input = 

MSP, MST, RHT, FGT, THR, and output = ηthermal) 

in (a-c) 
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The data distribution of the variables in 

their input and output space is reasonable. The 

statistics of the training data are presented in 

Table 1.  

    Table 1: Statistics of operating parameters 
Parameters Unit Min Avg Max SD. 

MSP MPa 13.3 19.5 24.7 4.54 

MST oC 544 562 571 6.01 

RHT oC 556 566. 571 2.88 

FGT oC 120 138. 156 8.02 

THR kJ/kWh 7470 7885 8370 210.8 

 

Control variables have varied operating 

arrays of power plant control parameters, which 

comprise not only all probable operating modes 

of the power plant, but also the comprehensive 

information of the plant operation required for 

the growth of a generalized and flexible ANN 

mode. 

3. Development of Artificial 
Neural Network 

Three layers make up an Artificial 

Neural Network (ANN), commonly known as a 

multilayer perceptron (MLP). The input layer is 

the initial layer. It has the same number of 

neurons as the number of control variables. 

Depending on its architecture, the MLP may 

have one or more hidden layers. The optimal 

number of neurons in the hidden layer, on the 

other hand, is calculated using the hit-and-trial 

approach [16]. In the output layer, the number 

of neurons is equal to number of outputs. Fig. 2 

depicts a generic ANN architecture. The 

neurons in the input layer correspond to control 

variables in the training dataset (X1, X2, 

X3,...,Xn), whereas Y is the output variable to 

be modelled. 

 

Fig. 2. Structure of Artificial Neural Network. 

 

The feed-forward backpropagation 

network approach is applied to create a model for 

ηthermal. It has a track record of extracting 

nonlinearities and interactions from high-

dimensional and complex data. Gradient descent 

with momentum is applied as a training function 

for the neural network model, and tangent 

hyperbolic is applied as a transfer function among 

the layers of MLP. The hidden layer of various 

ANN models is trained with varied numbers of 

neurons, ranging from 5 to 25. External validation 

of the models, on the other hand, is used to assess 

the models' training efficacy. The prediction 

performance of the models is measured by 

statistical features as defined in the next section. 

 

3.1 Evaluation Criteria 

To calculate the performance of developed 

ANN models, the prediction error against the 

validation data set, which was unseen by the 

networks during their formation phase, can be 

employed. In this work, six performance 

parameters are employed to assess the training of 

the generated ANN models. The parameters 

include R2, Nash and Sutcliffe efficiency (NSE), 

modified agreement index (d), root mean square 

error (RMSE), normalized root mean square error 

(NRMSE), and mean absolute error (MAE). The 

following are the mathematical representations for 

the parameters: 

𝑅2 = 1 −  
∑ (𝑦𝑖− �̂�𝑖
𝑁
𝑖 )2

∑ (𝑦𝑖− 𝑁
𝑖 �̅�𝑖)

2
 ,      0 ≤  𝑅2 ≤  1       

(1) 

 

𝑁𝑆𝐸 = 1 −  
∑ |𝑦𝑖− �̂�𝑖|
𝑁
𝑖

∑ |𝑦𝑖− �̅�𝑖|
𝑁
𝑖

 ,  −∞ ≤  𝑁𝑆𝐸 ≤  1  

(2) 

 

𝑑 =  1 −  
∑ |𝑦𝑖− �̂�𝑖|
𝑁
𝑖

∑ |𝑦𝑖− 𝑦�̅�|+ |�̂�𝑖− �̅�𝑖|
𝑁
𝑖

 ,  0 <  𝑑 ≤  1    

(3) 

 

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ (�̂�𝑖 − 𝑦𝑖)2
𝑁
𝑖=1                           

(4) 

 

𝑁𝑅𝑀𝑆𝐸 =  
𝑅𝑀𝑆𝐸

𝑦𝑚𝑎𝑥− 𝑦𝑚𝑖𝑛
∗ 100                         

(5) 

 

𝑀𝐴𝐸 =
1

𝑁
∑  |𝑦𝑖 − �̂�𝑖|
𝑁
𝑖=1                       

(6) 

 

Here, 𝑦𝑖, �̂�𝑖 and �̅�𝑖 are the actual value, 

model projected value, and mean of actual values, 
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with i = 1, 2, 3..., N being the number of 

observations. 

In this paper, nine ANN models are 

trained and subsequently are deployed for 

predicting the 3267 observations of the external 

validation dataset. The predictive performance 

of the models is computed on the defined 

statistical parameters and results are 

summarized in Table 2. ANN model with 

eighteen neurons in the hidden layer has 

comparatively performed well and is selected 

for response surface methodology analysis. 

Table 2: Prediction performance comparison 

of ANN Models 

# 

Neurons 
R² NSE d RMSE NRMSE MAE 

5 0.96 0.84 0.92 0.31 5.91 0.22 

8 0.96 0.84 0.92 0.31 5.89 0.21 

10 0.96 0.85 0.92 0.29 5.64 0.20 

13 0.96 0.84 0.92 0.30 5.87 0.22 

15 0.95 0.83 0.92 0.32 6.14 0.22 

18 0.96 0.85 0.92 0.29 5.55 0.20 

20 0.96 0.85 0.92 0.29 5.59 0.20 

23 0.96 0.85 0.92 0.29 5.63 0.20 

25 0.96 0.85 0.92 0.29 5.65 0.20 

 

4. Results and Discussion 

Response surface methodology (RSM) 

is a statistical technique used for the estimation 

of relationship between input and response 

variables. It adopts linear, quadratic, or higher-

order polynomial functions to investigate the 

statistical significance of the study factors and 

their interactions. Moreover, the regression 

concept is used in prediction and optimization 

of responses. Over the years, the use of RSM in 

engineering field has shown welcome results in 

prediction of complex system [17]. 

In the current study, full factorial design 

of experiment technique is used. Three levels of 

the variables, i.e., minimum, average, and 

maximum are incorporated for creating the 

experiments. As a results, 243 number of 

experiments are generated and are simulated 

from the developed ANN model. The best fit 

model across the experimental design and 

simulated responses has achieved R2 value of 

0.98. 

Fig. 3 presents the Pareto Chart showing 

the statistical significance of the variables. The 

chart identifies the most significant variables 

and their combinations. A line of statistical 
significance is plotted at 95% confidence 

interval. The bars lying above the line are 

significant. FGT, THR, THR*THR, MST*FGT, 

MST*THR and FGT*THR etc., are termed out to 

be the most significant variables on thermal 

efficiency. Similarly, MSP*MSP, MSP*FGT, 

MST*RHT etc., lie below the statistical 

significance line and thus are insignificant. 

 

Fig. 3: Contour plots of two variables on the 

objective function, a) THR & MST, b) THR & 

MSP, c) THR & RHT, and d) THR & FGT.  

Contour plots on the two selected variables 

are constructed to simulate their impact on ηthermal. 

Contour plots are the projection of the curve on to 

the plane defined by the selected two variables. 
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Fig. 4: Pareto Chart of statistical significance. 

 

Therefore, the effect of a pair of 

variables can be visualized in two-dimensional 

plane. The contour plot constructed for THR & 

MST is presented in  

Fig. 3(a). It appears that ηthermal > 41% 

can be achieved keeping the THR less than 

7700 kJ/kWh and MST between 545 oC to 570 
oC. The contour plot suggests that keeping THR 

towards the lower control limit is beneficial 

towards increasing the thermal efficiency of the 

power plant. Similarly, ηthermal > 41% can be 

achievable corresponding to 7481 < THR < 

7544 kJ/kWh and 21.7< MSP< 24.7 MPa as 

presented in  

Fig. 3(b). It suggests that MSP can be 

maintained towards its upper controllable limit 

ensuring the maximum thermal efficiency of 

the power plant. However, MSP is increased 

between its operating limits corresponding to 

the load generated by the power plant. Load is 

subjected to variation corresponding to the 

power demand in the national grid to which 

power plant is connected. Thus, operating the 

power plant at its rated capacity is beneficial for 

the improvement in its thermal efficiency 

which is in line with the literature [18]. The 

contour plot constructed on THR & RHT is 

shown in  

Fig. 3(c). It is observed that ηthermal > 

41% can be achieved by keeping the THR value 

between 7472 to 7728 kJ/kWh irrespective to 

the operating setting of RHT. Similarly, ηthermal 

> 41% can be achieved by keeping the THR 

value between 7472 to7712 kJ/kWh and FGT 

from 120 to 156 oC as shown in  

Fig. 3(d). 

The built-in response optimizer 

functionality in Minitab is executed to estimate 

the optimal values of the control variables to 

determine the maximum possible thermal 

efficiency under half load, mid load and full load 

power generation capacity of the power plant. The 

effective ranges of the control variables 

corresponding to the sustained load are fed into 

the optimizer and the determined optimal values 

are presented in  Fig. 5(a-c). It is estimated that 

ηthermal, 40.07%, 40.77%, and 41.83% can be 

achieved with reasonable desirability factor for 

the determined optimal values of MSP, MST, 

RHT, FGT and THR corresponding to half load, 

mid load and full load power generation capacity 

respectively. 

 

 

 

 
Fig. 5: Optimizer solutions driven for (a) Half load, 

(b) Mid load, and (c) Full load. 

The improvement in the thermal efficiency 

of the power plant is converted into the fuel 

consumption rate. The fuel consumption rate is 

calculated corresponding to the optimizer driven 

thermal efficiency values for three power 

generation modes. Moreover, the calculated fuel 

consumption rate values are compared with that of 

actual values taken from the power plant which 

are presented in Table 3. It is observed that fuel 
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consumption rate for optimizer driven solutions 

under the power plant's three power producing 

modes are lesser than that of actual power 

plant’s consumption rate. It is calculated that 9 

ton/hour, 6 ton/hour and 5 ton/hour fuel 

consumption rate can be saved under three 

power generation modes of the power plant.    

Referring to Table 4, the fuel savings 

equivalent to the three load conditions are 

deployed for calculating Hg, SO2, CO2, CH4 

and N2O emissions decline [16]. To estimate 

the accurate annual decrease in emissions, the 

power plant's overhaul period and allowable 

shutdown duration as agreed with the power 

purchase authority are excluded. Fuel savings 

are converted into annual decrease in Hg, SO2, 

CO2, CH4 and N2O emissions at given 

operating state of the power plant. It is 

projected that the annual reduction in Hg, SO2, 

CO2, CH4 and N2O emissions are 2.4 kg/year, 

35 ton/year, 157638 ton/year, 18 ton/year and 

2.6 ton/year respectively for half load power 

generation capacity which are the highest in 

comparison with that of mid load and full load. 

 

5. Conclusion 

The findings of this paper are 

summarized as: 

1. Thermal efficiency of a 660 MW power 

plant is modeled by exploiting real 

operational data and artificial neural 

network. 

2. Multiple ANN models are developed and 

validated on a comprehensive dataset. 

ANN with eighteen number of neurons in 

the hidden layer have presented 

comparatively better performance. 

3. Response Surface Methodology analysis is 

conducted in conjunction with ANN. The 

effective operating zones for maximizing 

the thermal efficiency are identified in 

contour plots. Moreover, response 

optimizer analysis is performed to 

determine the optimal values of control 

variables. The optimal solutions have 

offered savings in fuel consumption rate of 

the power plant under half load. mid load 

and full load power generation capacity.  

4. The maximum annual reduction in Hg, 

SO2, CO2, CH4 and N2O emissions are 2.4 

kg/year, 35 ton/year, 157638 ton/year, 18 

ton/year and 2.6 ton/year respectively for 

half load power generation capacity. 

 

Table 3: Comparison of control variables’ optimum operating values with the power plant’s conditions 

Operating State MSP MST RHT FGT THR ηthermal Fuel 

Consumption 

 Rate 

Fuel 

Savings 

MPa oC oC oC kJ/kWh % ton/hour ton/hour 

Half 

Load 

Actual 13.9 553 560 139 8240 37.72 148 9 

Optimizer 13.4 567 571 140 7955 40.07 139 

Mid 

Load 

Actual 18.9 559 565 142 7881 40.10 193 6 

Optimizer 20.3 569 569 149 7767 40.77 187 

Full 

Load 

Actual 24.0 559 566 151 7763 40.95 251 5 

Optimizer 24.7 555 571 135 7615 41.83 246 

 

Table 4: Annual reduction in emissions 

Operating State Hg 

(kg/year) 

SO2 

(ton/year) 

CO2 

(ton/year) 

CH4 

(ton/year) 

N2O 

(ton/year) 

Half load 2.4 35 157638 18 2.6 

Mid load 1.6 24 105092 12 1.7 

Full load 1.3 20 87577 10 1.4 
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Abstract 

Various physical modelling techniques reported in literature have practical limitations in applying them on 

the large-scale engineering systems. This study is conducted to model the Wet limestone-based Flue Gas 

Desulphurization (WFGD) system of a 660 MW power plant using artificial intelligence (AI) techniques like 

Support Vector Machines (SVM), Random Forest Method (RF) and Gradient Boosted Tree (GBT). Eight input 

variables of the WFGD system including pH of absorber slurry (pH), flue gas temperature at the inlet of 

absorber (FGT_Tin), flue gas flow (FGF), absorber slurry density (Abs. Den), oxidation air flow, inlet NOx, 

inlet dust and inlet SO2 are selected for modelling four output variables: SO2 Out, Hg Out, NOx Out and Dust 

Out. The training data are taken from the history of the power plant operation, and visualized. Subsequently, 

SVM, RF and GBT models are developed and their comparative performance is evaluated. It is found that RF 

model is proved to be significantly effective to model the emissions in comparison with the other two modelling 

techniques as determined by statistical performance measures. The developed model can be deployed for 

simulating the operating scenarios and developing operating strategies for effective operation management 

of the WFGD system. 

Key Words: WFGD System; SO2 emissions; NOx emissions; Artificial Intelligence 

1. Introduction 

The 26th conference of the United Nations 

Framework Convention on Climate Change 

(UNFCC) is held in 2021 to develop framework for 

the emissions from fossil power plants as they 

continue to bolster global warming thereby 

imparting negative consequences not only 

reinforcing global temperature rise but also 

negative health consequences on living beings [1]. 

Various decisions are made in order to meet the 

requisite standards of sustainability as set earlier by 

the UNSDG Goal 13-Climate Action [2]. Thus, it 

has become imperative to focus on cleaner power 

production from fossil fuels based power plants.  

Wet Limestone based flue gas desulphurization 

(WFGD) system is a high dimensional, non-linear 

and interactive complex industrial process for the 

flue gas cleaning [3]. The physical modelling tools 

are constructed on simplified assumptions and thus 

cannot effectively describe the true nature of the 

complex and interdependent processes [4]. 

Furthermore, the performance analytics conducted 

on such techniques cannot yield optimal results for 

large-scale industrial systems [5]. Thus, in order to 

handle large number of process variables coupled 

with the understanding of non-linear cause and 

effect relationship, it is feasible to utilise machine 

learning tools for modelling such high-dimensional 

industrial processes [6]. 

Contemporary artificial intelligence (AI) 

regression-based modelling techniques are function 

approximators like multilayer perceptron’s-based 

back propagation algorithm [7]. The techniques are 

computationally intensive and consumes 

considerable time for developing a model. 

Therefore, classifiers-based function approximator 

algorithms are incorporated in this study to evaluate 

their modelling performance for the industrial 

systems [8]. Three popular modelling tools, i.e., 

Support Vector Machine (SVM), Random Forest 

(RF) and Gradient Boosted Trees (GBT) are 
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selected to model SO2 Out, NOx Out, Hg Out and 

Dust Out emissions from a 660 MW power plant 

[9].  

Many research studies reported in literature 

modeled the WFGD system through various AI 

techniques. Moeen et al. conducted research on 

FGD system using Monte Carlo and MLP based 

ANN methods for modelling the emissions 

discharge [10]. Dou et. al. studied the removal of 

SOx from WFGD system by using two film theory 

of mass transfer [11]. Guo et. al. researched on 

eliminating SOx by using ANN model [12]. Lv et. 

al. conducted the research on reducing Hg 

emissions by using the least squares SVM based 

modelling and optimization analytics [13]. Li et. al. 

performed an experiment to model NO emissions 

by using Zeldovich mechanism [14]. Qigui et. al. 

investigated the emissions reduction from WFGD 

system by SVM model based analytics [15].  

Similarly, Fu et. al. conducted research on 

establishing WFGD efficiency prediction model by 

using LSTM network. It was found that LSTM has 

performed better than that of LSSVM [16].  

In this research, wet limestone-based flue gas 

desulphurization (WFGD) system operation is 

modelled by three advanced AI modelling tools, 

i.e., SVM, RF and GBT. Eight operating parameters 

are deployed for modelling SO2 Out, NOx Out, Hg 

Out and Dust Out emissions discharge 

characteristics. The data are carefully selected and 

fed for the development of the AI models. 

Subsequently, the prediction performance of the 

models is evaluated by the external validation test 

for (1) the selection of the better model, and (2) the 

comparative modelling analysis of the techniques. 

The research highlights the potential of classifier-

based function approximator tools for modelling 

the emissions from WFGD system which can be 

deployed for conducting the value-creating 

analytics by the industrial community. 

 

 

 

2. Methodology 

Fig. 1 shows the methodology adopted for 

achieving the goal of this study. In first step, data is 

collected carefully, and subsequently, in step two, 

different techniques are used for data visualization 

like Box Normal Chart and Self organizing Feature 

Map (SFOM). In step three, heat map is developed 

to determine the strength of the relations between 

the variables. Thereafter, in step four, various AI 

models like SVM, RF and GBT are constructed 

after hyperparameters tuning. Finally, the 

modelling efficacy of the developed models is 

evaluated by validation dataset and better 

performing model is selected by statistical 

performance parameters. 

 
Fig. 1: The research framework followed  in the 

study.  

2.1 Data Collection and Visualization 

        19200 observations of the input and output 

operating variables are taken from the supervisory 

information system of the power plant. The 

erroneous observation caused by the sensor 

malfunctioning and calibration errors are 

eliminated to prepare the final dataset. 

Subsequently, Box Normal charts are plotted to 

check whether the data distribution is symmetrical 

or not. Dispersion of data can be more clearly 

presented in Box plots as compared to histogram or 

other techniques. Box normal charts of input and 

four output variables are shown in Fig. 2. Most of 

the features have shown the normal distribution of 

the data in the input and output space except for 

Inlet dust, and flue gas flow, where a stronger left 

skew is witnessed. Self-organizing feature map 

(SOFM) is an advanced machine learning technique 

used for visualization of data clusters present in 

dataset. Basically, it presents the clusters sizes on 

two-dimensional output layer. Eight parameters 

from dataset are used for the construction of SOFM 

in this study. Consequently, 8*8 dimensions of two-

dimensional output layer is constructed. 
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Fig. 2: Box Plots of input and output variables. 

From Fig. 3, it is clearly shown that data clusters for all eight variables are well distributed in the input 

space, hence, the presence of useful featured information is confirmed in the dataset. 

 

Fig. 3: Self Organizing Feature Map. 

        Heat map presents the correlation among the input variables as well as between the input and output 

variables. The correlation among the input variables in thought to be as low as possible to confirm the 

variables independence which is a necessary requirement for the development of an effective AI model. The 

heat map of data variables incorporated in the study is shown in Fig. 4. The heat map confirms the relative 
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independence of the variables selected in the study and directs to deploy these variables for modelling the 

emissions. 

3. Development of Artificial Intelligence Models 

In this paper, support vector machines (SVM), random forest (RF) and gradient boosted tree (GBT) 

models are selected to model SO2 Out, NOx Out, Hg Out and Dust Out emissions from a power plant. The 

models have presented promising results for modelling the processes of engineering systems. 

 
Fig. 4: Heat Map of the operating variables. 

SVM is basically a supervised ML algorithm and its architecture is shown in Fig. 5(a). It is aimed at 

performing non-linear regression and classification problems by using kernel functions. The kernel functions 

are very useful in bridging linearity out of the non-linear and multivariate variables space. In this work, 

gaussian kernel function is used because it can effectively mine the non-linear interactions among the 

variables.  

Random forest (RF) is also a supervised ML algorithm for solving classification and regression 

problems. The architecture of RF model is shown in Fig. 5(b). RF is based on ensemble learning technique 

in which random samples are collected from the data set and then multiple decision trees are created. The 

final output of the model is the average of the trees’ predictions which provides an average response of the 

model against the input conditions. Gradient boosting tree (GBT) algorithm as shown in 

Fig. (c) is based on sequential learning model 

which combines the output of the previous trees for 

improving the modelling capacity of the next tree. 

The difference between the RF and GBT is the 

number of features allocated to the trees for 

modelling. In GBT model, all features are assigned 

to the set number of trees which are then deployed 

for modelling the objective function. 

   

Fig. 5: Architecture of AI models. (a) SVM, (b) RF, and (c) GBT. 
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3.1  Hyperparameters tuning for AI 
models development 

The hyperparameters involved in the AI 

models development are optimized. The 

hyperparameters for SVM model are box 

constraint and epsilon whereas minimum leaf size 

and number of learners are to be tuned for RF and 

GBT.  

The hyperparameter values are optimized such 

that the minimum loss is observed for the model 

performance. The iterative tuning process of the 

RF model’s hyperparameters for Hg Out are 

presented in Fig. 6.  

The optimum values of number of learners and 

minimum leaf size are estimated to be 499 and 1 

respectively for the minimum MSE. 

 
Fig. 6: Hyperparameters tuning of RF for Hg Out. 

4. Results and Discussion 

4.1  Evaluation Criteria 

The modelling performance of selective AI 

modelling techniques is evaluated on the basis of 

statistical performance parameters. Coefficient of 

determination (R2), root mean square error 

(RMSE), mean square error (MSE) and mean 

absolute error (MAE) are incorporated for 

evaluating the prediction performance of the 

models against the external validation dataset. The 

mathematical expression of the performance 

parameters is defined as: 

𝑅2 = 1 −  
∑ (𝑦𝑖− �̂�𝑖
𝑁
𝑖 )2

∑ (𝑦𝑖− 𝑁
𝑖 �̅�𝑖)

2                                (1)

  

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ (�̂�𝑖 − 𝑦𝑖)2
𝑁
𝑖=1                        (2)       

               

𝑀𝑆𝐸 =
1

𝑁
∑ (�̂�𝑖 − 𝑦𝑖)

2𝑁

𝑖=1
                          (3)     

                   

𝑀𝐴𝐸 =
1

𝑁
∑  |𝑦𝑖 − �̂�𝑖|
𝑁
𝑖=1                             (4)

             

     Here, actual value, model predicted value and 

mean of actual value are represented by 𝑦𝑖, �̂�𝑖 and 

�̅�𝑖 respectively and 𝑖 = 1, 2, 3,…,N equal to total 

number of observations. The value of R2 ranges 

from zero (no-correlation) to one (perfect 

correlation). Similarly, RMSE, MSE and MAE are 

the error terms computed to quantify the error in 

the model predicted responses and should be as 

minimum as possible. The modelling performance 

of the developed SVM, RF and GBT models is 

tested on the basis of external validation dataset’s 

prediction. The dataset is taken from the power 

plant data storage bank and is essentially unseen to 

the models. The external validation test of the 

models provides good performance evaluation 

criterion for assessing the predictive capacity of 

models to unseen operating conditions. 

Subsequently, R2, RMSE, MSE and MAE values 

for the models’ responses are calculated to assess 

the quantitative comparative modelling capacity of 

the models.  Fig. 7(a) illustrates the value of R2 on 

ordinate with modelling techniques on abscissa. 

The graph depicts the regression performance of 

the three models for the external validation dataset. 

Larger the value of R2, the better are the model 

predictions to the operating conditions. Here, R2 is 

maximum for RF model as compared with that of 

SVM and GBT. The measured value of R2 is 0.94 

for NOx Out and Dust Out and 0.92 for SO2 Out and  
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Fig. 7: Statistical parameters for evaluating 

prediction performance of SVM, RF and GBT (a) 

R2, (b) RMSE, (c) MSE, and (d) MAE. 

Hg Out which shows that RF has learnt 

generalization trend out of the training data and 

possesses better modelling performance compared 

to RF and GBT. Fig. 7(b) depicts RMSE on 

ordinate axis measured for SVM, RF and GBT. 

RMSE shows the measure of error among the 

model predicted and actual responses for the output 

variable and should be as minimum as possible to 

actualize a better performing model. RMSE value 

is observed to be minimum in Hg Out for RF model 

which is 0.377 µg/Nm3 as compare to 0.491 

µg/Nm3 in Hg Out for SVM and 0.519 µg/Nm3 for 

GBT. Fig. 7(c) displays the MSE on ordinate 

against SVM, RF and GBT models. Fig. 7(c) 

illustrates minimum MSE value in RF model for Hg 

Out which is 0.142. Meanwhile, MSE value for 

SVM is 0.241 in Hg Out and for GBT is 0.269 in 

Hg Out. Fig. 7(d) demonstrates the MAE results 

against the selected models. MAE value is 

minimum in RF model for Hg Out which is 0.181 

µg/Nm3. Furthermore, MAE value of Hg for SVM 

and GBT are 0.254 µg/Nm3 and 0.317 µg/Nm3 

respectively. Thus, by drawing upon the 

quantitative performance assessment of the models 

by maximum R2 value and minimum RMSE, MSE 

and MAE value, the final result is concluded 

indicating the R2 value is maximum for SO2 Out, 

NOx Out and Dust Out in RF model. Furthermore, 

minimum error with respect to particular output 

variable is observed in RF model as compared to 

SVM and GBT models. The superior performance 

indices of the RF model over SVM and GBT as 

measured by the statistical parameters for the 

external validation dataset facilitates in selecting 

the better model that can be used for conducting the 

value-creating analytics like developing optimum 

operational strategies for emissions control, 

material savings and smart operation management 

of emission discharge systems 

5. Conclusion 

The findings of the conducted research are 

summarized as: 

Three AI modelling tools, i.e., SVM, RF and GBT 

are incorporated for modelling SO2 Out, NOx Out, 

Hg Out and Dust Out emissions from wet flue gas 

desulphurization system. The training data of the 

variables are carefully taken and visualized by 

state-of-the art machine learning tool like SOFM. 

Furthermore, the correlation among the input and 

output variables is systematically presented on heat 

map. The three AI models are carefully trained and 

validated on the external validation dataset. The 

predictive performance of the models is measured 

by statistical parameters like R2, RMSE, MSE and 

MAE. It is found that maximum value of R2 is 

measured for RF in modelling SO2 Out, NOx Out, 

Hg Out and Dust Out emissions with the minimum 

RMSE, MSE and MAE compared with that of SVM 

and GBT. The developed models can be served for 

conducting the performance enhancement analytics 

for wet FGD system in the future studies 
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Abstract 

Commercial centers in Iran consume 40.5% of primary energy sources. Optimizing the consumption and 

modernization of infrastructure and increasing production and supply of energy by renewable energy and 

simultaneous production with the most appropriate method and increasing energy efficiency through the use of 

new technologies is possible and should increase productivity, Reducing the amount of energy waste and 

adjusting costs in line due to the emphasis on the importance of improving energy efficiency, especially in major 

commercial centers, through the implementation of sustainable development policies. One of the challenges and 

challenges faced by energy managers and planners in the field of consumption management, the lack of proper 

use of statistics and information is a suitable model for simulating, modeling and predicting the trend of demand 

changes. In many cases, the test and error method is used in the decision making process. Unlike previous 

studies, in this paper, using the information obtained from the field survey of a commercial complex and its 

transfer to the Design Builder software, a method for reducing the cooling load based on the thermal analysis of 

the building under study, are provided. Eventually, it turned out that 71% of the increase in the heating of this 

commercial center is due to its lighting system and the increase in solar thermal through windows. To reduce 

47% of the total energy consumption, a decrease of 40.2% in cooling costs has been estimated. Comparison of 

actual results and simulation results shows that the modified and proposed model could reduce energy 

consumption by 4.3%. 

 

Key Words: Novel Method; Sustainable Building; Energy Conservation; Cooling; Thermal Analysis; 

Design Builder Software. 

1. Introduction 

The share of each consumer sector in the total 

energy consumption in Iran is a significant 

figure, which is expected to increase in the 

future due to population growth and 

development. Residential and commercial 

complex 40.5%, industrial centers 20%, 

transportation 27%, agriculture 3.5% and other 

uses 9% of total energy. Moshiri et al. [2], 

considering the importance of energy 

consumption in Iran, calculated the growth rate 

of building energy demand in this country, and 

also the Asia Energy Outlook report for the 

coming years has been extracted by the 

International Energy Agency. [3]. Due to the 

large number of unaffordable buildings, there is 

a great deal of interest in increasing the energy 

efficiency of renovation construction, which in 

many cases is a cost-effective process with less 

destructive environmental impact compared to It 

has a complete destruction and reconstruction 

[4-6]. However, the effect of this trend depends 

on the structure of the buildings and the 

renovation, and hence, methods to find effective 

strategies and modeling to predict the reduction 

of energy consumption are critical [7]. Measures 

in this regard were published by the Institute for 

the Energy Efficiency Measurements Station 

(EEMs) and the Us Department of Energy (US 

DOE) and the American Society of Heating, 

Refrigerating and Air-Conditioning Engineers 

(ASHRAE) [8] as a solution. In previous 

studies, buildings have been selected based on 

multi-objective optimization methods [9-11]. 

Andarini et al. [12] in their research using a 

parameter analysis that can significantly reduce 

the energy consumption of the cooling system in 

the design of a store in Indonesia. They 

examined various design parameters that greatly 

helped to reduce heating [13]. While the study 
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of Hasselberg et al. [14] is similar to the 

previous case, but in the case of a wider range of 

input parameters to determine and their effect on 

the energy performance of a building design and 

studied the heating and cooling load as output 

variables to analyze them. Ayon [15] concluded 

that 64% of the total energy of Malaysian 

commercial buildings is used for air 

conditioning. Other countries, such as 

Indonesia, Thailand and Singapore, spend 51-

59% of their building energy costs on air 

conditioning [16]. By studying the research 

done, in this article, using the information 

obtained from the field visit of a commercial 

complex and its transfer in Design Builder 

software1 provides a way to reduce the cooling 

load based on the thermal analysis of the studied 

building. 

2. Research Methodology 

The proposed model and method includes the 

steps in Figure 1, which starts from the stage of 

collecting information about the building under 

study and after a few steps will reach the final 

stage, ie the results of the proposed model. 

2.1. Building Energy Audit 

The Building Energy Index (BEI) is used as a 

measure for the building and is expressed by 

Equation (1) [17]. Also, the annual energy 

consumption for the building is expressed by 

Equation (2) [16]. The estimated energy 

consumption used in the cooling system is 

shown in Equation (3) [18, 19]. The use of cold 

water in Refrigeration Tonne per Hour (RTH) is 

a certain amount, one unit of which is equivalent 

to 3.5 kWh, and it is assumed that there is no 

energy loss.  

 

(1) BEI = ∑AEC/∑FA 

(2) AEC = ∑ELbuilding(kwh) + ∑Ecw(kwh) 

(3) 
Ecw(kwh) = (CW(RTH)

× 3.5)/COPchiller 
 

The measurement of the internal conditions of 

the business center such as air temperature, 

humidity, carbon dioxide level and brightness is 

reported by the Building Management System 

(BMS), which can be seen in Table 2. 

2.2. Modeling of the Building under 

                                                           
1 Design Builder Software (Version 4.5.0.148) 

Study 

The building of Panorama Shopping Center has 

been designed using version 4.5.0.148 of Design 

Builder software. In this study, input data was 

collected with the help of the facility's facility 

management and the author of the article on-site 

visit to ensure the model represents the actual 

building, which we will discuss below. 

- Geometry: Architectural and structural map of 

the building in the form of AutoCAD software. 

- Equipment: devices available in each floor of 

the office. 

- Lighting: collecting information on the 

number of lamps in each floor. 

- Occupation in each floor: Approximate 

number of employees and customers according 

to the type of efficiency of each floor. 

- Climate information: Obtaining complete 

details from the Meteorological Organization 

[20]. 

- Air-conditioning systems: Heating, 

Ventilating and Air Conditioning (HVAC) 

system design schematically for each floor. 

Design Builder software simulates the energy 

consumption of the entire cooling system. 

Hence, the actual energy consumption by the 

cooling system can also be calculated using 

Equation (4) where the monthly Electric 

Consumption by the Cooling System (ELCS 

(kWh)) which is calculated using equations (5 

and 4) and its Coefficient of Variation of the 

Root Mean Square Error (CV (RMSE)) by 

equation (7) between the simulation results and 

the results. The real is calculated [21]. 

 

(4) 𝐴𝐶𝐶 = 𝐸𝐿𝐶𝑆(𝑘𝑤ℎ) + 𝐸𝑐𝑤(𝑘𝑤ℎ) 

(5) 𝐸𝐿𝐶𝑆(𝑘𝑤ℎ) = 𝐶𝑝 × ∑𝐴𝐸𝐿𝐶 

(6) 𝐶𝑉(𝑅𝑀𝑆𝐸) =
√∑ [(𝑀𝑖 − 𝑆𝑖)2/𝑁𝑖]𝑁𝑖

𝑖=1

1
𝑁𝑖

∑ 𝑀𝑖
𝑁𝑖
𝑖=1

 

(7) 𝑀𝐵𝐸 =
∑ (𝑀𝑖 − 𝑆𝑖)

𝑁𝑖
𝑖=1

∑ 𝑀𝑖
𝑁𝑖
𝑖=1

 

3.2. Thermal Analysis of the Studied 

Building 
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Thermal analysis was performed in three steps. 

The first step is to define the areas with the 

highest cooling load. The second stage aims to 

discover the main heat sources and the third 

stage aims to identify and present a strategy and 

solution to reduce energy consumption. 

 

(9) 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 (𝐺𝐵𝑃/𝑘𝑊ℎ)
= 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑠𝑡
/𝑎𝑛𝑛𝑢𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 

 

3. Details of the Building under Study 

In this research, the building of Panorama 

Shopping Center (Figure 2) with 33000 m2 

infrastructure on a land area of 7500 m2 located 

in the western side of Chalus city and in 

Kelarabad city (west of Mazandaran province in 

north of Iran) has been studied. This commercial 

center has been designed using modern Japanese 

technology and accompanied by experienced 

Iranian and Japanese engineers. Cooling and 

heating systems of this center is one of the most 

modern installation systems among commercial 

centers in the north of the country. Other 

specifications of this shopping center are 

available in Table 3. 

4. Results and Discussion 

4.1. Energy and Quality of the Indoor 

Environment 

Comparison of Iran with other countries in 

terms of macro-energy indicators shows that 

unfortunately we are not in a good position. 

Energy intensity index in Iran is 1.67 tons 

equivalent to crude oil per thousand dollars of 

GDP, which is 5 times the global average of 

0.24 while Japan and the United Kingdom have 

the lowest energy intensity index in the world at 

around 0.1 [22]. In the final energy consumption 

sector, the average consumption in the 

construction sector in Iran is about 500 kWh per 

square meter per year, which is 160 kWh in the 

world [23]. The results of Table 6 show that the 

number of commercial spaces of the studied 

building should be less than the minimum 

temperature proposed in MSI525: 2007 [24]. 

4.2. Modeling of the Building under 

Study 

Comparing real energy consumption with 

simulated energy consumption using ASHRAE 

Guideline 14 shows that the proposed model is 

acceptable. The average estimated deviation 

error was ± %3.37, which is the acceptance 

criterion of ± %5.  

Total energy consumption in Iran according to 

the latest statistics published from the energy 

balance sheet of the Ministry of Energy [25] in 

1394, GWh 16972 in the simulation results, the 

amount of 15824 GWh was predicted. A 

comparison of annual real energy consumption 

and estimated energy consumption in the 

simulation and its error rate is shown in Figure 

4. 

4.3. Thermal Analysis of the Studied 

Building 

Annual cooling load in different areas of the 

business center shown in Table 7 for analysis 

and further analysis of the heat source is defined 

and further analysis of heat sources is shown in 

Table 8. 

In this study, four important components have a 

large impact on increasing heat, such as lighting 

systems, windows and equipment. 

4.3.1. Lighting system 

An example of lighting in a mall is shown in 

Figure 5. The efficiency of the real lighting 

system is calculated using equations (9, 10) and 

the results are listed in Table 9. 

(9) 
𝜂𝐿𝑆 = 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑙𝑢𝑚𝑒𝑛

/𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑤𝑒𝑟𝑢𝑠𝑒𝑑 

(10) 
𝜙 = (𝑀𝐹 × 𝑈 × 𝐿𝑂𝑅 × 𝜂𝐿 × 𝜂𝑔)

× 𝑃𝑠𝑦𝑠 

4.3.2. Window 

The window plays an important role in ensuring 

the thermal comfort of the occupants and 

providing natural daylight into the building. 

Despite the degree of overlap, the infrared 

component from the input of transmitted 

daylight to the building itself increases the 

internal heat of the building. The amount of 

increase in ambient temperature of the windows 

is calculated by Equation (11). 

(11) 𝑄𝑖 = 𝑈𝑔 × (𝑇𝑎 − 𝑇𝑟) + (𝑆𝐻𝐺𝐶 × 𝐺) 

4.3.3. Equipment in the Building 

under Study 
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In different parts of this shopping center, there is 

a lot of store, office and office equipment, the 

most important of which are more than 150 

computers and printers. Also, the large numbers 

of refrigerators that are constantly used in 

restaurants play an important role in generating 

ambient heat. 

4.4. Strategy to Reduce Cooling Load 

Five proposed methods for reducing the cooling 

load in lighting, glass, equipment, air 

conditioning and renewable energy systems are 

discussed, each of which is discussed: 

A) Lighting system: A lighting system involves 

the automatic adjustment of light in the 

hallways and the replacement of existing 

lamps with high-efficiency LEDs. 

B) Glass: The use of double-glazed or multi-

glazed windows is suggested and the effect 

of different types of glass on increasing the 

solar temperature can be seen in Table 11. 

C) Equipment: Replacing the use of PCs with 

400 W power consumption with laptops that 

consume 216 W power. Also, the 

replacement of the RICOH C2051 

multifunction printer (with power 

consumption kWh 1680) with the HP 

LASERJET M476dw printer (with power 

consumption 640 kWh) and the replacement 

of the refrigerator from Group F energy 

consumption to A + have an effective role. 

D) Air conditioning system: By activating only 

60% of the cooling system at 7:30 as pre-

cooling, the peak hidden load due to external 

humidity at that time can be significantly 

reduced. 

E) Renewable energy: The installation of a 

cogeneration system (CHP) and solar panels 

on the roof of a building from an area of 

approximately 7500 m2 can be appropriate to 

help supply energy. 

4.5. Estimation of Energy 

Consumption Reduction 

The estimated energy and initial costs for the 

proposed method are summarized in Table 12, 

and a comparison of final energy consumption 

for the initial and post-modification times is 

shown in Figure 7. 

By activating only 60% of the cooling system at 

7:30 as pre-cooling, the peak latent load can be 

significantly reduced due to the external 

humidity at that time. A comparison of the 

building cooling load an hour before and after 

the change is shown in Figure 8. While a 

comparison of time measurements of indoor air 

temperature before and after changes in 19 days 

of June is shown in Figure 9 and the proposed 

design is determined based on the specifications 

in MS 1525: 2007 [15]. 

5. Conclusion 

In this study, we first collected information 

about the building under study. Then, we 

investigated the cases that caused the production 

of heat and reduced the cooling load, and 

presented the proposed solutions and strategies 

to reduce the cooling load. We simulated the 

studied model in Design Builder software and 

then analyzed the results. Finally, it was found 

that 71% of the heat increase in this shopping 

center is generated by its lighting system and the 

solar heat is transmitted through the windows. 

In order to reduce 47% of total energy 

consumption, a 40.2% reduction in cooling load 

is estimated. Comparison of real results and 

simulation results shows that the modified and 

proposed model can reduce energy consumption 

by up to 4.3%. 
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Apendix: (Tables and Figures) 

Table 1. Growth rate of building energy demand in Iran [2]. 

Ratio Annual growth (%)  

1.100 4.700 Total oil content (Tbd)2 

2.400 16.00 Dry natural gas (Bcf)3 production 

                                                           
2 Total Oil Supply 
3 Dry Natural Gas Production 
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1.300 4.300 Total primary energy production (Btu)4 

1.300 4.000 Total oil consumption (Tbd) 

2.400 16.40 Dry natural gas consumption (Bcf) 

1.700 5.800 Total initial energy consumption (Btu) 

1.900 5.900 Total electricity consumption (kWh) 

 

 

 

Figure 1. Block flow diagram of research method based on thermal analysis. 

 

 

 

Table 2. List of equipment used to measure the indoor environment. 

Accuracy Usage Equipment Model 

± %3 Lighting Testo 540 

± %5 2CO pSENSE RH 

± %3 Air temperature and humidity HT305 

                                                           
4 Total Primary Energy Production 
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Figure 2. Photo of the building under study Panorama Shopping Center. 

 

 

Table 3. Summary of the specifications of the studied building. 

Description Components 

Wet Location Weather 
2m 33000 Area 

Corridors, bathroom, utility unit, management room, 

restaurant 
Division of business center areas 

U-value:2.898 W/m2K 

Stone 
external wall 

Flute glass (8 mm) Glass view 

The whole shopping center is equipped with 3119 

lamps of W36, which is the average light density in 

commercial sections 4.85 W/m2 

Lighting 

 

 

Table 4. Annual Building Energy Index (BEI) 

2012 2011 2010 2009 Year 

216.9 254.3 241.12 241.78 (kWh/m2/year) 

 

Table 5. Energy intensity statistics in recent years in Iran by the US Energy Information 

Administration [26]. 

2012 2011 2010 2009 Year 

39525 39575 41093 36519 (Btu/Year.$) 

 

 

Table 6. Measured indoor conditions in different areas of the business center. 

(ppm) 2CO R.H (%) T (°C) floors 

671.2 57.50 23.30 Ground Level 
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645.8 62.60 23.30 First 

678.2 64.20 22.50 Second 

802.0 60.70 22.30 Third 

 

 

 

Figure 4. Comparison of real and simulated annual energy consumption. 

 

 

 

Table 7. Annual cooling load in different areas of the business center. 

Cooling load intensity  

(kwh/m2/year) 

Annual cooling load 

(kwh) 
Cooling Areas 

193.0 2.666 Management Unit 

5545 468.4 
Shopping Center Information Office 

119.0 393.2 
Corridors 

348.0 201.9 Restaurant 

 

Table 8. Heat distribution in different areas of the business center. 

Amount of annual heat increase (%) Areas 

Sunlight from outside windows Lights Equipment 
 

1 2 3 4 5 6 7 8 9 10 11 12

Real 16972 16800 16760 16510 16400 16530 16710 16850 16890 16910 16933 16960

Simulation 15824 15710 15650 15490 15300 15440 15612 15714 15760 15794 15801 15793

Error 3% 3.40% 4.60% 2.90% 3.40% 4% 2.70% 2.32% 3% 3.30% 3.80% 4.10%
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26 47 22 Management Unit 

0 23 76 Shopping Center Information Office 

13 85 0 Corridors 

 

 

Figure 5. Lighting system in Panorama Shopping Center. 

 

 

Table 9. Measured efficiency of lighting system. 

Power rating (W/m2) ηLS (%) Management Unit 

6 1.940 Step 1 

5 4.020 Step 2 

5 4.200 Step 3 

5 2.820 Step 4 

4 3.420 Step 5 

5 2.960 Step 6 

4 3.740 Step 7 
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Figure 6. Modified cooling operation schedule for the mall with Design Builder software. 

 

Table 10. Measurement of daylight. 

Lighting Areas 

21000 Corridor Step 1 

25000 Corridor Step 2 

14840 Corridor Step 3 

502 Elevator glass view Step 1 

503 Elevator glass view Step 2 

396 Elevator glass view Step 3 

 

Table 11. Impact of different types of glass on the solar energy consumption of the building through 

external windows. 

Increase solar heat 

through windows (kWh) 

U-value 

(W/m2) 

Solar energy 

absorption coefficient 
Type of glass 

2014444 5.7 0.815 Clear single-walled glass 8 mm 

598054 5.7 0.447 Green single-walled glass 8 mm 

274900 1.8 0.325 Gray double glazing 8 mm 

 

 

Figure 7. Comparison of final energy consumption for the initial time and after correction. 

Table 12. Estimated energy performance and initial cost for the proposed methods. 

renewable 

energy 

Reduce initial 

energy 

Reduce 

initial 

Reduce 

cooling 

Cost of 

reducing 

Total 

cooling 

Total energy 

consumption 
Method 

Lighting Cooling
Equipme

nt

Initial 2150000 4050000 900000

After correction 570000 2490000 600000
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(kWh) consumption  

(kWh) 

energy 

consumption 

(%) 

load 

(%) 

energy 

consumption  

(GBP/kWh) 

load  

(kWh) 

(kWh) 

- - - - - 1102655 1697200 primitive 

- 653221 9 12.5 0 960241 1613462 Exploitation 

- 242217 35 23.1 0.96 1354670 1596887 Lighting 

- 248811 2 3.1 3.21 1432531 1681342 Glass 

- 745720 5 3.5 - 736620 1482340 Equipment 

746703 789496 12 0.3 2.91 890145 1679641 Photovoltaic 

746703 3891812 57 40.2 - 4513401 8405213 CHP 

 

 

Figure 8. Cooling load of the building before and after modification, simulated for 456 hours (19 

days). 

 

Figure 9. Predicted time of temperature of the management center management unit of stage 4 in 

May. (The blue color of the initial temperature in degrees Celsius and the orange color of the 

temperature after shaving in degrees Celsius) 
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Abstract 
 
Increasing energy demands, fossil fuel depletion, and increased consumption of fuel, as well as the production 

of toxic emissions, have prompted extensive research into alternative fuels. Biodiesel is a globally recognized 

alternative fuel for diesel engines. Researchers have suggested using biodiesel in blend with diesel fuel due 

to its higher density and viscosity. In this study, castor biodiesel was considered for study as an alternative 

fuel. Transesterification was used to produce biodiesel from castor oil. By blending diesel with castor 

biodiesel, a 20% volume percentage was produced (B20). The novel idea of this study was to develop the 

biodiesel blend and investigate its effect on emissions with the addition of oxygenated additive based ternary 

blend. To produce a novel ternary blend and improve fuel properties, 1-butoxybutane as an oxygenated 

additive was utilized with B20 in a 5% V/V proportion. Emissions of the engine for both binary and ternary 

biodiesel blends were tested at constant engine speed with variable load conditions. It was found at the 

highest applied load that 1-butoxybutane-based biodiesel blend reduced carbon monoxide emissions by 8% 

as compared to biodiesel blend without 1-butoxybutane. On the other hand, at all loads, there was a 

significant reduction in hydrocarbon and NOx emissions, when compared with diesel and biodiesel blends. 

Overall, this research concludes that 1-butoxybutane with castor biodiesel blend can reduce the 

environmental impact and will prove itself as a promising oxygenated additive. 

 

Key Words: Diesel; Castor oil Biodiesel; 1-butoxybutane; Emissions 

1. Introduction 

In the industrial and transportation sectors, fossil 

fuels have been employed as a source of energy [1]. 

Because fossil fuels are a non-renewable resource, 

the increased fear of depletion has resulted in an 

increase in oil prices, strict emission regulations 

particularly for diesel engines, and the urgent need 

for an alternate source of power [2]. For the same 

population growth and consumption rate of crude 

oil, the existing petroleum reserves are expected to 

be depleted by 2052 [3]. The expansion and growth 

of alternative energy sources is not keeping pace 

with the increase in energy consumption. Many 

alternative energy sources have been proposed for 

the automotive industry, but none have been 

demonstrated to be both economically feasible and 

practical [4]. Renewable energy sources, 

particularly in the automobile sector, may be the 

best solution to the crude oil crisis without requiring 

large-scale infrastructural and technological 

modifications. Biofuels are a type of renewable 

energy obtained directly from plants or indirectly 

through domestic waste, agriculture and other 

sources [5]. Biodiesel is a methyl ester made from 

vegetable oils that can be used to replace traditional  

 

 

petroleum-based fuels [6, 7]. Non-edible oils of 

plant origin, are now being employed for biodiesel 

production due to the issue of food supply 

shortages. These non-edible oils are known as 

second generation feedstock for biodiesel 

production [8, 9].  

The advantages of biodiesel made from non-edible 

oils include low sulphur emissions, approximately 

identical diesel fuel qualities, high cetane number 

and oxygen content, while the disadvantages 

include high viscosity and density, low volatility 

and calorific value [10]. Researchers have 

contributed a lot of time and effort to this challenge, 

recommending the use of biodiesel in blends with 

ordinary diesel, which is regarded acceptable 

because such blends may run in engines without 

considerable modifications [11]. Biodiesel blends 

with diesel have a higher heat efficiency and better 

energy conversion because they include more 

213



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

oxygen and have a higher cetane number, both of 

which result in high combustion efficiency [12]. 

NOx emissions increase as a result of these 

increased combustion properties. Many researchers 

have examined engine parametric methods like 

variations in injection opening pressure, 

compression ratio, and fuel injection timing in light 

of these issues. They endorse high-density biodiesel 

blends with the adverse effects of high NOx 

emissions [13, 14]. Recently researchers are 

focusing on fuel additives for sustainable and 

environmentally friendly blends. The results of 

using these additives in fuels shows a higher 

efficiency of fuel energy conversion [15]. Metal 

oxides and organic compounds like ethanol, ethers, 

and others are the most prevalent fuel additives. 

The thermo-physical characteristics of biodiesels 

have been discovered to be altered by a mixture of 

additives and methyl esters. In addition, the usage 

of oxygenated additives especially ethers in 

biodiesel-diesel blends has been predicted to have 

high latent heat of evaporation, which lowers 

engine cylinder temperature which may reduce 

NOx emissions [15, 16]. Moreover, these 

oxygenated additives, due to higher oxygen content 

may reduce other emissions such as carbon 

monoxide and hydrocarbons [17, 18]. 

In the present study, 1-butoxybutane, also known as 

dibutyl ether, was blended with a blend of castor 

biodiesel and diesel. Dibutyl ether, containing 

about 13% oxygen content, is a flammable and 

volatile liquid from the family of ethers [19, 20].  

The effect of biodiesel blends with and without 1-

butoxybutane was investigated for diesel engine 

emissions and compared to the emissions of 

conventional diesel fuel. 

2. Biodiesel and its blends 

Biodiesel was produced using the chemical 

technique of transesterification. For the biodiesel 

production, reaction was carried out under the 

following operating conditions; methanol to oil 

ratio (25% V/VCASTOR OIL), KOH (0.75wt%), 

reaction time (3 hours), temperature (60°C) and 

Stirring speed (800 rpm).  

 Initially, castor oil was heated on a hot plate until 

it reached a temperature of 60°C. In parallel, a 

methylate solution was prepared by mixing 

methanol and pellets of potassium hydroxide. The 

obtained methylate solution was then added to the 

hot oil. The methylate solution and the oil was 

continuously heated to maintain a temperature of 

60°C and was also stirred at 700 to 800 rpm for 3 

hours.  

Both processes of stirring and heating were 

performed using hot plate with magnetic stirrer. 

After 3 hours of reaction, solution was transferred 

to separating funnel and two layers were separated 

after 24 hours. Top layer was biodiesel and bottom 

one was of glycerin. Obtained crude biodiesel was 

separated, washed and dried to obtain pure castor 

biodiesel. Produced castor biodiesel was blended at 

1000 rpm with diesel fuel to produce binary blend 

B20 containing 20% biodiesel and 80% diesel fuel.  

 

Fig 1:  Experimental Setup 
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Table 1: Physiochemical Properties of Fuels 

Table 2 American and European standards for 

physiochemical properties of biodiesel 

 

Additionally, ternary blend (B20+5%1-BB) 

containing 1-butoxybutane was produced for 

engine test by blending 5% V/VB20 1-butoxybutane 

with B20. Produced blends B20, B20+5% 1-BB 

along with diesel were tested for emissions of a 

diesel engine. Physiochemical properties of 1-

butoxybutane and other fuels are listed in Table 1. 

3. Diesel Engine Test 

 Diesel engine test bed utilized for experimental 

work had the capability of analyzing and adjusting 

key engine parameters such as engine load and 

speed. A single cylinder direct injection four-stroke 

naturally aspirated air cooled Lister-Petter AC1 

diesel engine was used. Technical Specifications of 

the engine are listed in Table 2. The engine was 

connected to a dynamometer, which enabled the 

load and speed of the engine to be controlled. For 

the analysis, pre-set speed was defined and the 

throttle was further opened in steps. Therefore, 

opening the throttle, increased the fuel supply and 

thus increased the speed of the engine. When the 

speed of the engine exceeded the pre-set speed, 

dynamometer applied the load on engine to 

maintain the speed. Load cell sensor was connected 

to the dynamometer to monitor the applied load. 

Engine speed of 3600 rpm was selected to analyze 

the exhaust emissions because it was the rated 

speed of engine at which rated power of 5 kW can 

be achieved easily. Power outputs above the 4 kW 

are considered to be the higher power outputs in the 

heavy duty vehicles. These higher power outputs 

are also important in terms of research to analyze 
the different parameters of engine. Some engines 

available in the world are also designed to give 5kW 

power output at lower speeds than 3600 rpm. 

Therefore, engine was operated at a constant speed 

of 3600 rpm and emissions were analyzed at four 

different loads of 15, 25, 35, and 45 N applied 

against different producing power outputs. Carbon 

Monoxide (CO), Hydrocarbon (HC) and Oxides of 

Nitrogen (NOx) emissions were tested using Testo 

350 exhaust gas analyzer as shown in Fig. 1.  

Table 3 Technical Specifications of Engine 

Engine Specifications Description 

Engine Manufacturer Lister Petter AC1 (UK) 

Cooling System                  Air cooled 

No. of cylinders                     1 

Rated Speed (rpm) 3600 

Rated power (kW) 5.0 

4.  Results and Discussion 

 Initially, carbon monoxide (CO) emissions 

decreased with engine load up to moderate load and 

then suddenly increased at higher load condition as 

shown in Fig. 2. In lower load range, the 

temperature of engine cylinder raised that favored 

the oxidation of CO at high temperature, due to 

which CO decreased. While at higher load of 45 N, 

time span available for oxidation of CO was less 

due to lower A/F ratio. Hence, there was sudden 

increase in CO at higher load. When comparing the 

tested fuels, both biodiesel based fuels showed 

higher CO emissions as compared to diesel fuel. 

This increase in CO emissions in case of biodiesel 

based blends could be due to higher viscosity and 

density of castor biodiesel that affected fuel 

conversion efficiency and thus the oxidation of CO. 

This increase in CO emissions in case of biodiesel 

based blend due to high viscosity and density is in 

accordance with the study conducted by Nagarajan 

Jeyakumar et al. (2021) [21]. Highest CO emissions 

in the case of B20+5% 1-BB at lower loads were 

found due to higher latent heat of evaporation of 1-

butoxybutane, which lowered the temperature of 

the engine cylinder and thus prevented the 
oxidation of CO. At highest load of 45 N, CO 

emissions of 1635 ppm, 2160 ppm and 1988 ppm 

Fuel Samples 1-butoxybutane Diesel B20 B20+5%1-BB 

Calorific Value (MJ/kg) 38.9 45.80 43.90 43.84 

Density @ 15°C (kg/m3) 771 828 858 853 

Viscosity @ 40°C (mm2/s) 0.74 2.62 3.65 3.52 

Flash Point (°C) 25 53 77 68 

Fire Point (°C) 28 57 82 74 

Latent Heat of Evaporation (kJ/kg) 281 245 - - 

Properties 

ASTM D 

6751-07b 

Biodiesel 

BS EN 

14214:2008 

Biodiesel 

Density at 15°C n/a 0.86-0.90 

Viscosity at 40°C 1.9-6.0 3.5-5.0 

Flash point, °C 93 min 101 min 
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were found for Diesel, B20 and B20+5% 1-BB, 

respectively. At highest load, 8% reduction in CO 

as compared to B20 was found in case of B20+5% 

1-BB as illustrated in Fig. 2. This reduction could 

be due to higher oxygen content of 1-butoxybutane 

that facilitated the oxidation of CO into CO2 

resulting in improved combustion at higher load 

conditions.  

 Hydrocarbon (HC) emissions are formed due to 

lack of oxidation. The oxidation of fuel is directly 

dependent upon air/fuel mixing. Air/fuel mixing is 

highly affected by the viscosity and density of the 

fuel. In present study, higher HC emissions at all 

loads were found in case of B20 (Fig. 3). These 

recorded higher HC emissions could be due to 

higher viscosity and density of B20 that affected the 

air/fuel mixing and thus its oxidation. While on the 

other hand, lowest HC emissions as compared to 

both diesel and B20 fuel blend were recorded in 

case of B20+5% 1-BB at all loads. At highest load 

of 45 N, HC emissions of 35 ppm, 40 ppm and 28 

ppm were found for Diesel, B20 and B20+5% 1-

BB, respectively. At highest load, 20% reduction in 

HC as compared to diesel was found in case of 

B20+5% 1-BB as illustrated in Fig. 3. This 

reduction in HC could be attributed to the higher 

oxygen content of 1-butoxybutane based blend that 

facilitated oxidation of fuel. Moreover, lowest 

viscosity and density of B20+5% 1-BB improved 

air/fuel mixing that facilitated its oxidation and thus 

reduced the HC emissions which is in accordance 

with the study conducted by M.A. Mujtaba et al. 

(2020) [22].  

Oxides of Nitrogen (NOx) emissions are formed 

due to higher temperature in engine cylinder. 

Higher cylinder temperature converts diatomic 

nitrogen coming from air to monoatomic nitrogen. 

This monoatomic nitrogen combines with oxygen 

coming from fuel to form NOx emissions. 

Therefore, beside the high in-cylinder temperature, 

NOx formation also increases with the increase in 

oxygen content of fuel. We found that at all lower 

loads of 15, 25 and 35 N, NOx emissions decreased 

for all biodiesel based tested fuels, even though 

biodiesel had enough oxygen content which could 

have led to NOx formation (Fig. 4). The decrease 

in NOx in case of B20 could be due to its higher 

viscosity and density that affected mixing of fuel 

with air and thus prevented the conversion of 

diatomic nitrogen to monoatomic nitrogen. While 

at higher load of 45 N, it was observed that NOx in 

case of B20 increased as compared to diesel fuel. 

At this load, due to higher cylinder temperature, 

higher oxygen of biodiesel took part in NOx 

formation. On the other hand, lower NOx emissions 

as compared to diesel were reported in case of 

B20+5% 1-BB at all loads. At highest load of 45 N, 

NOx emissions of 837.6 ppm, 843.7 ppm and 741.6 

ppm were found for Diesel, B20 and B20+5% 1-

BB, respectively. At highest load, 12% reduction in 

NOx as compared to diesel was found in case of 

Fig 2: Variation of CO emissions with Load 
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 B20+5% 1-BB as illustrated in Fig. 4. This 

reduction in case of B20+5% 1-BB could be 

attributed to higher latent heat of evaporation of 1-

butoxybutane that reduced the temperature of 

engine cylinder by generating cooling effect. This 

reduction in engine cylinder temperature became 

the cause of NOx reduction which is in accordance 

with the study conducted by Roshan Raman et al. 

(2020) [23].  

Conclusion 

In the present research work, 1-butoxybutane, also 

known as dibutyl ether, was used as blend with 

castor biodiesel and diesel as an oxygenated 

additive. The effects of biodiesel blends with and 

without 1-butoxybutane were investigated for 

diesel engine emissions and were compared to the 

emissions of conventional fossil diesel fuel. Results 

indicated that the blend of 1-butoxybutane (5% 

V/V) in castor biodiesel B20 significantly reduced 

the environmental pollution caused by diesel 

engines. At the highest applied load of 45 N, an 8% 

reduction in carbon monoxide emissions as 

compared to B20, a 20% reduction in hydrocarbon 

emissions and a 12% reduction in NOx emissions 

as compared to diesel were found with 1-

butoxybutane-based biodiesel blend B20+5% 1-

BB. Therefore, 1-butoxybutane can be seen as a 

promising oxygenated additive with castor 

biodiesel blend as well as other biodiesels to reduce 

the emissions of diesel engines and reduce their 

environmental impact.  
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Abstract: 

The CO2 emission is the main source of global warming. Different countries have applied different strategies to 

achieve the zero-carbon foot print. In this work, a case study has been performed with respect to Pakistan in order 

to achieve the zero-carbon emission up to 2100 A.D. In the first part, carbon contents have been estimated. In the 

second part, strategies & policies have been discussed to achieve the milestone. In the third part, various carbon 

sources have been analyzed such as: transportations, residential, power plants, agriculture and commercial 

sectors. The detail strategy has been analyzed to achieve this target at the end of 21st century. The hydrogen fuel 

is an ideal fuel to provide the zero carbon economy. 
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1. Introduction:   
  The global warming is rising with the increase 

of CO2 emission. So, every country is trying to 

reduce the carbon foot print. World is moving 

towards zero carbon emission such as US and 

Europe will likely to achieve in 2050 while, 

China is hoping to achieve this in 2060. Pakistan 

is under-devolved country with so much issues 

such as poor economy low emission standards, 

coal utilization in construction industry, wood 

and dung usage in villages for cooking and 

heating purposes.  

In the last 5 years, 4 new coal power plants have 

been installed in order to overcome the issue of 

load shedding, but that will create pollution in the 

future.  

Furthermore, according to the Paris agreement 

the temperature should not increase more than 

1.5 oC. Figure 1 (a) and (b) showed the net CO2 

emission in different sector up to 2030 [1] and 

2100, respectively. Figure 1 (b) has been 

simulated by following the trends of figure (a). 

According to one research, the GHG (CO2, CH4, 

N2O) emission of Pakistan would be 4200 million 

tons up to 2050. 

The primary sources of energy in Pakistan are oil 

and gas as showed in fig 1 (c). The expected 

energy demands up to 2030 would be 361 

MTOE. The population would reach to 403 

million up to 2100 [2,3-6]. According to one 

research, the GHG (CO2, CH4, N2O) emission of 

Pakistan would be 4200 million tons up to 2050. 

The primary sources of energy in Pakistan are oil 

and gas as showed in fig 3. The expected energy 

demands up to 2030 would be 361 MTOE. The 

population would reach to 403 million up to 2100 

[2,3-6]. 

 

 

Fig 1: CO2 emission growth rate in Pakistan from 

2007 to  2030 in three scenarios [1] 
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Fig 2: CO2 simulation upto 2100 by following 

the trend of fig (2) 

 
Fig 3: Energy share in different sector by report 

share by ministry of finance 1995 to 2013 [2] 

 

Pros & Cons: 
The renewable power plants are labor intensive 

thus, they will create more jobs and thus promote 

the economic growth of under-developed region 

such as inner Sindh and Baluchistan that are the 

most under-developed regions of Pakistan and 

have higher potential of solar energy that can be 

seen in figure 4. 

 

 Figure 4: Solar energy across different regions 

of Pakistan 

 
The reduction in CO2 will result in the reduction 

of health budget of Pakistan. The oil import bill 

can be reduced with the application of renewable 

energy such as recycling industry, green 

buildings, solar geyser, heaters, alternative fuel 

and hybrids. The plantation drive will create 

more jobs as well as biofuel (transport sector), 

biomass (energy sector) and natural fertilizers 

[4]. It will promote the R & D sector that rises the 

future export of Pakistan.  

Higher initial costs and low pay back period will 

create un-certainty among the investors. Workers 

working in the construction industry and coal 

power plants could faced the unemployment.  

The introduction of electrical vehicle can create 

a gap between energy availability and demand. 

The lack of smart energy system can creates 

problem in the distribution and supply demand as 

the main share of solar intensity is present in 

inner Sindh and Baluchistan.  

 

Motivation: 
The motivation of the work is to provide the 

strategy and planning for zero carbon emission 

without impacting the economic growth by 

providing of renewable energy. 

 

2. Strategy & Policies: 

The specific strategies focus can be: 

1)  To introduce the mix energy system for future 

such as: nuclear, solar, hydro-electric and wind 

energy without relying on one source of energy.  

2) To reduce the carbon emission upto zero in all the 

sectors such as transportation sectors (Public 

Transport, strict emission regulation, speed 

limits, alternative fuel, hydrogen fuel, hybrid and 

electrical vehicles), industries (To encourage the 

recycling industry, biomass and hydrogen fuel in 

industrial sector) and residential consumers 

(Green energy building material, solar geysers, 

heaters & cooking stoves).  

3) To promote the low carbon cities by providing 

the renewable energy source along with the 

installation of hydrogen/electrical re-fueling 

stations and hydrogen/biomass/biofuel supply 

chain network.  

The government of Pakistan has made some 

plans for reduction of carbon foot print but not in 

reference to zero carbon foot prints. Govt. of 

Pakistan is planning to add 5 to 6% renewable 

energy plants (excluding hydro-electric) in 

national grid system upto 2030 [5]. The target to 

eliminate the coal energy upto 2040 (by 

international treaty) while, Pakistan has the 

policy to eliminate it up to 2060 (with the rise of 

curve is during the period 2015-30) [4]. In this 

work, they are eliminated up to 2050 with the 
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reduction of CO2 is about 1603 million tons up to 

2040 [1] while, in this work it is reduced to about 

1000 million tons with 0 at 2080. To make zero 

carbon fuel based city by combination of 

renewable energy and natural carbon fixation. 

 

3. Specific sources of -C emission: 

Total renewable energy potential of Pakistan is 

solar, wind, hydroelectric, nuclear and biomass 

are: 2.9 TW, 346 GW, 60 GW, N/A, 4 GW 

respectively [2]. Thus, strategy has been 

designed in order to obtain the maximum energy 

from solar, nuclear, wind and hydro system. 

a) Power Generation sector: 
 Pakistan energy requirement in 2015 was 136 

TWh while, it would rise up to 322 TWh. This 

increase in trend has been chosen for the 

simulation of figure 5 to 6 with the aid of 

theoretical estimation of carbon foot print in 

reference to specific industry.  The figure (5) 

represents the percentage shares of different fuels 

for the power sector while, figure (6) represents 

the rise of energy demands from 2014 to 2100 

A.D. 

 
Figure 5: Percentage of energy share by different 

fuel 

 
Figure 6: Renewable energy Scenario 

 
    The figure 7 and 8 have been calculated by 

taking GDP growth rate 5%, population growth 

rate 2.1% and previous rise in energy during 

period of 2014-19. The CO2 emission in 2020 

would be 0.12 billion tons with the utilization of 

27% coal, 18% oil, 33% natural gas and 23% 

renewable energy.   

 

Figure 7: CO2 emission estimation in billion 

tons 

 

 
Figure 8: Total energy in billion tons carbon 

equivalent 

2020 to 30: The energy share of coal is about 

30% and renewable energy (without 

hydroelectric) would rise upto 5 to 6% by Govt. 

policy [2] that is adopted during the estimation. 

The rise in installation of coal power plant would 

take place upto 2030 as many power plants are in 

under-construction phase or in the pipeline but, 

gas and oil source would decrease to about 3% 

and 3.5% respectively while, solar, wind and 

nuclear increases to about 2.7%, 0.75% and 

1.35% respectively. The expected increase in 

CO2 is from 0.2 to 0.3 billion tons in period of 

2020-30. 2030-40: The percentage decrease of 

coal, oil and gas power gernation would take 

place during this period. The new energy share 

would be coal 15%, oil 10%, natural gas 25% 

while, solar 8.9%, wind 5.3%, hydro 15.7%, 

nuclear 18.4% and 100% biomass by 1.5%. The 

reduction in CO2 has been estimated to about 0.1 

billion tons that is 33.3% which is close to the 

government plan of cutting down the CO2 
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emission upto 1603 million tons. 2040-50: the 

hybrid (coal & biomass) is about 10%, natural 

gas is about 15% and oil is about 10% while, 

solar 15%, wind 6.8%, hydro 18%, nuclear 21% 

and biomass 2.7%. The coal should be decrease 

to 0 upto 2040 according to the international 

treaty[1] but the Pakistan government has the 

plan to cut down the coal power plants upto 2060. 

Thus, for estimation hybrid power plant (coal & 

biomass) has been taken in thi study that would 

reduce the power plant efficiency. 2050-75: 

natural gas 7.5%, oil 5%, solar 30%, wind 12.5%, 

hydro 17.7%, nuclear 21.1% and biomass 4.6%. 

The coal power plant should be upgraded to 

biomass power plant. The nuclear power plant 

would supply hydrogen for the transport sector. 

11% extra energy is estimated as compare to the 

reequirment which would fullfill the electrical 

energy demands of transport sector. The CO2 

amount will remain constant that is 0.1 billion 

tons. 2075-2100: the energy supply would be 

carried out by 30% solar, 12.5% wind, 17.7% 

hydro, 21.6% nuclear and 4.6% biomass with 

15% extra energy have been estimated. The CO2 

emission would be 0 upto 2080.  The research 

should be done on the nuclear fusion reaction, 

laser technology and satellite based solar system 

in order to improve the efficiency of PV cell. 

Also, need to design the smart electrical 

distribution system that would be inter-connected 

by wind, solar, hydro-electric and nuclear. 

b) Transport sector: 
The simulation of basic SYNERIO as shown in 

figure 9 has been evaluated based on trend of 

figure  [1].  

 

Figure 9: CO2 emission in Transport sector 

2020-30: Policy T1: usage of public transport, 

cycling, walking and hybrid vehicle would result 

in the decrease in fuel consumption and emission. 

Common usage of public transport would result 

in the reduction of emission by 10%. The new 

emission would be 0.0518 billion tons up to 

2030. 2030-40: Policy T1 & 20% usage of 

blended alternative fuel SI engine (ethanol, 

methanol, hydrogen) and diesel engine 

(biodiesel), the new emission would be 0.0518 

billion tons up to 2040 (remain constant) instead 

of increasing. 2040-50: Policy T1 & (40-50%) 

usage of alternative blended fuel. The CO2 would 

be reduced to about 0.0318 billion tons. 2050-60: 

Policy 1 & (60 to 70%) blended alternative 

vehicle should be alternative fuel vehicle. Up-

gradation of 20 to 30% of IC engine vehicles with 

hydrogen fuel cell vehicle and electrical energy 

system. The CO2 emission would be about 

0.0179 billion tons. 2060-70: Policy T1 & (80 to 

90%) blended fuel vehicle. Up-gradation of 50 to 

70% fleet with hydrogen fuel cell and electrical 

system. The CO2 emission is about 0.0014 billion 

tons. 2070-2100: 100% hydrogen fuel cell 

vehicle, battery and PV cells.   The jets and aero 

plane should be replaced with the hydrogen fuel 

while, ships should be upgraded with nuclear and 

ocean energy generation system.   

c) Buildings: 

The basic synerio of figure 10 has been estimated 

with respect to the trend of figure 1 (a). In 

Pakistan, the natural gas is the main source in 

cooking and heating system of urban building 

while in rural areas mostly biomass and cow 

dung is being used for this pupose. For this 

estimation, the urban buildings have been taken 

into account. The CO2 from heating source is 

assumed to be about 25% (due to short span of 

winter season) and 70% for the cooking purpose. 

2020-30: Effeciency improvement of natural gas 

stokes, heaters and gysers to about 3-5% and 15% 

solar gysers would be added to the system. The 

espected emission would comes out to be 0.0227 

billion tons. 2030-40: 40% solar gysers would be 

added in the system and 10% electrical stokes 

with separate PV cell and battery management 

system. The CO2 emission would be reduced to 

about 0.0199 billion tons. Furthermore, vertical 

buildings and green energy materials would 

reduce the electrical load of the building (B2). 

2040-50: 70-80% solar gysers would be added in 

the system and 40-50% solar electrical stokes 

with separate PV cell and battery management 

system along with vertical building policy. The 

CO2 emission would comes to be about 0.011 

billion tons. 2050-60: 100% solar gysers and 

100% solar electrical stoves run by PV solar 

cells. While, in villages biogas plants would be 

promoted for cooking and heating purposes 

instead of wood, biomass and animal dung. 
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Figure 10: CO2 emission of Urban buildings  

d) Industries:  
   The main industries in Pakistan are textile, 

agriculture, manufaturing and defense industry. 

The textile operated with the help of electricity. 

The fertilzer industry utilized natural gas and 

manufaturing/ construction industry operated by 

coal. The fig 11 is showing the trend of two 

industries: fertilizer and 

manufaturing/construction with the assumption 

of equal emission releases in both of these 

industries as in Pakistan after textile main 

industry is fertizer while, manfaturing releases 

more pollution due to coal. 2020-30: 20% 

chemical fertilizer need to be replaced with 

natural fertilizer (reduces CO2 emission by 40%) 

that would result in the 20% reduction in the 

energy requirement of fertilizer industry. Total 

amount of 20% of coal in 

manufacturing/construction industry should be 

replaced with biomass (rice husk etc) (net 

CO2=0). CO2 would be 0.111 billion tons instead 

of 0.125 billion tons. 2030-40: 50% natural 

fertilizes need to be replaced with the 

replacement of 20% of food possessing industry 

with biomass and 40% fuel of manufacturing 

industry with the biomass. The CO2 emission 

would be 0.0922 billion tons instead of 0.35 

billion tons. 2040-50: 100% natural fertilizers 

would be utilized instead of chemical fertilizers 

or hydrogen fuel used in the existing chemical 

fertilizers, food possessing plants replaced with 

50% of biomass and 60% of biomass in 

manufaturing. CO2 is found to be 0.092 nearly 

remain constant despite of large expectation in 

industrial growth in future. 2050-75: the  food 

possessing industry replaced with 70% biomass 

while, manuaturing industry with 70% biomass 

& 20% hydrogen fuel. 2075-2100: The 

manufaturing industry would be replaced with 

biomass & hydrogen. The hydrogen is an ideal 

clean energy source for steel and chemcial 

fertilizer industry.  

 

Figure 11: CO2 emision (billion tons by the 

industry) 

e) Natural Ecosystem: 
  As natural fertilzers would be provided by the 

plants and animal dung there is a need to balance 

the natural ecosystem with respect to the carbon 

foot print. The calculation have been made on the 

basis of population growth rate 2.16%, avg. man 

emits 1.13 kg of CO2 per day and tree can absorb 

0.05 kg in a day. Forest area is about 4.7% and 

47% land is utilized for the agricultural purposes 

with 100 trees and 300 agriculture plants per 

hectors respectively. Livd stock is about 100 

million and 300 million of other species have 

been taken as the assumption. The decline in 

forest and agricultural land is about 2% per 5 

years. Three times of factor for CO2 exhaling 

have been chosen for the live stock due to their 

size and fast metabolism system while, other 

animals exhaling system is taken to be same 

amount as human being. The plan of the 

government is to increase the 10 billion trees upto 

2025 [6]. The government should add up 10 

billion trees in period 2025-50 and 2050-2100 

each to keep the ecosystem of living being in a 

balance state with 0.606 million tons and 0.145 

million tons extra net CO2 inhaling capaicty from 

the ecosystem per day. 

 

Figure 12: Carbon Foot Print of Natural 
Ecosystem 
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f) Zero Carbon Cities: 
Zero carbon cities upto 2100 A.D is only possible 

by promoting the hydrogen fuel production and 

supply chain system. As hydrogen can be utilized 

in fertilizer industry, steel prossessing plants, fuel 

cell and IC engine in vehicles and jets. While, 

hydrogen can be prepare from nuclear source and 

wind energy as the renewable energy source. 

Thus, hydrogen and electrical system would 

promote the zero carbon foot print of Pakistan.  

4. Discussion & Recommendations: 
 There is a need to support the smart distribution 

system so, that energy production and 

consumption sites should be closely apart.  

 It is need of time to improve the efficiency of 

natural gas stokes & geysers and giving special 

incentive in promoting solar geysers and cooking 

system. 

 Government should promote the vertical 

buildings instead of horizontal buildings.  

 By providing special incentives on renewable 

energy plants by providing loans and rent service 

for solar panels. Asian Development Bank loan 

and 100% carbon credits to the private sectors 

[7]. 

 Strict implementation of emission check on 

industrial, transport and residential areas. 

 By promoting the clean energy biomass, biofuel 

and hydrogen fuel and artificial photo-synthesis 

technique both in manufacturing and transport 

sector.  

Green energy tax: The tax imposed on those 

industries that are emitting the pollution and 

income should be spent on green energy projects. 

Hydrogen fuel Economy: Government 

should transfer its economy from carbon to 

hydrogen fuel economy which can be used as an 

excellent alternative in steel industry, fertilizer 

industry, power and transport sector. As 

hydrogen is an exellent fuel in the internal 

combustion engine [7-12]  

NFC award: In Pakistan NFC award is already 

exists for the poor regions like Baluchistan, 

Interior Sindh and Tribal regions. So, 

government should add the point of green energy 

in NFC award and give special initiatives to these 

regions as Baluchistan has special solar potential, 

interior Sindh (wind potential) while, tribal 

regions have both wind and hydraulic potential.  

Publication of emission records: 
Impose on the industries through legal procedure 

so, that they should publish daily the emission 

record on their website. 

Legal regulation: Introduce special laws by 

imposing heavy taxes on industries that are 

violating the emission regulation standards and 

their top-level management should be sent on 

jail. 

Dutch model: Apply Dutch model in which 

initial car tax is payable depending on the 

emission level of the vehicle followed by the car 

parking fees. 

R & D funding: The government and private 

sector should fund on the following: nuclear 

fusion, satellite based solar system, laser 

technology and hydrogen fuel. 

 

5. References: 
[1] Boqiang Lin, B. Lin, & Izhar Ahmad, I. 

Ahmad. (2017). Analysis of energy related 

carbon dioxide emission and reduction potential 

in Pakistan. Journal of cleaner production, 143, 

278-287. doi: 10.1016/j.jclepro.2016.12.113  

[2] Abas, N., Kalair, A.R., Khan, N., & Kalair, 

A.R. (2017). Review of GHG emissions in 

Pakistan compared to SAARC 

countries. Renewable & Sustainable Energy 

Reviews, 80, 990-1016. 

            [3] Farooq R.S.K (2012) National Climate 

Change Policy of Pakistan: Report of Ministry of 

Climate Change, Govt. of Pakistan  

[4] Farid A., (Retrieved Sept, 2021).  Pakistan 

Energy Situation. Energy-pedia  

https://energypedia.info/wiki/Pakistan_Energy_

Situation 

[5] Anonymous, (2019) United Nations Climate 

Change - Summit 2019. 

https://www.un.org/en/climatechange/cities-

pollution.shtml 

[6] Anonymous, (2011) Combating Climate 

Change. Govt. Report.  

[7] Anonymous. (May 2019). Shifting Energy 

supply in South Asia and South East Asia to non-

fossil fuel-based energy system in line with Paris 

agreement long terms of temperature goal and 

achievement of Sustainable. Country profile 

Pakistan. 

[8] Mehra, R. K., Duan, H., Luo, S., Rao, A., & 

Ma, F. (2018). Experimental and artificial neural 

network (ANN) study ofhydrogen enriched 

compressed natural gas(HCNG) engine under 

various ignitiotimings and excess air ratios. 

AppliedEnergy,228. 

225

https://doi.org/10.1016/j.jclepro.2016.12.113
https://energypedia.info/wiki/Pakistan_Energy_Situation
https://energypedia.info/wiki/Pakistan_Energy_Situation
https://www.un.org/en/climatechange/cities-pollution.shtml
https://www.un.org/en/climatechange/cities-pollution.shtml


Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 
[9]  Rao, A., Gao, H., & Ma, F. (2021).Study of 

laminar burning speed andcalibration 

coefficients of quasi-dimensionalcombustion 

model for hydrogen enrichedcompressed natural 

gas fueled internal combustion engine along 

with exhaust gas recirculation. Fuel, 283.  

[10] Rao, A., Mehra, R. K., Duan, H., & Ma,F. 

(2017). Comparative study of the NOx 

prediction model of HCNG engine International 

Journal of Hydrogen Energy,42(34).  

[11] Rao A Mehra, R. K., Hao, D., & Fanhua, M. 

(2018). Study of NOX Modelling of HCNG 

engine by  applying the Gaussian function. 

IJSER, 9(3), 644- 649. 

 [12]  Rao A, Wu, Z., Kumar Mehra, R. Duan,H., 

& Ma, F. (2021). Effect of hydrogenaddition on 

combustion, performance and emission of 

stoichiometric compressed natural gas fueled 

internal combustion engine along with exhaust 

gas recirculation at low,half and high load 

conditions. Fuel, 304,121358.  

 

 

 

 

226



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

 

Parametric Study of Solar Thermal Energy Storage Unit 
for Heating Applications using TRNSYS 

 
 Zulkarnain Abbas*1, Mohsin Tahir1,  Wasim Ilyas1, Saqlain Abbas2, M.Kazim Raza1 and Dongwen 

Chen3 

 

1. Department of Mechanical Engineering NFC, Institute of Engineering and Technology, Multan, Pakistan  

2. Department of Mechanical Engineering, University of Engineering and Technology Lahore (Narowal 

Campus), Narowal, Pakistan. 

3. Institute of refregiration and cryogenics, Shanghai Jiao Tong University, Shanghai, China 
*Corresponding Author: Zulkarnain@nfciet.edu.pk  

Abstract 
 

In current research work, one of the methods of seasonal thermal energy storage has been studied at 

different parameters and results are expressed in the form of statistical data using simulation software TRNSYS. 

The obtained results are then analyzed for selecting the most feasible conditions and parameters for a project in 

Bahawalpur city of Pakistan after monitoring the hydrogeological conditions of area. The schematic of 

proposed model with both long term and short term energy storage are generated using E-DRAW MAX. 

Meteorological data of selected site has been generated using METEONORM software. Simulations are 

performed to obtain optimum results for final proposed project. The losses and average storage temperature are 

analyzed during these studies. The parameters with minimum losses and maximum output are  selected for 

proposed model. 

Keywords: Boreholes, Seasonal Storage, Concentrated Solar, Solar energy, TRNSYS 

 

1. Introduction 

Renewable energy technologies have become 

essential due to rapid growth in population and 

depletion of conventional energy resources. Solar 

energy is promising to fulfill the energy demands 

[1].  Large-scale solar production confronts 

obstacles to intermittent energy production and 

efficiency reduction and, consequently, requires 

costly storage medium[2]. On the other hand, 

solar panels are extremely efficient to convert 

solar energy into thermal energy, and electricity 

may also be generated simultaneously using 

photovoltaics/collectors[3]. 

  The thermal energy storage (TES) is a technique 

for heating or cooling a storage medium to store 

thermal energy so that stored energy will be 

utilized in future for heating, cooling and power 

generating applications. The TES is especially 

useful for building and industrial activities[4]. 

Around half of the energy consumption in these 

applications consists of thermal energy, whereas 

the requirements for thermal energy may change 

from one day to the next. The TES system can 

therefore contribute to balance energy demand 

and supply daily, weekly and even seasonally[5]. 

They can also cut demand, energy consumption, 

emissions of carbon dioxide and prices as well as 

increase overall energy efficiency[6]. 

Furthermore, conversion and storage in the form 

of thermal energy for variable renewables also 

contributes to increased renewable energy in the 

energy mix. In combination with concentrated or 

solar (CSP) power plants, TES becomes 

particularly essential for the storage of electricity, 

which can store solar heat if the sun is not 

present[3, 7]. The Underground thermal energy 

storage (UTES) is a system which employs 

underground devices to exchange heat with the 

earth's surface. Underground thermal energy 

storage (UTES) in places where heating is needed 

in winter, for example Europe, during storage 

(summers), the earth's temperature should be 

lower and during discharge higher (winter). 

Similarly, home heating accounts for a significant 

part of US energy use[5]. It accounts for just 48 
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percent of the residential building energy usage 

and releases around 502 million tonnes of carbon 

dioxide annually into the air[4, 8]. UTES 

technology comprises storage of borehole, 

aquifer, stocking cave and pit. The selection of 

technology primarily depends on local geological 

circumstances. The storage box is built on 

vertical, subterranean heat exchangers to ensure 

that heat energy goes into and out of the 

production process (such as clay, sand, rock). The 

objective of many projects in the summer is to 

store solar heat for residences or workplaces 

seasonally. Ground heat exchangers are 

commonly utilized also when combined with heat 

pumps, which remove low temperature heat from 

the soil through the ground heat exchanger. The 

borehole storage is based on vertical underground 

heat exchangers to assure the transmission of heat 

energy from and into the formation (such as clay, 

sand, rock). Ground heat exchanger are 

frequently employed in conjunction with heat 

pumps, when low-temperature soil heat is 

extracted from the ground heat exchanger.   

 
2. Research Methodology 

In the current research schematic for proposed 

thermal energy storage model with all operating 

modes have been expressed. In the next section 

parametric studies are conducted in order to check 

for best possible conditions where BTES system 

could be installed. The data from impact of 

various parameters on losses, average storage 

temperature of underground storage system and 

integrated results of average heat transfer rates are 

recorded using TRNSYS software and results are 

discussed in the last section.  

2.1 Schematic of proposed system 

The schematic for the proposed system has 

been shown in the Figure 1.  

Fig.1 Schematic for the proposed BTES system 

(1) Digital flow meter 1 (2) Pump 1 (3) Concentrated solar 

thermal collectors (4) Temperature sensor (5) Two way 

valve regulating flow towards C2 and C4 (6) Office to be 

heated (7) Pump 2 (8) Digital flow meter 2 (9) Valve 

regulating flow towards C3 (10) Valve regulating flow 

towards C5 (11) Underground borehole heat 

exchangers (12) Valve regulating flow towards C4 (13) 

Valve regulating flow from C6 (14) Vertical Pump 

(Down) (15) Storage tank or STTES 

a) Mode 1 (Direct heating from STTES): 

When there will be sufficient heat to directly heat 

office building (6), a pump (2) will pump water 

through circulation line C1 such that it will first pass 

through concentrated solar thermal collectors (3), get 

heated from concentrated solar energy and make its 

way to the storage tank (15) that will also serve 

function of short term thermal energy storage 

(STTES). From there it will be circulated towards 

C2. The heat exchange in there, it will make its way 

through C3. The opening (10) to C5 will remain 

closed during that operation. After passing through 

C3, the cold water will enter the tank. 

b)  Mode 2 (Heating from STTES as well as 

charging of BTES): 

       When there will be excess temperature of 

water than that of which is sufficient to directly 

heat the system, along with the phenomenon 

taking place for direct heating, a pump (14) will 

take water from the storage tank that has been 

heated by (3) and pump it through C6. The valve 

(13) will get open. The opening valve (12) towards 

C4 will remain closed during this phenomenon. 

The pumped water will reach Borehole heat 

exchangers (11) that will lie underground, 

exchange heat there and cold water will make its 

way through C5. Schematic components valve 

(10) will get open during this operation. From 

there, cold water from BTTES along with that 

coming from office (6) after exchanging heat 

during direct heating operation will make its way 

through C3 and back to the storage tank. The 

phenomenon will continue to happen until there 

will be a significant temperature change detected 

by (4). 

c) Mode 3 (Heating from BTES): 

        When there will be cloudy weather or the 

energy from the sun will not be  enough to directly 

heat the Office (6), temperature sensor (4) will 

detect the change and flow to C2 from STTES will 

be stopped by the valve (5). The valve will be 

designed in such a way as to regulate flows 

towards both C2 and C4. The opening (12) to C4 
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will get open the pump (7) will make the water 

flow through bore-hole heat exchangers (11) into 

C4 as well as through C2, from where it will be 

pumped towards office (6). The water will 

exchange heat from surroundings, comes out as 

cold water through C5 into bore-holes and valves 

(13) and (9) will remain closed during this mode 

and the phenomenon will continue until any 

significant change detected by sensor. 

3 Simulation model 

TRNSYS model was generated using DST-557 

that solely accounts for borehole storage as shown 

in the  

Figure 2. Before recording the data and after 

change of parameters, simulations were made to 

run every time and the data was recorded in 

tabular format. The Meteorological data of the 

Bahawalpur City of Pakistan was used as TMY2 

file as input to the TRNSYS. The data generated 

every time after change of parameters was 

recorded as XLS file into Microsoft excel. The 

final plotting was performed on ORIGIN PRO 

software. Table 1 describes the parameters used in 

the proposed simulation model. 

 

Fig.2 Proposed simulation model in TRNSYS 

 

4. Results Analysis 

4.1 Effect of borehole depth on ground 

losses:  

 The proposed system will be analyzed at different 

depths 7m, 8m and 9m, respectively for losses and 

average storage temperature. The total volume of 

1000m3 has been selected for the study and it will 

remain constant during each parametric study. The 

losses can be of three types. The losses from top 

(Lt), losses from side (Ls) and losses from bottom 

(Lb) 

At depth=7m: 
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          Fig.3. Losses at 7m depth 

At Depth=8m: 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

 Lt

 Ls

 Lb

L
o

s
s
e

s

M
J
/h

r

Months

 
        Fig.4. Losses at 8m depth 

At Depth=9m 
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Fig. 5. Losses at 9m depth 

 In Figure 3 losses in all the sides are high during 

months from July to December. Major losses are 

from sides this is because the temperature 

difference is maximum from sides and a large 

amount of heat is releasing and this makes heat 

losses. Almost 3.0 MJ/hr heat is lost from July to 

December from sides. Losses from the top are 

initially low but with the time these losses are also 

higher. Top losses are higher during July to 

December which reaches to 2.0 Mj/hr.   

Losses from the bottom is less than top and sides. 

Bottom losses are 1.5MJ/hr at higher during 

August to December. In Figure 4 major losses are 

from sides this is because the  
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temperature difference is maximum from sides 

 and a large amount of heat is transferring and 

this makes heat losses. Almost 3.5 MJ/hr heat 

is lost from July to December from sides. 

Losses from the top are initially low but with 

the time these losses are also higher. Top 

losses are higher during July to December 

which reaches to 2.5 MJ/hr. 

Losses from the bottom are less than top and 

sides. Bottom losses are 1.5MJ/hr at higher 

during August to December. In Figure 5 

major losses are from sides and this is 

because the temperature difference is 

maximum from sides and a large amount of 

heat is transferring and this makes heat losses. 

Almost 4 MJ/hr heat is lost from July to 

December from sides. Losses from the top are 

initially low but with the time these losses are 

also higher. Top losses are higher during July 

to December which reaches to 1.5 MJ/hr.  

Losses from the bottom are less than top and 

sides. Bottom losses are 1.0MJ/hr at higher 

during August to December 

4.2 Effect of borehole depth on 
average storage temperature 
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Fig.6. Effect of borehole depth on average 

storage temperature 

In Figure 6 the maximum average storage 

temperature varies when depth continue to 

vary from 8m to 7m. It decreased to minimum 

in case of minimum depth of boreholes. 

4.3 Effect of Borehole Spacing 
and Number of Boreholes (Nb): 

At Spacing=2m Nb=15: 

        

Parameter Value Unit 

Storage volume 1000 m3 

Borehole depth 10 m 

Header depth 0.5 m 

Number of boreholes 4 - 

Outer pipe outer radius 0.1016 m 

No. of boreholes in 

series 
4 - 

Number of radial 

regions 
1 - 

Number of vertical 

regions 
10 - 

Storage thermal 

conductivity 
2 kJ/hr.m.K 

Storage heat capacity 2016.0 kJ/m3/K 

Outer radius of inner 

tube 
0.01664 m 

Inner radius of inner 

tube 
0.01372 m 

Inner radius of outer 

tube 
0.0889 m 

Fill thermal 

conductivity 
4.68 kJ/hr.m.K 

Pipe thermal 

conductivity 
1.5122 kJ/hr.m.K 

Gap thermal 

conductivity 
5.040 kJ/hr.m.K 

Reference borehole 

flow rate 
613.04 kg/hr 

Reference temperature 30.0 C 

Fluid specific heat 4.190 kJ/kg.K 

Fluid density 1000.0 kg/m3 

Insulation height 

fraction 
0.5 - 

Insulation thickness 0.0254 m 

Insulation thermal 

conductivity 
1.0 kJ/hr.m.K 

Number of simulation 

years 
1 - 

Maximum storage 

temperature 
100.0 ˚C 

Initial surface 

temperature 
20.0 ˚C 

Maximum preheat 

temperature 
30.0 ˚C 

Minimum preheat 

temperature 
10.0 ˚C 

Average air 

temperature 
20.0 ˚C 

Amplitude of air 

temperature 
15.0 ˚C 

Number of ground 

layers 
1 - 

Thermal conductivity 

of layer 
2 kJ/hr.m.K 

Thickness of layer 10 m 

Table 1. Parameters of proposed storage unit 
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Fig. 7. Losses at 2m spacing and 15 boreholes 

At Spacing=3m Nb=7 
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    Fig. 8. Losses at 3m spacing and 7 boreholes 

At Spacing=4m Nb=4 
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Fig. 9. Losses at 4m spacing and 4 Boreholes 

In Figure 7 major losses are from sides this is 

because the temperature difference is maximum from 

sides and a large amount of heat is transferring and 

this makes heat losses. Almost 4.5 MJ/hr heat is 

getting lost from July to October from sides. Losses 

from the top are initially low but with the time these 

losses are also getting higher. From January to July 

top losses are the minimum but after July top losses 

are getting higher and higher. Top losses reached at 

the maximum of 1.5 MJ/hr during August to 

November. Bottom losses are a bit higher than top 

losses at the start but after July bottom losses are 

getting lower. Bottom losses are higher during June 

and July with heat loss of 1.5 MJ/hr. In Figure 8 

maximum losses are from the sides which reaches 

upto 8 MJ/hr which is way higher. As we have 

increased the spacing and decreased the number of 

boreholes heat losses are increased from sides. Side 

losses are higher during June to October as compared 

to other months. Top losses are also higher as 

compared to previous one. Top losses using 7 

boreholes with 3m spacing show a maximum of 3 

MJ/hr which is doubled as compared to previous one. 

One of the biggest reasons is during winters from 

October to December earth surface stays colder than 

usual. Bottom losses are lower than side and top 

losses but higher than when used 15 boreholes with 

2m spacing. Bottom losses reached at the maximum 

of 2.25 MJ/hr which is higher than previous reading. 

Peak losses are during October and November. When 

we used 4 boreholes with 4m spacing between them, 

it generated a different results than usual as in Figure 

9. As usual the side losses are higher followed by 

Top losses and bottom losses.  But when compared 

to the previous readings it gives better results with 

lower losses. Side losses are lower as compared to 

previous readings with less than 4.5 MJ/hr during 

October and November which is less than when used 

15 and 7 boreholes with 2m and 3m spacing 

respectively. Top losses are also lower than 

previously occurred readings, with the maximum 

heat loss of 2 MJ/hr during the months of October to 

December. Due to the maximum spacing between 

boreholes and because of the winter season. Bottom 

losses are even lower with this configuration with the 

maximum heat loss of 1.25 MJ/hr during the peak 

heat loss months from October to December. We 

have concluded from these graphs that losses are 

maximum during October to December months and 

this is because of the higher heat transfer due to 

higher temperature difference. With the maximum 

heat losses from the sides, top and bottom 

respectively. 
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4.4 Effect of borehole spacing (S) 

and number of boreholes (Nb) 

on average storage temperature 
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Fig. 10. Effect of borehole spacing and number of 

boreholes on average storage temperature 

This graph in Figure 10 shows that the maximum 

average storage temperature is 21.3 C when used 

2m spacing with 15 boreholes. The maximum 

value is achieved during the months of August to 

October. This configuration has higher 

temperature during all months as compared to 

other setups. The maximum value achieved when 

used 3m spacing with 7 boreholes is 20.9 C. This 

configuration shows the maximum values during 

the months of mid-August to October. This 

indicates overall lower average storage 

temperature than first configuration. For the third 

configuration when used 4m spacing with 4 

boreholes the highest value achieved is almost 

20.7 C. This configuration shows the lowest 

average storage temperature compared to other 

two setups. The maximum average storage 

temperature is achieved during September and 

October 

4.5 Effect of thermal conductivity of 

storage medium on losses 

At thermal conductivity of 2.5 KJ/hr.m.K: 
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Fig.11. Losses at thermal conductivity value of  2.5 

KJ/hr.m.K.. 

At thermal conductivity of 3 KJ/hr.m.K 
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Fig.2. Losses at thermal conductivity value of  3 

KJ/hr.m.K. 

At thermal conductivity of 4 KJ/hr.m.K 
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Fig. 13. Losses at thermal conductivity value of  4 

KJ/hr.m.K 

When thermal conductivity is 2.5KJ/hr.m.K then 

the Figure 11 show that bottom losses which is in 

blue line bottom losses is less than top and side 

losses because due to less area of content between 

water and borehole soil. These losses are almost 

maximum at from Jun to Dec and minimum at 

from Jan to May. Thermal conductivity of 

2.5KJ/hr.m.K give the most efficient and less 

losses value as compared to other experimental 

rates .Top losses more than the bottom losses from 

Jun to Dec because of higher geothermal heat at 

high temperature months, maximum loss almost 

1.75 MJ/hr at the Month of Nov because of higher 

temperature difference..Side Losses more than the 

both bottom and top losses, we already discussed 

side losses are more than other losses because of 

higher content of area at side. Maximum Loss 
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which is almost 4.3 MJ/hr from Month of Nov. 

Side losses between the storage medium and 

borehole soil is maximum in Nov at value of 

3KJ/hrm.K  like that 2.5 KJ/hr.mK and these all 

are experimental values so, the side losses which 

is denoted in red diamond lines have the maximum 

value than than top and bottom losses  because of 

higher content of area. Maximum loss at 4 MJ/hr 

at month of Nov and minimum at Jan to Feb about 

0.5 MJ/hr .Triangle dotted line show the Bottom 

losses these losses less than the side losses, Jun to 

Oct these losses have the maximum value as we 

can see in Figure 12 and the maximum bottom 

losses value is 1.5Mj/hr at the month of Nov 

because of higher temperature difference between 

the Earth crust and bottom of the borehole Upside 

down triangle denoted line which are in black 

color show the higher losses as compared to 

bottom and have less losses than the side because 

of less area of contact .In Figure 13 black colour 

upside down triangle line show the top losses 

between the all month of year and losses MJ/hr 

these losses have the value which is less than side 

losses, actually side losses have maximum value 

because due to higher content of area rather than 

the bottom and top losses. Jun to Oct the value of 

losses became high due to temperature difference, 

this value is near about 2.0MJ/hr. On the other 

side in red color line which denoted the side losses 

as we can see side losses have very difference 

between top losses, the value of side losses is more 

than the other two losses. The maximum value 

between the month of Oct and Nov which is near 

about 4.0 MJ/hr. Triangle blue color line show the 

bottom losses which have less value than the side 

and top losses it is because low temperature 

difference between the earth crust and inside the 

earth and low are of content with the storage 

medium maximum value of these losses is near 

about 1.5 MJ/hr in the month of Nov. 
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      Fig.14.Useful energy gain from collector 

Figure.14 shows useful energy that has been 

gained through collector round the whole year. It 

is obvious that most of the energy can be gained in 

summer and it is also evident from the plot. 

5. Conclusion 

It can be concluded from above studies that along 

with the defined parameters in case of 1000m3 

volume of soil bed, the hydrogeological conditions 

of area are important as well. Further when there 

will be less value of thermal conductivity, more 

boreholes will have to be installed in order to 

compensate for losses that occur due to far away 

heat transfer in case of long distance. The vice 

versa is also true for that case. The number of 

Boreholes and spacing can be determined 

efficiently using mathematical relations. The more 

is the depth of boreholes, less likely will be losses 

as the soil bed. This will also impact average 

storage temperature directly because when there 

will be less losses, more heat can be retained and 

hence is the average storage temperature value. 

Although increasing number of borehole heat 

exchangers will increase more heat transfer during 

charging period but this will also increase the cost 

of project. So in order to find economic solutions, 

mathematical relations should be considered 

before installing the project. 
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Abstract 

Solar power, being a viable renewable energy resource, is the subject of study in current researches. Literature 

experimentally determining the solar power available in the region as well as highlighting regions of high 

capacity factor is available. Similarly, optimization of solar power based gas turbines exposed to a constant 

solar irradiance is also available in depth. This research study focuses on combining the time-dependent nature 

of solar irradiance in analysis and optimization of solar powered gas turbines. A case study for a hypothetical 

1500W power gas turbine operating in Sialkot, Pakistan is conducted, where the ideal spherical solar model is 

modelled for transient irradiance. Results have shown significant variations in the plate capture and power 

cycle efficiency when compared to the steady-state solar irradiance data. The plant’s starting time and the drop 

in power output as the day progresses towards sunset are also observed; two key findings absent in steady-state 

analysis.  

Key Words: Solar power; Gas turbines; Solar irradiance model; Solar collector design; Transient 

analysis of power plants. 

1. Introduction 

Solar energy has always been the most abundant 

source of energy on Earth, and has powered 

natural life, being at the start of the food chain. 

Especially in this age when the world is shifting 

towards electric and environmentally friendly 

transport, there is an ever-high demand for a 

source of energy that does not harm the 

environment and doesn't deplete either. In this 

view, the world power input is being shifted 

towards renewable energy resources. Solar 

energy is one of those renewable energy 

resources such as solar power.  

Optimizing the performance of solar power 

based engines (e.g. gas turbines) has been 

reported in the literature. There is also ample 

measured data collected throughout the world 

that determine the solar irradiance, capacity 

factor, and feasibility of solar power 

development in the regions [4].  

However, there is limited solar powered gas 

turbine analysis available on the measured data. 

The key difference between the experimental 

irradiance and models used in literature is the 

transient nature of the irradiance. The aim of 

this study is to bridge the gap by employing the 

spherical solar model of irradiance in analysis of 

a hypothetical power plant that operates on 

Brayton cycle. 

Brayton cycle demonstrates the operations of 

heat engines that have air or some gas as their 

working fluid. In [1], the author used parabolic 

dish to power a Brayton cycle which ultimately 

is used in a heat engine. In that model, a 4.8 m 

diameter parabolic dish with a rim angle of 45 

degrees was used to reflect the sun rays to heat 

the working fluid. A pole and a slider 

mechanism were used to move the dish in 

tracking of sunlight to get in an appropriate 

position. The power usage of the tracking 

motors throughout the day and the tracking error 

were determined as the results of the 

experiment. This helped make considerable 

conclusions about the effectiveness of the 

tracking angle. 

In [2], a small-scale Brayton Cycle engine was 

modelled in which a turbocharger was used as a 

micro turbine. Later, it was also modelled on 

MATLAB and the results were compared with 

the results of a CFD analysis.In another study 

[5], a simulation was designed in MATLAB for 

the S-CO2 Brayton Cycle, which itself was first 

proposed in the middle of the previous century. 

Also, using this code, a dynamic analysis of a 

small-scale facility was preformed and it was 
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tested under different local conditions to find the 

best parameter combinations. 

2. Methodology 

The complete simulation is divided into 

components that represent the stages of a 

thermodynamically analyzed Brayton cycle. The 

components are as shown in figure.  

 

Figure 1: Schematic for the solar powered 

Brayton cycle power plant. 

 

Figure 2: Schematic for determining solar 

irradiance based on spherical coordinates solar 

model. 

The complete Brayton cycle is modelled on a 

cold-air standard. MATLAB is used for 

modelling the power system, and the results are 

compared. The simulation is designed with 

compressor design conditions and heat 

exchanger design conditions as adjustable. The 

solar radiation is modelled using the solar angle 

calculations (figure 2) available for modelling 

the variations of solar radiation as a function of 

date, time, latitude and overcast factor.  

𝐺𝑛𝑒𝑡̇ = 𝜂�̇� (1 + 0.033 cos (
360𝑛

365
)) cos(𝜃𝑖)(1) 

Modelling of the flat plate collector is based on 

the combination of conduction, convection, and 

radiation heat transfers accompanying the solar 

collector. A Riemann sum analysis is utilized in 

solving the heat equation. Moreover, the 

pressure drop and power requirement across the 

designed heat exchanger is measured by the 

simulation (using Churchill’s factor in Darcy-

Weisbach equation) to gauge the effectiveness 

of the heat exchanger design. Standard 

equations for collector efficiency, fluid transfer 

coefficient, and plant efficiency are employed. 

The models accompanying heat transfers by the 

three methods. 

The convective heat transfer coefficient is 

modelled according to the suggestions by [1], 

and go: 

𝑁𝑢𝐷 =
(
𝑓

8
)(𝑅𝑒𝐷−1000)𝑃𝑟

1+12.7(𝑃𝑟
2
3−1)√

𝑓

8

                       (2) 

Combining the calculations, the modelling 

equation for heat exchangers is based on [2] and 

is simplified as: 

𝑄𝑛𝑒𝑡̇ = 𝑄𝑠𝑜𝑙𝑎𝑟̇ − ∑(𝑄𝑓𝑙𝑢𝑖𝑑̇ + 𝑄𝑎𝑚𝑏
̇ )         (3) 

The compressor is modelled by applying 

isentropic efficiencies to the design conditions; 

hence it operates variably. The turbine is 

modelled on the same lines as compressor, with 

isentropic efficiency dictating the power output 

of the turbine. 

3. Results 

The following results are based on the solar data 

as retrieved from the solar model for location of 

Sialkot, Pakistan.  

A sunny day (with overcast factor of 10%) is 

considered on the three days throughout. For 

comparative results, the ambient temperature is 

taken to be 300K and ambient pressure to be 

101kPa on the three days throughout.  

The collector plate is considered to be lying flat 

on the surface. The mean power output as 

measured on 18 June, 10 March and 26 

September are 1012.3W/m2, 804.5W/m2 and 

701.0W/m2 respectively during the time interval 

of 8am to 3pm. The variation of solar irradiation 

on these two days, along with their mean 

powers, is displayed in figure 3. 
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The ambient conditions, compressor parameters, 

turbine parameters, and collector data are 

presented in table 1. 

 

 

Table 1: Parameters selected for the comparative 

study. 

Compressor data 

PR 2 

Power input 1500W 

Exit area 0.008 m2 

Isentropic efficiency 80% 

Mass flow rate 0.0166 kg/s 

Turbine data 

Inlet area 0.008m2 

Isentropic efficiency 70% 

Collector data 

Plate material 4mm copper sheet, 

painted (
𝜖2

𝜖1
=

0.85

0.3
) 

Collector area 34 m2 

Collector type Flooded plate 

Collector hydraulic 

diameter 

0.008m 

Roughness factor 0.0015mm 

3.1 Comparison of mean and actual 
solar irradiance based performances 

As mentioned in figure 1, the value of solar 

irradiance at the location does not remain the 

same with the time. To analyze the effect of the 

variations that occur in the irradiation, the 

simulation is solved for both mean irradiance 

and variable irradiance. 

In the case of a constant irradiance, as expected, 

the system approaches the steady-state condition 

after four hours of the total seven hour time of 

exposure.  

The working of the turbine under the varying 

solar irradiance of the day is then studied. The 

results are normalized using the mean-irradiance 

steady-state condition.  

The variation in the solar radiations also 

generates slightly different mean power outputs 

and plant efficiencies: a 2.32% reduction for 

June 10, 0.85% rise for 10 March, and 0.48% 

rise for September 26. 

 

Table 2: Steady state asymptotes of power plant at 

mean constant irradiance. 

Parameter June 18 March 

10 

September 

26 

Air exit 

temperature 

525.7K 434.2K 442.9K 

Plate 

temperature 

391.2K 377.3K 378.7K 

Power 

output 

1566W 1293W 1319W 

Plant 

efficiency 

0.23% -0.88% -0.75% 

Plate 

capture 

efficiency 

9.15% 4.94% 5.427% 

Plate 

transfer 

efficiency 

99.17% 98.84% 98.86% 

However, the plate capture efficiencies are 

reported to have increased by 55.96% for June 

10, 49.45% for March 10, and 52.11% for 

September 26. Moreover, the transient values of 

plant power output and plate capture efficiencies 

vary considerably, with peak values reaching as 

high as three times the steady-state mean value 

(figure 4, 5, 6).From these three calculations, it 

can be concluded that while the steady state 

results from mean solar irradiance data produce 

tolerable results when compared to the mean of 

solar model irradiance, the transient behavior is 

greatly varied. Moreover, the mean plate 

collector efficiency is considerably undermined 

in the steady state analysis, and the variation in 

transient model is also considerable. 

3.2 Analyzing the yearly net 
production of the system 

In the following text, a yearly power analysis of 

the same system as described earlier is presented 
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using the solar model. In this analysis, only the 

collector area is changed to 50m2. As observed 

in the previous section, the variation in power 

output is minimal, so the yearly power 

production is expected to exist around the power 

determined from the mean solar irradiance 

determined on a daily basis.  

A color map (figure 7) is developed to display 

the daily and timely variation in the power 

output of the power system. The region of 

feasible power output (greater than compressor 

input power) is enclosed by the single contour 

line.  

The key results from the plots indicate that there 

are times when solar irradiation available is not 

sufficient to allow for an optimum power output 

from the system. Secondly, the steady state 

operation condition of solar powered based 

Brayton cycle engines is a good assumption for 

running conditions at peak irradiance time, but 

falls off from the steady-state values at several 

points of interest.  

For example, the time to approach peak power 

varies either positively or negatively (depending 

on irradiance of that particular day) from the 

observed time duration for steady state 

conditions. This indicates that the power plant is 

unable to provide power as soon as it starts up. 

Given the long starting time, it is evident that 

the gas turbine requires time to start. This 

behavior is also present in the steady-state 

analysis but is accounted for in detail with the 

solar model.  

Another important aspect of the power plant that 

is highlighted here is the reduction in power 

output as the time of the day moves towards 

sunset. The power output of the plant is reduced 

when the sun starts to set; on the other hand, the 

power consumption in a typical household 

experiences a surge by the same time. Due to 

this, the documented “duck curve” is observed 

where energy sources other than the solar power 

are needed to back up the reducing solar power 

and to cope with the spiked power consumption. 

This characteristic duck curve and, the fall in 

solar power generation along with the power 

consumption surge, is clearly ignored in the 

steady state analysis. 

 

 

 
Figure 3: Comparison of the solar irradiance at selected dates and time, along with the mean irradiance. 
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Figure 4: Respective ratios of actual power plant efficiency and plate capture efficiency to their steady-

state counterparts as measured on 10 March. 
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Figure 5: Respective ratios of actual power plant efficiency and plate capture efficiency to their steady-

state counterparts as measured on 18 June. 

 

 
Figure 6: Respective ratios of actual power plant efficiency and plate capture efficiency to their steady-

state counterparts as measured on 26 September. 

 

 
Figure 7: Year-based power generation graph of the power plant under study. The single contour line 

encloses the feasible (+ve efficiency) dates and time. 

 

4. Conclusion 

In the light of the above discussion, it is evident 

that the analysis of a solar powered gas turbine 

based on the solar model of varying irradiation 

has an upper edge in modelling and analyzing 

the transient nature of the solar irradiance, 

which is ignored in the steady state model often 

employed. While the mean difference in power 

outputs are within tolerable limits of the steady 

state analysis, the time based power outputs 

varied by a considerable margin. Moreover, the 

solar model also displayed the lag in feasible 

power generation when the power plant starts, 

as well as the reduction in power output as the 

solar irradiance decreases past midday. The 

steady state analysis, on the other hand, gives 

conservative value for time to startup and plate 
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collector efficiency; and provides no analysis 

for the reduced power output at the end of the 

day. From the conclusion presented here, further 

studies involving the optimization of solar 

power based power plants (gas turbines in 

specific and all power plants in general) based 

on the solar model of irradiance are 

recommended to obtain a better evaluation of 

power plant performances. On the same 

grounds, experimental data of solar irradiance 

should be used in tandem with the solar model 

to account for weather effects and for calibration 

of the spherical geometry based solar model. 
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Abstract  

In this paper, comprehensive analyses (thermal efficiency, energy, and entropy analyses) of a CF steam boiler 

must be done. All above analyses have been carried out at discrete values of coal & water usage and the pressure 

& temperature of exit steam. For the analysis purpose, the first and second laws of thermodynamics have been 

utilized as for thermal efficiency and energy analysis, first law of thermodynamics has been used and for entropy 

analysis, second law of thermodynamics has been used. The study describes that the boiler has a thermal efficiency 

of 72.72% and different energy and entropy conservations at different input values.   

Key Words:  Coal fired boiler (CF boiler); Energy Analysis; Entropy Analysis; Thermal Efficiency.  

1. Introduction: 

Steam boiler is used to generate steam from the 

ancient times. Power extraction from the steam 

started by invention of steam engine in  1698 by 

Thomas Savery [1]. Energy analysis is one of the 

old methods which is used to determine how energy 

is used in a process involving the physical or 

chemical interaction. And this can be done by 

energy balances.  

Exergy analysis clearly identifies the locations of 

energy degradation and how the improvement may 

be achieved [2]. 

When we are studying the properties of a system, 

we may need to study about energy balance and 

energy efficiency, so we do different type of 

analysis to get required results. 

In this study, we are dealing with the energy, 

entropy analyses of CF boiler. Essentially, a steam 

boiler should have a minimum capacity of 

containing 10 liters of water and its minimum 

working pressure should be 3.4 kgf/cm2 [3], [4].   

There are numerous types of boiler and have 

various variables to differentiate between the type 

of boiler like working pressure, position of shell, 

etc. [5]–[7].  

Some of different classifications of boiler are 

shown in Figure 1.   

Figure 1: Boiler types [8] 
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1.1  CF boiler: 

 CF boilers are those in which thermal 

energy is produced by burning coal to heat water 

and convert it into steam. The boiler we have 

chosen for the analysis of energy of steam boiler is 

an industrial CF boiler with 10 ton capacity and 

placed at Darja Awal Banaspati & Cooking Oil, 

Samundri-Faisalabad Road, Faisalabad, Punjab, 

Pakistan [9]. The purpose of this boiler is to heat up 

the vegetable oil at high temperature (~200° C) in 

the presence of Nickel catalyst to form the 

vegetable ghee. This process of converting Oil into 

Ghee is called Hydrogenation. For energy analysis 

of steam boiler, we have taken values of this boiler. 

1.2  Parts of coal fired boiler: 

There are different parts in boiler along with 

different accessories and attachments for lean and 

efficient performance of boiler during operation. 

Different parts of coal fired boiler are as follow. 

Parts 
i) Boiler shell 

ii) Combustion chamber 

iii) Plumbing arrangement  

iv) Chain grate 

v) Ash pit  

vi) Ash conveyor 

vii) Super heater 

viii) ID & FD fans 

ix) Coal hopper 

x) Fly ash removal conveyor 

Attachments 
i) Water level indicator 

ii) Relief valve 

iii) Pressure gauges 

iv) Temperature gauges 

Accessories 

i) Air pre-heater 

ii) Economizer 

iii) Water filtration plant 

iv) Water pre-heater [3], [10], [11] 

1.3  Boiler Efficiency 

“The percentage of the total absorption heating 

value of outlet steam in the total supply heating 

value [12].” 

A boilers efficiency depends upon the efficiency of 

the different parts of the boiler. The boiler has many 

sub-units and their individual efficiency effects the 

overall efficiency of the boiler. However, the 

efficiency of the boiler can be described in three 

ways: 

 Combustion efficiency  

 Thermal efficiency 

 Fuel to Fluid efficiency 

Apart from those efficiencies, there are some 

different losses which additionally play a role while 

deciding the boiler efficiency and as a result need 

to be taken into consideration while calculating the 

boiler efficiency [13], [14]. 

1.4  Combustion efficiency 

The combustion performance of a boiler is the 

indication of burner’s potential to burn gas. The two 

parameters which decide the burner efficiency are 

unburnt fuel quantities in exhaust and extra oxygen 

levels in the exhaust. As the amount of excess air is 

improved, the amount of unburnt fuel within the 

Figure 2: Schematic diagram of a CF Steam Boiler [10] 
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exhaust decreases. This outcomes in reducing the 

unburnt gasoline losses however raising the 

enthalpy losses. Hence, it's miles quite crucial to 

keep a balance between enthalpy losses and un-

burnt fuel losses. Combustion performance also 

varies with the gasoline being burnt. Combustion 

performance is better for liquid and gaseous fuels 

than for solid fuels [15], [16]. 

1.5  Thermal efficiency 

The thermal performance of a boiler specifies the 

effectiveness of the warmth exchanger of the boiler 

which without a doubt transfers the warmth 

strength from fireside to water aspect. Thermal 

performance is wrongly stricken by scale 

formation/soot formation at the boiler tubes. 

1.6  Fuel to fluid efficiency 

It shows the overall efficiency of the boiler 

inclusive thermal efficiency of the heat exchanger, 

radiation and convection losses - output divided 

with the aid of input. 

There are different approaches to reach a system 

and energy analysis is a practical approach to 

analysis the energy and merit of energy conversion 

[17]. To determine the performance of boiler, we 

use energy and entropy analysis. Entropy analysis 

describes the cause of inefficient thermodynamic 

system. 

1.7  Losses in boiler: 

Generally, the main element of the loss is the 

subsequent. 

1) Loss through gas incomplete combustion (In 

case of heavy oil, the loss is a little). 

2) Loss by combustion of faulty fuel. 

3) Loss by way of Exhaust Fuel heat. 

4) Radiating loss from boiler surrounding wall. 

5) Loss due to slug and scales in the boiler shell. 

6) Loss due to rusting and leakage in boiler 

tubing. 

7) The miscellaneous loss [18].  

2. Methodology: 

In this article, we have analyzed a steam boiler by 

taking practical readings from the factory. The mass 

flows of coal and steam were measured on day-use 

basis, we converted them from kg/day to kg/s for 

easier calculations. We analyzed by applying 

different approaches. 

i) Thermal efficiency 

ii) Energy analysis 

iii) Entropy analysis 

2.1  Thermal efficiency: 

For the thermal efficiency, we used softwares like 

EES and MS-Excel (along with 

“ThermoTables.xalm” add-in, helps to find thermal 

properties) and used the following equation to 

calculate the thermal efficiency of boiler at 

different variants. 

           2 1( )steam
th

coal

m h h

m GCV


 



   (1) 

The coal analysis report was provided by the 

factory and from that report got the gross calorific 

value of coal using at the boiler. The analysis report 

is available here. 

GCV of coal = 6411 kcal/kg 

2.2  Energy analysis: 

For the energy analysis, we used softwares like EES 

and MS-Excel (along with “ThermoTables.xalm” 

add-in, helps to find thermal properties) and used 

the following equation to analyze the energy of 

boiler at different variants. 

    gen coalQ m GCV      (2) 

2 1( )abs steamQ m h h        (3) 

          lost gen absQ Q Q     (4) 

2.3  Entropy analysis: 

For the entropy analysis, we used MS-Excel (along 

with “Thermo Tables.xalm” add-in, helps to find 

thermal properties) and used the following equation 

to analyze the entropy of boiler at different variants. 

The entropy rate balance equation is as follow: 

Entropy at inlet = Entropy at outlet 

abs
fw gen steamQ

S S S S             (5) 

1fw steamS m s                    (6) 

abs

abs

Q

furnace

Q
S

T
                         (7)  

2steam steamS m s           (8) 

Where, 

genS = Entropy generation 

1s = Specific entropy of feed water 
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2s = Specific entropy of steam at exit 

steamm  = Mass flow rate of steam 

3. Results: 

The result for the thermal efficiency, energy 

analysis, and entropy analysis for the coal fired 

boiler is as follows. 

3.1  Thermal efficiency 

Results of thermal efficiency at different constraints 

are depicted in following graphs.  

 

Figure 3: Thermal Efficiency at different variant 

 

Figure 4: Thermal Efficiency at different variant 

Mean boiler efficiency = ηmean = 72.72 % 

3.2 Energy Analysis 

Results of energy analysis at different constraints 

are depicted in following graphs.  

 

Figure 5: Energy analysis at different variant 

3.3 Entropy Analysis 

Results of entropy analysis at different constraints 

are depicted in following graphs.  

 

Figure 6: Entropy analysis at different variant 

4. Discussion: 

The reason of low efficiency in this experiment is 

that some amount of heat is dissipated through the 

walls of boiler shell, boiler tubes and in to rise the 

temperature of flue gases. The thermal efficiency of 

boiler is also depending on the maintenance 

conditions of the boiler and use of economizer at 

the end of boiler shell. The economizer can be 

increasing the efficiency of boiler by good extent 

[13], [19]. 
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The water quality also affects the boiler efficiency 

because dissolved impurities change the latent heat 

of vaporization, boiling points and melting points 

as it increases the boiling points and latent heat of 

vaporization. 

The availability of hardness in water causes 

formation of scales and sludge in the boiler. The 

scales sticks with the walls of boiler and also blocks 

the tubes and passage of steam leads to high fuel 

consumption for transformation of heat and 

producing much pressure for passing the steam 

from tubing [20]. 

Forced intake of air and forced draft have a great 

impact on the efficiency of boiler. As air is essential 

for burning process of fuel (coal, oil, gas, etc.) and 

forced circulation of air (by ID fan and FD fan) is 

increased causing complete and faster burning of 

fuel and more energy is produced in less time, 

which will be absorbs by water and at last more 

steam will be generated by boiler causing increase 

in boiler efficiency [16]. 

Quality of fuel also impact the boiler efficiency and 

maintenance time of boiler. Low grade fuel 

produces ashes and carbon black along with heat 

and exhaust gases. These ash and carbon black can 

block the draft channel and also fire tubes of boiler 

and economizer and have an adverse effect on the 

efficiency and steam production [21]–[24]. 

The thermal efficiency of boiler can be enhanced by 

proper and in-time maintenance of boiler, by using 

good quality fuel, by usage of economizer and by 

using the techniques to decrease the formation of 

scales in the boiler. 

5. Conclusion: 

The mean thermal efficiency of boiler in this 

experiment is 72.72%. The energy balance sheets 

describe that about 13-15% of energy is lost in 

different ways. And by the entropy sheets, it can be 

clearly visualizing that a considerable amount of 

entropy (~17-27%) is generated during the process 

which describe the irreversibilities of the process. 

The efficiency can be increased by decrement in 

energy lost which also affect the entropy 

generation. 

6. Recommendations: 

To get maximum benefit from the CF boiler, there 

are some recommendations below. 

i) Increase the inlet water temperature, so there 

should be less energy required to generate 

steam. It affects the efficiency by good extent. 

ii) Use good quality coal that contain low amount 

impurities, so that more heat can be generated 

in the combustion chamber leads to more 

energy absorption by water (steam). 

iii) Insulate the plumbing arrangement properly 

outside the boiler to decrease the heat 

dissipation from the tubing to surroundings. 

iv) Heat up the fresh filtered water by means of 

used steam to increase inlet water temperature. 

v) Clean and maintain the combustion chamber 

for the purpose of decrease in energy lost. 

vi) Treat the water and make it softer for better 

absorption of heat and generation of steam. 

vii) If there are more than 3 boilers available in 

industry, use exhaust gases of main boilers to 

run a small boiler, generate more steam with 

same fuel. 
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Abstract 

Vertical axis wind turbines (VAWT) should be made outside their conventional farmland environments in order 

to utilize the power of urban environment for energy production. The average wind speed of 4m/s on highways 

of Lahore City is estimated using anemometer. The main purpose of this paper is to explore economical and 

feasible material for lowest cut in speed among aluminum, fiberglass and polyethylene terephthalate glycol 

(PETG) so that natural and average vehicular generated wind thrust can operate it. The suitable location and 

height of installation is determined from the data collection. With the help of numerical simulation and 

mathematical calculation for this drag device it is suggested that in Lahore both fiberglass and commercially 

available aluminum turbines are not suitable for the available wind conditions. The results were validated using 

experimental verification of these turbines on specific sites. It is suggested that PETG is a better material for 

urban areas with a cut in wind speed of 1.5m/s and average wind speed of 4 m/s. 

Key Words: VAWT; Savonius turbine; Highway; VAWT blade material; drag devices; cut in speed; 

drag force; fiberglass; Polyethylene Terephthalate Glycol (PETG) 

1. Introduction  

Wind energy possess huge prospective to 
contribute towards ever growing demand of green 
energy in Pakistan but onshore installations are still 
costly [1-5]. De centralized VAWTs can be used as a 
low cost power production alternate for urban areas to 
reduce grid dependency [6-8]. Among various VAWT 
designs available, savonius turbine require very low 
wind speeds at the expense of efficiency [9, 10]. 
Savonius turbine also have a good potential for 
highway applications [11-14]. There are abundant 
research on the optimization of geometrical features 
like twist angle, number of blades, rotor angle and 
overlap ratio. [15] worked on broad sweep and its 
effect on the drag force.  There is limited work on the 
material of wind turbine [16, 17] particularly 
VAWT[14, 18]. The effect of change in wind turbine 
weight due to change in shape of blade on the cut in 
speed has been studied [15]. Menet has studied six 
different materials  and gave suggestions regarding the 
selection of blade material of VAWT[18]. In this work 
we have studied three different materials through 
numerical simulations and validated the results 
experimentally. The effect of change in weight due to 
change in material and consequently the cut in speed 
requirements is also highlighted. The goal of present 
work is the utilization of available average vehicular 
thrust to produce energy using VAWTs effectively 
and efficiently by optimizing material of wind turbine 
blades. The most suitable, economical and feasible 

material with lowest cut in speed is explored and a 
decision matrix is formulated based on the research.  

2. Materials & Methodos 

The methodology adopted to achieve the 
objectives is explained as follows:  

2.1. Wind speed Measurements 

The wind speed along the road medians and road 
sides were measured using cup anemometer at three 
different heights 1m, 1.3m and 1.6m and six different 
sites as summarized in Table I.  

Table 1: Location of sites under consideration 

Site Name Site Location (X,Y) 

Bahria Town 31.3858126, 74.1851758 

Wapda Town 31.4554261, 74.2672341 

UCP Road 31.4479774, 74.2695971 

Canal Road 31.5409841, 74.3469055 

Jail Road 31.5431531, 74.3240387 

Ferozpur flyover 31.5041634, 74.3315258 

 

2.2. Material Selection 

Three materials (aluminum, fiberglass and 
polyethylene terephthalate glycol (PETG)) were 
selected based on several parameters such as 
commercial availability, cost, manufacturing ability, 
and weight of blades. The thermal and structural 
properties of blade material as listed in Table II to 
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Table V. The mechanical, geometrical and physical 
properties are given in Table II & Table III. The 
thermal and environment related properties are given 
in Table IV and Table V.  

 Design 1 is made of Fiberglass. It was made with 
fiberglass in epoxy resins using casting. It is quite 
heavier than PETG and relatively lighter than 
Aluminum.  

 Design 2’s blades are made of Aluminum. It was 
the one commercially available turbine made for 
highways. 

 Design 3 is optimized design according to the 
available wind conditions in Lahore highways. 
These blades are made of PETG material. At 
present it is manufactured using 3D printing 
additive manufacturing technology. For mass 
production casting can also be used. 

 

Fig. 1. Examined blade material & Design 

Table 2: Mechanical  properties of VAWT designs 

 

Table 3: Geometrical prporties of VAWT designs 

Material 

D r 

 

H 

 

A 

 

Arc 

 

t 

 

m m m m2 φ m 

Fiberglas

s 0.56 0.28 1.05 

0.5

9 150 

0.001

7 

Aluminu

m 0.46 0.26 0.80 
0.3
7 135 

0.001
5 

PETG 0.40 0.20 0.80 

0.3

2 150 

0.035

0 

Material 

mas

s 

Weig

ht 'N' μ 

e 

m 

H /D 

α 

e/D 

β 

'kg' 

Fiberglas

s 7.8 
76.51
9 0.24 

0.0
9 1.88 0.161 

Aluminu

m 8.3 81.43 0.3 

0.0

7 1.74 0.152 

PETG 2.4 23.54 0.07 
0.0
3 2.00 0.065 

 

Table 4: Thermal Properties 

Design  

# 

Material Melting 

Pt.  

°C 

Thermal 

cond. 

W/m-K 

Thermal 

expansion 

µm/m-K 

1 Fiberglass (wt 
70%) 

1135 0.04 31-39 

2 Aluminum 660 0.16 21-24 

3 PETG 267 0.29 51-68 

Table 5: Physical and Eco Properties 

 

Design 

# 

Material Density 

kg/m3 

Recyclable CO2 

Footprint 

kg per 

unit 

1 Fiberglass 

(wt 70%) 

2000 No 2.6 

2 Aluminum 2700 Yes 2.01-

11.89 

3 PETG 1420 Yes 1.76-5.44 

2.3. Numerical Simulation 

 Firstly, the final design of helix wind turbine was 
designed on Solid Works. Fig. 2 shows the 
component of turbine manufactured using 3D 
printing technology for PETG. These components 
are combined to build one complete blade shown 
in Fig. 3. Fig.4 shows complete assembly of the 
turbine.  

 

Fig. 2. One part of complete blade 

  

Fig. 3. One blade of turbine 
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Fig. 4. Complete assembly of the turbine 

  Structural analysis of PETG was done to check its 
deformation, stress and strain etc. The input data 
used for defining material properties was that 
given in TABLE II-V with the poison ratio 0.37. 
The finite element mesh used is shown in Fig. 5. 
The solid mesh with element size 3.31mm and 4 
Jacobean points is employed. 

 

Fig. 5. Meshed Geometry of one part of 

blade 

 CFX for all three materials and their relevant 
geometry is performed to determine the drag 
force. Using these drag forces the weight 
resistance of the turbine was obtained from drag 
force to evaluate the feasibility of this turbine for 
the available cut in speed of 4 m/s. 

 For CFD analysis of all three materials a cylinder 
was made around the blades to pass fluid Fig. 6. 
The boundary conditions used for numerical 
simulation is shown in Fig 7. The turbine is made 
fixed at the central axis and will rotate around its 
own axis as a result of the applied force of fluid 
in the form of pressire this will change by 
changing speed of fluid. The drag component is 
determined and demonstrated in results. 

 

Fig. 6. Meshed geometry for turbine 

 

Fig. 7. Boundry conditions for CFD 

Analysis 

2.4. Design Criteria 

As the turbine is a drag or momentum turbine, the 
turbine will only rotate if the drag component is 
greater than the resistance component (Weight 
component) [15] . The design criteria for the turbine is 
given in Equation 6. This design criteria will be 
established at average wind speeds on Lahore roads.  
The drag component of force is calculated using 
numerical simulation at various wind speeds available. 

 
2.5. Experimental setup 

All the three turbines were tested by installing at 
Nazaria-e-Pakistan Avenue (31.4601947, 
74.2618253). The rotational speeds of turbines were 
determined using tachometer. Meanwhile a cup 
anemometer was utilized to determine wind speeds. 
An average of three values of rotation speed at each 
wind speed was determined and plotted, Fig. 22. The 
wind speeds vary from 1.5 m/s to 7 m/s on roads. 

3. Results & Discussion 

The results obtained through design calculations, 
experimental analysis and numerical simulation are as 
follows. 

3.1. Wind speed Measurements 

The wind speeds result from various sites of 

Lahore were determined and the aveage value of 

these sites give us the first design constrain of the 
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manufactured turbine. The average wind speed results 

for these turbines are 4 m/s. 

Table 6: Average Wind Speed Data At Various Sites 

Site Name Vavg (m/s) 

Bahria Town 3.9 

Wapda Town 3.8 

UCP Road 3.7 

Canal Road 4.2 

Jail Road 3.7 

Ferozpur flyover 4.5 

3.2. Numerical Simulation 
a) Structural analysis:From the FEM model of  

PETG the total deformation, total strain, total volume 

change and Von Misses stresses were determined as 

shown in Fig.8-12 respectively. 

 

Fig. 8. Total Deformation 

 

Fig. 9. Total strain 

 

Fig. 10. Total volume change 

 

Fig. 11. Von-mises stresses 

 
 

Fig. 12. Nodal solution of stress and strain 

b) CFD analysis: After applying a fluid air at a 

velocity of 4m/s and insertig geometry and material 

of all three designs the drag force component which 

is X componenet in this case is determined. The 

velocity contour and pressure contour of all three 

turbines are determined to see the effect. The results 

are shown in Fig 13-18. The drag component will 

depend upon the geometry and material of the 

turbine. The drag component of forces are determined 

at 4m/s the resultant effect on turbine is shown in 

figure 19-21. As a result we get following drag forces 

at various wind speeds the results are compared to the 

weight component and described in section 3.3 design 

calculations. 

 

Fig. 13. Pressure Contour for Fiberglass 
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Fig. 14. Velocity contour for fiberglass 

 

Fig. 15. Pressure contour for Aluminum 

 

Fig. 16. Velocity contour for Aluminum 

 

Fig. 17. Pressure contour for PETG 

 

Fig. 18. Velocity contour for PETG  

3.3. Design Calculations 

For fiberglass the drag force is calculated through 
CFD analysis at 4m/s using material and geometrical 
properties described in TABLE II and TABLE III. 
From the calculations it is clear that at 4m/s the drag 
force or momentum of wind is not enough to rotate 
the turbine against its weight resistance, Equation 7-
10. 

 

Fig. 19. Drag Force Mesurement of 

Fiberglass 
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The drag componenet of force is 9.98N for 
fiberglass for the average wind speed available i-e. 
4m/s. These drag component of force is compared 
with the weight component to determine if it will 
rotate in the avaerage wind speed available. 

 

The same results were obtained in case of 
Aluminum turbine as for fiberglass, Equation 11-14. 
The drag component is not enough to rotate the 
turbine against its weight 

 
 

 

Fig. 20. Drag Force Mesurement of Aluminum 

For PETG minimum resistance component is 
obtained and only for this material the drag force is 
revealed to be sufficient for the rotation of the turbine, 
Equation 11-18. 

 

Fig. 21. Drag Force Mesurement of PETG 

 

Among all the three selected material only PETG 
was found workable at the available average speed. 

3.4. Experimental Results 

The rotational speed of turbine determined from 
the tachometer gives us the tip speed ratio of the 
turbines. A graph is plotted between wind velocity and 
the tip speed ration and shown in Fig.10. It can be 
seen that the experimental results justify the design 
calculations. The force due to acceleration gives us the 
mechanical torque. The coefficient of performance is 
determined as the ratio of mechanical to available 
wind power. Then the torque is calculated based on 
the drag force calculated from numerical simulation 
and moment arm. The results are plotted for all three 
turbines to compare the experimental and numerical 
simulation results, Fig. 22  

 

Fig. 22. Tip speed as a function of wind 

velocity 

 

4. Conclusions 

From the research we have concluded that  

 (Fd-Fw) value of fiberglass and 
Aluminum at the average available wind 
speed suggest that both of these turbines 
are not suitable to deploy on highways of 
Lahore for energy production. 

 The optimized design of PETG presented 
in this work is a feasible option to 
produce electricity at 4m/s. 

 From experimental and theoretical study 
carried out, the cut in speed for Fiberglass 
(5m/s) and Aluminum is (4.5m/s) is 
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found to be in sufficient for the power 
generation due to their heavy weight . 
The PETG is able to produce electricity 

even at 1.5m/s and can be deployed as an 
alternate blade material in VAWT. 
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Abstract 

The objective of this study to perform flow simulation analysis and to find out the optimal angle of attack, for an 

axial flow compressor. Airfoil Coordinates have been imported from NASA website with model name NACA-

65410. After the designing step, CFD analysis has been performed on SOLIDWORKS for a single rotor at different 

angle of attacks ranging from -10o to 50o with increments of 10o; following for an assembly of rotor and stators 

mounted on the shaft. The computational domain has been discretized using the default global mesh elemental 

size. The analysis has been carried out for the standard flow conditions of 1 atm and 292.3K. Results have shown 

that streamlines will be more effective only at a specific range of angle of attacks from 35o to 42 o, and any increase 

or decrease in the value of angle of attack from optimal range during the off-design applications will reduce the 

overall pressure ratio and may cause stalling of compressor.  

Keywords: Axial flow Compressor, Angle of Attack, rotor blade design, Gas turbine engine, stalling of 

compressor. 

1. Introduction 

              For many years, engineers have been 

working on improving jet and aircraft engine 

performances by understanding the unpredictable 

stall effect phenomenon in compressors. These 

continuous efforts have now led them in a new 

alley of exploration. In this modern era of study, 

engineers prefer 3D modelling and simulations 

which provide us with better and realistic 

approach on problem solving techniques.  

              Rotors increase the flow velocity 

thereby decreasing the pressure while stators 

slow down flow resulting in pressure increase.  

            One stage is comprised of one rotor and 

one stator. There is a resultant pressure increase 

after each stage in a compressor. Mostly the 

compressors provide with the pressure ratio 

between 30:1 to 40:1. When several blades are 

placed in a row then it forms a complete stator or 

rotor. This row is called a cascade.  An axial flow 

compressor has three main stages for flowing 

fluid, input guide vanes, stages of rotors and 

stators and exit guide stages. Efficiency of a gas 

turbine engine mostly depends on the pressure 

ratio, achieved in the first section of engine called 

compressor which further depends on the 

physical parameters: design of its blades (rotor 

and stator) and the angle of attack at which air 

strikes the blades at inlet of the compressor. Axial 

flow compressors are widely used in 

aerodynamic applications; therefore, it is very 

important to find an optimal angle of attack at 

which it functions properly and provide highest 

possible pressure ratio at the exit of the 

compressor [1]. Irrespective of radial flow 

compressors, most preferable option in practical 

applications is axial flow compressors, as they 

are light weight and provided comparatively high 

pressure ratios relative to the cost [2]. 

1.1  Stall Phenomenon: 

           Rotor stall is an undesirable condition for 

a practically working compressor and needs to be 

avoided as it leads to the unstable flow. During 

stall, airflow is highly dispersed over the airfoil 

surface, causing non uniform airflow. This 

phenomenon decreases the air thrust which in-

turn affects the optimum pressure rises which is 

to be achieved at the end of compressor. Another 

main reason behind the effect of stalling is higher 

angle of attack which causes non-uniform 
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pressure gaps on the upper and lower surfaces of 

the rotor blade.  

          The best possible way to avoid stalling, 

achieving high pressure-ratios, and optimum 

turbine performance is still a field of interest for 

researchers. But as the problem-solving 

techniques are now evolved; advanced 

simulation methods can be used for studying stall 

analysis. The simulations are carried out using 

compressible fluids in isentropic and steady state 

conditions. The research shows that when the 

flow is unforced, as in this study, there is a high 

flow separation before the maximum operating 

point i.e., when the optimal pressure rise is 

attained. When the stationary blades are placed in 

between the layers of rotors; they create 

disturbances in the outflow of free flow-stream 

which propagates at different speed from blade.  

Figure 1: nomenclature of airfoil  

2. Methodology 

          The blade selected for analysis is NACA 

65-410 common in commercial aircrafts. The 

selection is on the basis of post and pre stall 

behavior (experimental investigation of Near-

field Aero-acoustics). Figure.1 explains the 

critical features of an airfoil and table.1 briefly 

explains the literature behind the digits 65-410. 

         The research is based on Thermo-Fluid 

approach (newton turbomachinery, Navier 

Strokes Equation and steady flow energy 

equation), assuming isentropic conditions during 

compression.  

Table 1: Nomenclature of 65-410 

No. of the 

Digit 

Digi

t 
Description 

First 6 
NACA blades series 

number 

Second 5 

5×10 = distance of the 

minimum pressure area 

in tenths of the chord (c), 

50% of c 

Third 4 
4×0.1 = lift coefficient 

value = 0.4 

Last two 10 
Maximum thickness in 

percentage = 10% 

 

          A 2D model of compressor is designed 

using SolidWorks and simulations carried out by 

keeping in view the thermodynamic parameters 

(temperature, pressure like temperature, 

pressure. Output data is graphically visualized for 

analysis and inculcating results like stall 

phenomenon and the optimal angle of attack at 

which compressor has maximum potential to 

avoid stalling and achieving optimal pressure 

ratio. 

3. Design 

   The selected NACA 65-410 Airfoil 

coordinates were imported into SOLIDWORKS 

and the final rotor and compressor assembly were 

designed from a single Rotor blade. There are 41 

similar blades that were mounted over the rotor 

drum which in turn is coupled to a shaft that 

rotates with constant rotational speed. Figure.2 

shows a single cascade of rotor shows a diametric 

view of rotor along with the drum and shaft.  

 

Figure 2: single cascade design 
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The final geometry of axial-flow 

compressor is designed by alternatively 

arranging the stages of rotors and stators on the 

same shaft. Stators remain fixed to the casing 

while the rotors are mounted to the rotor drum.  

 

Figure 3: Final Assembly 

3.1 Analysis: 
 
Analysis was carried out using 

SOLIDWORKS Flow Simulation. It is mainly 

divided into two parts. 2D analysis carried on a 

single blade that was tilted at angles range from -

100 to 500 with an increment of 10 degree. Off-

design stalling effect was observed.  

 

Figure 4: 2D analysis of computational domain 

with default meshing 

                       External conditions have been set 

in standard conditions to check the effects of 

changing the angle of attack on magnitude of lift 

and drag force. 

Table 2: Geometric properties of 3D analysis 

Analysis Type External 

Fluid Selection Air 

Thermodynamic 

Parameters 

Pressure, 

Temperature 

Pressure, 

Temperature 

101325 Pa, 293.2 K 

(Standard) 

Velocity in X direction 10 m/s 

Global Goals Normal Force in X 

and Y direction 

 

3D analysis of the entire rotor cascade was also 

performed with an additional rotating region 

surrounding it.  

 

 

Figure 5: 3D computational domain with default 

meshing 

4. Results and Discussion 

4.1 2D Analysis: 

A number of simulations were 

performed on the preferred airfoil by changing 

the angle of attack by keeping the elemental mesh 

size constant in all these cases. It has been shown 

that by just increasing or decreasing the angle 

between the incoming air and the chord line, 

relative pressure above and below the airfoil will 

also change and this pressure difference will 

increase followed by relative changes in drag and 

lift forces [6]. Separate summary of all these 

outcomes is given below in Table 3. It is clearly 

evident that there is a specific pattern between the 

drag and lift forces and angle of attack. 
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Table 3 : shows variation of drag and lift 

correspond to the variation of angle of attack 

Angle of Attack 

(Degrees) 

Ratio 
𝑭𝒙

𝑭𝒚
 

 

-10 -0.500 

0 2.549 

10 0.220 

20 0.444 

30 0.688 

40 0.880 

50 1.500 

 

      By increasing angle of attack from -100, it 

can be observed that, drag force (Fx) increases 

until inlet mass flow line and the chord of the 

airfoil becomes parallel (angle of attack becomes 

zero). After that, any increment in angle will 

cause a sudden drop in the drag force and gradual 

increase in the lift force, this is because; at lower 

values of angle of attack, most of the streamlines 

are converging towards the pressure side of the 

airfoil creating void and low-pressure region on 

the upper side. This pressure difference creates a 

resultant force that is acting in a direction to uplift 

the airfoil. But this gradual increase in the angle 

of attack will not always increased the lifting 

force but to a point of optimal conditions and 

after that lift of the compressor suddenly drops 

down and this is called stalling. 

4.1.1 Lift and Drag Force 

It is clearly evident from the above table, 

that with an increase in angle of attack from -10 

to 50 degrees, magnitude of the corresponding 

lift-drag ratio, increases. The resulting graph is 

shown in Figure 6. Similarly drag force is 

also directly related to the angle of attack.  

Figure 6: Angle of attack Vs drag & lift force 

4.1.2  Stalling of Compressor 

With the continuous increase in lift and drag, 

separation point on the upper surface of the 

airfoil will move from the trailing edge to the 

leading edge. Figure 6 shows that after an angle 

of 40 degrees, the continuously rising curve of lift 

force will sharply decrease however the drag 

follows a continuous rising curve. A compressor 

stall in a gas turbine engine is a circumstance of 

abnormal airflow resulting from the aerodynamic 

stall of airfoils (compressor blades) within the 

compressor. This occurs when the angle of attack 

of the blades of the compressor exceeds its 

critical angle. from study, the preferred value for 

the angle of attack ranges from (35-42) degree 

but the optimum value is 400. 

4.1.3 Flow Trajectories: 

Results can also be verified by observing 

the flow trajectories that is the motion of single 

particle as it is flows over the airfoil. Before 

stalling of the compressor, there are smooth 

streamlines flowing over the airfoil and only a 

small amount of turbulence occurs at trailing 

edges, this is because of the geometry of the 

airfoil. During stalling, separation points 

converge to the leading edge of the airfoil and 

there will be an increase in the disruption of 

streamlines after striking the edge, this 

phenomenon increased turbulence in mass flow 

at leading edge. After the stalling, there will be a 
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rapid increased in the turbulence and laminar 

flow above the airfoil destroyed. 

      (a)                            (b)   

Figure 7:   Flow trajectories, (a) drag at 400, (b) Lift at 400 

 

4.1.4 Cut Plots 

Furthermore, pressure variations on 

either side of the airfoils were also analyzed in 

order to better understand the stalling effect in 

the compressor’s blades. From these cuts plots 

it can be visualized that before and after stall, 

the pressure on either side was distributed and 

a gradual increase in drag and lift was seen up 

to an angle of 400, where a very high-pressure 

region comes in front of a very low-pressure 

region, and the resulting pressure difference 

causes the stalling effect which leads to the 

decrease in blade efficiency. 

 

Figure 8: Cut Plot at Stall Condition 

4.2 3D analysis:  

   In axial flow compressors, inlet 

mass flow line is parallel to the center line 

of the compressor, but due to the rotation of 

the rotor blades, there will be swirling 

motion observed after the mass flow has 

crossed one stage of the rotor. Figure 9 

shows that how these streamlines behave 

when passing over the operational rotor 

geometry. This swirling motion changes 

into can   in order to mitigate these effects 

and make it streamline, we add a layer of 

stator blades just after the rotor blade. 

 

Figure 9: 3D flow trajectories 

5. Conclusion  

           This research paper verifies the optimal 

angle of attack for operational performance of 

NACA-65410 airfoil in an axial flow 

compressor. The verification is carried out 

using CFD study where lift and drag was 

calculated at various angles of attack. It is 

inferred from the analysis that the airfoil under 

study has a recommended range from 35o to 

42o degrees, and the optimal angle of attack can 

be depicted as 40o, above which stall effect 
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becomes evident. The reason behind this is 

visually illustrated by the means of cut plots 

and flow trajectories that indicates high 

pressure difference over the geometry of airfoil 

that will drastically affect the performance of 

the compressor. 

If this airfoil is used in an application then the 

guide vanes must be designed such that the 

angle at which the air strikes the airfoil does not 

exceed 40 degrees, otherwise, the overall 

performance of axial flow compressor will be 

effected due to this stalling effect. 

Through 3D analysis, the streamline behavior 

of airflow is observed when it exits from the 

rotor, designed using the same airfoil. The 

behavior predicts the flow if the rotor is used in 

an actual axial flow compressor.            
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Abstract 

The need to upgrade the existing apparatus from manual to data acquisition system including live plotting through 

cheap sensors and commercial software packages has become prominent area of research since past few decades. 

This work upgraded the old manual technology of Edison wind Tunnel 250/50 to data acquisition by using cheap 

and accurate sensors whose model and specifications are readily available. For up-gradation of the manually 

subsonic wind tunnels, an Arduino Mega is used as microcontroller whereas NPX pressure sensor is used with 

Arduino mega microcontroller. A Wind Pressure sensor MPXv7002DP with ranges -2Kpa to 2Kpa installed. The 

results of sensors are embedded into LABVIEW by creating interface for showing live plotting of absolute 

pressure. For validation of this work an Edison car model chosen. The sensors readings are validated with the 

inclined tube manometer the pressure reading shows the same trend in both measurements. Further parameters 

are also incorporated into this data acquisition like dynamics pressure, drag force, lift force and velocity of air 

particles. It is very unusual to find all these capabilities of measurements within one acquisition system.  This 

work presents most reliable and economic method to upgrade subsonic wind tunnel. 

Keywords: Digitalization; wind tunnel; data acquisition; Arduino UNO; LABVIEW; pressure transducer 

calibration: MPXv7002DP    

Symbols 

Aw= Working Section of Wind Tunnel, At= Throat cross section of Wind Tunnel, M= Mack Number 

M∞= Free Steam Mach number, Po= Pitot Pressure, Ps= Static Pressure, Pd= dynamic Pressure, DAQ= Data 

Acquisition, pa= Pascal

1. Introduction 

       Computer based data acquisition helpful for 

laboratory, teachers, and students. This paper 

work is very valuable especially for under 

developed countries institution they can build 

their data acquisition system at very low budget. 

This work is carried out through visual 

programming based on LABVIEW.  At this level 

this data acquisition is provided related dynamics 

pressure, drag force, lift force and velocity of air 

particles on test model.  

The apparatus is Edison wind Tunnel 250/50[1] 

which is open channel subsonic wind tunnel. This 

Subsonic configuration with closed working area 

with clear solid walls is capable of testing in the 

range of less than 1 Mach numbers and Reynolds 

numbers up to 1x108 /metre. Axial fan sucks air 

from other open side of tunnel whereas the 

velocity of air in the test section: 0 – 27 m/s. The 

working section has an area of 50×250 mm, in 

working section clear plates are attached on both 

sides for flow visualisation and twelve ports are 

mounted one side plate is attached with model. 

Air expands through series of screen and reduce 

turbulence. Model is mounted in working section 

by support structure and it can also be separated 

from working section thus providing easy access 

to the model. The model itself can be tighten to 

the support structure through bolt into plastic 

plate. The support structure also provides for 

powered pitching of the model allowing for 

model incidence angles between 360o. After 

starting the tunnel, pressure is supplied to 

working section through a fan manually operated 

by nobe; turning the nobe increases the speed of 

fan also increase the pressure and turning back it 

decreases the speed of fan also increase the 

pressure. Pitot pressure is measured before the 

working section through a pressure tapping at the 

top of the chamber. While the operator (using the 

above- mentioned manually operated nobe) can 

reasonably control the pitot pressure, the 
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temperature is not controllable. Tunnel static 

pressure can also be      measured    via   static   

ports   at  one  top    wall. 

The wind Tunnels manufacturing companies do 

not published data related to pressure transducer 

and data acquisition techniques due to patent. So, 

this will help researchers in this field. In this 

work we tasted the MPXv7002Dp pressure 

transducer that works highly accurate. 

MPXv70002DP is also piezoelectric transducer 

[3] as many wind Tunnels manufacture companies 

used pressure transducers but they published in 

patent. Product - ESSOM 

This work is providing the direction for 

researcher’s community in this field. This data 

acquisition technique providing very low-cost 

data acquisition system that require rarely 

available and accurate pressure transducer. 

LABVIEW is used for live panel of digital and 

analogue pressure reading. As many companies 

are using LABVIEW to code the data acquisition 

panel [4]. 

Data acquisition is carried by LABVIEW 

(National Instruments, Austin, TX) by graphical 

programming that allows processing of analogue, 

digital data and flexible acquisition [5]. 

Collaboration of LABVIEW and Arduino is done 

through LIFABASE tool of LABVIEW.   

2. Objective 

The need to minimize the running cost and time 

of subsonic    wind tunnel to get reliable 

experimental data is very necessary to industrial 

and academic era. 

For validation of this work an Edison car model 

is chosen. The sensors readings are validated   

with   the inclined tube manometer the pressure 

reading shows   the    same  trend   in both   

measurements. 

Through data acquisition technology upgrade old 

technology of pressure measuring of the wind 

tunnel (like water and mercury manometer). For 

this up-gradation, cheap hardware simple and 

rarely available software are used.  The present 

paperwork applied and installed on subsonic 

wind tunnel at the NFC Institute of Engineering 

and Fertilizer Research, Faisalabad.  Before this 

work no evidence was found to upgrade the 

subsonic wind tunnel in that ways the apparatus 

has run on manual technique that was followed 

by years. Our contribution  to  upgrade  the  

manual  manometric technique  to  easy  and   

cheaply   available   data   acquisition  system. 

3. System Overview 

Figure shows the Schematic diagram of 

assembling data through microcontroller 

Arduino Mega. It consists on ATmega2560 with 

8-bit AVR microcontroller with 32K Bytes, 

Flash memory 256KB (8 /KB in used) 4 Kbytes 

EEPROM, 8 Kbytes internet SRAM.54 digital 

I/O pins whereas 16 analogue and 15 PWM 

channels (pulse width modulation) and 16 MHZ 

crystal oscillators. It generates analogue voltage 

that changes with change in pressure [6]. The 

microcontroller voltage changes from 0 to 5 with 

change of pressure. The maximum pressure 

generated voltage maximum 5. In DAQ of 

pressure transducer is done through graphical 

programming of LABVIEW. Analogue and 

Digital reading is connected to pressure 

transducer by graphical programming of 

LABVIEW.  

 

Flowchart of sampling data 

 

Flow diagram of microcontroller- interfaced 

Wind Tunnel 

262

https://www.essom.com/product/details/17/153


Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

 

Chart of Arduino coding 

4. DAQ by using LABVIEW 

LABVIEW is visual programming software 

containing a block diagram that work on logics 

inserted in programming language diagram [5]. 

Different logics are used in visual programming 

to get desire results. In this work visual 

programming is done for series of sensors. 12 

sensors range from -2Kpa to +2Kpa installed in 

working area of this subsonic wind tunnel. Block 

diagram for series of 12 sensors contain its 

microcontroller input, visual signal processing, 

analogue input, logics and then microcontroller 

output. Arduino and LabVIEW are connected 

through LIFA base. LIFA base stands for 

LABVIEW interface for Arduino [7]. It helps 

Arduino to communicate with LABVIEW. 

Arduino needs a particular coding to 

communicate with the LABVIEW so this is done 

with the help of LIFA base, which is a default 

coding given by Arduino Company. Arduino 

read this coding in its own way (language), hence 

transfer data from Arduino to LABVIEW. 

LINX is a platform connected in LabVIEW 

through VI Package Manager. Different 

microcontroller like Arduino entrenched to 

LABVIEW through VI packages. In this paper 

work Arduino is used with LABVIEW for virtual 

Interface offered by LABVIEW. Arduino make 

it much easier to program, without writing 

Arduino code. 

5. Using Arduino through LABVIEW 

Arduino is coupled with LABVIEW through 

LINX pack Arduino need once to load LINX into 

board than it doesn’t need to upload again and 

again once done [8]. it uses the different software 

together. It is very easy, just needed to select the 

device family, the device type and the firmware 

program interface. For Interface the ADC of 

LABVIEW for multiple sensors is used. ADC 

use LINX tool for collaboration of Arduino and 

LABVIEW is to get analogue signals. Single of 

multiple sensors are taken with single output.  

6. Data acquisition system 

6.1 General 

The run time of this subsonic wind tunnel is 1 to 

2 minutes. For extensive measurements of 

pressure distribution all over the model surface. 

A responsive pressure measuring system 

consisted on responsive pressure transducer 

connected to model through ports having 

diameter (0.25mm). In this paper LABVIEW is 

used that records pressure values from all the 

ports (12) with rate of 1 second. After start of 

wind tunnel, it required time to stable its reading 

pressure changes during the run due to pressure 

velocity theory. Wind tunnel is operated by hand-

controlled valve.  

Table 1: Dimension of Subsonic Wind Tunnel and 

Prototype 

Wind tunnel with 

car prototype 

Dimensions (Inches). 

Wind tunnel length 89.60 

Settling chamber 

length 

5.30 

Inlet of tunnel (L*W) 13.78*15.60 

Outlet of tunnel 

(L*W) 

13.78*18.0 

Test section (L*W) 26.90*2.10 

Car length 6.31 

Car width 1.97 

Wind tunnel length 89.60 

All The interface includes pitot and static 

pressure measurement with same pressure range 
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from -2kpa to +2kpa. To measurement of tunnel 

pressure, a platinum resistance type 

thermocouple connected tunnel. The transducer’s 

output is calibrated a data acquisition program 

that is capable, through programming from 

analogue to digital, simultaneously recording and 

sampling data up to 16 channel inputs at a pre-

programmed frequency (up to 150000 

samples/second, if required). The continuous 

data is collected from all ports at the same time. 

The control box controls the stepping sequence 

manually designed by Edibon [1]. A commercial 

software (called LABVIEW) is used for 

acquisition system of subsonic wind tunnel. 

LABVIEW uses a graphical (visual) language 

called  block     diagram   to   programme   D/A   

converter. 

7. Transducer Specifications 

The pressure Transducer MPX7002DP, is a 

piezoelectric transducer that converts the input 

pressure of -2kpa to +2kpa to an output of 0.5v 

up to 4.5v. Pressure transducer having a 

sensitivity of 1V/kpa in pressure term the desired 

measurement is 7 from 0pa up to 240 pa. In 

voltage term 2.5 V up to 2.8 V [9]. The 

MPXV7002DP is piezoresistive transducer and 

monolithic silicon pressure transducer with wide 

range of applications. The MPXv7002DP 

employs a microcontroller or microprocessor 

with A/D inputs. Air Speed Sensor Transducer 

MPXv7002DP can measure both negative and 

positive pressure range with offset of 2.5 V 

instead of the conventional 0V.  

Table 2: Transducer Specifications 

As the transducers were of the absolute pressure 

type, their calibration was carried out using a 

manometer connected to a mercury-filled U-tube 

manometer. 

As mentioned earlier, the program developed for 

the purpose of data acquisition is based upon a 

graphical programming language called 

LABVIEW. The program in LABVIEW consists 

of selected objects chosen from a menu window 

and connected to each other via lines that attach 

to the object's “pins”. A group of objects and their 

specific connections makes up a program. 

8. Results and Discussion 

Our purpose was upgrade the subsonic wind 

tunnel to data acquisition system, live plotting of 

graphs, results saving and validate the pressure 

readings of sensor with those of manometer. 

Below are the results comparisons of manometer 

to the sensor of car model. 

 

Figure 1: Car model 

Port 

No. 

Δ

H 

(m

m) 

Manomete

r Pressure  

(pa) 

Sensor 

Pressur

e (pa) 

Absolut 

Pressur

e (kpa) 

1.  12 117.36 124.5 101.208 

2.  50 489 485 100.836 

3.  39 381 386 100.944 

4.  23 224.95 242 101.101 

5.  32 313 305 101.012 

6.  64 626 611 100.699 

7.  81 792 780 100.533 

8.  64 625.95 612 100.7 

9.  57 557.49 560 100.768 

10.  55 537.93 538 100.788 

Pressure Measurement Type Differential 

Pressure Range Min-max 

(MIN-MAX) (kPa) 

-2.0 - 2.0 

Pressure Rating (MAX) (psi) 0 

Accuracy (% Error) (Max) 

(%) 

2.5 

Output Type analogue  

Porting dual side ports 

Level of Integration Integrated 

Temperature Range 10 to 60 
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11.  51 498.8 511 100.827 

12.  46 450 458 100.875 

 

From the above comparison, it can be seen that 

there is no such great difference between sensor 

and manometer values. The manometer readings 

are calculated through the formula ρgΔh. 

Whereas rho is the density of water, which is 997, 

g is gravitational constant and Δh is the height of 

the column. This work is carried out on subsonic 

wind tunnel that create vacuum during operation/ 

experiments. Maximum height of the column is 

at ports no 6, 7, and 8 that is the roof of the car, 

where the pressure at these ports are 64 pa, 81 pa, 

64 pa consecutively. According to the Bernoulli  

principle at these ports, the absolute pressure 

decreases with increase in air velocity 

 

 

Graph 1 & 2: Comparison of results 

The trend show that at front of car model the 

absolute pressure is maximum which is 101.208 

Kpa at port 2 the air velocity increases and 

absolute pressure decrease. At port 4 the air 

velocity decreases and absolute pressure 

increases. Absolut pressure at the roof of the car 

model is minimum due to maximum air velocity 

at the roof of the car modal. On the rare side of 

the car model air velocity decrease and pressure 

increases. 

9. Conclusion 

In this paper, a cheap way is introduced to 

upgrade the manual subsonic wind tunnel to a 

data acquisition system. The sensor’s result for 

pressure is validated with manometer results over 

automobile prototype. At the front side of the car 

model the absolute pressure is maximum due to 

striking pressure at port 2 the air velocity 

increases and absolute pressure decrease pressure 

is 485 Pascal whereas absolute pressure is 

100.836 Kpa at windscreen velocity of air 

decreases the absolute pressure increases that is 

port 4 where pressure is 242 and absolute 

pressure is 101.101 Kpa at top of car model air 

velocity is maximum so absolute pressure is 

minimum at port 7 pressure 780 Pascal and 

absolute pressure 100.533 Kpa at rare side of car 

model port 11 pressure is 511 Pascal and absolute 

pressure is 100.827 Kpa. Experimental results 

and graphical trends show us that the maximum 

absolute pressure is at the front side whereas the 

minimum is at the roof of the car. Interface, live 

plotting of results, and readings for vacuum and 

absolute pressure can be observed in LABVIEW.    
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Abstract 

Biodiesel is emerging as alternative fuel because of its valuable performance and ability to be used in diesel 

engines without any significant modifications. The current work aims at utilization of poultry fats prepared 

biodiesel as a biofuel. In addition to the performance and emission assessment of prepared fuel, lubricating oil 

deterioration with the very fuel was also checked. Two distinct fuels, Pure Diesel and Diesel with 20% by volume 

biodiesel, B20 were used for experimentation. The results showed that BSFC, BMEP and BP decreased by  4.3%, 

6.1%, 5.97% and efficiency increased by 19.38% for B20 when compared to diesel at 900 rpm with decreased 

emissions trend. At 1400 rpm, BSFC, BMEP and BP have increased by 30%, 1.6% and 1.6% respectively while 

efficiency has decreased up to 16.11 % for B20 when compared to diesel while CO and HC have decreased up to 

90% and 25% respectively while CO2 and NOx have increased by 2.7% and 93.4% respectively for B20. 

Comparing Lube oil sample of B20 with diesel, viscosity has decreased up to 2.5%, flash point has increased by 

7.2%, ash contents were almost same and sediments has decreased up to 6.9% while moisture content in lube oil 

sample has increased by 246.15%. But B20 outperforms diesel at low load and lower rpm in terms of both 

performance and emission characteristics. 

Key Words:   Bio diesel, performance; emissions; Lube oil deterioration; Diesel Engine.  

 

1. Introduction 

The total world population is increasing at a 

constant rate of 83.1 million every year 

[1].According to the U.S. Energy Information 

Administration, the world overall energy 

consumption is estimated to increase  by 56% in 

the year 2040 as compared to the year 2010 [2]. 

This immense consumption of fossil fuel not only 

responsible for depletion, but also responsible for 

global warming and polluted environment. The 

life of known crude oil reserves is determined 

which left for about less than 50 years if they 

continue to be consumed at present rate [3]. 

Major greenhouse emissions are obtained from 

industries and transport activities including more 

than 600 million fuel combusting units (cars, 

buses, trucks) which is estimated to enlarge up to 

total of 2.5 billion units by 2050 [4].  

Transportation system plays an important role in 

driving the economy of any country in the world. 

Nowadays the key issue for worldwide 

transportation sector is the energy supply, which 

is being fulfilled by fossil fuels such as gasoline 

and diesel fuel. The fluctuations in the price of 

these fossil fuels put great burden on the 

economy of country. Automotive exhaust is the 

main source comprising  about 60% of the total 

emission [5].  The modern area of research 

involves looking for green fuel sources that 

produce less emissions and served as alternative 

of fossil fuels. While finding the alternatives of 

fossil fuels, biodiesel fuels proved to be best 

option as alternative to fossil fuels which not only 

create stability in the price of fuels by reducing 

dependency on export of oil and will open new 

avenues in agriculture sector. Biodiesel is carbon 

neutral consist of mono alkyl esters of long chain 

fatty acids extract from vegetable oils or animal 

fats[6] and can play its role in development of 

sustainable environment by controlling the issues 

of global warming. Biodiesel can be used in 

diesel engine without any prominent changes in 

diesel engine[3]. 

Diesel engines have higher compression ratio and 

can produce more power from less fuel 

consumption. These aspects made diesel engine 

as best option in heavy duty applications like 

transportation and power generation. But diesel 

engines are thought to be accountable for 

producing harmful emissions including 

CO, THC, NOX and smoke, which not only pollute 
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environment but also responsible for severe 

effects on human health. These pollutants 

emitted from diesel engines cause acid rains, 

ground-level ozone, smog, reduce visibility, 

damage lungs and cause cancer [7]. 

Biodiesel can be prepared in a variety of ways 

for-example soya-bean oil in USA and Brazil, 

rapeseed and sun flower in Europe, Coconut oil 

in Philippines, palm oil in Asia and Canola oil in 

Europe, Jatropha in Pakistan and India and 

Tallow of sheep and cattle is primary bio-diesel 

in Australia and New-Zealand. Poultry fat is 

cheaper source to make bio-fuel in Pakistan. Up 

till now twenty-five thousand poultry farms are 

operating in Pakistan and these number are still 

increasing day by day. The studies show that 

about 280 MWh/day of electricity can be 

produced from poultry waste [8]. 

Biodiesel is characterized into three generations 

based on their method of production from 

feedstock. First generation includes edible oils as 

feedstock such as canola, soybean, sunflower, 

mustard or corn. Second generation includes 

non-edible oils as the feedstock such as castor oil, 

jatropha oil or neem oil. Third-generation 

includes feedstock consist of micro algae, waste 

vegetable oil or animal fat [9]. Therefore, third 

generation of biodiesel including poultry fat has 

been used in this work. Less saturated fatty acids 

from animal waste have enormous advantages 

like shorter ignition delay, good oxidation 

stability and elevated calorific value [10]. 

A turbocharged direct injection engine of a 

Skoda-Roomster fueled by biodiesel in order to 

test the effect of bio diesel on road transportation. 

The results show reduction of 10% in CO 

emissions and particulate matter in exhaust 

decreased to 50% comparative to the market 

diesel. But NOx emissions were increased by 

50% as compared to diesel. The specific fuel 

consumption increases with use of biodiesel [11]. 

El-Adway et al.[12]  analyzed the performance of 

a diesel engine using biodiesel from waste- 

cooking oil. The studies show decline trend in 

torque and thermal efficiency by 9% and 11% 

respectively, whereas there is increasing trend in 

fuel consumption by 17% as biodiesel ratio 

increases up to 50%.  

Elsanusi et al. [13] analyzed diesel engine 

performance using diesel and biodiesel-diesel 

blends, with their emulsions under different 

operating conditions. Five fuels and their 

emulsions B0, B10, B20, B30 and B40, with 5%, 

10%, and 15% water concentration have been 

tested at 2100rpm. At low load, BSFC’s of B0, 

B20 and B40 fuels were 230.9, 232.7 and 234.5 

g/kW h, respectively. All emulsion fuels with 

15% water content showed higher BSFC than 

those with 5% and 10% water content, with their 

base fuels at constant operating conditions.     

Khan et al.[14] investigated that the waste 

cooking oil methyl ester (WCME) biodiesel 

(B15, B20 and B25) has same conduct like any 

other biodiesel when used in CI engine. There is 

decline in CO and HC emission with increasing 

percentage of biodiesel in blends with diesel due 

to higher oxygen content in it.  Diesel has lowest 

CO2 emission and among all fuel blends CO2 

emission decreases with increasing percentage of 

biodiesel.  NOx emission increases with 

increasing percentage of biodiesel in blends.  

Increase in amount of NOx is due to the increase 

in temperature inside the engine. The decrease in 

emission by the use of bio-diesel would help in 

balancing of ecosystem. Bio-diesel was decided 

to use as an effective strategy to reduce CO2 and 

some carcinogenic compounds that would 

adversely affect the reproductive, developmental, 

immunological and endocrine system. 

Biodiesel blends up to B5 is considered to be 

most safe while using more concentration would 

result in problem in corrosion, deposit in 

injection system and problem in rubber seal in 

fuel injection system. It results in affecting the 

emission treatment sensors, fuel filter plugging, 

Injector deposit and Injection feed pump trouble 

shooting due to increased viscosity. 

It was pointed out that the major cause of NOx 

emission can be controlled by the thermal NOx 

mechanism, therefore NOx can be decreased by 

using water injection, retardation of ignition 

timing or recirculating exhaust gas, which may 

cause decrease in flame temperature [15]. 

However, these types of strategies usually 

deteriorate engine performance. The 

emulsification strategy is additionally being used 

for minimizing NOx emission and also to support 

the combustion performance for fossil fuels [16]. 

The effects of noted emulsification were 

successful in minimizing the emissions of 

greenhouse gases, HC and soot and extending the 

service lift of lubricant oil and enhancement 

inhibition of anti-wear engine components 

characteristic. Bio-diesel physiochemical 

properties are coming from different sources like 

viscosity, cetane number, density, oxygen 

content greatly effects on the emissions 

characteristics and engine efficiency. Bio diesel 
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properties are dependent on the sources like 

rapeseed, animal fats or soybean [17]. Main 

theme of experimentation is to see the impact of 

bio diesel in light diesel engine operation. 

Viscosity of lube oil decreases by using bio fuel 

due to the oil dilution by the bio fuel [18]. Using 

B100 used two sample one was fish bio diesel 

and other was to use the aged bio diesel. Result 

shows that fresh bio-diesel would result in 

decrease in wear while aged bio diesel would 

result in increase in wear due to complex 

formation of structure of aged bio diesel and 

ZDDP [19]. It has been reported that B5 methyl 

ester derived from rapeseed bio-oil may decrease 

wear up to 50 % and co-efficient of friction up to 

20% [20]. The objective of this research work is 

to provide an understanding of poultry fats 

extracted biodiesel, its impact on the emissions, 

engine performance and lubrication while using 

it as fuel. 

2. Experimental Methods 

Engine, Fuels and Lube Oil 
Characteristics 

A four stroke, direct injection, three cylinders, 

naturally aspirated and water-cooled engine was 

used to conduct experiments. The engine was 

fully equipped to measure the load speed and fuel 

consumption with all other related necessary 

instrumentations. A three phase 27 KVA, electric 

generator with 80-85 percent efficiency and a 

power factor of 0.9 was connected by the engine. 

The exhaust gas emissions were analyzed by 

EMS 5002 gas analyzer. The specifications of the 

engine are tabulated as below. 

  Table 1: Engine specifications 

Make/Type Perkins/AD 3.152 

Volumetric efficiency 85% 

Bore 91.4 mm 

Stroke 127.0 mm 

Injection Timing 170 BTDC 

No. of Nozzles 3 

No. of holes of Nozzles 4 

Brake mean effective 

pressure 

7.157 bars 

Maximum engine power 

@ 2,250 rpm 

36.7 kW 

Maximum torque @ 1,400 

rpm 

173.5 Nm 

 

Diesel and B20 were used in the mentioned 

engine for comparing performance 

characteristics, emissions and lube oil 

deterioration. Following table shows the 

comparison between biodiesel and typical no 2 

diesels in terms of their important physical 

properties. 

Lubricating oils play key role in reducing piston 

cylinder friction. These are necessary for smooth 

running of an engine. Caltex, Delo Golden Ultra, 

SAE-15W-40 was used for both diesel and B20. 

It is designated as high performance, multi grade, 

heavy-duty diesel engine oil specifically 

designed to lubricate a wide range of engines 

requiring API CI-4 or ACEA E7 performance 

lubricants, which is formulated with 

ISOSYN Technology. 

Table 2: Selected properties of typical No 2 diesel and 

biodiesel (B100) 

Fuel Property Diesel Biodiesel Units 

Fuel Standard ASTM 

D975 

ASTM 

D6751 
 

Lower Heating 

Value 
129,050 118,170 Btu/gal 

Kinematic 

Viscosity @ 400 

C 

1.3-4.1 1.9-6.0 Mm2/s 

Specific Gravity 

@ 600 C 
0.85 0.88 Kg/l 

Density 7.079 7.328 Lb/gal 

Carbon 87 77 wt. % 

Hydrogen 13 12 wt. % 

Oxygen 0 11 wt. % 

Sulfur 0.0015 0.0 to 

0.0024 

wt. % 

Flash Point 60 to 80 130 to 170 0C 

Cloud Point -15 to 5 -3 to 12 0C 

Cetane Number 40 to 55 47 to 65  

The experiments were performed by varying load 

on specific rpms under wide open throttle 
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conditions. Averaged values were chosen as final 

measurements by repeating the experiments. 

Engine performance, emissions and 
lube oil deterioration measurements 

Experiments were performed on 2500 cc diesel 

engine in two sets. One set contain 30 liter of 

diesel fuel and other set contain 30 liter of 

Biodiesel (B20 poultry fats as fuel). In both of the 

sets, fuel consumption was measured by noting 

the time against 200 ml of volume of fuel. 

Voltage and Current were noted by 

instrumentation panel.  While emission was 

analyzed by EGA inserted at the tail pipe of 

exhaust. Main noted readings were NOx, HC, CO 

and CO2.  

Specifications of Exhaust Gas Analyzer 

(EMS-5002)  

Power: 10 -16 VDC (110/220 VAC 50/60 Hz 

optional) 

Warm up: Less than 5 minutes 

System response time: Bench: 1.5 Sec/25 ft. 

hose 5 sec. to 90% of final reading 

Ambient conditions: 35F (2C) to 120F (45C), 

rel. humidity 0-98% 

 

Ranges: 

HC: 0 - 2000 ppm Low 

Range 

HC: 0-20,000 ppm High 

Range 

CO: 0 - 10% 

CO2: 0 - 20% 

O2: 0 - 25% 

NOx: 0 - 5000 ppm 

(Nitric Oxide)  

Accuracy (Bar 97 

EPA ASM) 

HC: 4 ppm HC 

CO: 0.02% CO 

CO2: 0.3% CO2 

O2: 0.1% O2 

NOx: 25 ppm 

 

 

Temperature of the exhaust, lube oil, water was 

also noted. After first set of experiments, took the 

sample of lube oil and changed the lube oil and 

filter. Then performed second set of experiments 

by necessary cleaning and replacement of engine 

components. Lube oil sample was again taken out 

after 30 liters of fuel consumption. Both the lube 

oil sample were tested for its viscosity, flash 

point, ash, sediments and moisture.  

Equations required for calculating performance 

parameters are as follows:  

Pog = Pout of Generator = V×I cos(α) 

ηg = Efficiency of Generator = 0.85 

Pig = Pinput  of Generator  = Pinput/Efficiency 

Pig = B.P 

B.P = 2𝜋NT/60 

Brake Work = Wb = 2 𝜋 T 

m = v×ρ 

m’f   = Mass fow rate= mf/ tf 

Vd = n × 𝜋/4 ×d2 × L (Length of cylinder)  

BMEP = (B.P × n)/ (Vd×N) 

Thermal efficiency = ηth = B.P/(m’f×Qhv× ηC) 

Qhv = Calorific value of fuel= 44 × 106 (Diesel) while 

42×106 (Biodiesel) 

Combustion efficiency = ηC = 0.97 

 

3. Results and Discussions 

With the increase in load brake specific fuel 

consumption decreases. As BSFC is the ratio of 

fuel consumption to the brake power. Due to 

increase in Brake power there would be result in 

decrease in BSFC for both diesel and B20. BSFC 

for diesel is less than B20 for the lower loads and 

more for higher loads. BMEP for both diesel and 

B20 increases with the increase in load but 

BMEP for B20 is less than diesel for all loads. 

Same is the case with BP but BP of diesel is more 

at all loads when compared to biodiesel. 

Efficiency of diesel and B20 increases with the 

increase in load but in the start efficiency of 

diesel is more while for load higher than 25%, 

efficiency of B20 is more. So, for lower rpm and 

higher loads B20 outperforms diesel as for as 

performance characteristics are concerned.  

 

Fig 1: (Comparison of Brake Power, Brake Mean 

Pressure and Efficiency of Diesel Engine with respect 

to load at 900 rpm)  

 

In case of emissions, CO decreases with the 

increase in load for both diesel and B20. CO 
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emissions are almost same for both the fuels. CO 

is decreasing with the increase of load as the CO2 

concentration is increasing. CO is only produced 

when we have unburned or partially burnt fuel in 

the exhaust. On the other hand, the production of 

CO2 indicates complete combustion of fuel. 

Thus, CO2 and CO are reciprocals of each other. 

HC also decreases with the increase in load. B20 

has less HC emissions as compared to diesel up 

till 75% load.  CO2 increases for both diesel and 

B20 with the increase in load.CO2 emissions 

because of B20 75% load after this change in 

trend is observed. While in case of NOx 

emissions, it rises from 1000 ppm to 3600 ppm 

from 25% to 100% load. As 78% N2 is present in 

the air but it can only react at high temperature. 

So, as the temperature rise up it converts into 

NO2 or N2O which is analyzed by EGA by 

the term NOx. NOx emissions because of 

B20 are less compared to diesel up till 75% load 

after this it overcomes diesel NOx. 

 

Fig 2: (Emission of NOx, CO, CO2 and HC by using 

diesel fuel in diesel engine at N=900 rpm but varying 

the load) 

 

Exhaust Temp 

Pressure of lube oil is decreasing from 6.05 bar 

to 5.8 bar because of increase in load for diesel 

fuel while pressure of lube oil for B20 almost 

remains same. With the increase of load there is 

increase in temperature which causes the density 

of lube oil to decrease which result in lowering 

lube oil pressure. With the increase in load lube 

oil temperature, cooling water temperature and 

exhaust temperature increases. All the 

temperatures because of B20 are greater than that 

of diesel. Variation of temperatures for one 

specific category within the load range is not 

much for B20 while for diesel, variations are 

quite significant.  

 

Fig 3: (Noting the Tlube, Texhaust and Twater and Plube by 

using diesel as fuel in diesel engine at 900rpm  but 

varying the load) 

 

It is observed that B20 is better fuel in terms of 

every aspect if engine is operated at low rpm 

(900 rpm) and 75% loading conditioning. 

 

6.5 Comparison of Biodiesel and 
Diesel 

As the chart shows that with increase in load BP 

also increases for both the fuels but there is a 

minor change in BP of diesel and B20 when 

compared with each other. Efficiency of engine 

increase with increase in load for both the fuels 

while efficiency of B20 is less as compared to 

diesel. BSFC of engine decreases with increase 

in load for both diesel and B20. BSFC of B20 is 

more at 50% and 75% of load while it is less at 

100% load. This increase in BSFC is due to 

increase in fuel consumption as biodiesel in the 

diesel engine is not completely combustible at 

higher loads, so fuel consumption increases. 

BMEP of both B20 and diesel fuel is still 

remaining the same. 
 

 

Fig 5: (Noting the BP, BMEP, efficiency, BSFC by 

using diesel and biodiesel as fuel in diesel engine at 

1400 rpm but varying the load) 
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Decreasing trend of CO with increase in load is 

observed for diesel and B20. While CO 

emissions are much less for B20. Decreasing HC 

trend of B20 with increase in load is same as that 

of diesel but comparatively HC emissions are less 

for B20. This goes in favor of B20 as it reduces 

the diseases of heart and asthma. Increasing trend 

of CO2 with increase in load is same for both the 

fuels while CO2 emissions are less at full load for 

B20. Pressure of lube oil decreases with increase 

in load while B20 has less pressure than diesel. 

This reduction in pressure is because of the 

increase in temperature within the cylinder in 

case of B20 as temperature increases then density 

of lube oil decreases. While 12.5% increase in 

temperature of exhaust take place at full load in 

case of B20. Temperature of coolant water and 

lubricant are still higher in case of B20 as 

compared to diesel. 

 

 

Fig 4: (Noting the HC, NOx CO and CO2 by using 

diesel and biodiesel as fuel in diesel engine at 1400 

rpm but varying the load) 

 

 

 

Fig 6: (Noting the Temperature of lube oil cooling 

water and exhaust and pressure of lube oil by using 

diesel and biodiesel as fuel in diesel engine at 1400 

rpm but varying the load) 

 

It is observed that at 1400 rpm there is not too 

much variation in performance characteristics of 

diesel and B20 except efficiency which comes 

closer at higher load too. In the category of 

emissions NOx is the only problem for B20 and 

it becomes severe at higher loads. Because of 

higher internal temperatures lube oil, cooling 

water and exhaust temperatures of B20 are higher 

too when compared to diesel. Optimization point 

here at 1400 rpm for B20 again varies from 75 % 

to 100 % loading condition with some 

drawbacks. Comparing diesel and B20 at 

different rpms, it comes out that BSFC for B20 is 

more at higher rpm (1400 rpm) while in diesel 

case it is opposite. BMEP, BP and efficiency are 

greater at 1400 rpm for both the fuels. CO 

emissions from B20 at higher rpm are less while 

it remains almost same for diesel fuel. HC and 

CO2 emissions are greater at 1400 rpm for both 

the fuels. NOx emissions at 1400 rpm for diesel 

are less but for B20 it is opposite. Different 

temperatures noted are higher at 1400 rpm but 

lube oil pressure is low. So, B20 is suited for low 

rpm because optimization includes all the 

parameters not only BP and efficiency.      

Lube oil tests were performed by taking samples 

after 30 hours of engine running on both diesel 

and B20 individually. 

 

Fig 7: Lube oil deterioration (Diesel vs B20) 

Lube oil flash point of B20 increases by 16 ºC, 

compared to diesel, shows that it favors the bio 

fuel. Lesser the flash point of used lube oil then 

more the chances of firing in lube oil within the 

cylinder as it comes closer to the flash point of 

fuel which is 80 ºC in case of diesel fuel while 

134ºC in case of biodiesel.   Viscosity is 

decreased by 14 SUS. While Spot test is lighter 

for both the cases as the 30 liter is not enough to 

darken the used lube oil. Same is the case with 
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the sediments it is found in traces. While more 

moisture is found in the used lube oil by using 

biodiesel. High moisture content of lube oil can 

decrease lubricant efficiency through early wear 

of machinery parts, resulting rise in maintenance 

costs and down-time while machinery is being 

repaired, it also causes increase in oxidation and 

early aging of lube oil. Therefore, moisture 

removal techniques should be applied. 

4. Conclusion 

Experiments were performed on 2500 cc diesel 

engine to determine the aspects of poultry fats 

extracted biodiesel, when used as an alternative 

fuel in light diesel engine and following results 

were obtained. 

At 900 rpm Performance analysis shows that 

BSFC has decreased up to 4.3%, BMEP has 

decreased up to 6.1%, BP has decreased up to 

5.97% and efficiency has increased up to 19.38% 

for B20 when compared to diesel. At lower rpm 

decreased emissions trend is obtained. At 1400 

rpm, BSFC, BMEP and BP have increased by 

30%, 1.6% and 1.6% respectively while 

efficiency has decreased up to 16.11 % for B20 

when compared to diesel while CO and HC have 

decreased up to 90% and 25% respectively while 

CO2 and NOx have increased by 2.7% and 

93.4% respectively for B20. Temperature of 

lube, temperature of water and exhaust 

temperature are greater for B20 both at 900 rpm 

and 1400 rpm while lube oil pressure is less.  

Comparing Lube oil sample of B20 with diesel, 

viscosity has decreased up to 2.5%, flash point 

has increased by 7.2%, ash contents were almost 

same and sediments has decreased up to 6.9% 

while moisture content in lube oil sample has 

increased by 246.15%. It is further concluded 

that, although biofuel is a suitable alternative 

with good emission properties at low rpm but it 

has large moisture content in its lube oil. So, 

moisture removing techniques must be improved, 

otherwise bio fuel would damage the crankshaft. 
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Abstract  

This paper comprises a complete cooling load calculation via an Hour analysis program at Karachi, Pakistan. 

This cooling load calculation depends on the dimension of the truck and the refrigeration capacity of the 

refrigeration system. 0.6 ton of air conditioning system is required to maintain the cabin’s cooling load in the 

month of July. The result shows the trend of the cooling load during the month of July, As the temperature changes, 

the trend varies and makes the line decrease from the center of the graph. Multiple graphs are made for each 

direction of the truck movement and the trend shows the worst case and the best-case scenario depend on the 

direction and the worst case is when the truck is moving toward the SUN and the best case of the cooling load is 

when the truck is moving away and the glass resistance is nearly equal to zero and the container shading is also 

added on the backside area. The Cooling coil load is plotted on the psychometric chart. The comparison is made 

between the cooling loads for each direction for half of year. And the plot for the direction compassion of the coil 

load, CFM and sensible heat ratio. The trend is nearly the same with a slight variation as it increases from at 

becoming maximum in the month of August and then it began to decrease. The comparison shows that the value is 

variated from one direction to another than season as in all the seasons, the peak time is at 2 p.m. with a slight 

variation in the trend. 

Key Words:  Cooling Effect; Hour analysis Program; Vehicle Air conditioning system.  

1. Introduction  

HVAC or Heating Ventilation and Air 

conditioning systems are generally similar in 

terms of their essential components. However, 

they are quite distinct in their active ad physical 

structure. HVAC systems are classified in terms 

of the following categories:  

 Energy and ventilation air distribution  

 Working operation in such systems  

 Arrangement of special equipment’s  

In the air heating and cooling systems, duct 

systems transport the required energy and 

ventilation air to the space intended to be 

conditioned. All air systems are being used in 

many applications like buildings, i.e., office 

buildings, hospitals, educational institutes, i.e., 

schools, colleges, universities, and places like 

departmental stores, ships, hotels, restaurants [1].  

Like cooling, heating can be caused by the same 

duct intended to be used for cooling purposes. 

Also, a separate air system or heat duct is utilized 

using either hot water, steam, or an electric heater. 

The following figure is a schematic diagram that 

depicts the primary elements of a central all-air 

HVAC system[2]. 

In an industrialized society, the automobile is the 

primary mode of transportation. The air 

conditioning system's quality has an effect on 

everything from passenger comfort and safety to 

driver health. In the early 1970s, approximately 

10% of Asian cars had air conditioning systems; 

by 2004, this figure had increased to 

approximately 98 percent, demonstrating the 

importance of AAC system vehicles. When the 

vehicle's air conditioning system is activated, the 

engine load and fuel consumption increase. 

Barbusse's research indicates that 3.1 liters of fuel 

is required for every 100 kilometers travelled at 30 

degrees Celsius and 3.8 liters at 40 degrees Celsius 

[3]. Vehicles equipped with AAC systems 

consumed 20% less fuel than vehicles without 

AAC systems. If the amount of air conditioning in 

the car is reduced to the bare minimum, fuel 

consumption will decrease, thereby aiding in 

energy conservation [4].  

An AAC-equipped vehicle consumes 20% less 

fuel than an unequipped vehicle. Fuel 

consumption will be reduced if the car's air 

conditioning is only used, when necessary, which 

will help conserve energy [5]. It is also essential 

for the driver’s health and road safety to provide a 
very comfortable environment to focus on their 

work. Although installation costs are typically 
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low, the added weight and operation of this air 

conditioning system contribute to increased fuel 

consumption. Reduced fuel economy and 

increased greenhouse gas emissions are the result 

of the automobile's air-conditioning system's 

increased fuel consumption. A performance 

evaluation of the AAC requires considerable time 

and effort [6]. The air-conditioning compressor is 

the primary cause of increased engine load in a 

vehicle. During high load hours, it may use up to 

5 to 6 kW of power from the car's engine, which 

is equivalent to a vehicle travelling at 56 

kilometers per hour  [6]. 

The air-conditioning compressor is the primary 

source of increased engine load. During peak 

hours, a car travelling at 56 kilometers per hour 

would need the engine to produce a maximum of 

5 to 6 kW [7]. In the automotive industry, the topic 

of vehicle design is moving rapidly into the use of 

state-of-the-art techniques. A vehicle cooling 

system aims to provide a comfortable 

environment for the driver and ensure that the 

engine is maintained at its most efficient practical 

operating temperature [8]. The 2007 ASHRAE 

handbook on HVAC applications emphasizes 

cabin indoor air quality and thermal 

comfort, vehicle and engine parameters, the 

operational environment of components, cooling 

capacity, ambient temperatures and 

humidity, electrical power consumption, solar 

effect, vehicle usage profile, occupants, 

insulation, and other air conditioning design 

factors. [9]. 

In any vehicle, a few essential components 

perform a vital role in the AAC system. A 

compressor is usually located in front of the 

vehicle and its sole purpose is to put the refrigerant 

under pressure, which compresses the air and 

raises its temperature [10].  

Figure 1: Schematic of Central All-air HVAC system 

Then comes the evaporator, which is responsible 

for cooling down the gas and causing the cabin to 

cool down. An expansion valve is then used to 

change that high-pressure gas into low-pressure 

gas [11].   

1.1 All-air systems 

As its name suggests, such systems utilize air to 

condition spaces, i.e., cooling and 

dehumidification along with heating 

humidification. Such systems are commonly used 

in most large commercial systems liquid water is 

being utilized to shift energy between boilers, 

chillers and air handlers.  

However, ventilation air and energy between 

conditioned space and air handlers is being 

transferred through air. All-air systems are 

classified according to their ductwork 

arrangement between air handlers and conditioned 

space. [12] 

1.1.1 Single zone system 

Single-zone systems are the simplest systems 

having a single supply unit that primarily serves a 

single zone. The air handling system, which is a 

significant component being utilized in 

conditioning, is either placed inside the zone to be 

conditioned or away from that zone [13]. 

Moreover, it can either operate with or without a 

ductwork system. Such systems primarily work 

for single space conditions and this is why their 

significant applications include here a constant 

temperature is intended to be maintained [14].  

In these systems, the room’s temperature is 

maintained according to the desire through the 

thermostat by controlling the temperature of 

coming air. The thermostat placed at discharge is 

responsible of receiving the signal from the 

thermostat set inside the zone and responds in way 

that it either opens or closes the valve on heating 

and cooling to maintain the inside 

temperature[15]. 
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Figure 2 Schematic of single zone system 

In case of cooling, the hot water valve is being 

closed and vice versa. It can also be operated 

without a discharge thermostat, but the response 

from zone thermostat would be very low. [2] 

1.1.2 Reheat Systems 

Reheat systems are nothing but the modified 

version of a single-zone uniform volume system 

[13]. Such systems come in action whenever there 

are non-uniform loading conditions or a need to 

provide heating or cooling to areas with distinct 

exposures. Reheat systems are primarily used 

where there is a dire need to keep the humidity 

level low [10]. The word “reheat” emphasizes on 

the fact that supplying heat comes secondary and 

the heat is either applied to pre-cooled primary air 

or recirculated room air [16], [17]. A simplest 

reheat system can be produced by putting a 

heating coil in the zone. Furthermore, more 

complex systems involve high-pressure ducts and 

pressure reduction gadgets to keep the 

temperature balancing the reheat zone [18]. The 

central unit is responsible for supplying the 

conditioned air at a constant temperature, which is 

commonly quite low, to cater the maximum 

cooling load. 

 

Figure 3: Schematic of Reheat system 

1.1.3 Variable Volume systems  

As the name suggests, these systems work on the 

principle of variable volume. The question comes, 

what does it mean? Variable volume systems are 

responsible for varying the volume of supplied air 

to compensate the variability of cooling loads 

[19]. Single duct systems supply the air and a 

damper is there in each and every zone. 

Thermostats are also placed inside each zone and 

these thermostats control the dampers and 

regulates the air to each zone.  

One of the key advantages of such systems is that 

they are economical in terms of their initial and 

operation expenses. There is a difference in initial 

costs with ones that provides initial space control 

as it only needs single runs of duct and a simple 

control at the air terminal. Whenever the load 

variations occur, central equipment is being 

utilized and even then, the primary costs are much 

lower than other systems [20]. 

 

Figure 4: Schematic of Variable volume system 

VAC systems can be used for heating purposes but 

the primary purpose and usage of these systems is 

to generate cooling. Major applications include 

buildings where there are large internal spaces, 

office buildings, hotels, hospitals and schools due 

to its low initial cost [21].  

1.1.4 Dual Duct system  

As its name suggests, in dual duct systems central 

equipment is responsible for supplying the warm 

air through one duct and cool air through the other 

[22]. In such semester inside temperature of space 

can be maintained by mixing both the warm and 

cold air in fixed and appropriate proportions [23]. 

Dual duct systems can have various modifications 

but a simplest one is shown below:  
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Figure 5: Schematic of Dual duct system  

The mixing of hot and cold air is a significant 

concern since it makes the overall system 

inefficient. Care must be exercised and Standard 

90 or other local codes must be consulted to 

execute a dual duct system [24]. The overall 

performance of Dual duct systems can be 

improved by using them with VAC systems.  

1.1.5 multi-zone systems   

Multi-zone systems have central units and they are 

responsible for providing a single supply duct for 

individual zones and controlling the zone as per 

the thermostat’s response by mixing the hot and 

cold air to regulate the temperature [25]–[27]. 

Multi-zone systems are somewhat similar to dual 

duct systems built. The critical difference is of hot 

and cold streams. Hot and cold airstreams are 

fixed and mixed in air handlers rather than at 

individual zones. Significant applications of such 

systems include cases where there is a need of 

comparatively high sensible loads and limited 

ventilation needs. Such systems have higher initial 

costs as compared to other systems [28].  

 

Figure 6: Schematic of a multi-zone system 

2. Methodology   

The cooling load of the truck by using the Hour 

analysis program is evaluated for the real 

dimension. The cooling effect is considered for 

the small refrigeration system present in the 

vehicle. The location for the cooling load 

calculation during the month of July for six 

different directions of movement of the truck w.r.t 

to the sun at Karachi, Pakistan the dimension of 

the truck is as follows: 

Width of the wind shied =5ft with 2” metal wall 

fixture 

Height of the cabin= 4.5ft 

The breadth of the cabin=3ft 

The weight of the cabin =30𝑙𝑏/𝑓𝑡2 

The glass is airspace 13mm 

 

Figure 6: Truck cabin dimensions 

The wall is insulated with the insulation with the 

1.92 heat resistance value.  The wall has multiple 

layers of insulation to compensate the resistance 

value with the realistic value. The direction of the 

truck is changed to 6 different directions to find 

out the cooling load for each case and to find out 

the heat transfer and total heat transmission 

through the wall and the glass window with the 

occupancy of 2 people working from 8 a.m. to 7 

p.m. sitting in rest while driving.  

HAP is evaluating the transmission absorption 

load due to truck frame and Windshield. Also, 

there is solar load due to the transparence of 

Windshield and windows.  

As the direction of the truck varies continuously, 

the maximum solar heat gains factor for glass, 

cooling load factor for the glass, and other 

direction-dependent factors vary.  

To analysis them, with The Help of the HAP 

Application we determine the cooling load in each 

direction of the truck. We define the direct 

exposing areas of the truck and determine the total 

cooling load. 

3. Result and Discussion: 

We use the HAP and calculate the cooling load of 

cabin for each month from April to September. 

We assume that our truck is working from 7 

O’clock to 19 O’clock. 
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Figure 7 Cooling load of April of truck in east 

direction 

Following are the graphs which we got from HAP 

software. The graphs have been plotted so that 

each graph depicts the curve between cooling load 

and hour for one specified direction. Besides, 

there are specific curves for every month.  

These graph curves for each moth obtained from 

the hour analysis program are combined using 

Origin pro software to get a single graph for each 

direction and the trend of cooling load changed 

with the season. 

 

Figure 8 cooling load in east direction 

The following graph depicts the cooling load 

against the hour for truck moving in the East 

direction. The graph shows that starting from 0-

hour until approximately 7-hour, the cooling load 

remains constant which is 0.   

Above that, the load takes a vertical inclined jump 

and then shows an increment just like half 

sinusoidal curve followed by a slightly inclined 

reducing line until it becomes 0 and stays constant 

again until the last hour.  

The cooling load for a truck traveling west is 

shown against the hour in the graph below. The 

graph demonstrates that the cooling load stays 

constant at zero from 0 to roughly 7 hours. Above 

that, the load makes a vertically inclined leap, then 

displays an increase similar to a half sinusoidal 

curve, followed by a slightly inclined decreasing 

line until it reaches 0 and then remains constant 

until the final hour. 

 
Figure 9 cooling load of truck in east direction 

The cooling load for a truck traveling west is 

shown against the hour in the graph below. The 

graph demonstrates that the cooling load stays 

constant at zero from 0 to roughly 7 hours. Above 

that, the load makes a vertically inclined leap, then 

displays an increase similar to a half sinusoidal 

curve, followed by a slightly inclined decreasing 

line until it reaches 0 and then remains constant 

until the final hour.  

Above that, the load takes a vertically inclined 

jump, then shows a rise that resembles a half 

sinusoidal curve, followed by a slightly inclined 

falling line until it hits 0 and stays constant until 

the last hour.  

 

Figure 10 cooling load of truck in North West 

direction 

The following graph depicts the cooling load 

against the hour for truck moving in East 

direction. The graph shows that starting from 0-

hour until approximately 7-hour, cooling load 

remains constant which is 0.   
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Figure 11 cooling load of truck in South 

Above that, the load takes a vertical, inclined jump 

and then shows an increment just like half 

sinusoidal curve followed by a slightly inclined 

reducing line until it becomes 0 and stays constant 

again until the last hour.  

 

Figure 12 cooling load of truck in south east 

direction 
 

The cooling load for a truck traveling east is 

shown against the hour in the graph below. The 

graph demonstrates that the cooling load stays 

constant at zero from 0 to roughly 7 hours. Above 

that, the load makes a vertically inclined leap, then 

displays an increase similar to a half sinusoidal 

curve, followed by a slightly inclined decreasing 

line until it reaches 0 and then remains constant 

until the final hour.  

 

Figure 13 cooling load of truck in North 

direction 

Following graph depicts the cooling load against 

the hour for truck moving in the East direction. 

The graph shows that starting from 0-hour until 

approximately 7-hour, the cooling load remains 

constant, which is 0.   

 
Figure 14 Hourly design day load of each 

direction of august 

Above that, the load takes a vertical inclined jump 

and then shows an increment just like half 

sinusoidal curve followed by a slightly inclined 

reducing line until it becomes 0 and stays constant 

again until the last hour. 

The above graph shows the hourly design day load 

of august while the truck is moving in multiple 

directions. It shows the peak load in each direction 

along with the peak hours It also shows the time 

to which we provide the cooling to the system in 

the working shift. The above data shows the effect 

of directions on different factors which affect the 

ventilation system of trucks. The maximum 

central coiling load is required when the truck 

moves in North West direction while it is 

minimum towards the south direction.  

 

Figure 15 Comparison of Coil load for each 

direction 

The graph shows that the coil load is not affected 
by most directions, but the South, north and south 

east directions are still showing a slight variation. 
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Figure 16 Comparison of Sensible heat ratio for 

each direction 

Sensible coil load of central coil is almost same for 

all the directions except South and southeast 

direct. Heat ratio of the truck which is moving 

towards south and south east is lower among all 

other directions.  

 

Figure 17 Comparison of Sum of Peak zone 

CFM for each direction 

Sum of peak zone CFM of central cooling coil is 

maximum of the truck which is moving towards 

the East while it is minimum while moving 

towards the South. The truck moving towards the 

South has the lowest precool coil load while it is 

maximum for the truck in the northwest direction. 

4. Conclusion 

When the truck is moving towards the East, we 

observe that the maximum cooling load is between 

12 O’clock to 16 O’clock. But these trends start to 

change after September, and maximum cooling 

load time shrinks to 3hours a day. When the 

direction of truck shifts to north east the required 

load starts to decrease compared to the movement 

in the east direction. Also, peak cooling load hours 

decrease during the movement in north east 

direction. The trend in North West direction is 

similar to the trend of north east direction. The 

only difference that we observe that the maximum 

cooling load is more in north west direction while 

lower in north east direction. During the 

movement towards north direction, we observe 

that from 8 O’clock to 16 O’ clock the cooling 

load rises and then after 16 O’ which is peak time 

it starts to goes down. 

 The maximum cooling load observed is from May 

to august. In September, we observe that peak 

hours and trend of load are similar to previous 

years, but the peak cooling load decreases in this 

month compared to the previous month. In the 

movement towards south east direction, we 

observer that cooling load rises till 12 O’clock 

while after it the line of rising cooling load 

becomes constant till 15 O’clock after 15 O’clock 

the cooling load start to goes down. The maximum 

required cooling load is observed in July while 

among our observation the lowest required 

cooling load is in April and September. In 

movement towards south East we observe that the 

cooling load rises from 8 O’clock to 16 O’ Clock 

and then it starts to goes down. The maximum 

cooling load is observed in July which is 6.3MBH 

while minimum is observed in September which 

is 6 MBH. While moving towards south direction 

we observe a curve which rises from 7 O’clock to 

15 O’clock and then goes down till 19 O’clock. 

The peak hour load is only 14 O’clock to 17 

O’clock.  

The maximum cooling load is 5.5MBH observed 

in July while the minimum observed cooling load 

occurs in September, which is 5.2MBH. While 

moving towards west direction, we observe that 

the peak load is between 16 o’clock to 17 O’clock, 

while the maximum value of cooling load is in 

July while the minimum value is observed in 

September. While moving towards the west and 

west-east direction we observe that we need 

maximum cooling loads between 15 O’ Clock to 

17 O’ Clock on the other hand we observe that the 

required cooling load in south and south east 

direction is lowest among all the directions. We 

observe that in South, south west and south east 

directions the number of the peak load hours is 

maximum among all the other directions. The 

peak load hours in other direction are two to three 

hours but in South, south east and south west 

direction we observe that peak load hours reach to 

6 or 7 hour a day. By analyzing all the case we 

design our refrigeration system for the movement 

I the west direction and the maximum value of 

cooling load. The require refrigeration unit for our 

truck is 0.6 ton. 
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Abstract 

The study presents detailed energy and economic analysis on modified combine cycle power plant (CCPP), Kotri, 

Pakistan with vapor absorption chiller (VAC) and organic Rankine cycle (ORC). The integrated cycles; organic 

Rankine cycle (ORC) and vapor absorption cycle (VAC) are used to produce power output and cooling 

respectively. both cycles utilized energy from exhaust gases of the combined cycle power plant (CCPP) to operate. 

R113 is used as organic fuel for the ORC while LiBr-H2O solution is used for the VAC. Two performance 

parameters, efficiency (EnE) and energy utilization factor (EUF), Four energetic parameters, Work output of 

ORC, modified CCPP, original CCPP and cooling rate, and one economics parameter, payback period (PBP) 

were examined under varying ambient conditions and mass fraction of exhaust gases from an outlet of a gas 

turbine (psi). A parametric study was done under the limits of Toutside from 18C to 40C, relative humidity from 

70% to 90%, and Psi from 0 to 0.1. Results show that at higher Toutside 40C and relative humidity 90% EUF is 

higher than 58%. The work output of ORC is low 700 KW and the cooling rate are high 28000 KW at higher 

Toutside 40C and relative humidity 90% at Psi 0. The work output of the modified system is higher than 81000 

KW and the Work output of the original system is lower 79500 KW at lower values of Toutside 18C and relative 

humidity 70% at Psi 0. The payback period of the system is lower than 8 years at lower Toutside 18C at Psi 0. 

Key Words:  Combined cycle power plant; Vapor absorption chiller; Organic Rankine cycle  

1 Introduction 

In Pakistan, electricity demand has risen 

significantly because of industrial expansion and 

population growth, despite significant output. As a 

result, a significant electrical supply and demand 

imbalance has suddenly emerged, resulting in the 

establishment of a socio-economic crisis. The main 

causes of this electricity shortage are rising fuel 

prices, large transmission losses, and decreased 

power plant conversion efficiencies. As a result, 

policymakers must provide a set of reasonable 

options that consider the physical, economic, and 

environmental challenges. Conservation via 

enhancing energy conversion efficiency is one of 

the solutions to these challenges (e.g., trigeneration, 

regeneration, energy recovery) In reality, due to 

their operational flexibility, high efficiency, and 

limited environmental effect, combined cycle 

power plants with a gas turbine as the topping cycle 

and a steam turbine as the bottoming cycle have 

recently received substantial attention in the 

electricity generation. Many experts have proposed 

different modifications and operating 

circumstances to achieve the same level of 

production while using less fuel, reducing 

environmental effects, and lowering costs [1]. The 

atmospheric pressure, ambient temperature, and 

relative humidity for gas turbine power plants are 1 

atm, 15 degrees Celsius, and 60%, respectively 

(ISO standards). The gas turbine is quite efficient in 

this situation (designed). However, in most cases, 

gas turbines are not installed in ISO conditions, but 

rather in the actual world. As a result, because 

ambient air is directly utilized at the Compressor’s 

inlet, ambient temperatures have a significant 

impact on gas turbine performance. The 

temperature has a greater impact than other 

environmental factors (pressure, relative humidity). 

For cooling the air at 15°C for the gas turbine 

compressor inlet the best alternative is to use vapor 

absorption refrigeration cycles. The major energy 

input for the VAC is moderate temperature thermal 

energy rather than mechanical power. Because the 

refrigerant pressure is increased while it is absorbed 

in a liquid, the work input required by the cycle is 

considerably reduced. Pumping a liquid requires far 

less effort than compressing a vapor, as a vapor 

compression system demands. Because a liquid's 

specific volume is substantially smaller than that of 
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vapor. The absorption cycle makes use of a gas's 

solubility in a liquid being temperature dependent 

[2].  

_____________________________________________________________________________________ 

Nomenclature 

EnE Energy efficiency [%] 

H Specific enthalpy [kJ/kg] 

h̅ Specific enthalpy (molar) [kJ/kmol] 

J Number of carbons [–] 

K Number of hydrogens [–] 

LHV̅̅ ̅̅ ̅̅  Molar lower heating value [kJ/kmol] 

M Molar mass [kg/kmol] 

M Mass flow rate [kg/s] 

N Molar flow rate [kmol/s] 

�̇�𝐶𝐶𝑃𝑃 Natural gas heat required for electricity 

production in CCPP [kJ/h] 

�̇�𝑒𝑣𝑎𝑝  Natural gas heat required for cooling 

Air [kJ/h] 

�̇�𝑂𝑅𝐶  Natural gas heat required for heating 

Organic fuel [kJ/h] 

s  Specific entropy [kJ/kg K] 

U Overall heat transfer coefficient [kW/𝑚2 K] 

V Volume flow rate [𝑚3/s] 

�̇�𝐶𝐶𝑃𝑃  Power produced by CCPP [kW] 

�̇�𝑂𝑅𝐶   Power produced by ORC [kW] 

�̇�𝑀𝐶𝐶𝑃𝑃   Power produced by modified 

Plant [kW] 

 �̇�𝑚𝑢𝑝 Power required to pump the makeup  

Water [kW] 

�̇�𝐺𝑇𝑁𝐸𝑇   Net power out of the topping  

GT-cycle [kW] 

Greek symbols 

Ƴ Specific heat ratio 

ε  Effectiveness of heat exchanger 

ζ  Fraction of hot gasses supply for heating and 

cooling 

η  Efficiency or isentropic efficiency 

λ Fraction of hot gasses available 

φ  Maintenance cost factor 

 

ψ  Fraction of gas turbine exhaust 

ω  Specific humidity                           

Abbreviations 

ABS  Absorber 

AC  Air Compressor 

CC  Combustion chamber 

CCPP  Combined cycle power plant 

CIT  Compressor inlet temperature 

CND  Condenser 

CP  Condensate pump 

COP  Coefficient of Performance 

DE  Deaerator 

HMDFR humidifier 

EVP  Evaporator 

FWP  Feedwater Pump 

GEN  Generator 

GT  Gas turbine 

GTIT  Gas turbine inlet temperature 

HPD  High-pressure drum 

HPE  High-pressure economizer 

HRSG  Heat recovery steam generator 

LMTD  Log-mean temperature difference 

LPE  Low-pressure economizer 

ORC Organic rankine cycle 

PP  Pinch point 

PR  Pressure ratio 

RV Refrigerant valve 

SHx  Solution heat exchanger 

SP  Solution pump 

ST  Steam turbine 

SV  Solution valve 

𝑀𝐶𝐶𝑃𝑃 Modified Combined Cycle Power  

Plant 

VAC  Vapor absorption cycle 

_____________________________________________________________________________________ 

  

The Organic Rankine Cycle (ORC) is similar to the 

normal Rankine cycle in operation. The main 

distinction between the Organic Rankine cycle and 

the normal Rankine cycle is the rate of heat 

addition, as well as the temperature of the heat 

source and the working fluid involved. Organic 

working fluids, such as hydrocarbons, refrigerants, 

and silicon oils, are used in the Organic Rankine 

cycles. Steam is used as the working fluid in the 

traditional Rankine cycle. For power output, the 

organic Rankine cycle requires low-grade energy. 

As per research, about 50% of total heat liberated in 

the industry is wasted as low-grade heat [3]. A 

considerable amount of heat energy is wasted in 

thermal power plants during power generation, 

primarily through the stack. As a consequence, the 

need for waste heat recycling is steadily increasing. 

The simultaneous production of power, heat, and 

cooling in trigeneration power plants is one of the 

most promising means of utilizing waste heat. Such 

plants provide a cost-effective and efficient way to 

use fossil fuels, ensuring long-term management of 

natural and financial resources as well as 

environmental protection [4]. Memon AG et al. [5] 

built a gas turbine cycle and studied the impact of 

key operational parameters such as compressor 
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inlet temperature, turbine inlet temperature, and 

pressure ratio on total cycle performance and 

carbon emissions. These impacts are also explored 

in terms of exergy destruction and efficiency. 288K 

for compressor inlet, 1600K for turbine inlet, and 

23.2 for pressure ratio were found to be the highest 

working temperatures for maximum efficiency. 

Darwish Ahmad et al. [6] employed an engineering 

equation solver to simulate the plant and afterward 

compared the results to real-world data from a 

power plant. For input air cooling, absorption and 

mechanical chillers of the cascade type, as well as 

a CSP system, were used. When compared to the 

real power plant, this method increased power by 

22.8 percent, increased efficiency by 4.3 percent, 

and reduced SFC by 8.4 percent. Erdem HH and 

Sevilgen HS [7] designed a two-gas turbine concept 

for seven different climate regions in Turkey. When 

compared to the usual annual production of hot 

regions, the loss in power generation is roughly 

2.88-0.71%. When the temperature exceeds 15 

degrees Celsius, power production losses are found 

in all regions during the times, with loss rates 

ranging from 1.67 percent to 7.22 percent 

depending on the region. It was also shown that by 

lowering the inlet temperature by up to 10 degrees 

Celsius, power generation can be enhanced by 0.27 

to 10.28 percent. Ana Paula P et al. [8] proposed a 

gas turbine thermodynamic model to quantify 

power output, heat rate, and thermal efficiency 

under a variety of inlet air temperature 

circumstances. At various intake conditions, 

evaporative and absorption chillers are used 

(relative humidity and inlet temperature). The 

chiller is considered to be the more suitable cooling 

solution at extremely high temperatures with low 

relative humidity (requiring a considerable 

temperature drop) based on the results. Raluca 

Porumb et al. [9] offered a numerical analysis of the 

operating conditions and performance of a LiBr-

H2O solar absorption chiller. The influence of the 

operating circumstances of solar hot water 

temperature, cold water temperature, and cooling 

water temperature on the solar absorption chiller's 

coefficient of performance and crystallization 

conditions was determined. 

2 System Description  

The concept of a modified system of an original 

combined cycle power plant (CCPP) at Kotri, 

Pakistan is shown in Fig. 1(A) and (B) The original 

plant has a total installed capacity of 144 MW, with 

four 25 MW gas turbine (GT) units and four heat 

recovery steam generator (HSRG) units topping a 

44 MW steam turbine (ST) cycle with four heat 

recovery steam generator (HSRG) units. The 

primary CCPP, vapor absorption chiller (VAC), an 

organic Rankine cycle are all part of the modified 

system (ORC). 

Waste heat from the stack is used to provide heating 

for the organic Rankine cycle (ORC) and cooling 

for the vapor absorption cycle (VAC). When there 

is a lot of demand and the outside air is hot, to 

enhance the heating and cooling capacities, a 

fraction of the exhaust gas (denoted by) from GT 

units is routed to be mixed in the stack gas stream. 

The hot gas will be split into two streams, one to 

supply the heating system and the other to supply 

the cooling system. Dampers are used to control the 

mass flow rate of hot gas according to the desired 

mass fractions and to fulfill the variable demands of 

heating and cooling. A fraction of the heated gases 

(1- ξ) is directed towards the ORC, which transfers 

heat to the organic fluid and vaporizes it to run the 

turbine for electric power generation. . A portion of 

the hot gases ξ is delivered to the VARC's 

generator, which runs the refrigeration cycle, which 

cools the humidifier and cools the air compressor's 

incoming air to 15 degrees Celsius. 

Cooled air entered the compressor and compressed 

non-isentropically to greater pressure in the GT 

cycle. Inside the combustion chamber, high-

pressure, high-temperature air is used to burn fuel. 

The power plant's combustors are of the can-

annular type, which permits combustion gases to 

exit with a pressure reduction of about 5% (power 

plant officials reported a dip in the range of 2–8%). 

The high-temperature combustion gases next reach 

the turbine, where they are expanded non-

isentropically and used to generate turbine power. 

The compressor is operated by a portion of the 

turbine's output. The exhaust gases from the GT 

units are directed to the heat recovery steam 

generators (HRSG)   

for the generation of the main stream, which is then 

expanded in a steam turbine (ST) to provide extra 

(W_ ST). After expansion, steam enters a 

condenser (CND), where it condenses and is piped 

to a deaerator (DE) via a condensate pump (CP) for 

preheating and deaeration using combustion gases 

at low-pressure economizers. The feedwater is then 

pumped to a high-pressure storage tank using a 

feedwater pump (FWP). Before the generation of 

saturated steam in the evaporators (EV) and 

superheated steam in the superheaters, high-

pressure economizers (HPE) are used (SH) [10]. 

A single-effect vapor absorption refrigeration 

(VAR) cycle with a LiBr-H2O working solution 
and a regenerator is used to cool the system. The 

generator and condenser work at high pressure in 
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the cooling cycle, while the evaporator and 

absorber work at low pressure. In the generator, hot 

gas heats the rich solution, causing the refrigerant 

(H2O) vapors to arise. The heated gas is then 

discharged into the atmosphere, while the  

 

refrigerant condenses in the condenser before 

removing heat from the chilled water in the 

evaporator. The refrigerant then passes through the 

absorber, where it dissolves in the absorbent LiBr, 

forming a refrigerant-rich LiBr-H2O solution. 

Because the amount of H2O that may be dissolved 

in LiBr is inversely related to the temperature, the 

absorber is cooled to boost H2O absorption in the 

LiBr. A heat exchanger transports the rich solution 

to the generator (regenerator). After the generator 

separates the majority of the refrigerant, the hot 

weak solution flows through a regenerator, where it 

transfers heat to the cold, rich solution entering the 

regenerator from the pump. The weak solution is 

finally throttled to absorber conditions

 

 

Fig. 1. Schematics of modified system CCPP. 

 

Organic fluid, heating system, steam turbine, 

condenser, and solution pump comprise the organic 

Rankin cycle (ORC). The hot gas fraction enters the 

heating system, where it transfers heat to the 

organic fluid before being liberated into the 

atmosphere.  

The organic fluid expands at high pressures and 

temperatures in the steam turbine, causing 

rotational motion. The shaft is attached to the 

generator, which generates electricity. The low-

pressure fluid passes through the condenser, 

transferring its heat to the cooling water and leaving 

it at a low temperature and pressure, which then 

passes through the pump, increasing the pressure 

[11]. 

3 Mathematical Modeling 

Mathematical modeling is played a very important 

role in designing and controlling new systems and 

existing systems respectively, it helps us to estimate 

the outcomes of the systems working on different 

conditions and helps us to figure out the optimum 

design parameter and conditions. 

In this paper, thermodynamic modeling of every 

component based on the first and second law of 

thermodynamics and economic model including 

investment and operating cost of the proposed 

system is discussed in detail. 

3.1 Model Assumptions 

In Table 1, the assumptions to model the modified 

combined cycle power plant with vapor absorption 

chiller and organic Rankine cycle are shown [4]. 

3.2 Thermodynamic Modeling 

To predict various properties of the system under 

different operating conditions such as enthalpies, 
entropies, and mass flow rate, etc. on varying 

temperature and atmospheric pressure, etc. 
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It is widely used in power generation systems, for 

modeling the different power plants to study their 

behavior on different operating conditions which 

helps to predict the optimum conditions and needs 

of the system at a particular place. Thermodynamic 

modeling involves the first law and the second law 

of thermodynamics, every component of the 

proposed system is modeled accordingly to obey 

both laws. 

The equation of the first law of thermodynamic is 

Mass balance 

(∑�̇�𝑖𝑛 = ∑�̇�𝑂𝑢𝑡    (1) 

The equations of second law f thermodynamic are: 

Energy Balance   

�̇� − �̇� +∑�̇�𝑖𝑛 × ℎ𝑖𝑛=∑�̇�𝑂𝑢𝑡 × ℎ𝑂𝑢𝑡 (2) 

 

3.2.1 Combined Cycle Power Plant 

Applying above equations (1) and (2) on all the 

components of the combined cycle power plant 

(CCPP) we get the relation of individual 

components which are listed in Table 2. 

The mass flow rate of cooling water in the 

condenser of CCPP can be calculated as 

�̇�𝑐𝑤 =
�̇�𝑠(ℎ10−ℎ11)

(ℎ19−ℎ18)
   (3) 

The net power outputs of different units in (CCPP) 

can be calculated as 

GT-units   �̇�𝐺𝑇𝑛𝑒𝑡 = 4 × (�̇�𝐺𝑇 − �̇�𝐴𝐶) (4) 

ST-unit  �̇�𝑆𝑇𝑛𝑒𝑡 = �̇�𝑆𝑇 − �̇�𝐶𝑃 − �̇�𝐹𝑊𝑃  (5) 

CCPP   �̇�𝐶𝐶𝑃𝑃 = �̇�𝐺𝑇𝑛𝑒𝑡+�̇�𝑆𝑇𝑛𝑒𝑡   (6) 

The amount of heat is transferred to the CCPP can 

be calculated as  

�̇�𝐹,𝐶𝐶𝑃𝑃 = 4 × �̇�𝐹(𝐿𝐻𝑉̅̅ ̅̅ ̅̅ )    (7) 

The energy efficiency of CCPP can be calculated as 

𝐸𝑛𝐸𝐶𝐶𝑃𝑃 = (�̇�𝐶𝐶𝑃𝑃/�̇�𝐹,𝐶𝐶𝑃𝑃)   (8) 

 

3.2.2 Vapor Absorption Chiller 

Applying above equations (1) and (2) on all the 

components of the vapor absorption chiller (VAC) 

we get the relation of the individual component 

which are listed in Table 3 

The coefficient of performance (COP) of the vapor 

absorption cycle (VAC) is the ratio of the amount 

of heat is removed into the evaporator by the 

refrigerant to the amount of heat is given in the 

generator plus the work consumed by the solution 

pump to pump the solution into the generator. 

Which can be calculated as 

𝐶𝑂𝑃 =
�̇�𝑒𝑣𝑎𝑝

�̇�𝑔𝑒𝑛+�̇�𝑠𝑝,𝑉𝐴𝐶
   (9) 

 

3.2.3 Organic Rankine Cycle 

Applying above equations (1) and (2) on all the 

components of the organic rankine cycle (ORC) we 

get the relation of individual components which are 

listed in Table 4. 

The ORC pump used the work from the ORC steam 

turbine to pump the organic fluid, so the net power 

output of ORC can be calculated as, 

�̇�𝑂𝑅𝐶,𝑛𝑒𝑡 = �̇�𝑡𝑢𝑟𝑏,𝑜𝑢𝑡 − �̇�𝐹𝑃  (10) 

The ORC evaporator is used to transfer the heat 

from exhaust gases of the gas turbine to the organic 

fluid, so the thermal efficiency of the ORC can be 

calculated as 

𝜂𝑡ℎ,𝑂𝑅𝐶 =
�̇�𝑂𝑅𝐶,𝑛𝑒𝑡

�̇�𝐸𝑉𝑃_𝑂𝑅𝐶
   (11) 

The net power output of the proposed system is the 

sum of all gas turbines, steam turbines, and organic 

rankine cycle net power output. Which can be 

calculated as, 

�̇�𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 = �̇�𝑆𝑇,𝑛𝑒𝑡+�̇�𝐺𝑇,𝑛𝑒𝑡 + �̇�𝑂𝑅𝐶,𝑛𝑒𝑡 (12) 

The energy utilization factor (EUF) is the ratio of 

the total useful amount of work to the total amount 

of work, which shows how much percent of total 

energy is converted into useful work. Can be 

calculated as 

𝐸𝑈𝐹 =
�̇�𝑆𝑇𝑛𝑒𝑡+�̇�𝐺𝑇,𝑛𝑒𝑡+�̇�𝑂𝑅𝐶,𝑛𝑒𝑡+�̇�𝑒𝑣𝑎𝑝

�̇�𝐹,𝐶𝐶𝑃𝑃
  (13) 

 

3.3 Economic Modeling 

Economic modeling of modified systems is 

discussed in detail. To predict the different 

economic aspects such as payback period at varying 

operating conditions. 

3.3.1 Vapor Absorption Chiller 

The cost functions are used to determine the 

purchase equipment cost (PEC) for each component 

of VAC. These functions are defined as the function 

of power and heat exchangers areas, which are 

listed in Table 5 and 6. 

Total purchase equipment cost can be calculated as, 
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𝑃𝐸𝐶TOTAL  =  𝑃𝐸𝐶GEN + 𝑃𝐸𝐶ABS + 𝑃𝐸𝐶CND  +
𝑃𝐸𝐶EVAP + 𝑃𝐸𝐶SP + 𝑃𝐸𝐶SV + 𝑃𝐸𝐶HMDFR +
 𝑃𝐸𝐶RV + 𝑃𝐸𝐶CT,CND + 𝑃𝐸𝐶CT,ABS    (14) 

3.3.2 Organic Rankine Cycle 

The Levelized cost for ORC can be defined as the 

ratio of the total annual cost to the total power 

output   

of the ORC. Can be calculated as 

𝐶𝐿 =
(𝑇𝐶𝐶+𝛴𝐶𝑂𝑀𝑖)∗𝐶𝑅𝐹

(𝑁∗�̇�𝑂𝑅𝐶,𝑛𝑒𝑡)
 (

𝑈𝑆𝐷

𝐾𝑊ℎ
)  (15) 

Where, Tcc, COM is the total capital cost and 

operating& maintenance cost of the ORC 

respectively whereas N is the number of operating 

hours in the year and CRF is the total cost recovery 

factor. Which is calculated as 

 𝐶𝑅𝐹 =
𝑟(1+𝑟)𝑛

(1+𝑟)𝑛−1
    (16) 

TCC is calculated as 

𝑇𝐶𝐶 = ∑𝐼𝐶𝐶𝑖 (𝑈𝑆𝐷)   (17) 

The cost functions are used to determine the 

investment capital cost (ICC) for each component 

of ORC. These functions are defined as the function 

of power and heat exchangers areas, which are 

listed in Table 7. Whereas φ is the maintenance cost 

factor. 

4 Results and Discussions 

In this section, the outcomes of the study are 

discussed in detail. Assessment of Performance, 

Energy outputs, and payback period (PBP) of 

modified combined cycle power plant (CCPP) at 

different ambient conditions and the mass fraction 

of the exhaust gases from the gas turbine outlet has 

been done. 

The modified system's operational parameters are 

constrained in order to analyze the consequences, 

as shown in Table 8. 

4.1 Effect on Fraction of Hot Gases 
For Cooling and Heating 

4.1.1 Ambient Conditions 

ξ, the fraction of mass of exhaust gases goes into 

the generator of vapor absorption chiller (VAC) to 

heat the solution of lithium bromide and water to 

separate the water from the solution. Water then 

goes into the condenser to serve as a refrigerant in 

the vapor absorption cycle (VAC). The value of ξ is 

in between zero and one, the higher the value the 

large faction of mass of exhaust gases goes towards 

the vapor absorption chiller (VAC), and the 

remaining fraction (1-ξ) goes towards the organic 

rankine cycle (ORC) for additional power output 

and vice versa. 

In Fig. 2(a), (b), and (c) the graph between the ξ and 

the Toutside is shown from which it is observed 

when the Outside increases the value of ξ also 

increases because when the Toutside increases the 

cooling load also increases so the generator needs a 

large amount of heat to cool the air for operating the 

modified system at 15°C temperature. So a large 

amount of fraction of exhaust gases goes towards 

the vapor absorption chiller (VAC) and the 

remaining amount of exhaust gases (1-ξ) goes 

towards the organic Rankine cycle (ORC)  

And when the Toutside is not greater like in winters 

the value of ξ is low because the cooling load is low 

and requires less fraction of exhaust gases and a 

large fraction goes towards the organic Rankine 

cycle (ORC) to produce the additional amount of 

power in large quantity. 

4.1.2 Mass Fraction of Exhaust 
Gases 

From the graphs, it is observed that with increasing 

the fraction of exhaust gases ψ, the value of ξ is 

decreasing at the same ambient conditions. 
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a)                                                                           b) 

 

c) 

Fig. 2. Graphs between ξand Toutside at a) ψ=0, b) ψ=0.05 and c) ψ=0.1 

 

4.2 Effect on Performance 

4.2.1 Ambient Conditions 

To analyze the performance of the modified system, 

energy utilization factor (EUF) and efficiency of 

the modified system are considered. The ratio of all 

useful energy of a system to the amount of energy 

is given in terms of fuel is called the energy 

utilization factor (EUF) which shows the percent of 

energy is utilized during the cycle whereas the 

efficiency of a system is the sum of all power output 

to the heat energy supplied and then the 

performance of the modified system is then 

compared with original system situated in Kotri. 

In Fig. 3(a), (b) and (c) the graph between the 

Toutside (Toutside) and the performance it is 

observed that when the Toutside is increasing the 

efficiency of the original system is also decreasing 

because when the temperature of air increases its 

density decrease, therefore, air compressor of gas 

turbine utilizes more amount of energy to compress 

the same amount of air at a lower temperature, the 

volume of the compressor is fixed.  

But the efficiency of the modified system remains 

constant because the modified system is set to work 

on the 15°C temperature. After all, the gas turbines 

are designed to work at 15°C temperatures. 

And the efficiency of the modified system is greater 

than the original one because the original system 

work on ambient temperature and for Kotri average 

ambient temperature is greater than 15°C. The EUF 

of the system is greater than the original one and 

increases with increasing the Toutside because the 

modified system first cools the ambient air at 15°C 

for serving the purpose it utilizes the energy from 

the exhaust gases coming out of the stack and outlet 

of the gas turbine. The more the Toutside the more 

the cooling load, so more amount of energy is 

utilized to remove heat from the air to cool it at 

15°C as compared to low Toutside. Effect on 

performance is also observed on different values of 

relative humidity, when the relative humidity is 

high then the value of energy utilization factor is 

also high because of the high cooling loads on high 

temperature and relative humidity. 

4.2.2 Mass Fraction of Exhaust 
Gases 

Performance of the modified system is also 

analyzed on different values of psi, Psi is the 

realistic value between zero and one. In the 

modified system there is a control valve placed 

between the outlet of the gas turbine and the inlet of 

the heat recovery steam generator (HSRG) to 

control the mass fraction of the exhaust gases from 

the outlet of the gas turbine after expanding in a gas 

turbine. 

This valve is solely designed for peak loads and 

demand. 

From the graphs between Toutside and 

performance at different values of psi given below 

is observed that when the value of psi is increasing 

the efficiency of the modified system is lower than 

efficiency at lower values of psi.  

When the Toutside is high then the cooling load is 

also higher, for cooling the air requires large 

amount of energy and the amount of energy in 
exhaust gases from the stack is not enough to serve 

the purpose then fraction of mass of exhaust gases 
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from the gas turbine outlet ψ is utilized for serving 

the purpose because the amount of energy at that 

point is higher than the amount of energy at the 

outlet of heat recovery steam generator. The 

amount of energy is low at the outlet heat recover 

steam generator in comparison to the outlet  of gas 

turbine because it in heat recovery steam generator 

exhaust gases transfer their energy to convert the 

water into steam. So when the amount of heat is 

extracted before the inlet of heat recovery steam 

generator then amount heat transfer to the water 

would also low which in result power output from 

the steam turbine is lower than the power output at 

zero ψ 

 

 

a)                                                                               b) 

 c)

Fig. 3. Graphs between Performance and Toutside at a) ψ=0, b) ψ=0.05 and c) ψ=0.1 

 

4.3 Effect on Energy Outputs 

4.3.1 Ambient Conditions 

The total work output of the modified combined 

cycle power plant (CCPP) and original system 

along with the amount of heat of evaporator and 

work output of organic rankine cycle (ORC) is 

studied in the energy output domain. 

In Fig. 4(a), (b) and (c) the graph between energy 

outputs and the ambient conditions are given below 

from which effects on different energy output 

parameters at different ambient conditions are 

analyzed.  

It is observed that when the Toutside is increasing 

then power output of organic rankine cycle (ORC) 

is decreasing whereas the heat required to cool the 

air is increasing because when the Toutside is high 

then the cooling load is also high and if the cooling 

load is high then large fraction of mass of exhaust 

gases goes towards the vapor absorption chiller to 

compensate the effect of high temperature which in 

result there is less fraction of exhaust gases  goes 

towards the organic rankine cycle (ORC) that’s 

why its power output start decreasing. When the 

relative humidity of outside air is increasing then 

the power output of organic rankine cycle (ORC) is 

decreasing whereas the heat required to cool the air 

is increasing, as discus above the large fraction of 

exhaust gases goes towards the vapor absorption 

chiller (VAC) because at the high relative humidity 
the cooling load is high. From the graph it is also 

observed that when the Toutside is increasing the 
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work output of original combined cycle power plant 

(CCPP) is increasing whereas for the modified 

combined cycle power plant constant. The total 

work output of modified system which is the sum 

of work output from modified combined cycle 

power plant and organic rankine cycle (ORC) is 

decreasing. Effects on modified system work 

output is very important to observed and it is 

observed that at low Toutside it is greater than 

original work output of system which is a good 

thing but as the  

Toutside start increasing net power output of 

modified system is less than the original. Effect of 

relative humidity is also observed from the graphs 

and it is shown that when the relative humidity of 

outside air is increasing the work output of a 

modified system is start decreasing because the 

large amount of mass fraction is utilized in cooling 

the air at 15°C  so there is less amount of mass 

fraction is available for the work output of organic 

rankine cyle which n resut the less amount of work 

output of organic rankine cycle (ORC) is added to 

the net work output of the modified combined cycle 

power plant (CCPP) 

4.3.2 Mass Fraction of Exhaust 
Gases 

From the results which discussed above the effect 

of psi is become very important to consider. Study 

of these effects going to justify the need of modified 

system. As discussed earlier, when the Toutside is 

increasing then after some point the net work output 

of modified system decrease from the original 

system. This is because the fact that modified 

system is designed to work on 15°C  so if the 

Toutside is high it utilize most of the energy of 

exhaust gases in cooling the air for the system 

which in result the work output of organic rankine 

cycle (ORC) will not produce in much amount. So 

at higher temperature the net work output of 

original system is greater than the modified system 

 

a)                                                                            b) 

 

c) 

Fig. 4. Graphs between Energy outputs and Toutside at a) ψ=0, b) ψ=0.05 and c) ψ=0.1 
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4.4 Effect on Payback Period  

4.4.1 Ambient Conditions 

Fig. 5(a), (b) and (c) shows the graph between 

Toutside and payback period. It is observed that as 

the temperature of outside is increasing the payback 

period of the system is increasing because the 

payback period of the system is the ratio of the total 

cost of the system to the additional savings from the 

system, and when the temperature outside is 

increasing the total cost of the system is increasing 

because for cost analysis we have used the cost 

equations which are the function of heat exchangers 

area. So greater the temperature outside the larger 

the area required to transfer the heat. 

As discussed above when the temperature outside 

is increasing the work output of the organic rankine 

cycle (ORC) is decreasing. So, the additional power 

savings also decreased which in results the payback 

period of the system is increasing with the increase 

in Toutside.  

4.4.2 Mass Fraction of Exhaust 
Gases 

In Fig. 5(a), (b) and (c) it is observe that payback 

period after some point of Toutside increases 

drastically and reaches more than one hundred 

years which is quite more and un accepted so to 

overcome this situation or as mentioned earlier at 

peak loads and demands the fraction exhaust gases 

from the outlet of gas turbine psi routed towards 

vapor absorption chiller (VAC) and organic rankine 

cycle (ORC) because at that point exhaust gases 

have higher energy. In fig the graph between the 

Toutside and payback period (PBP) at different psi 

values is shown, from which we have observed that 

when the value of psi is increasing then the payback 

period (PBP) is decreasing at same conditions at 

lower value of psi. This happens because when we 

increase the value of psi the fraction which goes 

towards the vapor absorption chiller (VAC) is 

decrease which in result the fraction goes towards 

organic rankine cycle (ORC) is increase. So, 

additional power savings will be increase which in 

result the payback period (PBP) will decrease. 

 

a)  

 

c)

Fig. 5. Graphs between Payback period outputs and Toutside at a) ψ=0, b) ψ=0.05 and c) ψ=0.1 
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5 Conclusions 

This work presents detailed energy, economic 

analysis and performance assessment of modified 

combined cycle power plant (CCPP) with organic 

rankine cycle (ORC) and vapor absorption cycle 

(VAC).  The VAC and ORC are used for power and 

refrigerant cycles respectively. Study have carried 

out on varying ambient conditions and fraction of 

exhaust gases from outlet of gas turbine.  

Engineering equation solver (EES) is used to model 

the system and then results are validated and 

comparison shown between energy outputs and 

performance of original system with the modified 

system.  

The effects on payback period (PBP) is also disused 

on varying ambient conditions and also with 

different values of fraction of mass of gases from 

exhaust of gas turbine 

 Parametric energy and economic analysis 

of modified system is carried out based on 

the variation of ambient conditions and 

value of psi. The main conclusions from 

the study are given below 

 When the Toutside and relative humidity 

increases the performance of original 

system is decreased whereas the modified 

system always works on 15°C  so the 

efficiency remain constant and overall 

energy utilization factor (EUF) increase 

and vice versa 

 Value of psi lies between 0-1, higher the 

value higher the mass fraction from gas 

turbine outlet is routed towards VAC and 

ORC. With increasing the value of psi the 

efficiency of modified system becomes 

lower than at low values of psi. 

 Through the modification there is overall 

increase in the efficiency of system which 

depends on the operating the conditions  

 Energy outputs are varying with operating 

conditions, as discussed above the 

modified pant output is more than original 

one at average temperature values of 30C, 

and Kotri average temperature value is 

around 30 C. so the modified system will 

work more effectively otherwise at high 

peak loads and demands value of psi 

should be adjusted accordingly. 

 Payback period is varying with operating 

conditions, and it is average value is 

between 10 to 15 years at low load and 

demand conditions, for high peak demands 

and load the value of psi should be adjusted 

which will definitely effect the payback 

period 
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Supplementary Information 

Table 1: Modeling Assumptions 

 

Table 2: Energy model equation for main components of CCPP. 

 

 

 

 

 

 

 

 

 

 

 

1. System component steady-state operation and ideal gas behavior by air and combustion gas 

contents. 

2. Complete combustion of natural gas, modeled as pure methane (CH4). 

3. Change in kinetic energy and potential energy of fluid streams neglected. 

4. The dead-state condition is at 101.325 kPa and 298 K. 

5. Pressure drop in combustion chamber, regenerator (air side) and regenerator (gas side) are 5%, 

5% and 3%, respectively. 

6. The isentropic efficiency of air compressors, gas turbines, steam turbines, and pumps are 85%, 

88%, 85%, and 90%, respectively. 

7. There is no heat transfer in system components except the combustion chamber and HRSG 

which is 2%. 

8. Molar air composition is 77.48% N2, 20.59% O2, 0.03% CO2 and 1.90% H2O. 

9. GT exhaust and the superheated steam temperature difference is 30 K. 

10. The temperature difference of cooling water through the condenser is 15 K. 

11. Heat exchange between the heat exchangers/air conditioning units and surrounding is 

negligible. 

12. Pressure losses due to friction in the heat exchangers and the piping are negligible. 

13. Temperatures in the main components of the VAR system are 90, 40, 40, and 2°C at the 

generator, absorber, condenser, and evaporator, respectively. 

14. Refrigerant (H2O) is saturated at the exit of the condenser and evaporator. 

15. The temperature difference of cooling water through condenser and absorber is 5°C. 

16. The effectiveness of SHX is 0.75. 

17. Isentropic efficiency of ORC turbine, ƞ𝑇(0.85). 

18. Isentropic efficiency of ORC pump, ƞ𝑃(0.80). 

Component    Energy model equation 

Air compressor                         �̇�𝐴𝐶 = �̇�𝑎(ℎ2 − ℎ1) 

Combustion chamber           �̇�𝐶𝐶 = 𝛴�̇�𝑟(ℎ𝑓
0 + ℎ̅ − ℎ̅°)𝑟 − 𝛴�̇�𝑃(ℎ𝑓

0 + ℎ̅ − ℎ̅°)𝑝 =           

                                                     (0.02)𝜆̅(𝐿𝐻𝑉̅̅ ̅̅ ̅̅ )𝐹 

Gas turbine             𝑤𝐺𝑇 = �̇�𝑔(ℎ3 − ℎ4) 

            (
�̇�𝑠

4
) (ℎ17 − ℎ16) = �̇�𝑔(1 − 𝜓)(ℎ4 − ℎ5)(1 − 𝐻𝐿𝐻𝑅𝑆𝐺) 

HRSG            (
�̇�𝑠

4
) (ℎ16 − ℎ15) = �̇�𝑔(1 − 𝜓)(ℎ5 − ℎ6)(1 − 𝐻𝐿𝐻𝑅𝑆𝐺) 

                       (
�̇�𝑠

4
) (ℎ15 − ℎ14) = �̇�𝑔(1 − 𝜓)(ℎ6 − ℎ7)(1 − 𝐻𝐿𝐻𝑅𝑆𝐺) 

                     (
�̇�𝑠

4
) (ℎ13 − ℎ12) = �̇�𝑔(1 − 𝜓)(ℎ7 − ℎ8)(1 − 𝐻𝐿𝐻𝑅𝑆𝐺) 

Steam turbine                          �̇�𝑆𝑇 = �̇�𝑆(ℎ9 − ℎ10) 

Steam condenser                        �̇�𝐶𝑁𝐷 = �̇�𝑆(ℎ10 − ℎ11) 

Pumps            �̇�𝐹𝑊𝑃 = �̇�𝑆(ℎ14 − ℎ13), �̇�𝐶𝑃 = �̇�𝑆(ℎ12 − ℎ11) 
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Table 3: Energy model and mass balance equations for main components of VAC. 

Component                  Energy model equation                          Mass balance equations 

 

Generator  𝑄𝑔 = 𝑚20ℎ20 + 𝑚27ℎ27 − 𝑚26ℎ26  𝑚20 + 𝑚27 = 𝑚26 

Solution heat Exchanger      ℰ𝑆𝐻𝑋 =
𝑇27−𝑇28

𝑇27−𝑇25
 

Condenser   𝑄𝑐 = 𝑚20(ℎ20 − ℎ21)    𝑚20 = 𝑚21  

Absorber   𝑄𝑎 = 𝑚29ℎ29 + 𝑚23ℎ23 − 𝑚24ℎ24  𝑚24 = 𝑚29 + 𝑚23  
Evaporator   𝑄𝑒 = 𝑚22(ℎ23 − ℎ22)     𝑚22 = 𝑚23 

                                                    Psychometric of air   

Condensate                 �̇�𝐶𝑊𝐶 = (�̇�𝑎𝑡𝑜𝑡𝑎𝑙 ∗ (ℎ𝑎𝑣,31 − ℎ𝑎𝑣,32) − 𝑚𝑐 ∗ ℎ𝐶) 

                                    �̇�𝐶 = 𝑚𝑎𝑡𝑜𝑡𝑎𝑙 ∗ (𝜔31 − 𝜔32) 

Humidifier                  𝑄𝐻𝑢𝑚𝑖𝑑𝑖𝑓𝑖𝑒𝑟 = 𝑚35 ∗ (ℎ35 − ℎ36) 

 

 

Table 4: Energy model equations for main components of ORC 

 

 

 

 

Table 5: Economic model equations for heat exchangers VAC 

Heat exchangers            U-value                                         LMTD expressions 

GEN          0.90                                  𝐿𝑀𝑇𝐷𝑅𝐺 =
(𝑇71−𝑇26)−(𝑇30−𝑇27)

ln(
𝑇71−𝑇21
𝑇30−𝑇27

)
 

ABS                    0.79               𝐿𝑀𝑇𝐷𝑅𝐺 =
(𝑇29−𝑇37)−(𝑇24−𝑇38)

ln(
𝑇29−𝑇37
𝑇24−𝑇38

)
 

CND VAC)                     1.10                   𝐿𝑀𝑇𝐷𝑅𝐺 =
(𝑇21−𝑇33)−(𝑇20−𝑇34)

ln(
𝑇21−𝑇33
𝑇20−𝑇34

)
 

EVP VAC)              1.20                     𝐿𝑀𝑇𝐷𝑅𝐺 =
(𝑇36−𝑇22)−(𝑇35−𝑇23)

ln(
𝑇36−𝑇22
𝑇35−𝑇23

)
 

SHx                    0.20                 𝐿𝑀𝑇𝐷𝑅𝐺 =
(𝑇28−𝑇25)−(𝑇27−𝑇26)

ln(
𝑇28−𝑇25
𝑇27−𝑇26

)
 

HMDFR                                 0.60                                   𝐿𝑀𝑇𝐷𝑅𝐺 =
(𝑇32−𝑇36)−(𝑇31−𝑇35)

ln(
𝑇32−𝑇36
𝑇31−𝑇35

)
 

 

Table 6: Model equations for estimation the Purchased Equipment Cost (PEC) of cooling systems 

 

Component                                                                           Energy model equation 

Steam turbine                                                                    �̇�𝑆𝑇 = �̇�𝑂𝑅𝐶(ℎ74 − ℎ75) 

Condenser                                                                          �̇�𝐶𝑁𝐷 = �̇�𝑂𝑅𝐶(ℎ75 − ℎ76) 

Evaporator                                                                              𝑄𝐸𝑣𝐴𝑃 = �̇�𝑂𝑅𝐶(ℎ74 − ℎ77) 

Pump                                                                                   �̇�𝐹𝑊𝑃 = �̇�𝑂𝑅𝐶(ℎ76 − ℎ77) 

Purchased-equipment cost of heat exchangers 

 𝑃𝐸𝐶𝐻𝑋 = ∑ 𝐶𝑖 ∗ 𝐶𝐹 ∗ 𝐴𝑖
0.8

𝑖  

  𝐴𝑖 =
�̇�𝑖

𝑈𝑖∗𝐿𝑀𝑇𝐷𝑖
    (𝑚2) 

Purchased-equipment cost of valves 

𝑃𝐸𝐶𝑆𝑉 =114.5*𝑚28 

𝑃𝐸𝐶𝑅𝑉 =114.5*𝑚21 

Purchased-equipment cost of solution pumps 

  𝑃𝐸𝐶𝑆𝑃 = 𝐶𝑆𝑃 ∗ 𝐶𝐹 ∗ (0.01 ∗ �̇�𝑆𝑃)0.6 

Purchased-equipment cost of cooling towers for absorber and condenser of VAC 

𝑃𝐸𝐶𝐶𝑇𝐴𝐵𝑆=746 ∗ �̇�26 + 70.5 ∗ �̇�𝐴𝐵𝑆 ∗ (−0.6936 ∗ ln (T̅cw,𝐴𝐵𝑆− 𝑇𝑤𝑏) + 2.1898) 

      𝑃𝐸𝐶𝐶𝑇𝐶𝑁𝐷(𝑉𝐴𝑅)=746 ∗ �̇�22 + 70.5 ∗ �̇�𝐶𝑁𝐷(𝑉𝐴𝑅) ∗ (−0.6936 ∗ ln (T̅cw,𝐶𝑁𝐷(𝑉𝐴𝑅)− 𝑇𝑤𝑏)

+ 2.1898 

Total purchased equipment cost of cooling systems  

𝑃𝐸𝐶𝐶 = 𝑃𝐸𝐶𝐻𝑋 + 𝑃𝐸𝐶𝑆𝑉 + 𝑃𝐸𝐶𝑅𝑉 + 𝑃𝐸𝐶𝑆𝑃 + 𝑃𝐸𝐶𝐶𝑇𝐴𝐵𝑆 + 𝑃𝐸𝐶𝐶𝑇𝐶𝑁𝐷(𝑉𝐴𝑅) 
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Table 7: Economic data and ICC functions for ORC 

Economic terms   Value 

N    8760*0.6=5256 hours 

r    12 %(Trading Economics, 2016) 

n    15 years 

φ    0.25 

                                                         Cost functions 

Component    Investment capital cost function, USD COM, USD 

Steam turbine     𝐼𝐶𝐶𝑂𝑅𝐶𝑇 = 4750 ∗ (�̇�𝑂𝑅𝐶)0.75                    𝜑 ∗  𝐼𝐶𝐶𝑂𝑅𝐶𝑇  

Condenser    𝐼𝐶𝐶𝐶𝑁𝐷2 = 150 ∗ (𝐴𝐶𝑁𝐷2)0.8                       𝜑 ∗  𝐼𝐶𝐶𝐶𝑁𝐷2 

Evaporator     𝐼𝐶𝐶𝐸𝑉𝐴𝑃 = 150 ∗ (𝐴𝐸𝑉𝐴𝑃)0.8                        𝜑 ∗  𝐼𝐶𝐶𝐸𝑉𝐴𝑃 

Pump    𝐼𝐶𝐶𝐹𝑃 = 3500 ∗ (�̇�𝐹𝑃)0.47                 𝜑 ∗  𝐼𝐶𝐶𝐹𝑃 

 

Table 8: Bound for the operating parameters. 

Operating parameters       Bounds 

Ψ [-]         0-0.1 

ξ [-]         0-1 

GTIT [K]       1200 

GCIT [K]       288 

GPR [-]                     12 

�̇�𝐺𝑇𝑛𝑒𝑡 [KW]       60000 

Φ32 [-]                        100% 
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Abstract 

Pakistan is a country which is going through adverse energy and environmental problems due to energy 

exploration and its utilization. Waste heats and associated emissions from the industrial and transportation sector 

are the major reasons behind it. Boilers are considered as a primary energy conversion device with associated 

emissions. If handled properly, they can assist in enhancing the energy security and environmental sustainability. 

In this work, direct, indirect and exergy methods are compared on a boiler by considering a case from textile 

industry. The methods are tested to estimate the losses and recoverable costs associated with the boiler to check 

their applicability and adaptability. As a result, the efficiencies obtained from direct, indirect and exergy method 

were 76.09%, 69.23%, 30.19% respectively, which shows a significant difference. The impact of these results on 

recoverable costs is also considerable. The recoverable cost in case of exergy method is 109.23% higher than 

direct method (simple method). The glimpse of these results show the importance of an appropriate energy 

auditing tool toward the enhancement of energy security and environmental sustainability, which is directly 

coupled with cost-effectiveness. 

Keywords: Boiler, Exergy; Energy; Waste heat recovery; Energy audit; Energy policy  

1. Introduction 

From the kitchen to industry, to power 

generation, heat has become an important part of 

our daily lives. Most processes of the day now 

rely on heat energy. To meet these needs, boilers 

and furnaces are used. The boiler is considered 

the most feasible energy conversion system 

because of its effectiveness. There are some 

drawbacks in the form of waste heat and 

undesired emissions. It is difficult to extract all 

the energy from the fuels (coal, oil, and natural 

gas) and transfer it to water without any waste 

heat and emissions. The loss of waste heat is a 

key factor toward the reduction of boiler 

efficiency, which is also an issue of energy 

security [1].  

While the emission of undesired gases (SOX, 

NOX and CO2) and their effect on environment is 

also a hurdle towards sustainable environment 

[2]. 

In today's era, energy security and environmental 

sustainability are major issues worldwide, and 

Pakistan is one of the countries affected. The 

thermal power industry plays an important role to 

cater to the country's energy needs. According to 

a report by [3], thermal sector generates 66.76% 

of the total electricity. Pakistan’s energy mix 

largely depends on fossil fuels including power, 

industrial, transportation and domestic sectors. 

As can be seen from Fig.1, natural gas and oil 

collectively share 78.1% of the total energy mix. 

After excluding the power sector, industrial and 

transportation sectors fuel consumption is 35.4% 

and 32.2% respectively [4]. Extensive use of 

fossil fuels to meet energy demand is leading to 

the release of greenhouse gases (GHGs) [5]. 

These emissions have a direct impact on climate 

change and deplete the ozone layer, so by 

increasing global warming. Floods caused by 

climate change have affected Pakistan's 

livestock, agriculture and forest sectors adversely 

[6]. These emissions also cause a variety of 

health diseases, including cancer, eye infections, 

asthma, tuberculosis, and lung infections [7],[8]. 

According to CPEIR [9] climate change has 

caused approximately US$9.6 billion in losses to 

Pakistan. In terms of waste heat, different 

countries have conducted surveys to estimate the 
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waste heat potential, but as far as we know, there 

is no data and survey information on Pakistan. It 

is a question mark on the performance of related 

institutions, because this type of information can 

help researchers and industrialists to consider 

about formulating a policy framework that can 

improve national energy security and 

environmental sustainability.  

 

Fig. 1. Energy mix of Pakistan  

Based on the situation described, it is clear that 

waste heat and greenhouse gas emissions are a 

major concern for Pakistan. Due to the direct and 

indirect role of boilers in thermal power 

generation and industrial fields, our research 

work is mainly focused on boilers. This research 

aims to provide a set of engineering method 

policy framework for the energy audit of 

industrial boilers. For this, boiler performance 

analysis methods are discussed and compared to 

provide the suggestions and recommendations to 

formulate energy auditing methods. 

1.1 Historical Background 

Energy audit is considered to be a key factor in 

achieving energy security. There are many 

institutions and companies that provide services 

in related fields, and researchers in different 

fields have conducted many studies [10-12]. 

Shen et al., [13] concluded that the implication of 

energy audit policies can help China to reduce the 

level of carbon intensity up to 45% by 2020. As 

a result of energy audit conducted by Boharb et 

al., [14], about 2.22% thermal energy can be 

saved annually, while CO2 emissions can be 

reduced up to  283.39 tons on annual basis in a 

Moroccan based paper industry. Furthermore, as 

a result of energy audit in 280 firms across 

Europe, it was revealed that 6500 tons of energy 

(TOE) can be saved per year and GHG emissions 

can be reduced around 13,500 tons on annual 

basis [15] .  

The significance of Industrial Waste Heat (IWH) 

can be judged by the multiple studies [16-17]. 

According to Woolley et al., [18], IWH recovery 

approach can be economically more viable over 

renewable. In recent times, different studies were 

conducted by researchers to estimate the waste 

heat potential [19-21]. Brueckner et al., [22] have 

compared different methods to estimate the waste 

heat potential of a region through literature 

review. From the survey of 403 industrial sites, 

Miró et al., [23] estimated the IWH potential of 

134 pJ/a on the basis of CO2 emissions. 

Thermodynamic analysis (energy and exergy 

analysis) are of great importance towards the 

estimation of waste heat in industrial sectors [24-

26]. These methods can be applied on individual 

equipment’s (boilers, heat exchangers, pumps, 

fans, compressors and turbines) to obtain more 

accurate results [27-29]. Efficient solutions are 

available that can assist to capture the waste heat 

by their effective utilization and emission 

reduction. Heat pumps [30], Organic Rankine 

Cycle (ORC), Kalina Cycle, condensing 

economizers and many others [31]  are the state 

of art technologies in this field. 

2. Methodology 

In order to measure the efficiency of boilers, the 

American Society of Mechanical Engineers 

(ASME) has developed a set of performance test 

specifications, which is known as ASME PTC 

4.0 [32]. This code proposes two methods for 

measuring boiler efficiency; a) direct method, b) 

indirect method. These methods will be 

discussed in the next section. Most industries use 

ASME recommended procedures to check boiler 

performance [28]. This test code is based on the 

first law of thermodynamics [33] which is also 

known as energy analysis [34]. Energy analysis 

is considered as an important tool for measuring 

the energy balance in thermal systems. On the 

other hand, based on the second law of 

thermodynamics [33], exergy analysis [35] is 

considered as a more powerful tool which can tell 

us the actual useful amount of work after 

considering the irreversibility’s and the 

associated losses in a process. 

In Pakistan, energy audits are performed on the 

basis of direct method. In this section, we have 

presented the details about ASME PTC 4.0 

(section 3.1) and exergy method (section 3.2).  

Coal…

Oil

(35.5%

)

LNG…
Gas…

LPG

(0.7%)

Hydro & … Renewable…
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2.1. ASME PTC 4.0  

The code is based on the following two methods: 

a. Direct method 

b. Indirect method 

2.1.1. Direct method 

This method is also known as input-output 

method. In this method, outputs (steam) from 

boiler are divided by the inputs (fuel) to the 

boiler. The schematic of a boiler is presented in 

Fig.2. It is a conventional and easy method to use 

and quick results can be obtained. 

𝜂D.M. =
𝑄 (ℎg−ℎf)

 𝑞×GCV of Fuel
× 100                    (1) 

Where, 𝑄 is boiler’s steam generating capacity 

(TPH), ℎg is the enthalpy of steam (kcal/kg), ℎf 

is the enthalpy of feed water (kcal/kg), 𝑞 is the 

fuel Feed rate (TPH) and GCV is the Gross 

Calorific Value of fuel (kcal/kg). 

 

Fig.2. Schematic of a boiler 

2.1.2. Indirect method 

This method is also known as heat loss method. 

In this method, the percentage of different losses 

is calculated through a prescribed set of equations 

and then these losses are subtracted from 100 to 

attain a value of boiler efficiency.  

𝜂I.D.M. = 100 − ∑(% of all  losses in the boiler)      (2) 

To assist the calculations relevant to boiler 

losses, some key equations are presented here. 

Theoretical air (T.A.) required is calculated by: 

𝑇. 𝐴.

= [
(11.43 × 𝐶) + {34.5 × (

𝐻2 − 𝑂2
8

)} + (4.32 × 𝑆)

100
]   (3) 

The percentage of excess air (E.A.) supplied is 

calculated by: 

𝐸. 𝐴.  =  [
Percent of 𝑂2

(21 − Percent of 𝑂2)
]  

×  100                 (4) 

Actual air supplied (A.A.S.) to the fuel is 

calculated from: 

𝐴. 𝐴. 𝑆.  =  [
1 +  𝐸. 𝐴.

100
]  ×  𝑇. 𝐴.                                (5) 

The losses that can occur in the boiler are 

discussed here with the relevant equations. 

Percentage of heat losses due to the dry flue gases 

is calculated as: 

𝐿D.F.G. =  [
𝑚 × 𝐶P (𝑇f − 𝑇a)

GCV of fuel
]  × 100                    (6) 

Where, 𝐶P is the specific heat of flue gases 

(0.23 kcal/kg), 𝑚 is the mass flow rate of flue 

gases, 𝑇f is the temperature of flue gases and 𝑇a 

is the ambient temperature. Percentage of heat 

loss, due to the evaporation of moisture present 

in fuel: 

𝐿M.F =  [
9 × 𝐻2 {584 + 𝐶P (𝑇f − 𝑇a)}

GCV of fuel
]  × 100          (7) 

Where, 𝐶P is the specific heat of superheated 

steam (0.45 kcal/kg). Percentage of heat loss 

due to the presence of moisture in the air: 

𝐿M.A = [
Humidity of air ×  𝐴. 𝐴. 𝑆.  ×  𝐶P (𝑇f − 𝑇a)

GCV of fuel
] × 100   (8) 

In addition, the surface loss is calculated based 

on the boiler type. Although some heat is lost 

during the blow-down process, it is not 

considered a loss because it contains 

contaminated water (impure feed water). For 

solid fuels, heat loss from the bottom and fly ash 

are also considered.  

2.2. Exergy method 

Based on entropy and irreversibility analysis of a 

process or system, exergy analysis is considered 

as a more effective method as compared to 

energy analysis. Generally, a system balance can 

be presented as [36]: 

Input + Generation − Output − Consumption
= Accumulation             (9) 

Basic exergy equation for a system is:  

�͘� = �̇�[(ℎ − ℎ0) −  𝑇𝑎(𝑠 −  𝑠0)]            (10) 
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Where, ℎ0 is the enthalpy at dead state and 𝑠0 is 

the entropy at dead state. In case of boiler, from 

Figure 2, the equations can be derived to 

calculate the exergy efficiency. To calculate the 

exergy of fuel, equation presented by Shieh and 

Fan [37]: 

�͘�fuel =  34183.17 (C) 21.96 (N)11659.92 (H) 

18242.91 (S)13265.81 (O)                                                        (11) 

Kotas [38] proposed a set of equations for the 

calculation of exergy of different streams. 

Exergy of the water is calculated through 

following equation: 

�͘�water =  �̇�(𝐶p)
water

× [(𝑇water − 𝑇ambient)

− {𝑇ambient  

×  ln (
𝑇water

𝑇ambient
)}]            (12) 

Where, 𝑇water is the temperature of feed water 

(K), 𝑇ambient is the reference temperature which 

is taken as 25 ℃ (298 K) and (𝐶p)
water

 is the 

specific heat of water at constant temperature 

(4.187 kJ/kg. K). Exergy of boiler supply air is 

obtained from the following equation: 

�͘�air

=  �̇�(𝐶p)
air

× [ (𝑇air − 𝑇ambient)

−  {𝑇a  ×  ln (
𝑇air

𝑇ambient

)}]                         (13) 

Where, 𝑇air is the temperature of boiler supply air 

(K), and (𝐶p)
air

 is the specific heat of air at 

constant temperature (1.005 kJ/kg. K)Exergy of 

exhaust flue gases can be calculated by the 

following relation: 

�͘�flue gas =  �̇�(𝐶𝑝)
flue gas

× [(𝑇flue gas −  𝑇ambient)

−  {𝑇ambient  

×  ln (
𝑇flue gas

𝑇ambient

)}]           (14) 

Where, 𝑇flue gas is the temperature of flue gas 

(K), and (𝐶𝑝)
flue gas

is the specific heat of flue 

gases at constant temperature (1.321 kJ/kg. K). 

Exergy of generated steam is obtained by using 

following equation: 

�͘�steam =  �̇�[(ℎsteam −  ℎfeed water)
−  {𝑇a  × (𝑠steam

−  𝑠feed water )}]            (15) 

Where, ℎsteam is the enthalpy of steam formed 

(kJ/kg), ℎfeed water is the boiler feed water 

enthalpy (kJ/kg), 𝑠steam is the entropy of Steam 

formed (kJ/kg. K), 𝑠feed water  is the entropy of 

feed water at reference temperature (kJ/kg. K). 

Irreversibility’s that occur in a system, results in 

the form of loss in exergy. Total irreversibility’s 

occurred in the boiler can be calculated by using 

the following relation: 

�͘�Boiler

= Total exergy entering the boiler
− Total exergy leaving the boiler                       (16) 

After modification, Equation 16 can be written 

as: 

�͘�Boiler = (�͘�Fuel +  �͘�water +  �͘�Air )  
− (�͘�steam

+  �͘�flue gas )                (17) 

The exergetic boiler efficiency can be calculated 

as: 

𝜂E.M  

=  
Total exergy entering the boiler

Total exergy leaving the boiler
                    (18) 

2.3. Comparison between the 
ASME PTC 4.0 and exergy 
method 

If we focus on ASME PTC 4.0, the direct method 

efficiency is based on the input (fuel 

consumption) and the output (steam generated) 

without considering the losses. In case of indirect 

method, only the losses that occur in the boiler 

are considered by neglecting the direct method 

parameters.  

In case of exergy method, all the inputs (feed 

water, supply air, fuel) and outputs (steam, flue 

gas) associated with the boiler are considered 

with respect to ambient conditions. Hence, 

exergy method have an advantage over the 

methods proposed by ASME PTC 4.0, because 

this method is based on mass and energy balance 

by considering individual stream losses. For 

further clarification, a case study is considered 

(section 5). 
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3. Waste heat recovery options to 
save energy and cost 

To recover the waste heat, there are two possible 

options:  

a. Through exhaust gas 

b. Through blow-down 

3.1. Through exhaust gas 

According to Jayamaha [39], flue gases carry up 

to 30% of the system heat. If recovered, the 

relevant costs can be minimized up to some 

extent. The heat content of flue gases (kW) can 

be measured by [27]: 

𝑄flue gas

=  �̇�flue gas  × (𝐶𝑝)
flue gas

 

×  ∆𝑇flue gas                                                       (19) 

The amount of steam that can be produced from 

the flue gases is calculated by: 

𝑀steam =  
𝜂Boiler  × 𝑄flue gas

ℎsteam
         (20) 

Here, 𝜂Boiler is the boiler efficiency obtained by 

three methods. The amount of energy saved on 

annual basis is calculated as: 

Steam saved (annualy)
=  𝑀steam  × Working days (annualy)       (21) 

Annual cost saved is: 

Cost saved (annualy)
=  Steam saved (annualy)  
× Cost of steam                       (22) 

3.2. Through blow-down 

Blow-down plays an important role towards 

smooth boiler operation by removing impurities 

from the boiler. The blow-down water carries a 

sufficient amount of heat that results in additional 

fuel cost. That’s why it is necessary to consider it 

while dealing with heat recovery options. The 

percentage of blow-down (BD%) can be 

calculated by [40]: 

BD%

=  
Boiler feed water 𝑇𝐷𝑆 × % of makeup water

Maximum permissible 𝑇𝐷𝑆 in boiler
        (23) 

Here, 𝑇𝐷𝑆  stands for “Total Dissolved Solids”. 

Amount of heat carried by water during the blow-

down (kW) is calculated as: 

𝑄BDwater
=  �̇�BDwater

 ×  ℎBDwater
           (24) 

Here, ℎBDwater is the enthalpy of blow-down 

water. The amount of fuel that can be saved by 

proper utilization of blow-down is calculated as:  

𝑀BDwater

=  
𝑄BDwater

𝐺𝐶𝑉 of fuel × 𝜂Boiler

 

× Working days (annualy)     (25) 

Annual cost of fuel saved is:  
Cost saved (annualy)

=  Fuel saved (annualy)  
× Cost of fuel         (26) 

4. Results and discussions 

In order to clarify the difference between the 

above discussed methods, a coal fired boiler of 

9 TPH capacity is considered as a test case. The 

boiler is installed in a textile industry in 

Faisalabad, Pakistan, which generates the steam 

to fulfill the process requirements. Operating 

data of the boiler is given in Table 1. Indonesian 

coal is used as a fuel and the fuel cost is 48.75 

USD per Ton. After considering all other 

operating costs, the steam generation cost is 

taken as 51.78 USD per Ton.   

Table 1. Operating parameters of the boiler 

Parameters Values 

Boiler type Coal fired 

(water 

tube 

boiler) 

Boiler operating 

time (hrs./Day) 

/ (hrs./Year) 

12.33 

(3859.29) 

Boiler steam 

generation 

capacity (TPH) 

9 

Feed water 

temperature (℃) 

120.3 

Operating 

pressure (Bar) 

10.34 

Outlet 

temperature at 

150 psig (℃) 

185.51 

Enthalpy of Feed 

Water at 

120.3 ℃ (kcal/
kg) 

120.41 

Feed water flow 

rate (kg/s) 

2.54 
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Enthalpy of 

steam at 

185.51 ℃ (kcal/
kg) 

665.5 

(Saturated) 

Steam flow rate 

(kg/s) 

2.49 

GCV of coal 

(kcal/kg) 

6300 

Coal feed rate 

(kg/hr. ) | (kg/
s) 

112 

(0.031) 

Flue gas 

temperature (℃) 

126 

Flue gas flow 

rate (kg/s) 

0.278 

Boiler supply air 

temperature (℃) 

120 

Boiler supply air 

flow rate (kg/s) 

0.247 

Humidity of air 

(kg/
kg of dry air) 

0.018 

O2 % supplied 8.3 

CO2 % supplied 11.4 

Ambient conditions 

Ambient 

temperature (℃) 

25 

Ambient 

pressure (Bar) 

1 

Proximate analysis of coal 

Moisture 9.43 % 

Ash Content 13.99 % 

Volatile Matter 41.1 % 

Fixed Carbon 46.79 % 

Ultimate analysis of coal 

Carbon 58.96 % 

Hydrogen 4.19 % 

Nitrogen 1.02 % 

Oxygen 11.88 % 

Sulphur 0.56 % 

Ash 13.99 % 

Moisture 9.43 % 

Fig.3. Efficiency values obtained from different 

methods 

Fig.4. Exergy destruction in the boiler streams 

Based on the proposed methods, comprehensive 

results are obtained. As can be seen from Fig.3, 

values obtained by direct method, indirect 

method and exergy method are 76.09%, 69.23% 

and 30.19% respectively. The difference between 

the values is due to the approach of adopted 

methodologies. As discussed earlier, direct 

method is based on input (fuel) and output 

(steam), and indirect method is based on the 

associated losses. While exergy method is based 

on input (fuel), output (steam) and losses. On the 

basis of exergy efficiency, it is cleared that 

around 69.81% of energy is wasted due to the 

irreversibility’s. In this case, the calculated 

irreversibility’s are 48.81 MW.  

The exergy destruction in the boiler streams can 

be observed from Fig.4. Hence the exergy 

destruction rate in streams such as fuel (69.19 

MW) and steam (20.86 MW) were high due to 

the irreversibility’s. In this case, the beauty of the 

exergy method to provide the individual stream 

analysis have revealed that there can be some 
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possible problems in combustion chamber and 

water tubes. The possible problem can be the ash 

deposition on the walls which are causing 

problem in efficient heat transfer hence by 

increasing exergy destruction. That means a 

proper cleaning of walls and tubes is required. 

Moreover, incomplete combustion can results in 

fuel wastage with increased emissions. Steam In 

a broad perspective, the implication of exergy 

method on boilers can reveal the possible 

problems in the boilers if applied individually 

and proper solutions can be made to maximize 

the energy security and environmental 

sustainability.  

The losses of exergy can be covered by applying 

some useful measures. Following measures were 

taken into account for the considered case study; 

heat recovery from flue gases and heat recovery 

from blow down. Flue gases carry a handsome 

amount of heat energy and usually these gases 

have very high temperature. Similarly, boiler 

blow down, which is carried out depending on the 

boiler type and water used which also carry a 

handsome amount of heat energy. To find out the 

recoverable amount of energy in the form of 

saved cost, efficiencies obtained from the 

discussed methods were compared by adopting 

mathematical approaches from section 4.  

The difference of recoverable costs can be 

compared from Table 2. It can be observed that 

the recoverable costs for the flue gases are higher 

in case of direct and indirect methods as 

compared to exergy method. But, for the case of 

blow down, the recoverable costs are far higher 

than the direct and indirect methods. As shown in 

Fig.5, the overall recoverable costs through 

exergy method are 7.59% (1937.75$) higher than 

the collective sum of other two methods.  

Table 2. Recoverable costs comparison between 

different methods 

Method Recoverable 

costs ($/Year) 

Total 

($/Year) 

From 

flue 

gas 

From 

blow 

down 

Direct 

method 

3562.5 8625 12187.5 

Indirect 

method 

3187.5 8187.5 11375 

Exergy 

method 

1375 24125 25500 

 1 USD = 160 PKR 

Direct method Indirect method Exergy method
0

5000

10000

15000

20000

25000

30000

12187.5
11375

R
e
c
o

v
e
ra

b
le

 c
o

s
t 

($
/Y

e
a
r)

 Blow down
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25500
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Difference=1937.75$

 
Fig.5. Overall comparison of methods towards 

recoverable cost 

5. Conclusions and 
recommendations 

Following conclusions are made on the basis of 

results obtained from this study: 

 Efficiencies obtained from direct, indirect 

and exergy method are 76.09%, 69.23%, 

30.19% respectively.  

 Compared with other methods, the exergy 

method is more feasible because it considers 

the input, output and loss of the boiler. Most 

of the losses occur in a boiler are due to 

irreversibility’s, that can be in the form of 

chemical irreversibility or physical 

irreversibility which are 48.81 MW in this 

case.  

 Exergy method is a useful tool to detect the 

areas of inefficiencies in the boiler, such as 

inefficiency of combustion chamber in the 

current case study.  

 The adaptation of exergy method can helps 

in assessing the recoverable costs from the 

points of energy wastage, moreover, the 

method can greatly assist in improving the 

state of energy security and environmental 

sustainability in Pakistan. 

On the basis of above conclusions, following 

recommendations can be helpful: 

 It is recommended that the relevant 

institutions should modify the boiler auditing 

policies by adding exergy method tool. 
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 The use of energy recovery and 

environmental friendly technologies should 

be promoted. 

 It is recommended to encourage the exergy 

method practices in industrial and 

transportation sectors as well. 

 The implementation of carbon tax can 

greatly reduce the unwanted emissions. 
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Abstract 

A biomaterial is a material that is utilized to build or reuse a body's part and is in constant or intermittent contact 

with bodily fluids. It is also used for external devices for example structural members or hearing aids. The utmost 

mutual groups of biomaterials used are metals, polymers, ceramics, composites and apatite. In this review, only 

metallic biomaterials are debated to best bit their benefits and drawbacks in terms of mechanical and 

metallurgical properties. It was concluded that the available materials have limitations and that more refined 

multifunctional materials should be developed to accommodate the biocompatibility, metallurgical and 

mechanical complexity of organ replacement. 

Keywords: Biomaterials; Implants; Metals; Polymers; Ceramics;Composites. 

1. Introduction 

A biomaterial is any artificial material that is 

utilized to substitute or repair the role of a body 

tissue and is in continuous or intermittent 

interaction with body fluids [1]. This definition is 

somewhat preventive as it does not comprise 

materials utilized for devices for example dental 

or surgical instruments. 

Though these implements are uncovered to 

bodily fluids, they do not alter or increase the role 

of human tissue. In addition, materials used for 

external prosthetics, for example artificial limbs 

or devices, are also excepted from the above 

definition. Because, for example, materials such 

as hearing aids are not depicted to body fluids.  

Exposure to body fluids usually means that the 

biomaterial is placed inside the body, and this 

places some strict limitations on the materials 

that can be utilized as biomaterials [1]. First of 

all, a biomaterial must be biocompatible - it 

should not receive a negative reaction from the 

body. 

Furthermore, it should be non-toxic and non-

carcinogenic. These requirements eliminate 

many existing engineering materials. Next, the 

biomaterial must have adequate physical and 

mechanical properties to serve as a reinforcement 

or replacement of body tissues. In addition, the 

biomaterial must be suitable for forming or 

processing, relatively low cost, and readily 

available. The ideal biomaterial should be 

biocompatible, resistant to degradation, adequate 

strength, low elastic modulus and also resistant to 

abrasion. 

One of the foremost reasons for utilizing 

biomaterials is to physically replace damaged or 

destroyed hard or soft tissues by some 

pathological process [2]. The tissues and 

structures of the body often work without 

problems for a long time. However, people can 

suffer from various destructive processes such as 

fractures, infections and cancer that sometimes 

reason pain, deformity or loss of task. In such 

cases, it is necessary to eliminate the unhealthy 

tissue and substitute it with some appropriate 

artificial material. 

Orthopedic implant devices are known as one of 

the most demanded areas of biomaterials. Both 

rheumatoid arthritis and osteoarthritis affect the 

structure of spontaneously detachable junctions 

for example the shoulder, knee, hip, elbow and 

ankle (Figure 1). Pain in such joints can be 

significant, especially weight-bearing joints for 

example the knee and hip, and the possessions on 

ambulatory function can be quite overwhelming. 

Since the advent of anesthesia it has been 

conceivable to substitute these joints with 

prostheses, the pain relief and flexibility 

restoration is fairly recognized to thousands of 

patients. Various metals, polymers and ceramics 

are utilized for orthopedic requests.  
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Figure 1. Essential components of a natural synovial joint. Synovial fluid works as a lubricant in the 

body. In an synthetic joint, polymeric materials make the lubrication [3]. 

Biomaterials can also be used in cardiovascular 

applications, eye surgery such as cataracts, drug 

delivery systems, wound healing and dental 

applications for healing cancerous tissues. 

In this study, firstly, the desired properties of 

biomaterials were reviewed, and characterization 

methods were mentioned. Then, various metallic, 

ceramic, polymeric and composite materials used 

as biomaterials are briefly discussed. After 

specifying the advantages and disadvantages of 

these materials, a perspective on which materials 

may be needed more in the future is presented. 

2. Requirements and characterization 
of biomaterials 

The performance and success of every implant 

and medical device used to perform certain 

functions in the human body depends upon the 

possessions and biocompatibility of the 

biomaterials selected for their structures. Herein 

lies the importance of establishing a process that 

permits for a comprehensive characterization of 

the biomaterial and an understanding of the 

biological responses elicited when implanted in a 

living system. Many methods from the medical 

and engineering disciplines are used to 

characterize biomaterials, which provide 

essential information that allows the device to be 

determined for its intended biomedical function 

and whether it meets regulatory standards. 

The different properties of biomaterials have 

been exposed to have an important impact on 

their dynamic interactions with the biological 

environment when used as medical implants and 

organ or tissue replacements. The performance 

and success of each of these implants depends on 

the properties and biocompatibility of the 

biomaterial used to create it. Therefore, when 

designing any medical device or implant, it is 

crucial to evaluate material properties in the 

context of future biomedical applications. 

In general, the most important properties 

associated with biomaterials are classified as 

chemical, physical, mechanical, and biological 

according to the volume and surface of the 

material. These are abridged in Table 1 and 

clarified fully underneath. 

 

Table 1. Mechanical properties of some metallic implants [3]. 
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Different material systems have general 

advantageous properties that make them more 

suitable for particular applications. For example, 

metallic materials are widely known for their 

high ductility, strength, and toughness; Their 

excellent mechanical properties added to their 

good corrosion resistance make them an ideal 

material for bone and joint replacement and bone 

fracture fixation. Ceramic materials stand out 

with their hardness and low wear rates; Although 

they are not as resistant to fracture as metals, they 

have the highest compressive strength, so 

ceramics are widely used in load-bearing 

implants. In addition, ceramics are resistant to 

microbial attack and are extensively utilized in 

bone tissue engineering. 

Polymers may not be as strong as metals and 

ceramics, but they are extensively utilized 

materials in healthcare because of their versatility 

and other valuable properties. Polymeric 

materials can be flexible or rigid, biodegradable 

or biologically inert, strong or brittle, chemically 

resistant, etc., depending on their intended 

function. it could be. Its multiple uses range from 

sutures, blood vessels and soft tissues to facial 

and orthopedic prostheses. Composite materials, 

on the other hand, have numerous properties 

depending on their components and individual 

properties. Generally, composites are designed to 

combine the best of two different materials or to 

improve the properties of one of them. For 

example, bioactive glasses have poor mechanical 

strength and incompatibility with bone, limiting 

their application in load-bearing applications; 

however, these materials combine with polymers 

to form composites with improved mechanical 

properties and biocompatibility that can be used 

in bone repair [4]. Other applications of the 

composites have been found in dental resins and 

bone cement. 

Biomaterials are used in the construction of 

biomedical devices to perform many specific 

functions in the human body; Selecting the most 

suitable material for these functions is a complex 

process dependent on specific mechanical, 

chemical, structural and biological requirements. 

During this process, it is indispensable to 

describe the material to reveal its properties and 

verify whether these requirements are met. Many 

disciplines are involved in the characterization of 

biomaterials; physical and engineering sciences 

focus on physical, mechanical and surface 

properties, while biological sciences and 

medicine focus on biological properties and 

biocompatibility. The integration of different 

techniques based on these sciences allows 

researchers to comprehensively analyze the 

properties of biomaterials and determine their 

suitability for the intended biomedical 

application. A schematic outline of the 

biomaterial characterization is revealed in Figure 

2; the primary testing is achieved when the 

material’s required properties (such as physical, 

chemical, mechanical and surface) are 

determined; however, after the second level of 

testing, which includes biological in-vitro and in-

vivo studies, devices can be considered for 

production. 

 

Figure 2. Schematic outline of biomaterials characterization. 
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3. Metallic biomaterials 

Metals are widely utilized as biomaterials 

because of their superior mechanical properties, 

thermal and electrical conductivity. Meanwhile 

the metallic bond is non-directional, metals can 

easily undergo plastic deformation. 

Some metals are used in many fields owing to 

their outstanding corrosion resistance and 

mechanical properties. For example, passive 

replacements for fracture healing, dental 

implants, screws for knee and hip joint 

replacement, spine fixation devices. 

Furthermore, some metallic alloys are also 

utilized for vigorous duties for example 

orthodontic arch wires, vascular stents, catheter 

guide wires. 

3.1. Stainless steel 

The 302 (18-8) stainless steel was utilized 

primarily for the manufacture of the implant. 18-

8sMo stainless steel, later known as 316, took the 

stage. In order to provide corrosion resistance 

and corrosion resistance, at least 11% chromium 

must be added to the steel. 

Austenitic stainless steels (316 and 316L) are 

most commonly utilized for implant production. 

These steels can only be toughened by cold 

working. These stainless steels have better 

corrosion resistance than others and is non-

magnetic. The addition of Mo increases 

resistance to pitting corrosion in salt water. In the 

literature (ASTM), type 316L is recommended 

instead of 316 for implant production. 

Nickel increases the corrosion resistance of the 

austenitic phase. Austenitic phase development 

(for stainless steel with 0.10% carbon in Figure 

3) can be affected by both Ni and Cr 

compositions. For the austenitic phase, the 

amount of Ni should be added at least 10%. 

Even 316L stainless steel can corrode the bone 

fracture plate inside the stem beneath definite 

conditions in an extremely stressed and oxygen-

free area, for example the contacts underneath the 

screws of the stem. Therefore, these stainless 

steels are only appropriate for procedure in 

momentary implant expedients for example 

broken plates, hip nails and screws [5]. 

 
Figure 3. The result of Ni and Cr substances on the austenitic phase of stainless steels comprising 0.1% C 

[5]. 

3.2. Co-alloys 

Two categories of cobalt-chromium alloys can be 

produced: (1) castable CoCrMo alloy and (2) 

forged, usually by hot forging. The CoCrMo 

alloy has been utilized in dentistry for years and 

comparatively just in artificial joint construction. 

Forged CoNiCrMo alloy is moderately 

innovative and is nowadays utilized in the 

building of prosthetic bodies such as knees and 

hips. 

ASTM mentioned four types of CoCr implant 

alloys: (1) cast CoCrMo alloy, (2) forged 

CoCrWNi alloy, (3) forged CoNiCrMo alloy, and 

(4) forged CoNiCrMoWFe alloy. The contents of 

each alloy are tabulated in Table 2. Right now, 

castable CoCrMo and forged CoNiCrMo alloy 

are widely used in implant  

manufacturing. It can be seen from Table 1 that 

the implant alloy contents are different from each 

other. 
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CoCr alloys establish a solid solution hardening 

with the addition of Co up to 65%. Mo is 

supplemented into the structure at the end of 

forging and casting to obtain a fine-grained and 

higher strength structure. Increases solid solution 

hardening and corrosion resistance of chromium 

alloy.  

CoNiCrMo alloy comprises about 35% Co and 

Ni. The alloy is resistant to seawater corrosion. 

Cold working further increases the strength of the 

alloy. Nevertheless, solitary hot forging can be 

utilized, particularly at what time making 

enormous apparatus for example hip joint bodies.  

Table 2. The Contents of CoCr Alloys [6]. 

The wear possessions of the forged CoNiCrMo 

alloy are comparable to those of the CoCrMo 

alloy; nevertheless, it is not suggested earlier for 

bearing surfaces of joint prostheses, as it lacks 

friction properties with additional materials. The 

structure of wrought CoNiCrMo alloy makes it 

appropriate for claims requiring extensive 

service life deprived of fracture or stress fatigue. 

Since it is very problematic to eradicate the 

unsuccessful implant part buried deep in the 

femoral medullary canal, it is better understood 

when the implant needs to be substituted. In 

addition, reconsideration arthroplasty is 

generally inferior in function to primary surgery 

due to weaker fixation of the implant. 

Metallic products, whose access to the prosthesis 

is not restricted due to abrasion and corrosion, 

can damage organs and local tissues. In vitro 

investigations have revealed that particulate Co 

is poisonous to the human body, restricting 

collagen and alkaline phosphatase synthesis. 

Nevertheless, particle Cr and CoCr alloys are 

quite allowed by cell lines deprived of important 

poisonousness. In vitro toxicity of metal extracts, 

they stated that 50% concentration of Co and Ni 

extracts appeared quite toxic, meanwhile all 

feasibility parameters changed after 24 hours. 

Though, Cr excerpt appears to be less poisonous 

than Ni and Co [7]. 

The elastic modulus of CoCr alloys does not alter 

with variations in final tensile strengths. Values 

variety from 220 to 234 GPa, which is greater 

than stainless steel. While the result of 

augmented modulus on the obsession and 

permanency of implants is unclear, this may have 

some effect of dissimilar modes of load 

transmission to bone in synthetic joint 

substitutes. Low wear (4.2 μm/year) has been 

documented as a benefit of metal-to-metal hip 

joints due to its stiffness and durability [8]. 

3.3 Ti-alloys 

Ti is a light element has an atomic number 22 and 

atomic weight is 47.9. It is a silver-colored and 

high-strength shiny transition metal that is 

resistant to corrosion in seawater. Ti was 

discovered by W. Gregor in England in 1791. 

The utmost well-known compound, titanium 

dioxide is utilized in the production of white 

pigments. Ti is utilized in aerospace, military, car 

industry, medicinal prosthetics, dental 

instruments, dental implants, and sports 

equipment.  

Titanium and its alloys are progressively utilized 

in medicinal implants as a result of their 

outstanding biocompatibility, corrosion 

resistance and comparatively little density. 

Stainless steels and titanium alloys form passive 

films on their surfaces. Iron and titanium are 

allotropic materials. The stumpy temperature 

phase of titanium alloys is -Ti with HCP 

crystals. 

The structure and in elevation temperature phase 

is  - Ti with BCC crystal structure. At room 
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temperature, we can obtain -Ti single phases or 

 + phase or even -Ti single-phase titanium 

alloys, depending upon the composition of the 

alloy. Elements used to stabilize -phase consist 

of aluminum and tin. Elements that can stabilize 

the  phase are including Mo, V, Nb and Cr 

elements.  

Titanium material is used for implants as it is the 

most resistant to corrosion. Ti CP has four grades 

based on trace element composition. Grade 4 (Ti 

CP-4) has the uppermost levels of Fe, C and O 

trace elements. Similar elements are named as 

interstitial elements in titanium as they form 

interstitial solid solutions. Titanium alloys are 

called according to their content, eg. Ti - 6Al - 

4V comprises 6% by weight aluminum and 4% 

by weight vanadium. Ti - 6Al - 4V  + alloy and 

is the utmost extensively utilized titanium alloy 

due to its high strength. Medicinal grade Ti - 6A1 

- 4V has tremendously little composition of 

interstitial elements. Ti -13Nb -13Zr, a 

comparatively novel  + alloy, utilizes niobium 

as a -phase stabilizer and displays fascinatingly 

little modulus of elasticity. Impurities such as 

intermediate elements meaningfully distress the 

mechanical possessions of titanium and its 

alloys. Therefore, their substances are strictly 

organized during manufacture.  

The mechanical possessions of titanium alloys 

are tabulated in Table 2. The mechanical 

possessions of Ti CP are dependent upon cold 

working and heat treatment conditions. 

Completely annealed Ti CP-4-coaxial grains 

exhibit lesser strength than cold worked ones. 

The mechanical possessions of Ti - 6A1 - 4V 

with coaxial -phase grains display advanced 

strength and ductility than pointed grains. 

However, the acicular structure increases 

resistance to fracture or cracking. The cast 

counterpart is lower in mechanical properties. 

Reminder that Ti - 13Nb - 13Zr displays low 

Young's modulus although upholding the similar 

power as Ti - 6A1 - 4V. Its low elastic modulus 

is suitable for medical implants. Recently, more 

investigations have been done by some 

researchers [14-18] about the Ti-Nb alloys using 

powder metallurgy. Especially, Sn and Zr are 

added into the Ti-Nb alloys and then they 

prepared as fully dense as well as porous alloys. 

It is concluded that porous Ti-Nb alloys are better 

for implants for similar elastic modulus, as well 

as cell viability in the system. 

4. Conclusions 

A biomaterial is a substance designed to interact 

with the body's biological systems to treat, 

strengthen, repair or replace a tissue function. 

Biomaterials has experienced strong growth, 

with many companies investing large sums in the 

development of new products. The biomaterial is 

placed inside the body and exposed to various 

body fluids. Therefore, biomaterials should not 

be biocompatible, toxic or carcinogenic. In 

addition, the biomaterial must have sufficient 

physical and mechanical properties to strengthen 

body tissues. The following conclusions were 

drawn from this study: 

 

a) Different material systems have different 

advantageous properties. For example, metallic 

materials are widely known for their high 

ductility, strength and toughness; Their excellent 

mechanical properties added to their good 

corrosion resistance make them an ideal material 

for bone and joint replacement and bone fracture 

fixation. Ceramic materials stand out with their 

hardness and low wear rates; While they are not 

as fracture resistant as metals, they have the 

highest compressive strength, so ceramics are 

extensively utilized in load bearing implants. 

Polymers may not be as strong as metals and 

ceramics, but they are the most broadly utilized 

materials in healthcare because of their versatility 

and other valuable properties. 

b) Metals are utilized as biomaterials owing to 

their outstanding mechanical, thermal and 

electrical conductivity. Owing to its exceptional 

mechanical possessions and corrosion resistance, 

numerous metals are utilized as hip and knee 

joints, spine fixation expedients, and dental 

implants. A number of metallic alloys are utilized 

for catheter guide wires, orthodontic wires and 

vascular stents. For biomaterials in the body, 

stainless steel, cobalt and titanium alloys, as well 

as magnesium, gold and silver alloys can be 

utilized. 

c) Biodegradable metals for example magnesium 

are predominantly encouraging in uses that 

provision tissue restoration and curing where 

load-bearing purpose is obligatory. It is 

extremely appropriate for fabricating completely 

resorbable intravascular stents for the handling of 

arterial illness, minimizing the danger of chronic 

inflammation accompanying with enduring 

metallic stent implantation. However, to 

truthfully enable the medical request of Mg-
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based bioabsorbable expedients, more 

widespread in vitro/vivo investigations are 

needed to definitively confirm the security of 

similar expedients. It has also been found that Fe 

and some Fe-based alloys are biodegradable.
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Abstract 

The research presented in this paper was conducted by the International Patient Service Directorate of a private 

hospital in Ankara. Health services are provided to Turkish and international patients in this hospital. The hospital's 

translation department was established in response to an increase in the number of foreign patients who arrived over 

time. This department's international patient relations specialists provide one-on-one service to patients from the time 

they make an appointment to the time they finish their treatment. Many issues arose as a result of the department's 

creation outside of a plan, rather than in response to a need. Employees' ineffective usage has an impact on their work 

performance, resulting in poor service quality. The goal of this paper is to optimize the number of international patient 

relations specialists and create a schedule that is appropriate for them.  
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1. Introduction 

The study discussed in this paper was carried 

out under the International Patient Service 

Directorate of a private hospital in Ankara. In this 

hospital, health services are provided to Turkish 

and foreign patients. The increase in the number of 

foreign patients coming over time has led to the 

establishment of a department that provides 

translation services in the hospital. Established 

International Patient Services Directorate aims to 

provide quality service to foreign patients. There 

are 30 employees in the department and they can 

speak languages such as English, French, Russian, 

Azerbaijani, Arabic and Bulgarian. International 

patient relations specialists working in this 

department provide one-to-one service to patients 

from the appointment of patients to the completion 

of their treatment.  

The establishment of the department not within 

the framework of a plan, but in line with the need, 

caused many problems. As a result of the 

observations made in the business processes and 

the interviews with the employees, the problems 

experienced were determined. Then, a 

questionnaire was created and applied to the 

employees to understand which problem and/or 

problems are experienced more. In line with the 

results of the survey, the problems were ranked in 

order of importance by means of Pareto analysis 

[1]. As a result of all these studies, it has been seen 

that the two most common problems are the 

ineffective use of the employees and the 

spontaneous work distribution among the 

employees. Ineffective usage of employees affects 

their work performance and this causes their 

service quality to be poor. Spontaneous distribution 

of work causing communication issues between 

workers and this leads to unfair distribution of 

workloads. In this paper, purpose is to optimize 

number of international patient relations specialists 

and create a proper schedule for them. Scheduling 

is the process of allocating the resources to 

different tasks in order to achieve optimality [2], 
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[3]. The goal is to eliminate the observed problems 

in order to enhance the currently given service to 

foreign patients. When the enhancements will be 

made to related activities; employees’ work load 

will be properly distributed. It will increase the 

employee performance, leading to higher patient 

satisfaction. This will improve the operations in 

terms of competitiveness and efficiency [4]. 

2. Background 

Worker or resource assignment is a very 

important decision-making problem in both the 

manufacturing and service sectors [5]. Resource 

assignment is the assignment of workers or other 

production resources to machines or to specific 

jobs and aims to increase production efficiency [6]. 

Assigning employees to the right jobs and in the 

right number aims to optimize service time, reduce 

employee costs and provide the required level of 

quality [7]. 

The mentioned private hospital established in 

Ankara, for the purpose of giving word class 

medical service. Quality service offered in every 

field increases the number of patients, and the 

increased demand raises the responsibilities of the 

employees. With its experienced staff, the hospital 

aims to provide the highest quality health service 

by combining its knowledge and experience with 

advanced technology. In doing so, adding value to 

human life and exceeding expectations are 

important goals.  

In time increase in number of foreign patients 

that come to hospital, lead management to open a 

new department called International Patient 

Services Directorate. In the directorate, there are 2 

managers, 1 marketing director, 1 operational 

director and 30 international patient relations 

specialists. 

The given operations are designed for patients 

to leave the hospital fully satisfied. The following 

operations are done by the department: arranging 

appointments according to patient’s request, 

meeting and greeting with patients at the entrance, 

registration at the front desk, accompanying patient 

in rest area and guiding to department, translation 

during the inspection, helping with insurance 

procedures, guiding through payment and 

checkouts, additional tasks (accompanying patients 

to pharmacy), translation of the documents. 

According to meetings with the department 

and observation of department’s services, it has 

been observed that the presence of all employees in 

the department at all times creates a problem for 

both the hospital management and the employees. 

Employees' working environments have an 

important relationship with their working attitudes, 

motivations and performances [8], [9]. Therefore, 

the narrowness of the offices and non-ergonomic 

office designs of the department and the imbalance 

in the number of translators were also some of the 

reasons for dissatisfaction for the employees [10]. 

These examinations made by brainstorming with 

department’s employees, inspecting the tasks made 

by employees by accompanying them within the 

processes and meeting with department directors in 

order to include their point of view while defining 

the problem symptoms. 

3. Mathematical Model and Simulation 

Study 

In this research, the objective is finding the 

optimal number of international patient relations 

specialists in International Patient Services 

Directorate and their assignment according to their 

languages.  

The goal that is expected to achieve by doing 

these enhancements is eliminate lack of employee 

and disorganization in department. To prove 

mathematical model is successful at eliminating 

this problems, a simulation study was made. This 

simulation was made in two different scenarios in 

Arena software. One was made using current 

number of employees and second was done 

according to mathematical model. It is expected to 

observe the number of serviced patients stay the 
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same in both scenarios. The continuous work flow 

with optimal number of employees that found by 

mathematical model will show the model is 

successful. 

The mathematical model and its details are 

given below [11], [12]. 

3.2. Assumptions 

To clearly model the problem, we make the 

following assumptions: 

1. Work time is considered between 08.00-18.00 

and this time interval is divided into 1 hour 

periods. 

2. Total number of languages are considered as 

7. 

3. It is considered as all international patient 

relations specialists speak only 1 language.  

3.3. Mathematical Model 

Indices 

I: Set of all patient relations specialists in each time 

period (𝑖 ∈ 𝐼) (𝑖 = 1, … , 10) 

J: Set of all available languages (𝑗 ∈ 𝐽) (𝑗 =

1, … , 7) 

Parameters 

𝑎𝑖𝑗*: Average number of patients for each 

language in each time period 

*: All the data given in Table 1 were collected as a 

result of observations made in the department. 

Table 1:  Average Number of Patients for Each Language in Each Time Period 

    j 

  i 
1 2 3 4 5 6 7 

1 0,42 0,25 0,17 0,17 0,67 0,08 0,17 

2 1,33 0,75 0 1,58 1 0,25 1 

3 2,08 1,42 0 2,5 1,58 0,08 1,083 

4 1,67 0,67 0,17 1,58 1,17 0,25 1,41 

5 0,25 0,08 0 0,41 0,5 0,08 0,33 

6 0,67 0,17 0,08 0,83 0,5 0 0,25 

7 1,33 0,5 0,33 0,91 0,91 0 0,75 

8 0,75 0,67 0,08 1,08 0,42 0,17 0,75 

9 1,17 0,25 0,08 0,58 0,5 0,25 0,33 

10 0,83 0,25 0,17 0,33 0,5 0 0,67 

 

Decision Variables 

𝑥𝑖𝑗: Number of employees that works in time 

period 𝑖 and speaks language 𝑗 

 

Objective Function 
 

 min 𝑧 = ∑ 𝑥𝑖𝑗
i∈I
𝑗∈𝐽  (1) 

 

 

 

Constraints 

In equation (2), it is expected that number of 

employees that works in time period i and speaks 

language j should be greater or equal to average 

number of patients for each language in each time 

period. 

 

𝑥𝑖𝑗 ≥  𝑎𝑖𝑗         ,  ∀𝑖 ∈ 𝐼, ∀𝑗 ∈ 𝐽  (2) 
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In equation (3), it is expected that, there should be 

at least one employee for each language in every 

time period. 

  

𝑥𝑖𝑗 ≥ 1         ,  ∀𝑖 ∈ 𝐼, ∀𝑗 ∈ 𝐽 

 

 (3) 

Equation (4) is sign restriction. 

 

𝑥𝑖𝑗 ≥ 0         ,  ∀𝑖 ∈ 𝐼, ∀𝑗 ∈ 𝐽 (4) 

4. Results and Conclusion 

The mathematical model was solved with 

GAMS software. From the solution, it has been 

seen that objective function is equal to 21 which 

means there should be 21 total International Patient 

Relations Specialists. Their assignment to the 

languages as follows: 4 of them should be English 

speaker, 3 of them should be French speaker, 2 of 

them should be German speaker, 3 of them should 

be Arabic speaker, 3 of them should be Azerbaijani 

speaker, 2 of them should be Balkan languages 

speaker and 4 of them should be Russian speaker. 

Identified most important problems are 

ineffective usage of employees and spontaneous 

work distributions. Within the scope of this 

research, optimizing number of employees and 

assignment of these employees to languages is 

done with mathematical modelling. The model was 

created in the purpose of getting optimal number of 

employees that fulfills the demand. After finding 

the optimal solution, simulation study was done in 

order to verify the results obtained from the 

mathematical model.  

It has been observed that if the number of 

translators, which is currently 30, is reduced to 21 

as a result of the solution of the model and the 

simulation study, the performance of the 

department does not decrease and the incoming 

patients can be provided with full service. In the 

final situation, it can be seen that 30% 

improvement can be made in line with the proposed 

solutions. 
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ABSTRACT 

5th metacarpal neck fractures are very common in orthopedic practice Although the management is mostly 
conservative methods, surgical treatment is also an option in some fracture types. In this study, we aimed to 

design and manufacture of a hand splint, with an additional use of 3D technology. There are different 

treatment options for fifth metacarpal fractures of the hand. If the fracture angle is greater than 35-50o or 
there is a rotational deformity, surgical treatment could be preferred. In other cases, non-operative treatment 

such as plaster cast and splint can be applied however, these methods may not be very comfortable for the 

patients and not enough to regain desired position of bone and hand function. In this study, some equipment 
would be to be developed to assist fracture repair with more comfortable and functional way for the patients. 

This equipment aims to use the principle of 3-point fixation in orthopedics and would ensure that the bone is 
in the correct position and the patient could use other functions of the hand. 

In the current study, the effect of springs of different sizes and properties would be examined, and the data 

obtained would be evaluated and splint would be resized. As a result, the spring coefficient, spring size, 
position needed to prevent the springs from damaging the skin and the other materials needed would be 

determined, also by getting help from the 3D technology. The idea of this design is to contribute to the 

treatment and management during the healing process of the fracture and that the patients would use this 
product more comfortable and functional way during the treatment. 
 

Keywords: Splint, 5th metacarpal fracture, Artificial bone modelling, Finite Element analysis. 

Introduction

5th metacarpal fracture injuries are very 

common in orthopedic practice and the 

treatment of these fractures is repositioning 

and splinting to maintain skeletal alignment, 

obtaining strong bony union, and  

rehabilitation to regain the functions 

unrestricted motion[1]. The treatment of these 

fractures is mostly non-surgical [2]. Surgical 

approach may be required depending on the 

position, malrotation and size of the bone 

fracture. The treatment options are variable. If 

the fracture angle is greater than 35-50o or 

there is a rotational deformity, surgical 

treatment could be preferred. In other cases, 

non-operative treatment such as plaster cast 

and splint can be applied. The purposes of 

plaster cast and splint are immobilization, 

protection, and prevention of deformity [3]. 

However, these methods may not be very 

comfortable to the patients and some 

complications as joint stiffness and rarely skin 

necrosis can be encountered[4]. These 

problems can be eliminated by developing an 

adjustable and functional equipment. 

In current design, we used 3-point fixation 

principle in which, the fracture is fixed by 

applying different forces from the upper and 
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lower sides of the fracture area. These forces 

can be applied by using springs with different 

sizes and coefficients. the ability to change 

the positions of springs could help adjusting 

them according to patients’ hand size and 

comfort feeling Adjustable hand splints can 

be fabricated using FDM 3D printing. FDM 

3D printing is an additive manufacturing 

method that uses thermoplastic materials to 

produce parts[5,6]. Hand splints in different 

geometries and sizes can be developed with 

this method. 

In this study, as part of splint design, the 

deformation and stresses that occur in the load 

cases which were applied via the finite 

element method in a hand splint model based 

on the 3-point fixation principle would be 

examined. Considering the stresses occurring 

in different load situations, the forces applied 

by springs would be examined up to a point 

that those would not damage the skin. For this 

purpose, stress and displacement would be 

examined by modeling 5th metacarpal 

fractures and applying fixation loads from 

different points from above and below. 

Methods & Materials  

Hand splint design using 3-point fixation 

method is demonstrated in figure 1.  

Three dimensional (3D) models  

The 5th metacarpal bone was modeled 

using the CAD design program by 

considering the dimensions measured in 

previous studies. The length and thickness of 

the 5th metacarpal bone are approximately 54 

mm and 7 mm, respectively. The size and 

CAD model of 5th metacarpal bone is shown 

in Figure 2. 

 

Figure 1. 3-point fixation method detailed representation (with Spring).  
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Figure 2. Three-dimensional (3D) artificial model of the fifth metacarpal. 

Finite element modelling (FEM) 

After the 3D models were created, they 

were imported to finite element analysis 

software ANSYS. Young’s modulus (E) 

and Poisson ratio (y) of bone were defined 

as 7300 MPa and 0.3. Fixation forces were 

applied for two cases. In the hand splint 

model, different fixing forces were applied 

in two different positions. Figure 3 shows 

the representation of a load of hand splint 

models for different fixation positions. In 

the stress and strain analysis, different 

forces in the range of 10-60 N were applied. 
The forces F1, F2, and F3 applied to points 

1, 2, and 3 are shown in Table 1. 

 
Figure 3. Representation of a load of hand splint models for different fixation positions. 
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Table 1. The forces F1, F2, and F3 applied to points 1, 2, and 3. 

Case 1 Case 2 

F-1 

(N) 

F-2 

(N) 

F-3 

(N) 

F-1 

(N) 

F-2 

(N) 

F-3 

(N) 

20 10 10 20 8 12 

40 20 20 40 16 24 

60 30 30 60 24 36 

80 40 40 80 32 48 

100 50 50 100 40 60 

120 60 60 120 48 72 

140 70 70 140 56 84 

 

Results 

In this study, the displacement and stresses 

that occur as a result of the forces acting on 

the fixing points are analyzed. Figure 4 

shows the deformation and stress in the 

fractured bone when the applied load F1 is 

120 N. As a result of the analysis, it was 

shown that the displacement in the fracture 

area was at an acceptable rate. The 

displacement and stress values for different 

F-1 loads are shown in Table 2. The stress 

at the fixing points increased in direct 

proportion to the applied force. The 

continuous load applied on the skin tissue 

could cause damage to the skin over time. 

The ability to relocate the load in fracture 

fixation can play an important role in 

preventing tissue damage. The production 

of hand splints with the FDM 3D printer in 

different sizes and with the ability to change 

the load points for patients can make 

patients feel more comfortable. 

Table 2. The deformation and stress values for different F-1 loads. 

Case 1 Case 2 

F-1 
(N) 

Deformation 
(mm) 

Stress 
(Mpa) 

F-1 
(N) 

Deformation 
(mm) 

Stress 
(Mpa) 

20 0,0021 3,6 20 0,0026 3,67 

40 0,0042 7,199 40 0,0526 7,34 

60 0,0062 10,799 60 0,0789 11,01 

80 0,0083 14,399 80 0,0105 14,68 

100 0,011 17,998 100 0,0131 18,35 

120 0,0125 21,598 120 0,0158 22,02 

140 0,0145 25,198 140 0,0184 25,69 
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Figure 4. Deformation and stress in the fractured bone when the applied load F1 is 120 N. 

 

Discussion and Conclusion 

In this study, we used 3-point fixation 

principle and formed a fractured bone 

model using CAD design program, 

evaluated finite element analysis by using 

different forces as part of hand splint 

design.  

The main interest of this study is 5. 

metacarpal neck fractures. These are the 

commonest one among all metacarpal 

fractures and it constitutes 25% of all 

metacarpal fractures. It is known as boxer 

fracture and occurs generally with punch 

injury due to anger  [7]. In recent years, with 

advance in surgical techniques and 

materials, better understanding of 

biomechanical principles, surgical 

management has been increasing. However, 

non-surgical approach would improve 

painless and faster healing and better 

rehabilitation period. Despite the debate on 

surgical or non-surgical approach, the 

majority of these fractures are still treated 

without a surgical method. On the other 

hand, if there is malrotation, extreme 

angulation (over 30 or 40 degrees) and 

shortening, these are surgical treatment 

indications [7]. K-wire and fixation with 

plate and screws and the surgical 

techniques. The possible problems due to 

this fracture type are disappearing of 

knuckle, joint stiffness, difficulty in 

extension and weakness of grabbing. Non-

union, malunion and infection are some of 

known surgical complications [8]. 

In splint design, we planned to use springs 

to apply pressure around the fracture sites. 

To determine the required pressure forces 

around the fracture sites, we analyzed the 

different forces applied by springs carefully 

and compared these with literature. In the 

literature, the required pressure force to 

damage the human tissues are described as 

equal and above 25MPa [9]. Therefore, we 

paid attention to keep the applied forces 

below 25MPa. In the literature, it is 

mentioned that some amount of forces 

applied to fracture site externally would 

speed up the healing process and duration 

[9].  Zhang et al. mentioned various animal 

studies which support some stress (low 

stress) on the bone would promotes callus 

formation and increases bone strength. 

However, higher stress may lead to an 

unfavorable outcome[10]. Similarly, 
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another study by Kenwright and colleague 

emphasized the importance of appropriate 

mechanical stimulation and forces shortly 

after injury to enhance the healing process 

of fractures [11]. 
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Abstract 

External ballistics is a subject that focuses on the flight dynamics of the projectile. This study investigates the 

influence of the different shapes of the projectiles for the 40mm cannonballs made of distinct materials to 

understand which sample has the better shooting range operating with the air pressurized gas gun barrel 

system. The developed gas gun system empowered the projectile with compressed air. The projectiles are 

manufactured from beech and polyethylene to differ the density of the samples. Compressed air level increased 

step by step to reach 8bars in an open-air zone. For the total eight samples, different experiments are repeated 

with 7bars and 8bars. Because of the better self-lubrication capability, polyethylene sample properties with 

filled conical nosed projectiles exhibit the maximum range of 26.25m. 

 

Key Words:  projectile shape; projectile range; gas gun; external ballistics 

1. Introduction 

For numerous objectives, researchers deal with the 

terminal ballistics after weapon evolution [1-3]. 

The terminal ballistic concept covers the issue of 

the projectile, target, and the effects of impact or 

penetration each other. Armor protection 

capabilities against bullet or shrapnel etc., from 

previous to present-day considering the material 

development introduced respectively basic steel 

vest, ceramic and composite armors. The heavier 

and low protection effects steel vests leave the 

area to commonly used lightweight shields. 

Composite materials incorporated with the fibers 

as a supporting matrix system can be dramatically 

a reliable shield. The glass fiber, aramid fiber, and 

especially Ultra High Molecular Weight 

Polyethylene (UHMWPE) fibers or fabrics are the 

most popular reinforcements in a matrix or just 

itself for the preferred armor system. The 

researchers can find some studies investigating the 

interaction between the projectile and armor [3, 4]. 

These researches commonly are focused on the 

projectile-armor impact and penetration 

characteristics [4-6]. 

Various studies are investigating the deformation 

caused by the different nose types of the 

projectiles. Additionally, the flight dynamics of 

different types of projectiles were also studied [7-

9]. For the safety against various projectile types, 

lately, composite armors have been used while 

other applications of the composite structures have 

been studied so far [10-12]. 

For this study, we investigated the shooting range 

of the projectiles by changing nose profiles with 

full and half-empty 40mm diameter cannonball 

projectiles. The projectile materials are selected as 

beech and polyethylene to differ the density of the 

samples. The projectiles' shape was applied as two 

conical and two round-nosed while one of it filled, 

the other projectile half empty like a shell. The 

developed air pressurized gas gun barrel is utilized 

for the maximum pressure of 8bars. After the gas 

gunshots, polyethylene Sample 1 (P1) has a 

maximum range of 26.25m. 

 

2. Test Setup 

When considering the manufacturer's ability, the 

beech and polyethylene projectiles do not have 

exactly the same dimensions for some areas of the 

samples. To utilize wood (beech) and polyethylene 

samples four projectile shapes were selected for a 

fundamental evaluation of the shooting ranges. 

The reason for the differences between the 

samples is due to the production methods of 

projectiles. The Polyethylene samples are 

processed in the lathe, while Beech samples are 

hand-made on a wood machining lathe, causing 

the projectiles to be not identical. 

The shapes of the projectiles and the dimensions 

are given in figure 1. 
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2.1 Gas-gun and The Experiments 

The location was determined to reduce the harmful 

effects of projectiles as this test focuses on the 

range. The projectile shapes were preserved after 

each shooting not to cause a change in shooting 

characteristics. The gas gun was almost fixed on a 

platform for better progress. But the platform is 

not rigid because of application via hand. Thus 

some of the results were influenced by it. To 

evaluate the range of the projectiles measuring 

tape was placed between the 

test setup and the maximum range of 54.15m. 

 

 

 

 

 

Figure 1. Wood (Beech) and Polyethylene projectile dimensions. 

 

The measuring tape was marked starting from the 

tip of the barrel at 10m intervals. The test setup 

can be seen in figure 2. 

The air pressure generated in the compressor was 

viewed on a manometer and was released  

manually via a spherical valve placed behind the 

barrel. Manual operation of the valve mechanism 

caused discrepancies regarding the contact 

moment of compressed air and the projectile. 

 

 

 

Figure 2. Test setup. 
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2.2 Experiments 

Preliminary test shots were conducted to 

determine the range at 1bar, 3bar, and 5bar 

pressures. Projectiles couldn't reach acceptable 

velocity limits at these pressures and could only 

travel short distances like 5m. However, when the 

projectiles were launched at a pressure of 6bar, 

adequate range (10m) expectations were being 

met. The objective of these preliminary tests is to 

ensure that the projectile is capable of causing 

certain damage when it reaches the target at said 

pressures. In total, eight projectile types were 

produced from polyethylene and wood (beech). 

Each projectile was launched seven times in order 

to evaluate the results for experimental reliability. 

3. Results and Discussion 

After the preliminary tests, 6bar shootings are 

accepted as a limit for the overall process. Even 

the 6bar pressure does not launch the projectile 

well enough for a better evaluation during the 

experiments. And also, because of the 

compressor's security reasons, the maximum 

pressure can be 8bar. It was found that the 

preliminary tests at the pressure values of 7 and 

8bar.  

Initially, the experiment results for the 7bar 

shootings can be investigated. When the four types 

of PE and Beech are considered, the range of P2 

and B2 have the longest run. P2 (polyethylene 2) 

has the maximum shooting range due to the empty 

part at the backside of the sample. The full range 

of P2 is 18.59m, but the mean range between 

seven tests is 17.698m. B2 (Beech 2); It is seen 

that this sample was reached the most extended 

range with its beveled front (conic) structure and 

again half-empty body. The maximum range of the 

B2 sample is 14.97m, while the mean range is 

13.01 m. As a result of 7bar pressure shots, the 

material with the maximum range was P2. 

After the experiments first and the second 

projectiles performed better than the others, based 

on the 7bar shooting results, the P1, P2, B1, and 

B2 samples were tested under 8bar pressure for a 

preferable shooting-range performance. The range 

of polyethylene samples is higher during the tests. 

The P1 sample was observed to be the most 

optimum bullet with an average range of 23.8m 

and a maximum range of 26.25m. In the beech 

samples, the B1 sample has a full range of 26.2m, 

but on average, 20.265m B2 sample has the 

maximum average value when the beech samples 

are evaluated. 

Additionally, when the shots are analyzed, it can 

be seen that it is acceptable that the tiny shape 

errors and the undulating wind affect the projectile 

flow in the air. The main parameter influences the 

flow of the projectiles in the air is the density and 

masses of the projectile. 

4. Conclusion 

To conclude the remarks of this study: 

When the wind occurs, it affects the projectile 

flow in the air, creates an unsteady and irregular 

motion, and changes its direction. 

For long-range shootings, the projectile should be 

heavier to absorb the wind effects and directly 

travel to the target. 

Beech projectiles have extra friction causing a low 

speed and less range. 

P1 sample has the maximum range when it is 

compared with the others. 

Because of the polyethylene sample's better self-

lubrication capability, filled conical nosed ones 

show the maximum range of 26.25m. 
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Abstract 

Rocker arm is an integral component for valve actuation in Internal combustion engines. Its design needs to be 

safe for a wide range of applicable stresses. The situation also demands for an economical use of the 

manufacturing material. Finite Element Method is widely used for design validation and modification using 

different simulating software. This study deals with design modification and analysis of rocker arm used in Honda 

CG-125 using SolidWorks 2019 and ANSYS 2020 R1. The analysis was conducted by comparing equivalent von-

Mises stresses, deformations and factor of safety. Cast Carbon Steel, Aluminum Alloy 6060 T6 & Aluminum Alloy 

7075 T6 were analyzed. The best results were shown by Aluminum Alloy 7075 T6. Aluminum Alloy 6060 T6 was 

found to be the least appropriate material from the considered options. Although the modified design utilized less 

material, it performed considerably well for different materials used for manufacturing rocker arms. The factor 

of safety improved from 1.0089 to 2.8309 for Aluminum Alloy 6060 T6 and from 1.3573 to 4.0787 for Cast Carbon 

Steel, for a load of 22.5 N. For Aluminum Alloy 7075 T6, factor of safety increased from 2.56 to 7.64. The design 

may further be modified and improvements may be made given the geometric constraints of the assembly

Key Words:  Analysis; Design; Finite Element Method; Rocker Arm 

1.  Introduction 

Rocker arm is basically a lever comprising of two 

arms. It is an integral part of an internal 

combustion engine. One arm is in contact with 

the cam while the other with the push rod for the 

valve. The actuation of the valve is accomplished 

through the motion of rocker arm [1]. This 

enables the air to be inducted during the intake 

stroke and the exhaust gases to be expelled 

during the exhaust stroke [2].  

 

 

Fig. 1. Honda Cg-125 Rocker Arm Assembly 

   

 

Fig. 2. SolidWorks 3D Model (Old) of Rocker 

Arm 

The rocker arm only changes the direction of 

force applied from the cam to the push rod. The 

rotary motion of cam is converted to linear 

translation of the push rod and hence the 

reciprocation of the valves [3]. The mechanical 

advantage of rocker arm is termed as ‘Rocker 

Ratio’. As the rocker ratio increases, the 

performance also increases [4].  

The exhaust valve rocker arm requires greater 

force for lifting as compared to the inlet one. But 

adjustments are made for identical operation [5, 

9-11]. 

Syed Muhammad Ahmad Kazmi1 
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Various forces acting include: 

1) Exhaust gas pressure for opening the 

valve 

2) Inertia of the rocker arm that prevents its 

motion 

3) Spring force that holds the valve against 

suction 

The failure of rocker arm occurs due to stresses 

and fatigue. The crack initiation & propagation is 

caused by multiple origin fatigue and weak micro 

structure of low-fatigue strength material. Lee, 

Cho & Joo found that the cause of the failure was 

bending force [6]. 

2.  Objective 

The objective of this analytical study is to 

research the possible design modifications in the 

rocker arm given the assembly geometrical 

constraints. Three different materials were used 

for comparison between old and modified design 

in terms of deformations, von-Mises stresses and 

factor of safety. The materials used were Cast 

Carbon Steel, Aluminum Alloy 6060 T6 & 

Aluminum Alloy 7075 T6.  

3.  Materials & Properties 

The general materials used for rocker arm 

manufacturing include steel & Aluminum alloys. 

Steel is sued owing to its structural & fatigue 

resistance whereas Aluminum allows better 

strength-to-weight ratio. The results have been 

verified by Husain & Sheikh [4]. Cast Carbon 

Steel is type WCC, SA216 & annealed. 

Aluminum Alloy 6060 T6 & 7075 T6 are from 

6000 & 7000 series respectively. these have been 

tempered via heat treatment for required 

precipitation hardening.  

Table 1. Material Properties [7] 

Property Cast C-

Steel  

Al-6066 

T6 

Al-7075 

T6 

Young’s 

Modulus 

(MPa) 

2.034e+05 68.9e+06 71.7e+06 

UTS 

(MPa) 

447.9 393 572 

Poisson’s 

ratio 

0.2998 0.33 0.33 

4.  Methodology 

The 3D modeling is done using SolidWorks 

2019. The model is then imported for simulation. 

The software used is ANSYS 2020 R1.   

4. 1 Modeling in SolidWorks 

The model dimensions were retrieved from [8]. 

The SolidWorks modeling was carried out using 

various extrusion and revolve commands. The 

file was saved in Parasolid format and imported 

to ANSYS. 

4. 2 Meshing in ANSYS 

The default settings are used for meshing except 

for the fact that the resolution was set to 1. The 

increased resolution increases the accuracy of the 

results & yields a better mathematical model. 

4. 3 Static Structural Analysis 

The simulation carried out in ANSYS is ‘Static 

Structural’. The details are as follows: 

1) A cylindrical support was applied at 

support bore with free movement in 

tangential direction. 

2) A force of 22.5 N was applied at the 

surface that comes into contact with cam, 

in normal direction.  

3) Displacement is allowed normally for 

the push rod seat. 

Basically, the magnitude of the force was 

approximated by the fact that Aluminum Alloy 

6060 T6 has the lowest UTS theoretically so the 

force was adjusted to make the older design just 

safe for this material. The displacement was 

allowed normally for push rod seat as the push 

rod moves linearly and this simulates the real 

situation well.  

The valve seat translates linearly as much 

possible and then the remaining effect of the 

applied load is structurally studied in terms of 

deformations, equivalent von-Mises stresses and 

factor of safety.   

4. 4 Design Modification 

The design was modified by analyzing the multi-

origin failures. The details are discussed in the 

results & discussion section. Following things 

were taken care of: 

1) The fillet at the front of the main body 

was removed. 
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2) The fillet at the push rod seat-main body 

interface was removed. 

3) The fillet at the push rod fixing hole was 

removed. 

4) Fillets were added at the sharp edges 

throughout the geometry for saving 

material incurred due to the preceding 

steps. This included: 

a) Fillets of radius 0.175 mm at the 

edges of support bore and lower 

edges of main body. 

b) Fillets of 0.5 mm radius on the edges 

of the hook, edges of the protruded 

surface in contact with cam and the 

curvilinear edges of main body. 

c) Fillets of 1.95 mm radius on the 

back edges of the main body. 

The modified design is as follow: 

 

 

Fig. 3. SolidWorks Modified Model of Rocker Arm 

4. 5 Mass Properties 

The mass of the older 3D model is determined via 

‘Mass Properties’ command in ‘Evaluate’ tab of 

SolidWorks. It comes out to be 5.33 grams. The 

modified model is also determined to be 5.28 

grams. Hence, 0.938% mass was reduced but the 

performance was improved as outlined in the 

results & discussion section. 

5.  Analysis & Results  

The scale used in the graphical display for total 

deformation & equivalent von-Mises stresses is 

set to ‘Auto’ i-e., 1.7e+02. The results are as 

follows: 

5.1 Older Design 

5.1.1 Total Deformation 

 

Fig. 4. Aluminum Alloy 6066 T6 

 

 

Fig. 5. Cast Carbon Steel 

 

Fig. 6. Aluminum Alloy 7075 T6 
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5.1.2 Equivalent von-Mises Stress 

 

Fig. 7. Aluminum Alloy 6060 T6 

 

 

Fig. 8. Cast Carbon Steel 

 

Fig. 9. Aluminum Alloy 7075 T6 

5.1.3 Factor of Safety 

 

Fig. 10. Aluminum Alloy 6060 T6 

 

 

Fig. 11. Cast Carbon Steel 

 

 

Fig. 12. Aluminum Alloy 7075 T6 

5.2 Modified Design 

5.2.1 Total Deformation 

 

Fig. 13. Aluminum Alloy 6060 T6 
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Fig. 14. Cast Carbon Steel 

 

Fig. 15. Aluminum Alloy 7075 T6 

5.2.2 Equivalent von-Mises Stress 

 

Fig. 16. Aluminum Alloy 6060 T6 

 

Fig. 17. Cast Carbon Steel 

 

Fig. 18. Aluminum Alloy 7075 T6 

5.2.3 Factor of Safety 

 

Fig. 19. Aluminum Alloy 6060 T6 

 

Fig. 20. Cast Carbon Steel 

 

Fig. 21. Aluminum Alloy 7075 T6 
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6.  Discussion 

The above results depict that Aluminum Alloy 

7075 T6 is the most suitable material for either of 

the designs while Aluminum Alloy 6060 T6 is 

the most inappropriate one. Furthermore, the 

modified design has considerably increased the 

factor of safety, reduced the total deformation & 

equivalent von-Mises stress. Hence, the 

adjustments made are justified. Moreover, the 

redesign was done keeping in mind the space 

constraints of the assembly. 

The results agree well with the expected ones 

from theoretical point-of-view & have been 

summarized as follows: 

Table 2. Results 

Material FOS Eq. 

Stress 

(MPa) 

Total 

Deformation 

(mm) 

Al-6060 

T6 

1.0089 160.57 0.031 

Cast C-

Steel 

1.3573 172.62 0.01055 

Al-7075 

T6 

2.56 170.39 0.029 

Al-6060 

T6 

(Modified 

Design) 

2.8399 57.044 0.0279 

Cast C-

Steel 

(Modified 

Design) 

4.0787 57.445 0.0095 

Al-7075 

T6 

(Modified 

Design) 

7.6467 57.044 0.0264 

The UTS of the three materials used for the 

analysis are in the order: Aluminum Alloy 6060 

T6 < Cast Carbon Steel < Aluminum Alloy 7075 

T6. This reflects well in terms of the results 

obtained. The factor of safety is maximum for 

Aluminum Alloy 707 T6 and minimum for 

Aluminum Alloy 6060 T6. The total deformation 

is maximum for Aluminum Alloy 6060 T6 while 

is minimum for Cast Carbon Steel due to its less 

ductility & more rigidity. The von-Mises 

equivalent stresses are minimum for Aluminum 

Alloy 6060 T6 and maximum for Cast Carbon 

Steel.  

This arises due to the same fact that Aluminum 

Alloy 6060 T6 is the most ductile while Cast 

Carbon Steel is the least. 

7.  Conclusion 

The design modification drastically increased the 

factor of safety for all materials.  

 The factor of safety increased by 181.5% 

for Aluminum Alloy 6060 T6. 

 For Cast Carbon Steel, factor of safety 

increased by 200.5%. 

 The increase is of 198.7% for Aluminum 

Alloy 7075 T6. 

The most suitable material, having high strength-

to-weight ratio, is Aluminum Alloy 7075 T6 in 

terms of the highest factor of safety for both 

designs. While Cast Carbon Steel was most 

affected by design modifications as its factor of 

safety increased the most.   
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Abstract 

Till now, most of the previous work has emphasized the functioning of several structural health monitoring 

(SHM) techniques and systematic changes in SHM execution. However, there exist insufficient data in the 
literature regarding the patent-based technological developments in the SHM research domain which 

might be a useful source of detailed information for worldwide research institutes. To address this 

research gap, a method based on the Co-operative Patent Classification (CPC) codes is proposed in the 
current study.  The proposed method includes the patent analysis of SHM in terms of its global publication 

trend and technology-based applications. This analysis is performed using patent database search tools, 
namely, IncoPat and Espacenet. The period ranging from 2005 to 2019 is selected to retrieve the required 

patent documents. The research results have revealed the increasing trend in the number of published 

patents each year related to various SHM technologies. In this regard, China, the United States, and South 
Korea are notified as to the major depositor countries, respectively. Hence, mapping of patent data in this 

research is an effort to illustrate the effectiveness of the proposed method to demonstrate the development 

trends over the time in SHM research domain.  

Key Words: structural health monitoring; patent analysis; technological dynamics; publication trend 

analysis

 

1. Introduction 

The gradual growth of a crack in the structure has a 

significant value to describe its integrity. The 

existence of any kind of defect always reduces the 

efficiency of the structure. Inappropriate working 

conditions and poor maintenance can easily cause 

major failures of the equipment. In the 

transportation and engineering structural failures, 

casualties and economic losses are often 

catastrophic.  Hence, it is necessary to identify the 

damage initiation to enhance the service life of the 

mechanical and civil infrastructure. In this regard, 

structural health monitoring (SHM) systems are 

considered capable of constantly evaluating the 

accurate functioning of mechanical components 

using sensors and actuators which collect the 

monitored information without any interruption. A 

well designed SHM system detects not only the 

surface damages but also the inner abnormalities of 

the inspected specimen without executing any 

cutting procedure. It demonstrates the information 

about the current working state and assumed 

effectiveness of the structure, which is very useful 

in suggesting the compulsory maintenance 

operations required for the safety of structural 

components. Real-time SHM includes the accurate 

sensor’s configuration,  

proper mechanism of crack initiation, signal 

processing and digital data acquisition to avoid any 

tragic structural failure [1, 2]. The development of 

crack starts from the material manufacturing to the 

inappropriately attached components and 

ultimately affects the residual strength and damage 

tolerance of in-service structures [3–7]. In this 

framework, the SHM techniques not only enhance 

the reliability of mechanical components in all 

industrial applications but also reduce human 

errors during the damage inspection process [8–

11]. 

    The patent analysis gives us the opportunity to 
evaluate the significant features of the novel 

dynamics and technological developments in a 
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certain technology and its inventing organizations 

[12]. The information obtained from the patent 

analysis can be extensively implemented in 

technology forecasting [13–16]. The development 

trend in any technology depends on the increasing 

number of patents in that field [17]. Conversely, 

the quality of a patent is also considered as a 

significant parameter during the evaluation period 

of that technology [18]. 

     Hence, the present research aims to propose a 

method for the comprehensive analysis of patent 

documents that were filed and published from 

2005 to 2019 by both countries and companies in 

the SHM research domain.  

 

2. Research Methodology 

In the current research work, IncoPat patent 

database tool and Espacenet patent search tool are 

chosen to access the patent documents related to 

the evolution period of SHM from the official 

websites of patent organizations and the private 

sector of different countries. To find the patents 

published in the field of SHM, a search method 

based on the Cooperative Patent Classification 

(CPC) codes is adopted in current research.  CPC 

has been jointly recognized by the United States 

Patent and Trademark Office (USPTO) and 

European Patent Office (EPO). The required 

information based on CPC is retrieved by utilizing 

the appropriate keywords. 

     Patent files relevant to the SHM and its 

techniques are retrieved from 2005 to 2019. Once a 

patent is filed, it has to pass through different 

comprehensive evaluation phases before the final 

approval and publication. Normally, this 

evaluation period consists of several months 

depending on the application, therefore, the patent 

data for 2019 is approximated in the current 

research and the patent data for 2020 has not been 

included. In the next step, all the retrieved patent 

documents associated to a specific invention and 

published in different countries are classified into a 

single patent family by an approach named 

“extended family merger”, which is an accessible 

option in the original database of the IncoPat 4.0 

version. In this approach, the entire published 

patents of similar innovation are documented only 

once according to their earliest date of publication. 

The proposed research methodology has generated 

a final sample of 4089 patents associated with the 

evolution period of the SHM.  Hence, the 

significant patent classification codes obtained 

through the CPC search tool are demonstrated in 

Table 1. 

Table 1: Significant CPC codes associated with 

the SHM [19]. 

CPC code Description 

G01N 29/00 

G01N 29/041/043 

Structural health 

monitoring 

Ultrasonic guided wave 

inspection 

G01N 29/045 

G01N 29/028 

G01H 9/004/008 

G01N 29/48 

 

F04D 29/0413 

Acoustic emission 

inspection 

Electromechanical 

impedance 

Optical fiber sensing 

method 

Nonlinear elastic wave 

spectroscopy 

Comparative vacume 

monitoring 

 

The following five types of analyses have been 

conducted in this study to illuminate the patenting 

trend in the SHM research field over the period 

ranging from 2005-2019; 

 

 patent publication trend analysis; 

 technology-based publication trend analysis; 

 global technology construction analysis; 

 applicant  analysis; 

 Regional analysis 

3. Results Analysis 

The advanced research study aims to improve the 

working efficiency and reliability of mechanical 

and civil infrastructures by their regular inspection 

using the SHM systems. In this framework, the 

patent publication trend in the field of SHM has 

been illustrated in Fig. 1 and all the data is 

retrieved from 2005 to 2019. An overall increment 

can be observed till 2015 in the patent publication 

trend for SHM. A slightly declining behaviour is 

also perceived in the year 2016 and 2017 because 

of a deferment in the assessment phases of patent 

documents.  The highest number of published 

patents is noticed in the year 2015, and the patent 

count is 477.  This result indicates the maturity of 

global investment policies to motivate the research 

in SHM systems to ensure the optimal functioning 

of structural components.  
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Fig.1 Publication trend analysis in SHM 

In the past few years, significant research efforts 

have been conducted to promote the concept of 

SHM. Table 2 reveals the technologies related to 

structural health monitoring. Specific IPC codes 

are assigned to these technologies. These codes 

signify the real-time applications in which the 

SHM system is utilized. 

Table 2: Technology codes description for SHM 

applications. 

Technology 

code 

Specification Abbreviation 

G01M Testing of 

structures 

TOS 

G01B Measuring 

irregularities of 

surfaces 

MIOS 

G01N Analyzing 

materials by 

physical 

properties 

Anl.Mat.PP 

G01L Measuring 

mechanical 

efficiency 

MME 

G01K Measuring 

thermally-

sensitive 

elements 

MTSE 

G06F Electric digital 

data processing 

EDDP 

G01D 

G01H 

Tariff metering 

apparatus 

Measurement of 

T.Mt.A 

MOMV 

 

mechanical 

vibration 

H01L Semiconductor 

devices 

SCD 

G02B Testing of 

optical system 

TOOS 

Fig. 2 demonstrates the technology-based 

publication trend in the SHM research domain. It 

can be observed that the maximum number of 

patents is published in G01M technology, which 

indicates the several SHM applications such as 

testing of structures or apparatus, etc. The 

maximum patent count is observed in 2014 with 

226 published patents. The second position is 

attained by G01B technology with the maximum 

patent count 191 in 2014. This technology is 

mostly implemented in the measurement of 

surfaces irregularities and its dimensions such as 

length, thickness, etc. The third position is secured 

by G01N technology that signifies the inspection 

of a surface by determining its chemical or 

physical properties.  

The maximum patent count is observed in 2019 

with 105 published patents. The technologies 

related to measuring mechanical efficiency and 

digital data processing (G01L and G06F) are 

ranked at fourth and fifth position with a maximum 

patent count 176 and 64 in 2014 and 2019, 

respectively. Moreover, the recent emerging 

technology related to the measurement of 

mechanical vibrations (G01H) got the eighth 

position in this analysis with a maximum patent 

count 22 in 2017. Some other advanced 

technologies are categorized at different positions 

in the current analysis with the least patent count 

including measurement of thermally-sensitive 

elements (G01K), tariff metering apparatus 

(G01D), semiconductor devices (H01L), and 

testing of optical systems (G02B). 

All the SHM technologies are affiliated with 

relevant research institutes and companies. In this 

regard, Fig. 3 demonstrates the global distribution 

trend of SHM technologies and classifies the most 

advanced countries in this research field. Fig. 3 

reveals that China is among the top-ranked 

countries for introducing innovation in SHM 

applications and worldwide technologies 

distribution. China is followed by the United States 

of America (USA) and the World Intellectuals of 

Patent Organization (WIPO) 
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Fig.2 Technology-based publication trend in SHM [Abbreviations explained in Table 2]. 

 

Fig.3: Technology global distribution trend in SHM [Abbreviations explained in Table 2]. 

. This analysis reveals the incentive policy of 

China to endorse the concept of SHM in different 

mechanical and civil engineering research fields. 

Numerous programs have been introduced by the 

Chinese government in particular industrial zones 

to prompt the trend of patent filing for 

technological development. Hence, Fig. 3 has 

revealed the keen interest of several countries in 

the development of the latest SHM technologies 

related to damage detection, signal processing, 

measurement of vibration and surface 

irregularities, mechanical efficiency of structural 

components, etc.  

   There are several multinational firms and 

research institutes that are presenting their research 
on SHM technologies through the patent 

publication method. To categorize these 

organizations, applicant analysis is conducted and 

shown in Fig. 4. It can be noticed that the 

Southeast University of China is recognized as a 

leading research institute in introducing various 

SHM technologies. It mostly deals with research 

on the inspection of structural components in 

practical applications. The second position is also 

earned by the Chinese research institute named 

Dalian University of Technology (DUT). The third 

position is secured by an American company 

named Boeing. These all top-ranked research 

institutes and companies have focused on the four 

main applications specified in Table 2 with codes 

(G01M, G01B, G01N and G01L).  
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Fig.4  Applicant technology construction ranking in SHM 

 
Fig.5 Global regional ranking for innovative research in SHM. 

To determine the global region ranking of the 

countries in terms of the maximum percentage of 

published patents, regional analysis is performed 

from 2005-2019 as shown in Fig. 5.    

The results illustrate that China is the top leading 

country for innovative research in SHM systems 

with a maximum share of 63.48%. China is 

followed by the USA and WIPO with a percentage 

of 16.28% and 7.83%, respectively. South Korea 

has a bit high percentage of published patents as 

compared to the European patent organization.  In 

the framework of regional analysis, it can be 

perceived that China and South Korea surpasses of 
European countries in the patenting activity related 

to the development trend in SHM.  

 It may be assumed that these European countries 

have started to work on SHM patenting activity 

later than China and South Korea.  The countries 

possessing a higher percentage of patent 

publications indicate their mature patent filing 

infrastructure to provide advanced scientific 

information to international research and the 

business community.  

Fig. 6 demonstrates the global application trend 

analysis of the countries with the maximum patent 

count from 2005 to 2019. Two important aspects 

can be noticed in Fig. 6. Firstly, it shows that 

China is the leading country in applying the 
maximum number of patents each year followed by 
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the USA and WIPO for the innovative research in SHM systems. 

 

Fig.6  Global application trend for innovative research in SHM. 

Secondly, this analysis signifies the year 2015 with 

the highest applied patent count. A decreasing 

trend is also observed in the year 2016 and 

onwards because of the delay in the assessment 

phases of patents.  

Hence, the overall patent-based analysis for the 

SHM system promotes the concept of advanced 

scientific research related to structural safety in 

several practical fields such as transportations, 

power plants, industrial and architectural 

applications. 

4. Conclusion 

In the current research work, a method based on 

patent analysis is proposed to investigate the 

innovative efforts and patenting activity trends in 

the field of SHM. This analysis is performed over 

the period of 2005 to 2019 at the regional and 

organizational levels. The research results have 

revealed that the number of published patents on 

SHM is gradually increasing every year, and 

China, the United States, and South Korea are 

found to be the top depositor countries, 

respectively. 

The research institutes/companies working on the 

technological development of SHM systems are 

mostly the Chinese and American ones, and the 

core areas of knowledge are testing of structures, 

measurement of surface irregularities, structural 

damage and mechanical efficiency of components. 

It is necessary to state that China and South Korea 

surpasses European countries in the patenting 

activity related to the development trend in the 

SHM.  It may be expected that these European 

countries have started to work on SHM patenting 

activity later than China and South Korea. The 

countries possessing a higher percentage of patent 

publications indicate their mature patent filing 

infrastructure to provide advanced scientific 

information to international research and the 

business community. 
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Abstract: 

Automobile manufacturers are constantly developing new vehicles with a higher level of luxury, performance, 

convenience, and safety. A reduction in suspension weight also improves the handling of the vehicle. A steering 

knuckle is one of the parts that connect suspension, steering, wheel hubs, and brakes to the chassis, as well as 

supporting the vertical weight of a car. This study aims to decrease the weight of steering knuckles by applying a 

topology optimization approach. The CAD design of the steering knuckle was designed in SOLIDWORKS. 

Structural analysis was performed in ANSYS by restricting the knuckle and applying the same loads and moments 

for both structural steel and aluminium alloy. The stress analysis, total deformation, and material selection was 

done by using optimization technique. Results are examined and the knuckle structure is optimized based on the 

maximum deformation zones and stress concentrations. The zones have been modified to reduce stress 

concentrations either by increasing thickness or by removing material in precise ways. The optimization process 

resulted in a decrease of approximately 3% in equivalent stress and 18% in knuckle mass. The new design offers 

good stress performance, and the strain for aluminium alloy material is within acceptable limits. It is concluded 

that topology optimization is a very systematic way to optimize materials and layout in the defined design space.  

Key Words: Steering knuckle, Finite element analysis, Topology optimization, Static analysis, ANSYS 

1. Introduction 

The automotive industry is increasingly 

concerned with reducing the mass or weight of 

the car. Fuel efficiency, emissions reduction, and 

saving the environment will be improved with 

weight reduction. It is possible to reduce weight 

in several ways, including advancements in 

materials, design, analysis, fabrication, and 

optimization [1]. Scale economies have been 

achieved in recent decades due to mass 

manufacturing techniques. The shortcomings of 

these procedures have caused part designs to be 

inefficient whenever they are applied [2]. Light 

alloys also help reduce weight, which is 

becoming more and more a requirement in the 

transport industry because of environmental and 

social pressures. The fuel utilization and exhaust 

emissions of cars are greatly dependent on the 

weight, and for this reason, the automobile 

industry is exploring both advanced and 

innovative process technologies using lighter 

alloys, as well as innovative design 

methodologies [3]. Several studies have 

demonstrated that weight-saving has a powerful 

effect on reduced fuel consumption, and this is 

not only true for a single vehicle but also a fleet 

of vehicles [4]. Engine efficiency has already 

reached a remarkable level, which means that 

improvements can only be limited. However, the 

reduction of weight is a far larger area of 

improvement.  

Manufacturers of automobiles are continually 

developing new vehicles with greater 

performance, luxury, safety, and convenience [5]. 

Optimizing the design results in minimizing 

weight and maximizing performance centred on 

design uncertainty, conflicting constraints, and 

design borders. The steering knuckle is an 

essential structural part of the suspension system. 

When a vehicle is moved on an uneven road, it is 

crucial to minimize the roll and vertical 

movement of the vehicle, which can adversely 

affect the traveller comfort [6]. The new knuckle 

component design should minimize weight while 

meeting design targets for strength, stiffness, and 

durability. 

There have been several designs and structural 

analyses for this highly critical automotive 

component, using various finite element codes. A 

steering knuckle was investigated using the Finite 

Element Method (FEM) at uneven road surfaces 

by Niu et al. [7] using ANSYS software. It was 

reported that the adjacent steering knuckle 

shoulder would be damaged first [8]. An 

experimental failure analysis was carried out on a 
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ductile iron steering knuckle removed from a 

vehicle that had been damaged by a car accident 

by Triantafyllidis et al. [9] Ductile cast iron was 

found better for fatigue strength than other cast-

iron types. Multi-body simulation (MBS) was 

used to evaluate the life cycle of the knuckle by 

Kamal et al. [10] The MBS used an actual road 

profile and a load time history to analyse the 

stress. To reduce steering knuckle weight for 

heavy truck suspensions, Chuse applied shape 

optimization techniques [11]. Pilla. Anitha, et al. 

[12] reduced the weight of the steering knuckle 

joint while still maintaining a safe level of 

stress. Gondi Prabhu Charan Teja, et al., [13] 

studied the shape optimization method to reduce 

the mass of steering knuckle by 63.9%. A review 

of the literature reveals that many researchers 

have studied the effects of weight reduction on 

steering knuckle shapes, as well as stresses and 

material properties [14].  

The primary focus of automobile manufacturers 

has been weight reduction to conserve natural 

resources and economize energy. By reducing the 

steering knuckle's weight, the fuel consumption 

decreases. Multi-objective topology optimization 

was used to find the optimal solution with given 

objectives and constraints [15]. The objective of 

this study is to design and optimize the weight of 

the steering knuckle using SOLIDWORKS and 

ANSYS software respectively. The equivalent 

stress and total deformation developed in the 

steering knuckle were observed for two different 

materials, and then topology optimization was 

performed for the best-selected material [16]. 

2. Methodology 

In this study, the design of the steering knuckle 

was optimized by decreasing its weight. The 

modelling of the steering knuckle was completed 

in SOLIDWORKS. Static structural analysis was 

performed in ANSYS Workbench to determine 

the stresses, deformation, and safety factor. The 

topology optimization was performed in ANSYS 

to find out the areas of material removal from the 

model [17].  

2.1 Steps involved in Methodology 

The steps involved in the structural analysis 

and topology optimization are given below. 
 

 

2.2 Geometry Modelling 

The CAD design of the steering knuckle was 

modelled in the SOLIDWORKS with original 

vehicle dimensions considering the connectivity 

of hub, suspension at rear-drive of vehicle, and 

lower arm with the steering knuckle as shown in 

Figure 1. Two materials were used for the model, 

structural steel and aluminium alloy for 

comparison [3].  

 

Figure 1. Initial structure of steering knuckle 

The final model of the steering knuckle is shown 

in Figure 2. 
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Figure 2.  Final structure of steering knuckle 

2.3 Design Transformation 

The CAD model was transformed into IGS 

format so that the ANSYS Workbench software 

could read it as all the simulations and topology 

optimization was to be done in ANSYS. The 

model was imported into the ANSYS 

Workbench. ANSYS is very useful software for 

static structural analysis and topology 

optimization to reduce weight.  

2.4 Material Selection 

Different materials are used for manufacturing 

the steering knuckle [18]. Here, two materials 

were compared, structural steel and aluminium 

alloy, the structural steel was selected first for the 

static structural analysis, and then aluminium ally 

was selected later after the structural steel.  

2.5 Meshing 

The steering knuckle structure consists of infinite 

number of particles that should be divided into a 

finite number of parts. Meshing was done to 

divide the component into finite nodes and 3D 

elements as it is necessary to perform calculations 

on the meshed structure. Tetrahedral elements 

were used for better quality [19]. Figure 3. and 

Figure 4. depicts the meshing of the initial and 

final structure. 

 

 

Figure 3. Meshing on Initial Model 

 

Figure 4.  Meshing on Final Model 

2.6 Calculations and Design  

2.6.1 Calculations 

The steering knuckle models are put under 

extreme stress and deflection conditions. Force 

and moment are two types of loads acting on the 

knuckle. For calculating forces on steering 

knuckle, it is required to have loading conditions 

which are given in Table 1. 
Table 1: Loading conditions [17] 

Loading conditions on the steering knuckle 

Lateral force 
1.5 × 

mg 

Breaking force 
1.5 × 

mg 

Force acting on the knuckle hub in X-

axis 

3 × 

mg 

Force acting on the knuckle hub in Y-

axis 

3 × 

mg 

Force acting on the knuckle hub in Z-

axis 

1 × 

mg 
 

Kreb mass of the vehicle is, 

𝑀 = 800 𝑘𝑔 
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To calculate the breaking force acting on a single 

wheel, the vehicle's weight must be distributed 

between its four wheels so that one wheel had the 

same weight as all of them. So, 

𝑚 =  
𝑀

4
 

𝑚 =  
800

4
= 200 𝑘𝑔 

Braking Force acting on the strut is given by, 

𝐹 = 1.5 𝑚𝑔 

𝐹 = 1.5 × 200 × 9.81 

𝐹 =  2943 𝑁 

𝐹 =  1471.5 𝑁 

𝐵𝑟𝑎𝑘𝑒 𝐴𝑟𝑚 = 80 𝑚𝑚 

Braking Moment is given by, 

Braking Moment

=  Breaking Force 

× Brake Arm 

𝐵𝑟𝑎𝑘𝑖𝑛𝑔 𝑀𝑜𝑚𝑒𝑛𝑡 =  2943 × 0.08 

𝐵𝑟𝑎𝑘𝑖𝑛𝑔 𝑀𝑜𝑚𝑒𝑛𝑡 = 235.44 𝑁𝑚 

Force acting on the knuckle hub is given by, 

𝐹 = 3 𝑚𝑔 

𝐹 = 3 × 200 × 9.81 

𝐹 = 5886 𝑁 

As all the loads are in X, Y, and Z direction are at 

right angles to each other, the resultant of all the 

forces is calculated as, 

𝐹 =  √(3𝑚𝑔)2 +  (3𝑚𝑔)2 + (𝑚𝑔)2 

 
𝐹

= √(3 × 200 × 9.81)2 + (3 × 200 × 9.81)2 + (200 × 9.81)2  

 

𝐹 = 8553.15 𝑁𝑚  

2.6.2 Design 

After the topology optimization, the final model 

that was modelled in SOLIDWORKS is given in 

Figure 5. 

 

 

Figure 5. Final structure of steering knuckle 

 

2.7 Boundary Conditions and Loading 

Before performing the analysis, boundary 

conditions on the steering knuckle should be 

specified. The values of forces and moments on 

the knuckle strut, hub in x, y, and z direction are 

calculated as shown in the section of calculation. 

A force of 2943 N was applied in the strut 

mounting holes of the vertical arm in the direction 

of the hub center, 50 N force was applied in the 

hole of steering arm in the diction of the hub 

center, force of 2943 N was applied in the hole of 

lower ball joint location in the direction of hub 

center. A force of 8552.1 N force was applied on 

the face surface of lower ball joint location, and 

in brake caliper fastening holes, 1471.5 N was 

applied in the outward direction tangent to the 

hole circle as shown in the Figure 6. After the 

application of forces, moment of 235.44 Nm was 

also applied in the hub of steering knuckle in the 

anti-clockwise direction as shown in the Figure 6. 

The lower face of the hub was fixed. All the 

boundary conditions on the initial and final model 

are shown in Figure 6 and Figure 7. 

Figure 6.Boundary conditions on initial design 
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Figure 7. Boundary conditions on final 

design 

2.8 Structural Analysis 

To find out the total deformation, equivalent 

stresses, and factor of safety of the initial 

structure, static structural analysis was performed 

in ANSYS Workbench. Forces act on the hub, 

lower arm, and the suspension mounting due to 

the vehicle weight, turning and braking forces 

also act on the steering knuckle. ANSYS 

considers the boundary conditions and loading on 

the steering knuckle structure and perform the 

calculations according to the conditions [20].  

2.9 Topology Optimization 

To find out the areas on the steering knuckle 

structure that can be removed, topology 

optimization was performed. It is a very effective 

tool for the determination of the areas from where 

the material can be removed. ANSYS 

automatically considers the loading and boundary 

conditions that were applied in the static 

structural analysis. The material that should be 

retained is 75 percent. After that, the topology 

optimization technique reduced the mass while 

the minimum factor of safety remains constant, 

the areas from where the material can be removed 

are known. Those areas were removed by 

importing the design in the SOLIDWORKS. 

Figure 8. Shows the topology optimization of 

initial design. The topology density of the initial 

design is given in Figure 9. 

 

Figure 8. Topology optimization of initial design 

 

Figure 9. Topology density of initial design 

 

In SOLIDWORKS, different shapes are made on 

the steering, horizontal, and lower arm and on the 

brake caliper mounting arm to extrude cut the 

design. Material was removed from the steering 

knuckle with a suitable shape. The static 

structural analysis was performed again to find 

out the new factor of safety, stresses, and 

deformation. The factor of safety should remain 

the same otherwise the strength of the steering 

knuckle will be decreased and may result in the 

failure of knuckle. 

To find out the maximum depth of the groove in 

the arms of the steering knuckle, the depth of the 

groove is made parameter in the ANSYS 

SPACECLAIM, and direct optimization was 

performed, where mass would be minimized and 

lower bound and upper bound of factor of safety 

was kept 1.23 and 1.27 respectively. Direct 

Optimization gives the design parameters, 

minimized mass, and greater factor of safety. The 

design was taken as current, and calculations of 

static structural analysis were performed by 

updating it. In this way, the optimization was 

done with minimized mass and greater factor of 

safety. 
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3. Results and Discussion 

3.1 Static analysis for different 
materials 

The analysis of the steering knuckle joint with 

structural steel and aluminium alloy is presented 

in Figure 10. and Figure 11. respectively. The 

shape and material optimization were carried out 

in ANSYS 19.2. Figure 10(a) shows that the 

maximum equivalent stress 228.7 Mpa for the 

structural steel is found at the lower end of the 

suspension mounting and at the hub sharp edges. 

The maximum total deformation is observed at 

the suspension mounting of the steering knuckle. 

The magnitude of this deformation is 0.179 mm 

as presented in Figure 10 (b). Figure10(c) shows 

the minimum factor of safety (FOS) for structural 

steel of 1.093, which indicates that the design is 

safe under the existing material. 

 

 
 

 
 

 

Figure 10. Results of structural steel steering knuckle without topology optimization, (a) 

Von-mises stresses, (b) Total deformation, (c) Factor of safety 

Furthermore, the peak values for equivalent stress 

and displacement are 227.4 Mpa and 0.507 mm 

as shown in Figure 11(a) and Figure 11(b) 

respectively for aluminium alloy. The 

displacement reaches its most significant value at 

the end of strut mounting holes and the stress is 

maximum at the upper hub and steering arm. The 

minimum FOS 1.23 is observed for this material 

as shown in Figure 11(c). Even though the model 

is safe under both materials, the safer model has 

been used for further analysis. The FOS of 

structural steel is less than that of aluminium alloy 
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since the yield strength of structural steel and 

aluminium alloy are almost 250 Mpa and 280 

Mpa, respectively. Thus, the remaining analysis 

was therefore conducted with an aluminium alloy 

model.  

 

 

 
 

 

Figure 11. Results of aluminium alloy 

steering knuckle without topology optimization, 

(a) Von-mises stresses, (b) Total deformation, 

(c) Factor of safety 

 

3.2 Topology optimization analysis  

Topology optimization was performed for 

aluminium material, and it involves optimizing 

material placement with given design space for 

defined loads, boundary conditions, and 

constraints, so, that the performance of the system 

is maximized. The setup and the boundary 

conditions were the same as in the preceding 

static analysis. Figure 8 shows that the red plot 

indicates areas with a high concentration of stress, 

while the blue plot indicates areas with low or no 

stress. It is possible to remove material from low-

stress regions where density is a design variable. 

Possible material that can be removed is 

illustrated in brown colour in Figure 9. The values 

of equivalent stress, total deformation, and FOS 

after optimization are shown in Figure 12. The 

maximum equivalent stress is reduced from 227.3 

Mpa to 220.7 Mpa because stresses are 

distributed evenly over the body. A decrease of 

almost 3% in stress is observed between the initial 

and topological models. There is a slight increase 

in total deformation from 0.507 mm to 0.562 mm. 

The value of FOS is also slight increased from 

1.23 to 1.27. An increment of almost 2% from the 

initial model is noted in FOS. The comparison of 

these parameters before and after topology 

optimization is described in Table 2. The mass of 

the existing steering knuckle is reduced from 1.23 

kg to 1.005 kg.  This represents that the 

topological optimized design achieved better 

results in equivalent stress and FOS than its 

predecessor design. There is, however, a 

compromise for total deformation as it increases 

after topology optimization.  
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Figure 12. Results of magnesium 

alloy wheel with topology optimization, (a) 

Von-mises stresses, (b) Total deformation, (c) 

Factor of safety 

Table 2: Comparison of parameters before 

and after optimization 

Parameters 

Von-

mises 

stresse

s 

(Mpa) 

Total 

deformatio

n 

 

(mm) 

Facto

r of 

safet

y 

Knuckl

e mass 

 

(kg) 

Before 

optimizatio

n 

227.4 0.507 1.23 1.23 

After 

optimizatio

n 

220.7 0.562 1.27 1.005 

4. Conclusion 

A steering knuckle generally overdesigns the 

steering mechanism. This study aims to design 

the steering knuckle to provide an efficient 

solution with reduced weight. Modelling and 

analysis of the automotive steering knuckle have 

been performed using SOLIDWORKS & 

ANSYS software considering two materials, 

structural steel & aluminium alloy. A 

comprehensive analysis of various parameters 

such as the von-mises stress, total deformation, 

and FOS was carried out. The study suggests that 

material can be removed from areas where the 

stress concentration is low. It has been found that 

aluminium alloy has high strength and minimum 

deformation within safe limits compared to 

structural steel. Based on a given design space, 

topology optimization generates a set of 

optimized material distribution patterns. The 

optimization has reduced the weight of the initial 

mass from 1.23 kg to 1.005 kg. Therefore, there 

is an approximate 18% reduction in weight 

between the optimized steering knuckle and the 

original model. Based on the study, it can be 

concluded that optimized design is safe because it 

has a safety factor greater than one. Thus, 

reducing the weight of the vehicle can result in 

reduced costs and materials, along with improved 

fuel efficiency by the topology optimization 

approach. 
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Abstract: 

A significant trend in the automobile industry is the light-weighting of the vehicle, and magnesium alloy wheels 

are an excellent way to achieve this goal. Car wheels are designed to hold tires securely on a firm base, and they 

should be suitable in size, shape, and weight. This study aims to design a car wheel and optimize the structure to 

reduce the weight by using multi-objective topology optimization.  SOLIDWORKS was used to develop the design 

of the wheel rim, the finite element analysis (FEA) and static structural analysis were carried out with the ANSYS 

package. The initial and optimized models were compared for maximum stress induced and strain at each location 

under the same radial load. The results indicate that the stress generated in the optimized component is much 

lower than the actual yield stress of the magnesium alloy. Optimization techniques resulted in the reduction of 

von-misses stresses and rim mass by almost 35% and 20% respectively, and an increase in factor of safety (FOS) 

of 54%. The new wheel design has good stress performance, and the strain is also within an acceptable range. It 

is concluded that topology optimization helps in the development of lightweight components that are used for 

manufacturing. 

Key Words: Magnesium Alloy Wheel, FEA Analysis, Multi-Objective Topology Optimization, Von-

mises stress

1. Introduction 

Wheels play an essential role in vehicle safety, 

and they must be properly maintained to 

maximize their durability. A better understanding 

of how they are loaded will enable further wheel 

design improvements. A large influence on the 

design, material selection, stability, fuel economy 

and manufacturing process of wheels came from 

the development of the vehicle industry. One of 

the most important parts of the vehicle is the 

wheel rim, it connects the body of the vehicle and 

tire. Also, the vertical and lateral tire forces are 

transmitted to the axle [1]. Modern wheel designs 

are developed based on dynamic radial fatigue 

testing, also called the rim roll test, and dynamic 

cornering fatigue testing, also known as the 

rotating bending test [2]. It is imperative to better 

understand the mechanical properties, allowable 

stresses, and vehicle characteristics of the 

materials to optimize wheel design. The finite 

element analysis technique is also used for the 

estimation of the stresses in the rim. However, it 

is not possible to accurately simulate the real 

loading on the rim and for this reason, the results 

need to be regarded with great care [3]. However, 

this approach is very useful when comparing 

various other design solutions and, consequently, 

selecting the one that should be explored in 

greater detail.   

In recent years, environmental and resource 

issues have gained attention in many parts of the 

world. The interest of designers is increased in 

lightweight automobiles as the automotive 

industry strives to save energy and improve the 

environment [4].  It is estimated that the 

automobile's weight will decrease by 10%, and 

fuel consumption will decrease by 6-8% 

[5].  Lightweight wheels are essential for 

achieving energy efficiency. A magnesium alloy 

has low density, high specific strength, and good 

casting properties that makes it one of the 

emerging materials in the 21st century [6, 7]. It is 

reported that the average use of magnesium in 

cars in the United States was 0.1% (1.8 kg) in 

1995 and increased to 0.2% (4.5 kg) in 2007 [8, 

9]. Magnesium alloy usage in cars increased by 

15% (about 227 kg) by 2020 [10]. 

Topology optimization is a very effective tool to 

optimize different machinery designs and 

geometries and can give optimized structural 
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design [11]. The first optimized design concept 

can be provided by topology optimization and a 

lot of material can be saved by the optimized 

design due to improvement in shape and size. To 

reduce weight and improve the performance of 

wheel rim, optimized design is beneficial [12]. 

There are two main parts of the wheel, the wheel 

rim and disc. There are vent holes in the wheel 

disc, their size, shape, number, and position can 

be changed. So, the optimum position of these 

vent holes is important [13]. 

Poonam Meshram et al. [14]  reported that wheels 

are made from alloys containing aluminum or 

magnesium or both. Their study mentioned that 

reduced weight comes with better steering, more 

speed, and a marginal decrease in fuel 

consumption for a car. K.Sankara Narayanan et 

al. [15] described the wheel rims in their report. 

Two types of wheels were used in two-wheel 

vehicles: one was an alloy wheel, and one was a 

spoked wheel. For the most part, alloys were used 

to construct wheel rims [16]. In that study, 

SOLIDWORKS was used to model in detail a car 

wheel rim, and then ANSYS Workbench was 

used to analyze the model. Dhandapani et al. [17] 

reported that rim designs can be optimized using 

Finite Element Analysis (FEA). This study 

focused on optimizing weight without sacrificing 

strength or performance. A 3D model of the alloy 

wheel was designed using reverse engineering 

technology [6].  In the last few years, the 

procedure for experimental and analytic analysis 

has improved significantly. A lighter wheel gives 

better handling since it reduces unsprung mass, 

which enables the suspension to follow the area 

more closely and thus improves grip [18]. 

Wheels are one of the most important parts of an 

automobile. In the current vehicle, wheels contain 

excessive material, which increases the vehicle's 

weight, and increases fuel economy and costs 

directly [19]. Tire fatigue causes rim wheels to 

fail. It is necessary to optimize the material and 

design parameters to find the appropriate 

parametric design in order to improve fatigue life 

[20]. This study focuses on modeling existing 

wheels in CAD software and analyzing them for 

induced structural stress and deformation with the 

help of ANSYS. The excess materials are then be 

removed by using topology optimization. 

2. Methodology 

Due to the increasing demand for production, the 

importance of techniques used for optimization is 

increased. Also, the use of optimization has 

covered a huge range of industries, including the 

automotive, construction, aerospace, chemical, 

and manufacturing industries etc. [21]. The 

advanced level of computer technology has a 

great impact on the optimization programs that 

offer a solution to the complex engineering 

problems of different designs. From the need of 

optimizing the design, topology optimization has 

arisen which is a set of equations and 

mathematical rules for designing sustainable 

products [22]. 

In this research, a wheel rim of a Honda Civic was 

chosen for the optimization. The strength of the 

wheel rim should be capable to bear the load of 

the vehicle. For this purpose, determination of the 

strength of the rim becomes very important. 

Finite element analysis was used to find the 

strength of the rim before doing the optimization, 

this would reduce the time of testing as well as the 

cost [5]. The static load on the rim while the car 

is stopped was considered as it is very significant. 

The maximum weight of the vehicle was 1750 kg, 

so, the weight on one wheel rim would be 437.5 

kg. Magnesium alloy was used as a material of 

wheel rim for structural analysis and 

optimization. Flow chart of the wheel rim 

optimization is given below, 

 
Finalized Design

Next Iteration

Optimal Design?

Change in Design

Topology Optimization

Static Structural Analysis in ANSYS Workbench

Finite Element Analysis

Initial Model
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2.1 Modelling 

The CAD model of the Honda Civic wheel rim 

was being optimized. The rim was designed in 

SOLIDWORKS with the original dimensions 

shown in Table 1. The material used was 

magnesium alloy due to its strength and factor of 

safety value. Figure 1. represents the initial design 

of the alloy wheel rim. 

 

Figure 1. Isometric view of wheel rim 

model 

2.2 Transformation of model 

The model was converted into the IGES format so 

that it could be imported into the ANSYS as this 

format is easy to access by any software. In the 

next step, model was imported in ANSYS for the 

FEA and structural analysis. 

2.3 Meshing 

Before doing the meshing, the meshing controls 

i.e., the size, element shape, and the number of 

divisions per line etc. were set. Then a well-suited 

mesh was generated for all the parts of the wheel 

rim in ANSYS Workbench. In ANSYS, CAD 

geometry and finite element models, were 

directly used, giving robust efficiency and 

operability [23]. The corners of the rim were re-

meshed with an advanced meshing option i.e., 

“Smart element sizing”. The time for mesh 

generation was reduced by the power of parallel 

processing. ANSYS has an appropriate criterion 

for generating the suitable mesh that had been 

used.  

2.4 Boundary Conditions 

The outer hub of the magnesium alloy rim was 

fixed as it remains stationary. The radial load was 

applied on the outer and the inner edges of the 

rim. Inflation pressure of the tire was applied in 

the form of 0.2068 MPa. The maximum weight 

that acts on the rim would be 4287.5 N. Figure 2. 

and Figure 3. represents the boundary conditions 

of magnesium alloy rim on initial and optimized 

design. 

 

Figure 2. Boundary conditions of 

magnesium allow rim on initial design 

 

Figure 3. Boundary conditions for 

optimized design 

 

2.5 Structural Analysis 

The structural analysis was performed on the rim 

for determining the stresses, deformation, and the 

factor of safety. For this purpose, calculations 

were performed in ANSYS.  

2.6 Topology Optimization 

To meet the specific conditions of mass 

optimization and to determine the preliminary, 

and innovative structural configuration, 
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Topology optimization was being applied. [14] 

Topology optimization is linked with the static 

structural analysis in ANSYS Workbench. 

ANSYS gets the boundary conditions that were 

given in the static structural analysis. The design 

space is the blue region of the rim, red region is 

the exclusion area which is the area that contains 

the pressure, load, and fixed support. Figure 4. 

represents the topology optimization of the initial 

rim design. 

 

Figure 4. Topology optimization of the 

initial rim design 

When the topology optimization was done in the 

ANSYS, the blue region shows the area that could 

be removed with the marginal area that could be 

kept avoiding the whole material removal. The 

areas of the rim from which the material can be 

removed were known. The design of the wheel 

rim was changed by removing material with 

proper shape in SOLIDWORKS. The structural 

analysis was performed again to check the stress 

intensity and factor of safety. To make sure the 

design is safe and adaptable, the factor of safety 

was kept unchanged. ANSYS was set to 

automatically iterate the groove depth value 

(increasing material removal) while keeping the 

factor of safety constant. As the purpose is to 

remove the maximum material with the same 

strength and factor of safety, so, the maximum 

depth of the groove was taken. After that, the 

design was changed according to the parameters 

of the groove by importing in the 

SOLIDWORKS. Now, again to verify the factor 

of safety, static structural analysis was performed. 

Topology optimization was performed again to 

check if there is more material that could be 

removed. So, the design was finalized with the 

removal of 5 percent material. 

2.7 Calculations and Design 

2.7.1 Calculations 

The weight of the vehicle is calculated from the 

following formula, 

𝑊𝑜 =  
𝑊𝜋

𝑏𝑟𝑏4𝜃𝑜
 (2.1) 

𝑊 =  4287.5 𝑁,    b = bead seat width   rb = bead 

seat radius 

𝜃𝑜= maximum deflection angle of radial load = 

40 degrees (experimentally estimated) 

The input design parameters of the wheel rim 

including the outer part, outboard bead seat, inner 

part, and rim outer surface are shown in Table 1. 

Table 1: Input Design Parameters of Wheel Rim 

 
rb 

(mm) 

B 

(mm) 

W 

(KPa) 

Outer Part 

Outer Flange 235.57 2.54 8061.26 

Outboard Bead seat 

Inner Bead seat 229.9 2.61 8038.54 

Outer Bead seat 231.24 3.37 6189.62 

Inner Part 

Inner Flange 235.57 6.11 3351.16 

Inboard Bed Seat 232.82 2.61 7938.06 

Rim Outer Surface 

 228.6 165.2 127.72 

2.7.2 Design 

The optimized design of the magnesium alloy rim 

is presented in Figure 5. 

 

Figure 5. Optimized design of magnesium 

alloy rim 
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3. Results and Discussion 

The wheel model is analyzed and calculated 

based on the above loading conditions. Based on 

ANSYS results, Figure 6. presents the equivalent 

stress, total deformation, and factor of safety 

(FOS). The maximum equivalent stress for 

magnesium alloy wheels is concentrated near the 

vent hole and outside of the hat radius. Using 

boundary conditions as described in the previous 

section, the maximum equivalent stress is 

observed around 76.5 MPa shown in Figure 6(a) 

with existing material. Magnesium alloy has yield 

strength of almost 200 MPa while ultimate 

strength is about 230 MPa, so the design is 

deemed safe as it does not exceed the material's 

yield strength.  

 

 
 

 

 

 

Figure 6. Results of magnesium alloy wheel 

without topology optimization, (a) Von-mises 

stresses, (b) Total deformation, (c) Factor of 

safety 

 

The maximum total deformation of 0.145 mm is 

observed with the existing material around the 

rim as shown in Figure 6(b). Similarly, the 

minimum FOS 2.52 is seen in Figure 6(c), and it 

also depicts that the existing model is safe under 

the applied load and materials. 

The present study uses topology optimization to 

find innovative structural configurations that 

meet specific conditions (e.g., objective function 

and constraints). As a result of topology 

optimization, the blue color in Figure 6 indicates 

areas that can be removed from there. It is 

observed that the maximum stress and strain are 

49.5 MPa and 0.148 mm as shown in Figure 7(a) 

and Figure 7(b), respectively. Figure 7(c) shows 

that the minimum FOS is 3.89 after topology 

optimization.  
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Figure 7. Results of magnesium alloy wheel with topology optimization, (a) Von-mises stresses, (b) 

Total deformation, (c) Factor of safety 

 

The results of this analysis indicate that the initial 

reference model's stress is 76.5 MPa, while the 

optimized model has maximum stress of 49.5 

MPa, which is greatly reduced from the initial 

model. The initial and optimized weights of this 

model are 13.229 kg and 10.563 kg respectively. 

The comparison of various parameters with and 

without topology optimization is shown in Figure 

8.  

 

There is a reduction of almost 35% and 20% in 

von-misses and rim mass respectively with the 

optimization technique. The FOS is also 

increased by 54% considering the topology 

optimization technique. The reason is that the 

stress is now evenly distributed on the rim which 

reduces the stress on the concentrated area, which 

leads to an increase in the FOS. 

 

Figure 8. Comparison of different parameters before and after optimization 

Von-mises stresses Total deformation Factor of safety Rim mass

(Mpa) (mm) . (kg)

After optimization 49.5 0.148 3.898 10.567

Before optimization 76.5 0.145 2.521 13.239
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4. Conclusion 

A multi-objective optimization technique is used 

to optimize the design of the Honda Civic wheel 

by taking the reference base model as a starting 

point. SOLIDWORKS is used for model 

preparation, and the file was imported into 

ANSYS to perform static structural analysis. It is 

found that the draw bead around wheel discs, the 

centre cap, and ribs distributed around the inner 

ring greatly improve wheel strength. The 

optimized designed wheel meets the strength 

condition when the wheel spokes are optimized to 

achieve a lightweight design. The optimization 

technique results in a reduction of almost 35% 

and 20% in von-misses and rim mass, 

respectively, and a 54% increase in FOS. The new 

wheel design has a good performance in terms of 

stress, and the strain is also within an acceptable 

range. This study predicts failure locations, and 

the optimized design is safe since the von-Miss 

stresses are below the magnesium alloys yield 

strength. Therefore, it is concluded that the 

topology optimization method is accurate and 

efficient, significant for lightweight wheel 

design. 
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Abstract 

The design and analyses of a supersonic wind tunnel on Mach number ranging from 2 to 2.5 is presented in this 

paper. The design approach begins with an understanding of fundamental, quasi-one-dimensional flow. The 

method of characteristics is used to design the contour of shock-free, inviscid, minimum length nozzles of Mach 

number 2, 2.3, and 2.5. The cross-sectional area of the test section of the supersonic wind tunnel is supposed to 

be 25x25mm and the rest of the calculation is done accordingly. The CAD modeling of various components of 

supersonic wind tunnel such as the settling chamber, test section, supersonic nozzles, and diffuser as well as their 

stress analysis, was conducted using SolidWorks. Upon completion of the design process, computational fluid 

dynamics (CFD) simulations on designed nozzles at different stagnation pressure were carried out using Ansys 

Fluent. From the flow simulation, it was found that for the shock-free flow in Mach 2 nozzle, the stagnation 

pressure of 3.5 bar is required, for Mach 2.3 nozzle, the stagnation pressure of 3.5-3.7 Bar is required while for 

Mach 2.5 the stagnation pressure of more than 4.0 bar is preferable. 

Key Words: Supersonic Wind Tunnel, Convergent-Divergent Nozzle, Wind Tunnel Design

  

1 Introduction 

The wind tunnel is the device used to replicate the 

action of the air on the object moving through it. 

Unlike in the real case scenario where the object is 

moving through the air, in the wind tunnel, the 

model to be tested is placed in the test section of the 

wind tunnel. They are designed for a specific 

purpose and required a speed range. According to 

their speed, wind tunnels are classified into three 

types namely subsonic (M<1), supersonic (M>1), 

and hypersonic wind tunnel (M>5). 

1.1 Supersonic Wind Tunnel: 

The supersonic wind tunnel is one of the types of 

wind tunnels, in which flow moves with a speed 

greater than the speed of sound. There are two types 

of supersonic wind tunnels: continuous flow and 

intermittent flow. The most desirable are 

continuous flow wind tunnels, which can be non-

return or closed-circuit returns. However, to operate 

continuous flow tunnels, a massive amount of 

power is required. As a result, an intermitted form 

of the wind tunnel is utilized, which has several 

drawbacks, including a short run time and a long 

pump-up time, but the power need can be met by 

utilizing energy stored in high-pressure tanks. 

These wind tunnels are also called supersonic 

intermittent blowdown wind tunnels while a 

vacuum storage tank is another means to achieve 

the massive power output. These types of tunnels 

are called indraft intermittent supersonic wind 

tunnels. 

1.2 Intermitted Blow Down 
Supersonic Wind Tunnel 

Blowdown supersonic wind tunnel is the type of 

supersonic wind tunnel that utilizes the energy of 

air stored in the pressurized storage tanks. When the 

pressured air from the storage tanks is released and 

allowed to pass through the convergent-divergent 

nozzle, the pressure drops take and subsequently 

increase the velocity of the flow. 

2 Preliminary Design Calculation 

2.1 Starting Pressure Ratios 

In order the get the flow inside the supersonic wind 

tunnel, the specific pressure ratio between the inlet 

and the exit of the wind tunnel is required. This ratio 

can be evaluated using the following isentropic 

relation. 

 

𝑃𝑜

𝑃
= (1 +

𝛾 − 1

2
𝑀2)

𝛾
𝛾−1

 (1) 

 

The rest of the relations can be found in [1] But to 

achieve the proper isentropic expansion through the 

nozzle, and to get the required Mach number in the 

test section it is required that shockwaves stand at 

the end of the test section, and to do so, shockwaves 

relations across the upstream and downstream of 

the shockwave is utilized. These relations can be 
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found in [1]. The pressure ratio across the upstream 

and downstream of the shock is given below: 

 

𝑃2

𝑃1
= 1 +

2

𝛾 + 1
(𝑀1

2 − 1) 
(2) 

 

The following table shows the different properties 

at Mach numbers 2.0, 2.3 and 2.5 

Table 2.1 Isentropic Flow Properties 

Mach 

M 

Pressure 

Ratio 

Po/Pt 

Density 

Ratio 

ρ0/ρt 

Temperature 

Ratio 

To/Tt 

Area 

Ratio 

At/A* 

2.0 7.8245 4.347 1.8 1.687 

2.3 12.504 6.0759 2.058 2.194 

2.5 17.085 7.593 2.25 2.637 

 

Table 2.2 Normal Shock Properties 

Ma

ch 

M 

Static 

Press

ure 

Rati 

p2/p1 

Densit

y Ratio 

ρ2/ρ1 

Tempe

rature 

Ratio 

T2/T1 

Tota

l 

Pres

sure 

Rati 

p02/

p01 

M2 

2.0 4.5 2.66 1.68 0.72 0.577 

2.3 6.0 3.08 1.94 0.58 0.534 

2.5 7.12 3.33 2.13 0.49 0.513 

 

When a shock wave is present at the exit of the 

nozzle, the ratio of the stagnation  

pressure to the exit pressure can be written as: 

 

𝑃𝑜

𝑃𝑒
=

𝑃𝑜

𝑃

𝑃1

𝑃2
=

𝑃𝑜

𝑃

P

𝑃𝑒
 (3) 

 

Where Po is the stagnation pressure inside the 

settling chamber and Pe is the exit pressure that will 

be ambient in this case. Table 2.3 shows the 

minimum starting pressure at the reservoir needed 

to operate the shock-free wind tunnel on different 

Mach numbers. 

 

Table 2.3 Combined Isentropic Shockwave 

Relations 

Mach, M Pressure Ratio 

2 1.738766459 

2.3 2.082311918 

2.5 2.398026316 

 

2.2 Run Time 

The equation for finding the run time of the 

supersonic blowdown wind tunnel was given by 

Pope and Goin [2]. If “t” is the run time of a 

supersonic wind tunnel, then it can be expressed as: 

 

𝑡 = (1 +
𝛾 − 1

2
)

𝛾+1
2(𝛾−1)

√
1

𝛾𝑅

√𝑇0

𝑇𝑖

𝑃𝑖

𝑃0

𝑉

𝐴∗
(1 − (

𝑃𝑓

𝑃𝑖

)

1
𝑛

) (4) 

 

Here,  

P0 is the stagnation pressure 

T0 is the stagnation Temperature 

Ti is the initial air supply tank temperature 

Pi is the initial tank pressure 

Pf is the final tank pressure 

V is the air supply tank volume 

A* is the area of the sonic throat 

and n is the polytropic exponent of expansion 

The above equation calculates the run time at throat 

height, but it has been modified and plotted against 

the test section size to determine the suitable 

dimensions of the test section and optimum runtime 

of the tunnel. The width of the wind tunnel was 

supposed to be 25mm throughout the length of the 

tunnel to make the flow two-dimensional. Thus, the 

test section area becomes the function of its height 

only. Table 2.4 contains all the parameters that are 

taken as constants for calculating the run time of the 

supersonic wind tunnel, whereas the final pressure, 

Pf was supposed to be 1.5 times the stagnation 

pressure. 

Table 2.4 Constant Parameters for the calculating 

of the run time of Supersonic Wind Tunnel 

Parameters Values 

Specific Heat Ratio, γ 1.4 
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Polytropic Index, n 1.2 

Gas Constant, R 287 K 

Stagnation Temperature, To 300 K 

Initial Tank Pressure, Pi 1215900 Pa 

Initial Tank Temperature, Ti 300 K 

Volume of the Tank, V 1 m3 

 

Graphs 2.1-2.3 shows the runtime of the wind 

tunnel to the test section height at different 

stagnation pressure on various Mach numbers. 

 

Figure 2.1 Test Section Height v/s Run Time at 

Mach Number 2.0 

 

Figure 2.2 Test Section Height v/s Run Time at 

Mach Number 2.3 

 

 

Figure 2.3 Test Section Height v/s Run Time at 

Mach Number 2.5 

From the graphs, the height of the test section of 

25mm gives the optimum runtime of 30 seconds. 

2.3 Throat Size 

In the convergent-divergent nozzle, the maximum 

mass flow rate occurs when the flow is choked. The 

location where the flow is chocked is called the 

throat of the nozzle. From the continuity equation, 

we can find the ratio between the test section area 

A and the area of the throat A* as the function of 

Mach number M at that location in the nozzle. 

 

𝐴

𝐴∗
=

1

𝑀
[

2

𝛾 + 1
(1 +

𝛾 − 1

2
𝑀2)]

𝛾+1
2(𝛾−1)

 (5) 

 

By keeping the test section height of 25mm the 

corresponding throat height at the Mach number of 

2, 2.3, and 2.5 is tabulated below: 

Table 2.5 Throat height at the different Mach 

numbers 

Mach 

Number 
Area Ratio Throat Height 

2.0 1.6875 14.81481481 
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2.3 2.193130815 11.39922882 

2.5 2.63671875 9.481481481 

2.4 Mass Flow across the Tunnel 

The maximum mass flow rate through the tunnel 

can be calculated using equation 6. To calculate the 

mass flow rate, the value of stagnation pressure, 

temperature, specific heat ratio, and test section size 

are required. 

�̇� =
𝐴𝑃𝑜

√𝑇𝑜

√
𝛾

𝑅
 𝑀 (1 +

𝛾 − 1

2
𝑀2)

−
𝛾+1

2(𝛾−1)
 (6) 

At sonic Condition (M=1) 

�̇� =
𝐴∗𝑃𝑜

√𝑇𝑜

√
𝛾

𝑅
(

𝛾 + 1

2
)

−
𝛾+1

2(𝛾−1)
 (7) 

3 Designing of Components 

3.1 Setting Chamber 

The settling chamber should be designed between 

the speed of 24.38 and 30.48 m/s for consistent 

flow, with the lowest velocity being around 3.048 

m/s as suggested by Pope and Goin [2]. To prevent 

convection currents that cause a non-uniform 

temperature variation, a low-velocity limit is 

preferable. To find the velocity of the flow inside 

the settling chamber, we use continuity equation as: 

�̇� = 𝜌𝐴𝑉 (8) 

And the diameter of the settling chamber can be 

found using equation (9). 

𝐴 =
𝜋

4
𝑑2 (9) 

Since we have already calculated the mass flow rate 

at various stagnation pressures, the diameter of the 

settling chamber was found in between the range of 

100mm to 150mm. so it is decided to take the 

150mm for the uniformity of flow. The length of the 

settling chamber does not have a significant effect 

on the flow velocity, so it is decided to take the 

length of the settling chamber to be 300mm. Now it 

is required to calculate the wall thickness of the 

settling chamber so that it can hold the highly 

pressurized air inside it. To determine the wall 

thickness, we consider the settling chamber to be a 

thin cylinder [3], and the circumferential stress 

(Hoop Stress) will be used as the criterion. The 

equation of Hoop stress is given below: 

𝜎𝑐 =
𝑃𝑑

2𝑡
 (10) 

Here, 

t is the thickness of the chamber wall 

P is the Maximum pressure inside the chamber 

D is the Diameter of the cylinder 

σc is Allowable Circumferential or Hoop stress 

 

 

Figure 3.1 CAD Model of Settling Chamber 

3.2 Wide Angle Diffuser 

It is economical to use the smaller diameter pipe to 

deliver the air from the storage tank to the tunnel, 

but this small pipe size corresponds to high flow 

velocities. Therefore, wide-angle diffuser is used to 

transition the flow from the pipe to the settling 

chamber and decrease the flow velocity. According 

to Pope and Goin [2], the angle between the 

opposite walls of the wide-angle diffuser should be 

between 45 to 90 degrees. In this paper, the angle 

of 45 degrees is selected. The outlet diameter is 

150mm to fit on the settling chamber. The inlet of 

the diffuser is designed to be 40mm for the inlet 

pipe. 

Figure 3.2 CAD Model of Wide-Angle Diffuser 
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3.3 Convergent-Divergent (CD) 
Nozzle 

The CD-Nozzle is an important component of a 

supersonic wind tunnel. The profile or the contour 

of the CD should be designed very carefully to 

avoid the abrupt separation of the flow and for that 

purpose, a method of characteristics is used [4]. For 

this study, we use MATLAB to create the contour 

of the nozzle. 

The MATLAB program code used to generate the 

contour of the supersonic nozzle has been written 

by Ludovico Foss’a [5] and is available on GitHub 

under the creative-common license. The program 

code takes the exit Mach number, Me, the value of 

specific heat; γ, and a number of expansion waves; 

n as input variables and plot the contour of the 

nozzle, and outputs the non-dimensional 

coordinates of nozzle contour in the text file.  

 

 

Figure 3.3 Nozzle Contour at Mach 2.0 

 

 

Figure 3.4 Nozzle Contour at Mach 2.3 

 

 

Figure 3.5 Nozzle Contour at Mach 2.5 

 

3.4 Diffuser 

The diffuser of the Supersonic wind tunnel also 

plays an important role in tunnel design. The 

diffuser is designed to reduce the velocity of the air 

coming from the test section below the sonic 

condition to minimize the energy losses and shock 

wave generation. According to the studies [1], a 

diffuser with a second throat could increase the 

efficiency. For this design, several types of 

diffusers were designed and tested, but instead of 

any pressure recovery, all designs lead to the 

generation of shockwaves. Therefore, it is decided 

to keep the diffuser as a divergent section with 5 

degrees of inclination. The CAD model of the 

convergent-divergent nozzles with diffusers are 

shown in Fig. 3.6-3.8 

 

Figure 3.6 CAD Model of Mach 2.0 Nozzle 

 

 

Figure 3.7 CAD Model of Mach 2.3 Nozzle 

 

 

Figure 3.8 CAD Model of Mach 2.5 Nozzle 

3.5 Nozzle Windows 

Nozzle windows are designed to visualize the flow 

in the test section of the wind Tunnel, In this paper, 

they are designed using an acrylic sheet, we could 

use glass for that purpose, but it will expensive, and 

glass requires more handle and care than acrylic. 
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Figure 3.9 CAD Model of Side Windows 

 

3.6 Nozzle Holder 

The design of the wind tunnel is supposed to have 

a variable Mach number and for that purpose, we 

have designed three separate nozzle blocks and to 

change the nozzle blocks according to the need, the 

nozzle holder is designed which holds the nozzle 

block to it.  

The nozzle holder can easily be removed and 

installed again in the wind tunnel through a bolt.

 

Figure 3.10 CAD Model of Nozzle Holder 

 

3.7 Side Support 

To hold the acrylic sides and nozzle block in place 

side support is designed. The side frame allows us 

to visualize the flow and hold the frame together.

 

Figure 3.11 CAD Model of Windows Side 

Support 

3.8 Flanges 

To connect the Inlet pipe from the storage tank to 

the wide-angle diffuser, and settling chamber to the 

nozzle housing, respective flanges are designed. 

 

 

Figure 3.12 CAD Model of Flange that Connects 

the Inlet Pipe to Wide-angle diffuser 

 

Figure 3.13 CAD Model of Flange Between 

Settling Chamber to the Nozzle Housing 
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3.9 Assemblies 

The overall assembly of the supersonic wind tunnel 

is consisting of the wide-angle diffuser, settling 

chamber, and nozzle housing. The sidewalls, 

acrylic window, nozzle holder makes the nozzle 

housing. The nozzle block is placed inside the 

nozzle housing and attaches to the nozzle holder. 

The exploded CAD models of nozzle Housing and 

Supersonic wind tunnel is shown below: 

 

Figure 3.14 Exploded View of Nozzle Housing 

 

 

 

Figure 3.15 Exploded View of Supersonic Wind 

Tunnel 

4 Stress Analysis 

The stress analysis on the different components of 

the supersonic wind tunnel was carried out in 

SolidWorks 2019 with the stress criterion of von 

Mises. 

4.1 Stress Analysis of Settling 
Chamber 

The AISI 1020 mild steel was selected for the 

settling chamber. Both flanges are selected as 

fixture geometry and the total pressure of 12 bar is 

selected to be the maximum load inside the settling 

chamber. The mesh quality was set to high so that 

the total number of elements of the mesh was 

23733. 

Fig 4.1 shows the variation of stresses induced in 

the settling chamber. The maximum value of stress-

induced was 20.428 MPa and the minimum value 

was 0.052 MPa. 

 

 

Figure 4.1 Results of Stresses Induced in Settling 

Chamber during Stress Analysis 

 

 

Figure 4.2 Result of Deformation in Settling 

Chamber during Stress Analysis 

 

Fig 4.2 shows the deformation of the settling 

chamber. The minimum value of resultant 

displacement was around 0mm, and the maximum 

value was 0.005mm with a factor of safety of 21. 

4.2 Side Support 

The AISI 1020 mild steel was selected for the side 

support. The right side that connects to the settling 

chamber flange is selected as fixture geometry. The 

total pressure of 12 bar is selected to be the 

maximum load on it. The mesh quality was set to 

high so that the total number of elements of the 

mesh was 36380. 

Fig 4.3 shows the stresses induced in the side 

support. The maximum value of stress-induced was 

269.757 MPa and the minimum value was 0.472 

MPa 
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Figure 4.3 Results of Stresses Induced in the Side 

Support during Stress Analysis 

Fig 4.4 shows the deformation of the side support. 

The minimum value of resultant displacement was 

0mm and the maximum value was 0.181mm with 

the factor of safety of 1.6. 

 

 

Figure 4.4 Result of Deformation in the Side 

Support during Stress Analysis 

4.3 Windows - Side Acrylic Sheet 

The Acrylic sheet was selected for the windows of 

the tunnel. The front face of the acrylic Sheet is 

selected as fixture geometry. The total pressure of 

12 bar is selected to be the maximum load acting on 

it. The mesh quality was set to high so that the 

number of elements of the mesh was 58597. 

Fig 4.5 shows the stresses induced in the acrylic 

sheet. The maximum value of stress-induced was 

609.791 MPa and the minimum value was 0.268 

MPa. 

 

 

Figure 4.5 Results of Stresses Induced in the side 

windows during Stress Analysis 

Fig 4.6 shows the deformation of the side acrylic 

sheet. The minimum value of resultant 

displacement was around 0mm, and the maximum 

value was 5289mm with a factor of safety of 0.12. 

 

Figure 4.6 Result of Deformation in the side 

windows during Stress Analysis 

5 Flow Simulation 

Flow simulation of the supersonic nozzles was 

carried out in Ansys Fluent 19.2 to validate the 

contour of the designed nozzle. 

5.1 Mach 2.0 Nozzle 

5.1.1 At Stagnation Pressure of 3.0 Bar 

Figure 5.1 Mach 2.0 Nozzle Pressure Contour at 

Pressure 3.0 Bar 

 

 

Figure 5.2 Mach 2.0 Nozzle Velocity Contour at 

Pressure 3.0 Bar 
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5.1.2 At Stagnation Pressure of 3.5 Bar 

 

Figure 5.3 Mach 2.0 Nozzle Pressure Contour at 

Pressure 3.5 Bar 

 

 

Figure 5.4 Mach 2.0 Nozzle Velocity Contour at 

Pressure 3.5 Bar 

5.2 Mach 2.3 Nozzle 

5.2.1 At Stagnation Pressure of 3.0 Bar 

 

Figure 5.5 Mach 2.3 Nozzle Pressure Contour at 

Pressure 3.0 Bar 

 

Figure 5.6 Mach 2.3 Nozzle Velocity Contour at 

Pressure 3.0 Bar 

5.2.2 At Stagnation Pressure of 3.5 Bar 

Figure 5.7 Mach 2.3 Nozzle Pressure Contour at 

Pressure 3.5 Bar 

Figure 5.8 Mach 2.3 Nozzle Velocity Contour at 

Pressure 3.5 Bar 
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5.2.3 At Stagnation Pressure of 3.7 Bar 

Figure 5.9 Mach 2.3 Nozzle Pressure Contour at 

Pressure 3.7 Bar 

Figure 5.10 Mach 2.3 Nozzle Velocity Contour at 

Pressure 3.7 Bar 

5.3 Mach 2.5 Nozzle 

5.3.1 At Stagnation Pressure of 3.0 Bar 

 

Figure 5.11 Mach 2.5 Nozzle Pressure Contour at 

Pressure 3.0 Bar 

 

Figure 5.12 Mach 2.5 Nozzle Velocity Contour at 

Pressure 3.0 Bar 

5.3.2 At Stagnation Pressure of 3.5 Bar 

Figure 5.13 Mach 2.5 Nozzle Pressure Contour at 

Pressure 3.5 Bar 

 

Figure 5.14 Mach 2.5 Nozzle Velocity Contour at 

Pressure 3.5 Bar 

5.3.3 At Stagnation Pressure of 3.7 Bar 

 

Figure 5.15 Mach 2.5 Nozzle Pressure Contour at 

Pressure 3.7 Bar 

 

Figure 5.16 Mach 2.5 Nozzle Velocity Contour at 

Pressure 3.7 Bar 
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6 Results and Discussion 

The result from the stress analysis and flow 

simulation is quite satisfying. The stresses induced 

in the components are within the design limit. 

Whereas the flow simulation shows that for the 

shock-free flow in Mach 2 nozzle, the stagnation 

pressure of 3.5 Bar is required, for Mach 2.3 nozzle, 

the stagnation pressure of 3.5 to 3.7 Bar is required 

and for Mach 2.5, the stagnation pressure of more 

than 4.0 bar is required. These pressure values are 

quite higher than theoretical values due to the 

viscous effect and frictional losses. Whereas this 

paper does not compensate for the boundary layer 

correction of the nozzles. This also reduces the flow 

Mach number Thus more pressure is required for 

shock-free flow. 
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Abstract 

Improving the wear characteristics of substrate materials using diamond coatings has been a subject of several recent 

investigations. This project aims to modeling the cracking and delamination behavior of brittle diamond coating from 

the ductile substrates of pure Ti and Ti6Al4V. Stress-strain curves were initially obtained from the tensile tests on the 

both substrates. Scanning electron and focused ion beam microscopy focused ion beam microscopic analyses were 

carried out for the surface imaging in order to observe different type of failures in the coating. Extended finite element 

modeling (XFEM) tool of Abaqus was used to simulate various damage modes, including cracking, buckling and 

delamination. Results demonstrate that the coating was more susceptible to failure for a high yielding less ductile Ti-

alloy than for a low yielding highly ductile Ti. Accordingly, it was concluded that the interfacial decohesion was 

highly detrimental to the diamond coatings than the bulk cracking. 

Key Words: Extended finite element modeling; diamond coating; pure Ti; Ti6Al4V alloy; interfacial 

decohesion

1. Introduction: 

Ductile materials are used for a number of 

applications based upon their elastic and plastic 

properties. These materials lack the wear resistance 

properties as they can easily wear out when surface 

interactions occur. Thus, to improve surface 

performance hard coating is applied. In this work, 

extended finite element modeling and simulation 

was carried out on a 2D model of diamond coating 

with metallic substrate of pure titanium to 

understand the cracking mechanism and 

delamination behavior.  

In order to improve the wear resistance and study 

the mechanism of cracking in the hard coating of 

ductile material, Furqan Ahmed [1] used a ductile 

substrate and deposited a layer of diamond on the 

substrate via chemical vapor deposition (CVD) 

method. Substrate choice was made on the basis of 

bonding of diamond with Ti, which produced an 

interlayer of carbide, and thus made a stable layer 

of diamond. Delamination was observed upon 

loading and the results were compared with the 

finite element method (FEM) simulations using 

ABAQUS software. Zourong Chen [2] also used 

ABAQUS to study the fracture mechanism in 

hydraulic fracture problems. Khalid Nasri [3] 

simulated fatigue crack of a coated material and 

studied the effect of bi-material interfaces on the 

galvanized panel fatigue life. He analyzed the crack 

growth and the initial crack angle of fatigue failure. 

Newton k. Fukumasu [4] used the FEM to simulate 

the adhesive failure mode. He analyzed the bending 

and stretching effect on the material and its 

adhesion mode. Yonggang Huang [5] worked on 

the elastic-plastic and visco-elastic behavior of a 

single crystal and its deformation. Hsueh and 
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Yanaka [6] performed stress analysis of brittle 

cracking in film with uniaxial loading and 

estimated the residual stress state. Qi An et al. [7] 

analyzed the wear rate of titanium matrix 

composite coating at high temperature. Results 

proposed that TiB + TiC  reinforced with Ti6Al4V 

coating yields high wear resistance than a 

composite solely reinforced by TiB at 500◦C. Due 

to high thermal stability of TiB ceramic showed 

low wear resistance of TiB/Ti6Al4V at temperature 

of 500◦C. Zhang T.F [8] focused on  Diamond like 

Carbon (DLC) coating, which was applied to 

different substrates like stainless steel, CoCrMo 

and Ti6Al4V to find out structure, adhesion, 

corrosion and wear resistance properties. Their 

findings suggested that Ti6Al4V shows best 

structure, adhesion, corrosion and wear properties 

than other substrates because its chemical bond 

energy with carbon is strongest compared to other 

substrates. R.F. Swati et al. [9], in their work, 

examined the propagation of micro-crack and 

delamination in fiber reinforced composites using 

extended finite element method (XFEM) and 

mixed-mode cohesive zone, and estimated 

delamination. The study also revealed the 

application of extended cohesive damage modeling 

without the addition of degree of freedom and 

effective simulation of multi-crack propagation 

and damage model. ST Kyaw and Jones [10] 

studied the failure of air plasma sprayed thermal 

barrier coating due to interfacial and bulk crack 

using cohesive interaction and XFEM. They 

applied cohesive modeling on thermally grown 

oxide layer and introduced crack in the coating to 

check its cracking behavior. F. Lofaj and Pavol 

zubko [11] used both FEM and XFEM to simulate 

the process of cohesive cracking in WC coating on 

ductile steel substrate during nano-indentation and 

scratch testing, where Chevron type cracks 

appeared in the latter. Ping Lu [12] investigated the 

utilization of acoustic emission signals for 

monitoring of diamond coated tools in machining. 

In their work, they introduced XFEM method to 

investigate the interface delamination by using 

sliding model. The FEM was implemented to 

predict the degradation of diamond coated, 

deposited through CVD, on Ti6Al4V substrate at 

elevated temperatures from 600◦C to 900◦C. The 

residual stresses generated in the material due to 

large thermal expansion between diamond (α = 

1.3×10-6/K) and titanium alloys (α = 8.6×10-6/K) 

that led to a difference of strain of 7.3×10-6 per 

100K. From results some suggestions were made to 

reduce residual stresses and degradation process 

[13]. Reeder and Crews [14] used mixed mode 

bending to identify delamination properties of the 

substrate. In this process, they found out that in a 

composite material, failure is due to delamination 

between piles and that the delamination initiates 

crack and leads to failure. Jiang et al. [15] 

characterized the influence of Ti interlayer 

thickness on the properties of Ti/TiN coatings.  

2. Methodology: 

Different authors [16, 17] used XFEM to initiate 

crack and delamination behavior in the coatings. 

Yamada et al. [16] also used the FEM to predict the 

thermal conductivity of the fiber-reinforced 

composites. In this work, a 2D model with a 

substrate dimension of 80µm x 50µm was 

developed. A 2µm thin coating was applied on the 

surface of substrate and crack was initiated in it 

using XFEM. The substrate was assigned elastic 

and plastic properties while coating was defined in 

terms of elastic properties only. Damage was 

introduced in the model of Traction Separation 

with MAXPS option. Simulation of the model 

provided the information on residual stress and 

displacement.  

3.  Experimental Work: 

A dog bone shaped tensile test specimen of 

titanium coated with diamond was used to obtain 

stress-strain curve. In-situ tensile testing of 

diamond coated tensile specimens was carried out 

using micro-tensile testing machine. The objective 

was to determine the fracture and adhesion 

strengths of the coating. This testing also allowed 

estimation of the interfacial shear strength of the 

diamond film bonded to ductile substrate. The 

results of mechanical testing were then used in 

FEM for simulating the cracking and delamination 

behavior. 

4.  Numerical Work: 

2D models were prepared while following the part 

making, defining suitable properties of diamond 

and Ti, making an assembly, giving any type of 

interaction (if required), creating the step, applying 
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boundary conditions, defining suitable mesh, 

making and running a job and at the end visualizing 

the results. Figure 1 schematically represents the 

boundary conditions and geometry of the model. 

Several models that were prepared are described in 

the following: 

1- Elastic & plastic properties of Coating & 

Substrate 

2- Coating is Elastic while Substrate is of 

Plastic properties with different Yield 

Strength (400, 600, 850 & 950MPa) 

3- Different types of Work Hardened 

Samples ( 400, 500, 550 & 600 MPa) 

4- Patches of coating and residual stresses in 

the film 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic illustration of the part showing the symmetry boundary condition and mirror image at the 

bottom. [1] 

4.1 Case 1: Elastic & plastic properties of 
Coating & Substrate: 

The XFEM of the 2D model under was done to 

see the behavior of crack under elastic substrate. 

After complete cracking of coating, tensile stress 

was revealed. Residual stress of -5.5 GPa was 

given to the coating in the compression such that 

the applied tensile load would first overcome the 

compressive stresses and then break the coating.  

The stress in the coating is limited by the fracture 

stress of = 1.5 GPa. The other parameters are 

Young’s modulus of substrate (Es) =1200 GPa, 

Young’s modulus of thin film (Ef)  =104 GPa, 

Poisson’s ration of thin hard film (vf) = 0.07 and 

Poisson’s ratio of elastic substrate (vs)= 0.34 [1]. 

Crack of length 0.1µm was introduced at the 

center of the hard thin film for the XFEM 

analysis.  

4.2 Case 2: Elastic coating & Elastic-

Plastic Substrate with different Yield 

Strengths: 

Different yield strengths including 400, 600, 850 

and 950 MPa were used to study the relation 

between hardness and softness of the substrate on 

the stress transferring for substrate to coating.  

4.3 Case 3: Different types of Work-

hardened Substrates: 

To study this behavior of the Ti and Ti-alloy 

substrate, the increment of yield strength from 

400 to 450, 500, 550 and 600 MPa were used. The 

more the work hardening during deformation; the 

more the stress experienced by the coating before 

the crack propagation. The amount of yield 
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strength is increased during the changing of 

plastic strain from 0 to 0.01 (1%). 

 

 

 

 

 

 

 
Figure 2: Schematic illustration of XFEM model. (a) 

Red region shows the coating patches of different 

length and light green region shows the substrate. (b) 

Show the magnified view of 0.1µm crack (black 

colored) assembled at the centers of the coating. 

4.4 Case 4: Patches of coating:  

This model contains the three patches of thin hard 

film of 2µm thickness and of different lengths of 

10µm, 15µm and 22µm. The cracks with an 

opening of 1 µm were placed in between the 

coating segments and 0.5 µm wide edges were 

employed at the ends (Figure 2). In order to study 

the effect of three cracks of 0.1µm in the each 

patch, this model has been prepared. This model 

is the XFEM analysis of the above model 

(Patches of coating).  

5 Results & Discussions: 

5.1 Comparison of Elastic models:  

Elastic substrate model (Figure 3) of brittle 

coating shows von Mises stress state. The 

substrate deforms only elastically and there is no 

plastic deformation. 

As in the FEM analysis, coating is defect free so, 

it experiences maximum stress of 7 GPa at 1% 

strain while in the XFEM analysis, coating has 

crack at the carter of it so, it experiences only 3 

GPa maximum stress at strain 0.133% and then 

crack starts to propagate downward and at the end 

coating starts to delaminate from the center and 

the edges. Both FEM and XFEM models have 

thin films of hard brittle material of Young’s 

modulus 1200 GPa applied on substrate of 

material with Young’s modulus as 104 GPa. Both 

coating/film and substrate have elastic properties, 

i.e. only elastic deformation occurs on applying 

1% strain on the substrate. 

 

 

 

 

 

 

 

Figure 3: Von Mises stress contour. The red colored region is the most stress region while blue region shows the least 

amount of stress. 

High amount of stress (σ11) transfers from the 

substrate to the coating as shown in the Figure 4. 

In figure 4(a) stress (σ11) in the coating increases 

as the amount of strain increases and no stress 

relieved from the coating while in figure 4(b) first 

stress in the coating rapidly increase and after 

achieving the stress (σ11) of 3 GPa at the crack tip, 

crack propagate from its initial position and stress 

in the coating decreased to some lower value.  
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Figure 4: (a) Graph between stress in the coating and strain of FEM analysis of Elastic substrate shows that substrate 

transferred the stress (σ11) as the strain applied on it. Maximum stress (σ11) in the coating is 7GPa at 1% strain. (b) 

Graph between stress in the coating and strain of XFEM analysis of Elastic substrate shows that substrate transferred 

the stress (σ11) as the strain applied on it. Maximum stress (σ11) in the coating is 3GPa at 0.133% strain.

 

 

 

 

 

 

 

Figure 5: (a) Graph between the stress in the coating and the strain after XFEM analysis of the elastic substrate model. 

Graph gives the information about the stress σ11 present in the coating at the different strain rate. The value of strain 

at maximum stress σ11 is 0.133%. (b) Graph between the stress in the coating and the strain after the XFEM analysis 

of the elastic-plastic substrate. Graph gives the information about the stress σ11 present in the coating at the different 

strain rate. The strain rate maximum stress value is 0.16%.  
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5.2 Effect of elastic and plastic 

properties of the substrate:   

When tensile stress is applied on the substrate, it 

will transfer to the coating. So the properties of 

the substrate has been changed from elastic to 

elastic-plastic to study the effect of plasticity of 

the substrate on the behavior of crack tip 

propagation, delamination of the coating and the 

amount of elongation on which cracking start 

(Figure 5). It has been seen that elastic substrate 

cause the crack propagates at low amount of 

strain while plastic substrate allow more strain 

before crack tip propagation as elastic substrate 

transferred more stress to the coating as 

compared to the plastic substrate. Extended Finite 

Element Analysis allows the study the behavior 

of substrate and coating in the presence of already 

present crack in the coating. The maximum stress 

(σ11) in the coating is same in the both cases of 

elastic and plastic substrate but the strain at the 

maximum stress (σ11) is changed. As elastic 

substrate transferred more stress (σ11) to the 

coating, so at the 0.133% strain it transferred 

3GPa stress (σ11) to the coating and makes the 

crake tip to propagate through the coating. By 

crack tip propagation, the stress (σ11) in the 

coating relieved by further cracking of coating.  

5.3 Effect of the Yield strength of 

substrate:  

The effect of different yield strength levels (400, 

600, 850 and 950 MPa) of the substrate on the 

stress transfer to the film is given in Fig. 6. It was 

found from the comparison of the plots that the 

substrate with a higher yield strength transfers 

more stress to the film per unit substrate straining 

compared to the substrate with lower yield 

strength and, ultimately higher yield strength–

substrate will crack the film earlier at the low 

strain and also evolve the compressive residual 

stress faster. Substrate has higher yield strength 

are harder than the lower ones. So in the higher 

yield strength case, crack will propagate at the 

low strain rate and transfer more stress to the 

coating. 
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Figure 6: Shows Graphs between stress in the coating and the strain rate. (a) Graph of model has substrate of yield 

strength 400 MPa shows maximum stress of 1.56 MPa. (b) Graph of model has substrate of yield strength 600 MPa 

shows maximum stress of 1.67 MPa. (c) Graph of model has substrate of yield strength 850 MPa shows maximum 

stress of 2.73 MPa. (d) Graph of model has substrate of yield strength 950 MPa shows maximum stress of 2.87 MPa

5.4 Effect of Yield strength of 

substrate during FEM Analysis: 

In the case of FEM analysis, although the curve 

of the graphs between stress in coating and strain 

is change but it shows the same effect as in the 

XFEM analysis.  

Higher yield strength’s substrate transferred more 

stress to the coating. Plots in figure 7 give the 

highest maximum stress in the coating in the case 

of yield strength of 950 MPa.  

 

 

 

 

 

 

Figure 7: Graph between stress in the coating and the 

strain rate shows the higher yield strength produces 

higher stress in the coating and crack the coat earlier.  

Substrate of Yield strength of 950 MPa produces 

higher maximum stress while substrate of 400 MPa 

reduce lowest.     

 

 

 

 

 

 

 

Figure 8: Four graphs between stress in coating and 

strain rate to show the behavior of four different 

substrates under tensile loading. (a) Graph of substrate 

has capability of work hardening of amount 450 MPa, 

which transferred least amount of tensile stress to the 

coating. (b) Graph of substrate has capability of work 

hardening of amount 500 MPa, which transferred 2.27 

GPa tensile stress to the coating. (c) Graph of substrate 

has capability of work hardening of amount 550 MPa, 

which transferred 2.29 GPa tensile stress to the 

coating. (d) Graph of substrate has capability of work 

hardening of amount 600 MPa, which transferred 3.0 

GPa tensile stress to the coating. 

5.5 Effect of Work hardening of 

substrate: 

The effects of different work-hardening 

capabilities of the substrate (450 MPa, 500 MPa, 

550 MPa and 600 MPa) on the stress transfer to 

the film. The effect is similar as shown by the 

yield strength of the substrate. The slope of the 

curve and the stress transfer to the film is 

increased with an increase in the work hardening 

range. As the work hardening capabilities 

increase, more maximum stress (σ11) is 

transferred to the tip of the crack and then stress 

decreased as crack propagate due to the relieving 

of stress from the crack Tip present at the center 

of the coating. But the elastic substrate still 

dominates in stress transfer to the film. Figure 8 

shows four different graphs of the substrate have 

capability of different work hardening of 450 

MPa, 500 MPa, 550 MPa and 600 MPa. Each 

substrate start cracking at the same time but 

transfer more stress to the coating as the 

capability of work hardening increase.  

5.6 Effect of work hardening during 

FEM Analysis 

In this FEM analysis, there is no crack and defect 

in the coating and substrate also has ability of 

work hardening of different amount of 500 MPa, 

550 MPa and 600 MPa. So when tensile load 

apply on the substrate, it transfer all the stress to 

the hard brittle coating. Due to capability of work 

381



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

8 

 

0

0.5

1

1.5

2

2.5

0 0.2 0.4 0.6 0.8 1 1.2

St
re

ss
 in

 C
o

at
in

g 
(G

P
a)

Strain (%)

Effect of Working Hardening

S11-500

S11-550

S11-600

-6

-4

-2

0

2

0 0.2 0.4 0.6 0.8 1 1.2

St
re

ss
 in

 c
o

at
in

g 
(G

Pa
)

Strain (%)

Effect of residual stress

(a) YS-400 GPa (a) YS-600 GPa

(b) WH-450 GPa (b) WH-500 GPa

hardening of substrate, the stress in the coating 

increases with the applied strain (see Figure 9).  

As the capability of work hardening of the 

substrate increases, it transfers more and more 

stress to the coating same like XFEM analysis but 

in XFEM analysis stress in coating relieved and 

curve go down due to the crack tip propagation. 

 

 

 

 

 

 

Figure 9: Graph shows the stress in the coating under 

applied strain on the substrate having capability of 

work hardening of 500 MPa, 550 MPa and 600 MPa.  

5.7- Effect of Residual Stresses in the 

coating: 

In order to avoid the crack propagation and 

amount of stress (σ11) in the coating to cross the 

maximum principle stress, residual stress of -5.5 

GPa in the coating is used as a predefined 

property in the model so, that when tensile stress 

(σ11) transferred from the substrate first overcome 

the residual stress of -5.5 GPa present in the CVD 

diamond coating. Residual stress in the sense of 

compression in the coating delays the crack 

propagation and also avoids the stress (σ11) in 

coating to reach an alarming value. 

 In figure 10(a) two substrate of yield strength 

400 and 600 MPa are examine under the 1% 

strain applied on the substrate in the presence of 

residual stress of -5.5 GPa in the coating. 

Substrate has greater yield strength transfer more 

tensile stress (σ11) to the coating as shown already 

in the fig. 9 so, it overcome the residual stress in 

the coating earlier than the substrate has lower 

yield strength. In figure 10(b) two substrates have 

ability of work hardening of 450 and 500 MPa are 

examine under the 1% strain applied on the 

substrate in the presence of residual stress of -5.5 

GPa in the coating.  Substrate capable of greater 

work hardening transfer more tensile stress (σ11)   

to the coating as already shown in fig. 10 so, it 

overcome the residual stress earlier than the 

substrate capable of less work hardening. While 

elastic substrate transfers highest tensile stress 

(σ11) to the coating, so it overcomes the residual 

stress earlier than all the cases discussed above. 

 

 

 

 

 

 

Figure 10: Shows the effect of residual stress in the 

sense of compression in the coating of -5.5 GPa on the 

stress transferred by the substrate to the coating. (a) 

Two substrates of different yield strength are used. 

Substrate of greater yield strength overcomes the 

residual stress first. (b) Two substrate of different 

work hardening capability are used.  Substrate of 

greater work hardening ability overcomes the residual 

stress first as it transferred more stress (σ11) to the 

coating. 

6 Conclusion: 

This work was devoted to study the XFEM 

analysis of thin brittle diamond film on ductile 

substrate titanium in order to study its cracking 

and delamination behavior. A total of four cases 

were investigated with different parameters. In 

case 1, both coating and substrate are of elastic 

properties. It was observed that FEM analysis of 

model shows the delamination of coating at 7 

GPa considering that there is no defect in the 

coating. But during XFEM analysis it was noted 
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that by introducing the crack the coating was 

wear off at 3GPa at maximum strain rate of 

0.133%. Then crack starts to move downward 

from the top and coating delamination occurred 

from the edges. In case 2, the properties of the 

substrate has been changed from elastic to elastic-

plastic to study the effect of plasticity of the 

substrate on the behavior of crack tip 

propagation, delamination of the coating and the 

amount of elongation on which cracking start. It 

has been observed that elastic substrate cause the 

crack propagates at low amount of strain while 

plastic substrate allow more strain before crack 

tip propagation as elastic substrate transferred 

more stress to the coating as compared to the 

plastic substrate. A graphical comparison was 

made b/w elastic and elastic-plastic properties. It 

was noted that in elastic substrate, the crack 

propagates completely while in elastic-plastic 

substrate, the crack propagates at low rate due to 

plastic properties. In case 3, four types of Yield 

Strengths were used for of 400, 600, 850 & 900 

MPa to check the behavior of delamination. The 

substrate has higher yield strength are harder than 

the lower ones. So in the higher yield strength 

case, crack will propagate at the low strain rate 

and transfer more stress to the coating. In case 4, 

four types of Work Hardened properties were 

used. The amount of W.H in the substrate was 

400-450, 500, 550 and 600 MPa. It was 

concluded that as the work hardening capabilities 

increase, more stress is transferred to the tip of the 

crack and then stress decreased as crack 

propagate due to the relieving of stress from the 

crack Tip present at the center of the coating.  But 

the elastic substrate still dominates in stress 

transfer to the film. 
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Abstract 

In latest years, there is a stream of research into a special type of cellular structure i.e. Auxetic structure. Their 

structural applications become limited because of their low strength and in plane stiffness. In this research, a 

novel auxetic structure was prepared by carrying out modification in the conventional re-entrant auxetic 

structure.  The in-plane mechanical performance of the conventional and novel design was measured using FEA. 

However, the FEA models used for characterization were validated experimentally by carrying out 3 point 

bending tests of sandwich specimens manufactured on fused deposition modelling based 3D printer.  It was found 

that the novel structure exhibits better energy absorption capacity as well as flexural stiffness as compared to the 

conventional one. Then, the shape optimization technique (which is type of topology optimization) was applied on 

both structures under study to further enhance their mechanical properties. The effect of shape optimization on 

the mechanical performance of auxetic structures was not yet explored. The flexural properties of shape optimized 

structures were observed to be significantly enhanced as compared to their un-optimized counterparts. Hence in 

this research advanced topologically optimized auxetic sandwich structures were manufactured with improved 

in-plane flexural properties favorable for high load applications.  

Key Words: Auxetic structure; Finite element analysis; Fused deposition modeling; Flexural 
properties; Shape optimization 

1 Introduction 

Honeycomb sandwich structures (HCSS) possess 

extraordinary strength to weight ratio, shear, 

flexural and impact strength. Due to these 

exceptional properties they own plenty of 

applications in aerospace, civil, military and 

transportation fields.  

The mechanical performance of HCSS is 

determined by the material of core and face 

sheets, relative density and core design. 

Researchers have made several attempts to 

enhance their properties by creating alterations in 

the materials as well as core topologies.  

In previous years a new type of cellular structure 

was introduced named as auxetic structure.  

They possess a unique behavior i.e. they expand 

in the lateral direction if they are pulled in the 

longitudinal direction and vice versa.  

Contrarily, the conventional materials contracts 

in the lateral direction when it is pulled in the 

longitudinal direction. Due to this exceptional 

property they have attracted a lot of researchers 

from academia and industry. This unique 

behavior of materials/structure was discovered 

by lakes et al. [1].  

Various materials and structure are found to have 

a negative Poisson ratio. Cho et al. [2] recognized 

this behavior in metamaterials with fractal cuts. 

Wu et al. [3] evaluated the mechanical 

performance of anti-tetrachiral auxetic structure. 

Moreover, the auxetic behavior of rotating 

squares was analyzed by Grima et al. [4].  

While, Shan et al. [5] designed a 2D auxetic 

structure and Chen et al. [6] proposed three-

dimensional structure possessing the negative 

Poisson’s ratio. Further, Tang et al. [7] designed 

a unit cell for Kirigami-based auxetic structure. 
Pigłowski et al. [8] found that auxeticity can 

also be achieved in colloidal crystals.  

The re-entrant auxetic structure as shown in 

Fig. 1a possesses many extraordinary 

properties as compared to the honeycomb 

structure. Like, it exhibits better strength 

under bending forces because it adopts a 
dome shape upon bending rather than the saddle 

shape which is assumed by a honeycomb 

structure (which is non-auxetic) as reported by  

Mariam et al. [9]. The dome shape provides a 

more conducive stress distribution than the 
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saddle shape. Moreover, their shear properties 

are also observed to be superior than the 

conventional honeycomb [10]. Evans and 

Alderson [11] found that the indentation 

resistance of auxetic structures is better than the 

non-auxetic ones.  

Thus, due to these mechanical properties of re-

entrant auxetic structure, they are considered 

more feasible than honeycomb to be used as a 

sandwich core for civil and military-related 

applications like aircraft, automobiles, and 

satellites.  

However, besides all these advantages they have 

a deficiency i.e. the design of elements and 

ligament in the re-entrant auxetic structure is 

such that they provide rotational or bending 

deformation behavior upon loading, due to which 

they cannot be utilized where high energy 

absorption, stiffness, and strength is 

simultaneously required as reported by Dong et 

al. in [12] and Othman et al. in [13]. 

Thus, to overcome this shortcoming, several 

researchers have developed novel designs. Like, 

splined re-entrant and stiffened re-entrant was 

prepared recently by Zied et.al [13] as displayed 

in Fig. 1b. Their modification resulted in 

improvement of in-plane stiffness but the 

auxeticity was decreased.  

Lu et.al [14] modified the re-entrant structure by 

adding an extra vertical rib joining the two 

concave vertices of the re-entrant structure as 

shown in Fig. 1c. Due to this extra vertical rib 

both auxetic response as well as in-plane stiffness 

increased. However, at high values of stiffness 

the auxeticity reduced. Fu et.al [15] made a new 

structure by mixing a rhombic structure with the 

re-entrant structure as shown in Fig. 1d.  

As an outcome, the in-plane stiffness was 

increased but the effect of this improvement on 

the auxeticity was not studied.  

Chen et. al [6]  fabricated the 3D extension of the 

2D re-entrant structure which can be seen in Fig. 

1e. They realized that the 3D re-entrant structure 

has better mechanical performance that the 2D 

structure. Furthermore, it was noticed by Dong 

et.al [12] that the auxetic behavior of the re-

entrant structure can be improved if a sinusoidal-

shaped rib or extra vertical ribs is added to the re-

entrant as displayed in Fig. 1f. 

It was found from above mentioned literature that 

there are some achievements in enhancing the in-

plane properties of re-entrant structure but there 

is a huge possibility for further enhancements. 

Further, it was found that the in-plane 

compression behavior of auxetic structures was 

studied extensively.  

However, the in-plane bending characteristics of 

auxetic structures was rarely explored. 

Therefore, the main aim of this research was to 

design advanced auxetic honeycomb sandwich 

structure with improved in-plane flexural 

properties.  

For this purpose, a novel structure (i.e., non-axial 

joint structure) was envisaged, targeting to 

possess better mechanical performance than the 

conventional re-entrant structure.  

Also, the shape optimization of both 

conventional and newly built structure was 

carried out to further enhance the properties. The 

conventional and robust new structure was then 

subjected to three-point bending tests for their 

performance appraisal using an experimentally 

validated FEA model.  
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Fig. 1. Modifications in conventional re-entrant structure (a) Traditional re-entrant structure, (b) Stiffened 

re-entrant and Splined re-entrant, (c) Narrow rib addition, (d) Rhombic configuration insertion, (e) 3D 

extension of 2D re-entrant, (f) Vertical rib and sinusoidal rib addition. 

 

 

Fig. 2. Unit cell designs (a) Co-axial Joints Structure (b) Curved Wall Structure  
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Fig. 3. Boundary conditions applied in FEA simulation (a) Sandwich specimen with the core of Co-axial 

joints structure (S-CAJS), (b) Sandwich specimen with the core of Non-axial joints Structure (S-NAJS). 

 

Table 1. Design parameters for the unit cells. 

 
Relative 

Density 
h 

(mm) 
l1 

(mm) 
l2 

(mm) 
t 

(mm) 
θ1 θ2 

Co-axial Joints structure 0.30 10 5.2 - 1 30º - 

Non Axial Joints 0.34 10 6 4.64 1 41.1º 30.56º 

 

2 Materials and Methods 

This research was carried out in two phases i.e., 

1) Unit cell modifications, 2) Shape optimization.   

2.1   Unit cell modifications 

In the first phase, novel design was developed 

and its in-plane mechanical performance under 

bending was evaluated using experimentally 

validated FEA model. The new design was 

produced by carrying out modifications in 

conventional re-entrant design as shown in Fig. 

2a. The existing re-entrant structure consists of 

two vertical walls and four inclined walls which 

are linked with the vertical walls making a total 

of six joints. Among which four joints are at the 

corners and two joints are in the middle as 

displayed in Fig. 2a. The two middle joints are on 

the same central axis therefore this structure can 

also be termed as Co-axial joints structure. The 

modification which was made to this 

structure was that the middle joints was 

shifted from the same axis to the off-axis. Thus a 

new structure was developed named as non-axial 

joints structure which can be seen in Fig. 2b. The 

design parameters of both structures are given in 

Table 1.  

2.2   Finite Element Analysis 

To investigate that whether the newly proposed 

designs possess superior mechanical properties 

to the traditional Co-axial joints structure or not, 

the unit cells as shown in Fig. 2 were repeated in 

X and Y direction as shown in Fig. 3 to make 

cores, and two face sheets was joined on both 

sides of them using tie constraint. Thus, we 

obtained the sandwich specimens i.e. Sandwich 

specimen with the core of Co-axial joints 

structure (S-CAJS), Sandwich specimen with the 

core of Non-axial joints Structure (S-NAJS). The 

dimensions of the sandwich specimens as 

displayed in Fig. 4 and are given in Table 2. 

Then, 3 rigid rollers was assembled to the 

sandwich in a 3 point bending set up with the 

support span of 72 mm.  
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The bottom side rollers was fixed in all degrees 

of freedom. While the movement of the top side 

roller was constrained in all directions except in 

the Y direction. An incremental displacement of 

15 mm in the negative Y direction was given to 

the upper roller.  

Both the core and face sheets was assigned the 

parent material properties of ABS (as given in 

Table 3) which was calculated from 3 point 

bending tests of ABS specimens according to 

ASTM D790 standard. 

Fig. 4. Sandwich panel for flexural testing. 

Table 2. Dimensions of the sandwich panel. 

Length Width Core height Face sheet thickness 

L (mm) b (mm) c (mm) t (mm) 

110 15 40 1 

 

Table 3. Property definitions used in FEA model. 

Material Flexural 

Modulus 

Yield Stress Poisson Ratio Density 

ABS 2100 MPa 60 MPa 0.35 1.05gm/cm3 

2.3   Shape optimization 

The second phase was focused on the shape 

optimization of traditional and newly 

developed auxetic structure. The shape 

optimization was carried out using the 

ABAQUS atom module. Shape optimization 

is a type of topology optimization technique 

with the difference that in topology 

optimization the mathematical model has to 

optimize the material layout in the given 

design space under the set of applied loads, 

by attaining any shape irrespective of the 

predefined configuration. However, in the 

case of shape optimization, the predefined 

configuration of the structure remains 

unaltered and only the nodes on the surface 

are displaced in such a way that the stress 

concentration is reduced. The software finds 

the high stress-bearing regions and adds the 

material at those points meanwhile removing 

the material from the low-stress regions so 

that both the objective and constraints are 

met.  The objective assigned to the FEA 
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module in the present study was to enhance the 

in-plane stiffness of the structure while the 

volume of the structure before and after the 

process was constrained.  This process resulted 

in two optimized structures (i.e. shape optimized 

S-CAJS and shape optimized S-NAJS). 

3 Relative Density 

The relative density of cellular structure has a 

very significant effect on its mechanical 

properties. The relative density of structure 

increases if the thickness of cell walls is 

increased since it is the measure of densification 

of structure [16]. The relative density of 

honeycomb structure was calculated by Gibson 

and Ashby [17]. In this study, the relative 

densities of both the structures under 

consideration was calculated using the same 

procedure as developed by Gibson and Ashby. 

The derived expressions are given in equations 1 

and 2. While, the values of relative densities 

calculated from these expressions are given in 

Table 1.   

Co-axial Joints Structure 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑝∗

𝑝𝑠

=  
(ℎ + 2𝑙)𝑡

2𝑙𝑐𝑜𝑠𝜃1[ℎ − 𝑙𝑠𝑖𝑛𝜃1]
                                (1) 

Where: 

𝑝∗= Density of the unit cell 

𝑝𝑠= Density of bulk material 

l= length of the inclined wall 

t= thickness of cell wall 

θ= Angle between the inclined wall and vertical 

wall 

h= Height of unit cell 

Non-Axial Joints Structure 

 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑝∗

𝑝𝑠

=  
(𝑙1 + 𝑙2 + ℎ)𝑡

𝑙1
2𝑠𝑖𝑛𝜃2𝑐𝑜𝑠𝜃2 + 𝑙2

2𝑠𝑖𝑛𝜃1𝑐𝑜𝑠𝜃1

            (2) 

4 Results and Discussions 

4.1   Poisson’s Ratio of the auxetic 
cores  

The Poisson’s ratio of the auxetic core designs 

(i.e. Co-axial and Non-axial) was calculated by 

conducting compression tests according to the 

methodology used by [18]. The Poisson’s ratio 

was calculated between the strain intervals of 0-

0.2. A representative rectangular block of equal 

size, as shown in Fig. 5a and b, was plotted on 

both structures. The dimensions of the 

rectangular block was observed at the strain 

interval of ε=0, ε=0.1, and ε=0.2 respectively. It 

can be seen that for both of the structures, the size 

of the block is decreasing in the longitudinal as 

well as the lateral direction. The longitudinal 

dimension is decreasing due to compression 

force applied and the lateral dimension is 

decreasing because of the negative Poisson’s 

ratio behavior of the structure.  

Fig. 5c shows the Poisson’s ratio of novel 

structure in comparison with the conventional 

Co-axial joints structure. It can be seen that the 

average value of the Poisson ratio in the observed 

interval is negative for both structures. The NAJS 

structure exhibited the average Poisson ratio of -

0.45 and the CAJS showed the average Poisson 

ratio of -0.35. Hence, it is found that by changing 

the joint position of auxetic structure, their 

Poisson ratio can be adjusted. 

.   
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Fig. 5. Compression testing of conventional and novel auxetic cores (a) Co-axial joints structure (b) Non-

axial joints structure (c) Horizontal strain as a function of vertical strain, (i) Strain level of 0mm/mm, (ii) 

Strain level of 0.1 mm/mm, (iii) Strain level of 0.2 mm/mm, (iv) Size of the representative block at each 

strain interval.   

 

Fig. 6. (a) Comparison of load-displacement curves of experimental and FEA results, (b) Experimental 

deformation of S-CAJS under compression test (c) FEA deformation of S-CAJS under compression test. 

 

(c
) 

(b
) 

(a
) 
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4.2   Effect of core designs on the 
mechanical performance of auxetic 
structure  

The mechanical performance of conventional 

and novel designs was analyzed using Finite 

Element Analysis. However, before executing 

the analysis, the experimental validation of the 

FEA model was carried out by fabricating S-

CAJS using CREATBOT F430 FDM 3D printer 

and then conducting the flexural tests on Instron 

UTM 5567 machine. The load-deflection curves 

and deformation behavior of the structure during 

the bending tests on the UTM 5567 machine and 

FEA simulation was recorded and compared with 

each other as shown in Fig. 6. It was noticed that 

the experimental and simulation load-deflection 

curves, as well as the deformation behaviors, was 

in close resemblance with each other. Hence it 

was considered that the FEA model is 

experimentally validated. This verified FEA 

model was later used to evaluate the bending 

properties of the other sandwich specimen i.e. S-

NAJS.  

 

Fig. 7. Load deflection curves for auxetic sandwich structures with core of (a) S-CAJS (b) S-NAJS  

 

Fig. 8. Deformed configurations of the sandwich structures at each interval of applied displacement (a) S-

CAJS, (b) S-NAJS 

Fig. 7 shows the effect of core topology on the 

bending behavior of auxetic structure. It was 

noticed that the design of the core has a very 

significant effect on the load-deflection curves. 

For the sandwich structure with a core of Co-

axial joints structure (S-CAJS) and non-axial 

joints structure (S-NAJS), the load increases as 

the deflection increases and the curve rises 

(a) 
(b) 

(c) (d) 
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smoothly up to 15 mm deflection. It was 

observed that the deflection is global as shown in 

Fig. 8 i.e. when the top roller starts moving 

downward the complete structure starts 

deforming.  

Fig. 9 displays the comparison of load-deflection 

curves of both structures under study. It was 

observed that the initial slope of all the novel 

structure was higher than the slope of 

conventional S-CAJS. Furthermore, Table 4 

shows the mechanical properties (i.e. flexural 

modulus and energy absorption capacities) of the 

novel and conventional sandwich specimens. The 

flexural modulus was calculated from Fig. 7 

using the methodology detailed in [19] and 

energy absorption capacity was calculated using 

Equation 5. The flexural modulus of 

conventional S-CAJS was found to be low i.e. 9.6 

MPa and the flexural modulus of S-NAJS was 

observed to be high i.e. 11.72 MPa (22% higher).  

Moreover, up to 15 mm of deflection the energy 

absorbed by S-CAJS was calculated to be 8.9 KJ 

and S-NAJS was found to be of 9.62 KJ (8% 

higher).  

Therefore, the unit cell modifications carried out 

in this research was found to be profitable as a 

result of which all the novel structure exhibited 

higher in-plane flexural modulus and energy 

absorption capacity than the conventional 

structure. 

𝐸 =  ∫ 𝐹. 𝑑𝛿
𝛿

0

                                               (5) 

4.3   Effect of shape optimization on 
the mechanical performance of 
auxetic structure  

Fig. 10 shows the structure obtained after the 

shape optimization process. The color code 

varies from blue to red. The red portion shows the 

areas which was high-stress concentration points 

and software has added the material at that points 

by moving the nodes outward. While the blue 

portion display those regions which was low-

stress concentration points and the software has 

removed the material from those points by 

moving the nodes inward as displayed in the 

zoomed images on the right side of each 

structure. Fig. 11 shows the comparison of load-

deflection curves of optimized and un-optimized 

structure. It was noticed that the slope of all the 

optimized sandwich structure curves is 

significantly higher than the un-optimized 

sandwich structure curves. Moreover, the 

maximum bending load sustained by the 

optimized structure was also higher than the un-

optimized structure. Hence it was found that the 

shape optimization technique has improved the 

load-bearing capacity as well as the stiffness of 

the sandwich structure.

 

       Fig. 9. Comparison of load-deflection curves of convention and novel auxetic structures. 
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       Fig. 10. Displacement of nodes due to shape optimization (a) S-CAJS, (b) S-NAJS 

 

Fig. 11. Comparison of load-deflection curves obtained from 3 points bending test of un-optimized and 

shape optimization sandwich structures. 

The flexural modulus and the energy absorption 

capacity was also calculated for the shape-

optimized structure, whose values are given with 

comparison to the un-optimized ones in Table 4 

and displayed with the help of bar charts in Fig. 

12. The flexural modulus of shape optimized S-

NAJS was higher i.e. 19.19 MPa than the un-

optimized S-NAJS i.e. 11.72 MPa (63% 

improved). Similarly, shape optimized S-CAJS 

exhibited greater modulus i.e. 10.9 MPa than the 

un-optimized S-CAJS i.e. 9.6 MPa (7.2% 

improved).  

Similarly, the energy absorption capacity is 

higher for shape optimized S-NAJS i.e. 16.2 KJ 

than the un-optimized one having 9.62 KJ (i.e. 

78% improved). Similarly, shape optimized S-

CAJS possessed 9.32 KJ which was greater than 
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the un-optimized S-CAJS having 8.9 KJ (i.e. 

4.7% improved). Thus, it can be noticed from 

Fig. 12 that both the energy absorbed and flexural 

modulus is enhanced by the application of shape 

optimization on the auxetic structure. Therefore, 

it is a very valuable outcome that the shape 

optimization technique can convert an auxetic 

structure to such a structure that is of the same 

volume but it is stiffer and can absorb higher 

energy than the un-optimized one. 

 

Fig. 12. Comparison of mechanical properties of un-optimized and shape optimized auxetic structures (a) 

Flexural Modulus, (b) Energy absorption capacity. 

Table 4. Comparison of mechanical properties of un-optimized and shape optimized conventional and 

novel structure. 

 Flexural Modulus (MPa) Energy Absorption capacity 

(KJ) 

Un-

optimized 

Shape-

optimized 

Un-

optimized 

Shape-

optimized 

Co-axial Joints structure 9.6 10.9 8.99 9.32 

Non-axial Joints structure 11.72 19.19 9.62 16.2 

5 Conclusion 

In the present study a novel auxetic sandwich 

structure was designed named as sandwich 

specimen with the core of Non-axial joints 

structure (S-NAJS). The mechanical 

performance of novel S-NAJS in comparison to 

the sandwich structure consisting of conventional 

re-entrant structure as the core and termed as S-

CAJS was calculated under the bending loads.  

For this objective, experimentally validated FEA 

models were utilized.  Further, the deformation 

and collapse behavior of both structures was 

examined during the simulations and 

experimental testing.  

It was found that the mechanical properties of 

novel structure was better than the conventional 

one. Then to further improve the mechanical 

response of sandwich structure under study, 

shape optimization of conventional as well as 

novel structure was carried out.  It was noticed 

that the flexural modulus and energy absorption 

capacity of shape optimized S-NAJS was 78% 

and 4.7% higher than the flexural modulus and 

energy absorption capacity of its un-optimized 

counterpart. Similarly, up to 63% of 

improvement in the mechanical properties of 

shape optimized S-CAJS was also observed. This 

study may be used as an innovative solution for 

lightweight vehicle design and manufacture.  

395



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

6 References 

[1]. Lakes, R. (1987). Foam structures with a 

negative Poisson's ratio. Science, 235, 

1038-1041.  

[2]. Cho, Y., Shin, J.-H., Costa, A., Kim, T. 

A., Kunin, V., Li, J., . . . Srolovitz, D. J. 

(2014). Engineering the shape and 

structure of materials by fractal cut. 

Proceedings of the National Academy of 

Sciences, 111(49), 17390. doi: 

10.1073/pnas.1417276111 

[3]. Wu, W., Tao, Y., Xia, Y., Chen, J., Lei, 

H., Sun, L., & Fang, D. (2017). 

Mechanical properties of hierarchical 

anti-tetrachiral metastructures. Extreme 

Mechanics Letters, 16, 18-32.  

[4]. Grima, J. N., Alderson, A., & Evans, K. 

(2005). Auxetic behaviour from rotating 

rigid units. Physica status solidi (b), 

242(3), 561-575.  

[5]. Shan, S., Kang, S. H., Zhao, Z., Fang, L., 

& Bertoldi, K. (2015). Design of planar 

isotropic negative Poisson’s ratio 

structures. Extreme Mechanics Letters, 

4, 96-102. doi: 

https://doi.org/10.1016/j.eml.2015.05.00

2 

[6]. Chen, Y., & Fu, M.-H. (2017). A novel 

three-dimensional auxetic lattice meta-

material with enhanced stiffness. Smart 

Materials and Structures, 26(10), 

105029. doi: 10.1088/1361-665x/aa819e 

[7]. Tang, Y., & Yin, J. (2017). Design of cut 

unit geometry in hierarchical kirigami-

based auxetic metamaterials for high 

stretchability and compressibility. 

Extreme Mechanics Letters, 12, 77-85. 

doi: 

https://doi.org/10.1016/j.eml.2016.07.00

5 

[8]. Pigłowski, P. M., Narojczyk, J. W., 

Poźniak, A. A., Wojciechowski, K. W., 

& Tretiakov, K. V. (2017). Auxeticity of 

Yukawa Systems with Nanolayers in the 

(111) Crystallographic Plane. Materials, 

10(11), 1338.  

[9]. Mir, M., Ali, M. N., Sami, J., & Ansari, 

U. (2014). Review of mechanics and 

applications of auxetic structures. 

Advances in Materials Science and 

Engineering, 2014.  

[10]. Scarpa, F., Ciffo, L., & Yates, J. (2003). 

Dynamic properties of high structural 

integrity auxetic open cell foam. Smart 

Materials and Structures, 13(1), 49.  

[11]. Evans, K. E., & Alderson, K. (2000). 

Auxetic materials: the positive side of 

being negative. Engineering Science & 

Education Journal, 9(4), 148-154.  

[12]. Li, D., Yin, J., Dong, L., & Lakes, R. S. 

(2018). Strong re-entrant cellular 

structures with negative Poisson’s ratio. 

Journal of materials science, 53(5), 

3493-3499.  

[13]. Othman, M., Zied, K., & Elmahdy, T. 

(2015). Improving the In-plane Stiffness 

of the Hexagonal Re-entrant Auxetic 

Honeycomb Cores. Paper presented at 

the International Conference on 

Aerospace Sciences and Aviation 

Technology. 

[14]. Lu, Z.-X., Li, X., Yang, Z.-Y., & Xie, F. 

(2016). Novel structure with negative 

Poisson’s ratio and enhanced Young’s 

modulus. Composite Structures, 138, 

243-252. doi: 

https://doi.org/10.1016/j.compstruct.201

5.11.036 

[15]. Fu, M.-H., Chen, Y., & Hu, L.-L. (2017). 

A novel auxetic honeycomb with 

enhanced in-plane stiffness and buckling 

strength. Composite Structures, 160, 

574-585.  

[16]. Ingrole, A., Hao, A., & Liang, R. (2017). 

Design and modeling of auxetic and 

hybrid honeycomb structures for in-

plane property enhancement. Materials 

& Design, 117, 72-83.  

[17]. Gibson, L. J., & Ashby, M. F. (1999). 

Cellular solids: structure and properties: 

Cambridge university press. 

[18]. Li, T., Chen, Y., Hu, X., Li, Y., & Wang, 

L. (2018). Exploiting negative Poisson's 

ratio to design 3D-printed composites 

with enhanced mechanical properties. 

Materials & Design, 142, 247-258.  

[19]. Li, T., & Wang, L. J. C. S. (2017). 

Bending behavior of sandwich 

composite structures with tunable 3D-

printed core materials. 175, 46-57.  

 

396



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

Design and Analysis of Hip Bone Implant for CFR-PEEK 

         Muhammad Moeen Sultan1*, Muhammad Arslan1, Tauseef Aized2  Saeed ur Rehman3  

1* Assistant Professor, New Campus UET Lahore 

1   Student, UET Lahore 

2   Professor, UET Lahore                                                                                                                                             

3   Student, New Campus UET Lahore 

*Corresponding Author: engr.moeen@uet.edu.pk 

Abstract: 

In this research, a hip bone implant has been designed by using CT Scan data of an actual patient by using a 

novel material Carbon-fiber-reinforced Polyetheretherketone (CFR-PEEK). The design was tested under 

compressive loading and stress analysis was done by using a well know commercial finite element analysis 

software ANSYS. The compressive strength measure through simulation was close to the actual human femur bone 

which shows that simulation is accurate and precise. Also, the minimum compressive strength of the implant was 

calculated  ~287Mpa which is much more than the compressive strength of the Femur Bone i.e.205Mpa which 

illustrates that the implant will not fail under compressive loading when implanted into the human body. This 

study can play an important role in designing and producing bone implants by using thermoplastics and can 

contribute greatly to scientific development. 

Keywords: Finite element analysis; CFR-PEEK; Hip-Bone Implant; Compressive Strength.                         

Introduction          

Additive manufacturing is one of the most 

efficient manufacturing technology. It is an 

inexpensive manufacturing technique and the 

machinery used for this process is easily 

available in the market. The materials used for 

3D are also available in the market at a 

reasonable price. The Production time for 

additive manufacturing is less as compared to 

other conventional manufacturing technologies. 

3D printing enables the manufacturers to reduce 

the production steps and also a single 3D printer 

can fabricate the complete product rather than the 

construction of individual parts using separate 

machines and then assemble them [1]. Fused 

Deposition Modeling is being used in the medical 

and pharmaceutical industries for the production 

of medical implants and surgical equipment. The 

materials which are frequently used in FDM are 

PLA, polycarbonate (PC), Nylon, and lactic acid-

based thermoplastics which are biocompatible 

and therefore are being used in biomedical 

industries [2].  

Different researchers have used Fused 

Deposition Modeling for medical applications 

and some have developed very useful 

instruments and medical implants that are 

fabricated by using FDM. Liang et al. improved 

the cell seeding efficiency by incorporating the 

scaffold printed by additive manufacturing by  

 

using poly(ε-caprolactone) (PCL) with an 

injectable thermo-sensitive chitosan hydrogel 

(CSG) to produce a hybrid scaffold. The 

osteoinductivity of this Hybrid scaffold was also 

much better than the scaffold only printed by 

using PCL. The researchers concluded that the 

Hybrid scaffold has better mechanical strength 

and it has better cell and drug-carrying capacity 

so it is very useful for bone tissue engineering 

(BTE) [3]. Shim et al. compared collagen 

membrane membranes which are made by 

conventional methods with the membranes 

fabricated by the FDM process by using 

polycaprolactone (PCL) and the membrane made 

up of polycaprolactone/β-tricalcium phosphate 

(PCL/β-TCP) to examine the capability of these 

membranes to assist guided bone regeneration 

(GBR). It was concluded from the research that 

membranes of PCL/β-TCP are more 

biocompatible and they facilitate bone 

regeneration more than PCL membranes and so 

they are more effective than PCL and 

conventional membranes for guided bone 

regeneration[4].  

David et al. Fabricated the nasal stent by using 

Fused Deposition modeling. The geometry of 

this stent can be altered according to the 

requirement of contours and distinct features of 

different patients. The device causes less trauma 
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and it does not obstruct the feeding and also 

improves compliance with the prosthesis. The 

researchers suggested that these customized 

stents can be incapacitated with drugs for each 

patient[5]. Jeffery et al. proposed research on the 

application of Fused Deposition Modeling as a 

technique that can deliver continuously antibiotic 

and chemotherapeutic medicines from constructs 

and it can be used for the treatment of patients. 

The production of filaments that are anti-

infective and also the production of 

chemotherapeutic filaments was the main focus 

of the design of the researchers. An additive 

manufacturing system can be used to create 

catheters, Beads, and medical constructs. It was 

concluded from the study that composite 

comprised of PLA, gentamicin, and methotrexate 

has better mechanical strength and capacity to 

deliver drugs [6].Karthik et al. conducted a study 

on designing and manufacturing of 

biodegradable materials which can be 

customized and utilized for medical implants for 

the elution of progesterone and estrogen.PCL 

was used to fabricate the medical constructs and 

by employing the ELISA kits to examine the 

hormones release profile. Thermogravimetric 

analysis was utilized to investigate the thermal 

properties of the material. The Fabrication of 

medical constructs to elute estrogen and 

progesterone by Fused Deposition Modeling was 

proved to be a feasible method [7]. Jeffery et al. 

proposed a study on the fabrication of halloysite 

nanotubes (HNT) constructs doped with the 

drugs. Gentamicin (GS) releasing pellets, beads, 

and drugs were manufactured by FDM using 

PLA and GS as a model drug. The 3D printed 

constructs release the GS in a continuous manner 

which enables it to have better anti-bacterial 

growth capacity. Also, the appropriate level of 

dose, doping of antibiotic is very helpful to treat 

mixed infections [8]. Alvaro et al. constructed an 

anti-acne device loaded with anti-acne drug i.e 

salicylic acid by employing Fused Deposition 

modeling and stereolithography (SLA).3D model 

of a person’s nose adapted to morphology was 

developed by using a 3D scanning technique. 

Drug diffusion tests were carried out for both 

FDM and SLA printed devices. The diffusion 

tests revealed that SLA was a more efficient and 

effective technique for 3D printing of anti-acne 

devices. These devices can be customized for 

each patient according to the requirement of the 

individual [9]. Shuwei et . al combined 3D 

printing with casting and assembling to fabricate 

the anatomic models having high reliability for 

the planning of twin separation surgery. Different 

organs of two conjoined twins were scanned by 

using a CT scan machine and Skeletons were 

fabricated by using the FDM process. The CT 

scan of artificially constructed organs showed 

that these 3D printed skeletons exhibited very 

little deviation from the original skeleton. These 

anatomic models proved to be helpful in surgical 

planning [10]. Jin et al. presented a 

comprehensive study on the fabrication of a 

fistula stent for the treatment of  Enterocutaneous 

Fistulas (ECF). Fistula image was reconstructed 

by using additive manufacturing in this study. It 

was concluded by the researchers that the total 

volume of the enteric fistula effluent can be 

reduced by implanting the stent fabricated by 

Fused Deposition Modeling and it proved to be 

an efficient and effective product [11]. Schmidt 

et al proposed a study on selective laser sintering 

SLA of PEEK. Mechanical properties of 3D 

printed samples of PEEK were analyzed in this 

study. It was concluded from the research PEEK 

can be employed for the production of medical 

implants by using SLA and which are useful in 

tissue engineering. The Non-resorbable implants 

can also be fabricated by using SLA 

[12].Valentan et al. conducted research on the 

FDM printing of PEEK. They developed new 

machines which can extrude the heated Filament 

of PEEK as the commercially available machines 

at that time were unable to extrude PEEK at the 

desired temperature. Different tests were 

performed to investigate the mechanical 

properties of the products manufactured by the 

FDM process using PEEK as Feedstock. They 

developed the machines for the production of 

medical implants especially maxillofacial 

prostheses. It was predicted by the researchers 

that bone replacement implants of PEEK can be 

manufactured by using FDM [13].Salem bala et 

al. presented research to explore the 

improvement techniques and alternative methods 

for the FDM process especially for the 

applications in Medical Field. The researchers 

revealed the non-magnetic and transparent nature 

of PEEK. The CT scan and MRI of PEEK 

implants are very easy due to the nature of the 
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material. Also, PEEK is not affected by 

temperature changes so it is a very efficient 

material for medical applications of the FDM 

process [14].Wu, Wenzheng, et al. investigated 

the mechanical properties of PEEK influenced by 

the layer thickness and raster angle of the FDM 

process. Samples of PEEK were fabricated by 

using the FDM process and Tensile, bending and 

compression tests were performed to examine the 

mechanical properties of  PEEK parts. The 

mechanical properties of ABS samples printed by 

FDM were compared to Properties of PEEK. It 

was concluded from the research that the tensile 

strength of PEEK fabricated by the FDM process 

is 108% higher than the tensile strength of ABS 

and the compressive strength of PEEK was 115% 

higher than ABS[15]. 

The literature shows that the artificial human 

bones manufactured by the FDM process using 

conventional materials (ABS, PLA, Nylon, etc) 

are not durable and some materials are not 

biocompatible. It is evident from the current 

literature survey that Functional orthopedic 

medical implants for Hip Bone manufactured by 

the FDM process using CFR-PEEK as base 

material are yet to be fabricated. The long-term 

performance of the artificial hip bone 

manufactured by the FDM process is yet to be 

examined.  Hence a comprehensive study is 

needed to manufacture human bones from novel 

biocompatible material i.e. CFR-PEEK having 

good mechanical strength so it can be directly 

implanted into the human body as a replacement 

for damaged Human Bones. In this study, a hip 

bone implant is designed by using CT scan data 

of an actual human hip bone.The base material 

for this design is CFR-PEEK and the 

compressive strength analysis of the hip bone 

implant is performed by using ANSYS 

Workbench to examine the structural integrity of 

the designed implant.     

CT Scan data collection: 

The CT Scan data was acquired from a CT scan 

of an actual patient through a local Lab with the 

consent of the patient and Lab. 

Slicer 3D: 

It is a software package used for the conversion 

of CT Scan data into a CAD model. 

The following steps are used for the conversion 

of CT Scan data into a 3D model. 

Step1. From the options in the welcome 

screen which allow the user to import and 

save data, the DICOM file is imported to the 

software. 
Step 2.Slicer 3D represents the CT-scan data in 

three different 2D planes; Axial plane in the red 

window, Sagittal plane in the yellow window, 

and Coronal plane in the green window. The 

different colored nodes that appear in these 

windows correspond to the ROI in the blue 

graphics window.  

Using the Visualization module, the 3D 

representation of CT-scan data is observed in the 

blue graphics window at the top right corner. A 

good CT scan generated a higher resolution 3D 

visual. The white box representing the bounding 

region and a purple box representing the Range 

of Interest (ROI) with several resizing nodes are 

used to trim the 3D visualization of data.  

Step 3:From the Editor module the “Threshold 

Effect” specified the different areas of the CT-

scan, the “Change Island Effect” separated the 

different components of the data by assigning 

different color labels and the “Make Model 

Effect” generated the 3D model of each color 

label. In figure.1 the red color label is named 

Back Bone. Similarly, the green color label as 

“Broken Pelvis” and the yellow color label as 

“Cervical Disk”. These labels are then converted 

to 3D models using the “Model module”. 

 

 

Figure 1. Pelvis and Connected Bones 

Step 4. Similarly, for creating a unified model the 

different colored labels are changed to green 

labels and renamed to “Pelvis Combo” before 

using the “Make Model Effect”.  

399



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 
Step 5. To save the models to the file directory, 

the “Save” button is used to export the different 

models in STL format. The application named 

Print 3 is used to assess any errors in the 

generated model. The program does not identify 

any issues and helps estimate an approximation 

of the total printing cost of each model. 

Dimensions from CT scan data: 

Using the “Annotation tool” in Slicer3D, several 

linear measurements of the patient’s CT scan are 

made to calculate the dimensions needed to 

create an accurate bone implant model for the 

patient. These dimensions are represented in 

Table1 and Table 2. 

 
      Table 1.  Linear Dimensions from CT scan 

Name Sections Dimensions 

Femur bone 

Outer diameter 24.2 mm 

Inner diameter 11.3 mm 

Implant stem 

length 
101.35 mm 

Ball Diameter 38.37 mm 

Neck 
Diameter 22.9 mm 

Length 33.2 mm 

Neck and 

Femur 

Junction 

diameter 
18 mm 

 

Table 2. Angular Dimensions from CT scan 

Name ID Angles 

Angle of the neck with the 

vertical axis in Sagittal plane 
α 23.80° 

Angle of the neck with the 

vertical in Coronal plane 
β3 123.21° 

Angle between the neck 

plane and vertical axis, 

(123.21 – 90) 

α3 33.21° 

Angle of femur bone from 

vertical in Sagittal plane 
β 5.724° 

Angle of femur bone from 

the vertical axis in Coronal 

Plane 

β1 5.4206° 

Angle between the femur 

bone and the neck in Sagittal 

plane 

θ 150.46° 

Angle between the femur 

bone and the neck in the 

Coronal plane 

α2 56.79° 

Angle of the femur bone 

from the horizontal axis 
α1 93.92° 

3D Modelling of Human Bone Implant: 

There are two parts to the implant design, the root 

of the implant and the cup. 

Part 1:The Stem of the Implant: 

Using Solid Edge modeling software, we first 

created the spherical ball of diameter 38.37mm. 

This is taken as the average mean diameter of the 

actual ball of the femur bone, so that during 

implant installation the size fits perfectly into, the 

cup of the implant with minimal wastage of the 

hip bone socket to place the cup. 

We then tilted the center plane of the sphere to 

match the angle of the protruding neck of the 

implant (α3 =33.21°) and name it as plane 1 and 

created a cross-sectional sketch to create the 

protrusion of the neck from the ball as in figure 

2. Then we extruded the neck of diameter 20.7 

mm normal to plane 1, up to 52.38mm, which is 

the sum of the radius of the sphere and the length 

of the neck. (
38.37

2
 + 33.2 = 52.38 𝑚𝑚), as 

shown in figure 2. 

Then we placed plane 2 (horizontal), and plane 3 

(vertical) to the cross-section of the neck. Then 

we tilted plane 2 (β1 = 5.4206°) w.r.t the side 

perpendicular to the neck axis of plane 3 and (β 

= 5.724°) w.r.t side of plane 3 parallel to neck 

axis and saved it as plane 4. We placed another 

plane parallel to plane 4 at a distance of 101.35 

mm (which is the stem length of the implant) and 

names it, plane 5. Then, drew the cross-section of 

the stem on plane 4 and plane 5 of diameters, 

18mm and 11.3 mm. respectively to create the 

stem using the loft tool.  

Later, we added subtle features to the basic model 

of the implant to meet your design requirements, 

for example, using the “Revolve Cut” around the 

neck area to reduce the diameter to 14.59 and 

then smoothing the edges with the “Round” tool.       

We saved this model as Part 1 in OBJ, STL, and 

SAT ACIS 21.0 format for presentation, 3D 

printing, and conducting analysis on the model in 

ANSYS. 

 Part 2: The Ball Socket: 

In Solid Edge, we created a new part file named, 

Part 2 to create the cup of the implant so that it 

will fit the ball of Part 1 and also minimize the 

material removal from the hip bone to fix it in 

place. 

We first created a solid sphere, of diameter 40 

mm, in synchronous mode, and by shifting to 

ordered mode created a new plane, 5 mm away  
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from the vertical axis to create a square shape that 

envelops the sphere. Then, using the “Extrude 

Cut” tool we removed the smaller part of the 

sphere and sketched a profile on it as shown in 

figure 2 . Using the “Revolve Cut” tool we cut 

out the hollow section to make sure that the 

diameter at the end of the cut-out section is a bit 

smaller than the diameter of the ball in Part 1. 

This will allow the ball to slide in the hollow 

cutout section of Part 2 without breaking the cup. 

Part 2 was then exported to OBJ, STL, and SAT 

ACIS 18.0 format so that it can be used for 

further processing. 

Assembly: 

We Created a new assembly file in Solid Edge 

and opened Part 1 and Part 2 in the graphical 

interface, then changed the color of each part 

using the “Part Painter” tool to distinguish 

between the two parts in the assembly. 

Compressive Stress Analysis in ANSYS: 

PEEK CFR was used as the implant material, 

with Young’s Modulus and Poisson ration of 

3.95 𝐺𝑃𝑎 and 0.3, respectively. The whole 

implant body was assigned the same material 

properties.  After material properties were 

assigned, a 3-D mesh was constructed, with a 

tetrahedral 10-node-92-element, resulting in 

4088 nodes, and 2205 elements, with an average 

element surface area of 1.4392 mm2 in software 

package ANSYS R2, Canonsburg, PA, USA). 

The model was constrained at the stem (name 

selection, 22 Faces), where a fixed support was 

assigned. Applied load was assumed 4 times the 

body weight of the patient, and was applied as 

Pressure, on the ball of the hip implant, with a 

magnitude of 24 kPa in the negative Z direction 

(vertical axis of an upright human skeleton), the 

loaded area was also set as deformable. 

Ansys is a software package often used for Finite 

Element Analysis (FEA). We imported the ACIS 

18 file format of implant stem into ANSYS and 

set the material parameters for CFR-PEEK 

plastic and stress analysis is shown in figure 3. 

The femur bone is known to bear approximately 

30 times the weight of an average human body, 

which is 80kg according to literature reviews. For 

compressive test analysis, we used 2400N, of 

vertical force on the ball of each implant design, 

as this is where the weight is transferred through 

the pelvis. 

The maximum stress at the weakest link of the 

different implant designs is shown in Table 3. 

 
Table 3. Compressive Strength using ANSYS 

Implant 

design 

Compressive strength 

(MPa) 

1 287 

2 290 

3 295 

 

 

Figure 3. Stress Analysis in ANSYS 

Figure 2. CAD Model of Implant 
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Factor of Safety:  

The factor of Safety is an important parameter for 

implant design as it helped us assess the load-

carrying capacity of each implant design beyond 

the actual capacity needed.The factor of safety 

for each design is shown in table 7.  
Table 3. Factor of Safety 

Implant design Factor of Safety 

1 4.2 

2 1.75 

3 0.9 

Conclusions: 

In this research, a Hip bone implant was designed 

by using a CT scan data of an actual patient (with 

broken hip bone).The stress analysis of the hip 

bone implant was conducted in ANSYS 

workbench 19.0 to locate high-stress areas as 

well as calculate the compressive strength. The 

compressive strength of the femur bone is 205 

MPa while the implant developed in this research 

has much more compressive strength which 

certifies the integrity of design as well verifies 

that this implant can withstand the compressive 

loading when implanted into the human body. 

The finding of this research can play an important 

role in human bone implant production. 

Future Work: 

In future the prototype of the designed implant 

will be developed and In vivo and In vitro tests 

will be performed to assess the biocompatibility 

of the implant along with clinical trials. 
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Abstract 

Disc brake systems depend on the proper working of disc brakes and brake shoes. So, there is a need to optimize 

and analyze different factors that affect the proper working of brake shoe. For this purpose, the literature is 

reviewed and according to assumptions of different boundary conditions, static and steady state thermal analysis 

is performed. First the 3d model of brake shoe is made in SOLIDWORKS and then analysis is done in ANSYS 

Workbench. The analysis in both cases are done by comparing three materials. Structural steel, aluminum alloy 

and stainless steel. Static analysis showed that aluminum has the least von-mises stresses with the safest factor of 

safety than other two materials. By conclauding thermal analysis, it is again showed that aluminum alloy has the 

highest thermal conductivity compared to other materials and thus there is higher heat transfer rate. So, aluminum 

is to be preferred than other materials according to the results of the analysis. New techniques should be introduced 

for the design optimization. 

Key Words: Brake Shoe; Boundary Conditions; SOLIDWORKS; ANSYS Workbench; Aluminum alloy; 

Von-mises stresses; (factor of safety) FOS; Thermal Conductivity. 

1. Introduction 

    Brake pads are a part of disc brake system. Rotor 

disc is used to squeeze the brake pads against it by 

a caliper and thus known as disc brake. The friction 

is produced by the squeezing of pads against the 

rotor. The brake shoe is crescent-shaped part and 

has rough friction at one end. [1]It is an integral part 

of raking system which is used to carry the brake 

lining in the drum brakes. The device which is 

utilized to control the railroad cars speed. The brake 

lining is connected and glued to the brake shoe. The 

lining is pressed against the inside of the shoe. This 

friction is known as braking effort which is 

dissipated as heat. There is more dissipation of heat 

so there is less overheating of the brake shoe. The 

friction can cause scrubs on the wheel surface and 

it can cause wear and tear. Brake shoe is one of the 

important part of automobile and thus there is a 

need to optimize its design and to improve its 

specifications. There are many problems associated 

with drum brakes such as stress concentration due 

to large braking force. Thus there is need to develop 

and improve drum brake. [2] 

   The brake shoes are encountered by high 

temperature and stress concentrations during brake 

application. Also mechanical loads have effect on 

brake shoe performance. So there should be total 

analysis for all types of loads acting on the brake 

shoe. Thus there is need to execute finite element 

analysis on brake shoe and all the results should be 

in allowable limits. Brake shoe typically consists of 

2 metals which are welded together. 

Fig. 1.  Drum brake shoes and linings 

   The crescent shape piece is known as web and has 

slots in it which is utilized for return springs, for 

linkage and adjustments. [3] The friction brakes can 

be band brake, internal shoe brake and disc brake. 

There are many factors that should be known, 

controlled and optimized for proper working of 

shoe brake such as temperature, humidity, 

automobile speed, pressure etc. the materials used 

for brake shoe are lead, zinc, brass, aluminum and 

others for resistance of heat. Fillers and binders 
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such as rubber chips are used for the reduction of 

brake noise. the performance of brake shoe is 

analyzed by topology optimization. [4] 

   In this paper static analysis and thermal analysis of 

the brake shoe is analyzed that how the heat is 

transferred from the brake lining to the brake shoe 

and how much pressure is required to deform the 

brake shoe. The steady state thermal analysis is 

studied to examine the temperature distribution, 

heat and heat flux transferred and the convection in 

the brake shoe for the aluminum material.[5] Also 

the material analysis is also performed to select 

which material is best to use as in brake shoe. Then 

the results are compared. During the process, first 

the model is developed in SOLIDWORKS and then 

it is analyzed in ANSYS workbench.   

    Much work has been done on the element wise 

analysis of brake shoe and its design modifications 

such as Nagesh S.N. studied the metallurgy of brake 

shoes. Many powder techniques are analyzed for 

brake shoe. The wear and tear of the shoe, strength, 

coefficient of friction, structural analysis and modal 

analysis has been analyzed.  It is concluded that the 

friction materials are less exposed to the wear and 

tear but has a drawback that there is high brake 

noise.[6] Wang Jizhong analyzed and   compared 

the structural strengths of the brake shoe with the 

implication of pressure. Increase in pressure 

damage the roller shaft. The improved design of the 

brake shoe was achieved. [7] Dvsrbm S.L.Sravan 

improved the drum brake model and performed 

thermal analysis on ANSYS. Same pressure is 

applied on different materials to study their 

behavior and strength such as aluminum alloy, 

carbon steel etc. it is concluded that aluminum alloy 

gives appropriate thermal distribution so it can be 

used as a good drum brake material. [8]Zhang 

Shuaipeng introduced the modal analysis of brake 

shoe based on topology optimization. Due to this 

analysis, the light weight brake shoe was achieved 

and thus it reduces the cost. [9]Lin Ligang 

examined the lining of brake shoe, drum and 

friction. The element analysis gave results for 

temperature and stress distribution, torque and its 

factor of safety.[10]  

   M.A. Maleque emphasized on the use of light-

weight materials for the brake shoe. He developed 

the method for the selection of the optimum 

material. These methods are cost per unit property 

and digital logic methods. Many materials as well 

as mechanical properties were discussed and 

experimented.  It was again proved that aluminum 

is the best material for brake shoe.[11] 

J.Kukutschova tested the brake system using 

dynamometer tests. The topology study and the 

static analysis of the linings of the brakes are 

studied.  The abrasive and adhesive wear and tear 

of the brake pad was studied using dynamometer 

chamber. The debris accumulated is toxic and 

should be rectified. [12] Zmago Stadler examined 

the properties of sintered metallic brake lining. The 

study was done on two brake systems which are 

different from one another with respect to the 

dimensions and brake caliper. The study of the 

friction layer formed is done to study the metallic 

matrix. The COFs of different materials were 

examined.[13] Seong Jim Kim studied the 

tribological behavior of non-asbestos organic brake 

linings that consists of different volume ratios and 

antimony tri sulfide.  The effect of the applied 

pressure, speed, rotation and the temperature effect 

was studied. It was cleared from the results that 

solid lubrication has better results than other 

friction materials. There is advantage of high 

concentrations of graphite for better resistance 

results.[14] 

   The analysis of brae shoe will be studied on the 

basis of thermal analysis and also the material 

optimization will also be elaborated. There are 

different objectives of this study which are given 

below: 

a. To develop 3d model of brake shoe on 

SOLIDWORKS. 

b. To study the static analysis of the brake shoe and 

determine the required pressure for safe factor of 

safety. 

c. To study the behavior of brake shoe under 

thermal analysis. 

d. To study the behavior of different materials in 

thermal analysis and static analysis. 

e. To compare the results and conclude best 

material for brake shoe. 

2. Methodology 
   First, the model was created in SOLIDWORKS as 

per according to the mechanical part assigned. The 

dimensions were according to the real mechanical 

brake shoe. The main dimensions are given as: 

Inner diameter (mm) = 112 

Outer diameter(mm) = 164 

Thickness of rib(mm) = 5 

Width of rib(m) = 26 

Inner diameter of lining(mm) = 164 
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Outer diameter of lining(mm) = 168 

 

          Fig. 2. Brake shoe on SOLIDWORKS 

2.1. Static Structural Analysis 

   Then the model was exported to ANSYS, static 

structural analysis was selected, the material is 

defined in the engineering data and the mechanical 

model is opened as: 

 

Fig. 3. Brake shoe on ANSYS 

 

 

 

 

 

The following mesh properties were applied: 

 

 

   Now the static analysis of the brake shoe will be 

analyzed based upon different materials selection. 

There are different boundary conditions applied on 

the brake shoe which are given as below 

a. Pressure applied on the outside side of the lining 

= 3.5MPa 

 

      Fig. 4. 3.5MPa pressure applied on brake shoe 

lining 
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Fig. 5. Fixed support on inside surface 

b. Ambient temperature = 22oC 

c. The internal surface taken as fixed support. 

   Different materials were analyzed for the safest 

factor of safety and with respect to thermal 

conductivity for the criteria of both static and 

thermal analysis which are aluminum alloy, 

structural steel and stainless steel. 

2.2. Steady state thermal analysis: 

The model was exported to ANSYS, steady state 

thermal analysis is selected, the material was 

defined in the engineering data and the mechanical 

model is opened same as in static structural 

analysis. Now different boundary conditions are 

assigned to brake show which are given below: 

a. Convection was assumed at the internal 

surface of the lining and the brake shoe. 

 

Fig. 6. convection assumed in thermal analysis 

   Heat flow of 100W was assumed at the lining. 

 

 

 

 

Fig. 7. Heat flow of 100W is assumed. 

   Fig.8. heat flux of 100W is assumed on lining 

     Heat flux of 100W was assumed at the lining. 

      Base temperature of 800oC was assumed at lining. 

 

  Fig.9. base temperature of 800oC is assumed 

Table 1: The materials to be compared and their 

densities 

Materials Density 

(kg/m3) 

Aluminum alloy 2770 

Stainless steel 7750 

Structural steel 7850 
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3. Results and discussion 

   The simulated results of static and thermal analysis 

are given as: 

3.1      Static analysis results 
3.1.1 Structural Steel: 

   The results of the deformation, von-mises stresses 

and FOS for structural steel is given as: 

   The maximum deformation of 0.0000761m is 

produced by applying 3.5MPa pressure on 

structural steel. 

Fig.10.  total deformation of structural steel 

   The maximum Von-mises stresses of 148MPa is 

produced by applying 3.5MPa pressure on 

structural steel 

Fig.11. Von-mises stresses of structural steel 

 

3.1.2 Stainless steel: 

   The maximum deformation of 0.00007885 m is 

produced by applying 3.5MPa pressure on stainless 

steel. The static analysis of 3 different materials are 

performed and their deformation, von-mises 

stresses and factor of safety are compared. The 

assumptions of the boundary conditions are given 

in the methods section. 

Fig.12. total deformation of stainless steel 

 

The maximum Von-mises stresses of 147MPa is 

produced by applying 3.5MPa pressure on 

stainless steel. 

 

Fig.13. von-mises stresses of stainless steel 

3.1.3 Aluminum Alloy: 
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   The maximum deformation of 0.000214m is 

produced by applying 3.5MPa pressure on 

Aluminum alloy. 

 

Fig.14. total deformation of Aluminum alloy 

   The maximum Von-mises stresses of 145MPa is 

produced by applying 3.5MPa pressure on 

Aluminum alloy. 

 

Fig.15. von-mises stresses of Aluminum alloy 

3.2 Steady-state Thermal Analysis 
Results: 

   The results of the thermal analysis of the brake 

shoe for three different materials are performed 

and the results of temperature distribution and 

directional heat flux are given as: 

3.2.1 Structural steel: 

   The temperature distribution for structural steel at 

800oC is illustrated below. It depends on its thermal 

conductivity. temperature difference of 1.53oC is 

achieved. 

 

Fig.16. temperature distribution of structural steel 

   The maximum directional heat flux at 100W/m2 

heat flux is 25888W/m2 for structural steel. 

 

Fig.17. directional heat flux of structural steel 

3.2.2 Stainless steel: 

   The temperature distribution for stainless steel at 

800oC is illustrated below. It depends on its thermal 

conductivity. The temperature difference of 6.12oC 

is achieved. 

 

Fig.18. temperature distribution of stainless steel 

   The maximum directional heat flux at 100W/m2  

heat flux is 25888W/m2 for stainless steel. 
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Fig.19. directional heat flux of stainless steel 

3.2.3 Aluminum Alloy: 

   The temperature distribution for Aluminum alloy 

at 800oC is illustrated below. It depends on its 

thermal conductivity. The temperature difference 

of 0.53oC is achieved.       

   The maximum directional heat flux at 100W/m2 

heat flux is 25888W/m2 for aluminum alloy. 

 

Fig.20. Directional heat flux of aluminum alloy 

4  Conclusion and Discussion 

   The conclusion is to be drawn by the results showed 

above and compared with theoretical data. The 

static and thermal analysis are discussed separately 

as: 

4.1  Static Analysis: 

   The results are summed up in the given table and 

different behaviors of 3 materials are to be 

discussed. 

 

 

Table 2 The materials analyzed for stress analysis, 

their stresses and FOS 

Materials Von-Mises 

stresses 

(MPa) 

FOS 

Aluminum alloy 145 1.9298 

Stainless steel 147 1.4059 

Structural steel 148 1.6858 

   Thus it is obvious that according to static analysis, 

aluminum alloy is the best material for brake shoe 

because it has minimum von-mises stresses and 

according to FOS, it is safest at the same boundary 

conditions with respect to other materials. Lowest 

stresses mean it has more strength than others and 

also it is light weight. So aluminum alloy is 

recommended.  

4.2  Thermal analysis: 

   The results are summed up in the given table and 

different behaviors of 3 materials are to be 

discussed. 

Table 3 The materials analyzed for thermal analysis, 

their k-value and temperature distributions 

Materials Thermal 

Conductivity 

(W/m.K) 

Temperature 

difference 

(oC) 

Aluminum 

alloy 

175 0.53 

Stainless 

steel 

15.1 6.12 

Structural 

steel 

60.5 1.53 

 

   Thermal analysis of different materials for brake 

shoe showed that aluminum is the best preference 

as it transfers the heat most rapidly as there is high 

value of thermal conductivity and must less 

temperature difference, thus there is large heat 

transfer while using aluminum alloy when heat is 

supplied by the pressure applied on the lining.  
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Abstract 

Osteoarthritis is the most common degenerative knee joint disease causing severe pain and disability in the 

elderly. The success of Total Knee Arthroplasty (TKA), a surgical procedure for restoring the full functionality of 

the human knee, strongly depends upon the mechanical properties of knee implant materials. Latterly, the Mg-Ca 

alloys have gained significant attention in orthopedic applications due to their high biocompatibility and 

corrosion resistance. The current study was performed to evaluate the mechanical performance of Mg-Ca alloy 

in comparison to conventional knee implant materials namely Cobalt-Chromium alloy (CoCrMo) and Titanium 

alloy (Ti6AI4V). The standard knee joint dimensions were obtained from the literature and a 3D model of knee 

prosthesis was produced using SOLIDWORKS. ANSYS Mechanical was used to perform Finite Element Analysis 

(FEA) after subjecting the designed knee prosthesis to a static load of 290 N. The results for Von-Mises stress, 

total deformation, and equivalent elastic strain were computed and compared for all the tested materials. The 

findings of the study revealed that the Mg-Ca alloy provided the lowest value for peak Von-Mises stress in the 

femoral component i.e. 2.583 MPa as compared to CoCrMo (2.998 MPa) and Ti6AI4V (2.878 MPa). On the other 

hand, the minimum peak stress values in the tibial component and articular insert were observed with Ti6AI4V. 

CoCrMo as an implant components’ material provided higher results for average Von-Mises stress. In terms of 

deformation, the Mg-Ca alloy implant resulted in a reduction of 97.01% as compared to traditional implant 

materials. Similarly, high elastic strain values were found for the knee implant with CoCrMo as compared to 

other implants.  

Key Words: Osteoarthritis; Knee Prosthesis; Total Knee Arthroplasty (TKA); Mg-Ca Alloys; Finite 

Element Analysis  

1. Introduction 

Knee Osteoarthritis (OA) is considered as a 

progressive knee joint deteriorating disease, 

normally, originated by the wear and tear of 

articular cartilage. The growth of OA causes 

unbearable pain resulting in the permanent 

disability of the human knee joints especially in 

the elderly [1, 2]. The epidemiological studies 

have reported that 30% of the total adult 

population have developed the radiological signs 

of OA and 8.9% of them are clinically 

significant. The women are more prone to 

developing OA and the possibility and severity of 

disease increase significantly with increasing age 

and weight [1, 3]. Total Knee Arthroplasty 

(TKA) is a common surgical procedure for 

treating end-stage OA and other primary 

indications including fracture, dysplasia, 

inflammatory arthritis, and malignancy [4-6]. 

Although, TKA is developing unprecedentedly 

but the volume of Total Joint Arthroplasty (TJA) 

is growing exponentially. An epidemiological 

study performed by Sloan et al.[7] reported that, 

in US only, the projected growth of TKA for 

2030 is 85% of the volume in 2014 and the 

situation of the rest of the world is no different. 

The projected volume of TKA is also affected by 

the unseen global pandemics like COVID-19 

which makes the research, to enhance the 

efficacy of TKA, inevitable [8, 9].   

According to the reported literature, the 

efficiency of TKA is strongly dependent upon the 

mechanical properties of knee implant materials. 

Bougherara et al. researched for the performance 

comparison of conventional and hybrid implant 

materials by using the Finite Element Analysis 

(FEA). The hybrid implant was produced by 

combing the polymer composites with the 

commercial implant system and its performance 

was compared with stainless steel implant. The 

results showed that the hybrid implant produced 

63% less stress in implant components as 
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compared to the conventional implant [10]. 

Shriram et al. performed the dynamic FEA to 

assess the effect of material stiffness on the 

reliability of artificial meniscal implant for 

human knee joint. The contact pressure and knee 

displacement were found to be greatly dependent 

on the stiffness of implant materials [11]. Kang 

et al. researched the biomechanical impact of 

tibial insert material on the efficacy of TKA. The 

performance of conventionally used Ultra High 

Molecular Weight Polyethylene (UHMWPE) 

was compared with contemporary poly-ether-

ether-ketone (PEEK), and carbon-fiber-

reinforced poly-ether-ether-ketone (CFR-

PEEK). The efficiency of the knee prosthesis was 

observed to be affected by the properties of the 

insert’s material. Also, PEEK and CFR-PEEK 

were found to be suitable replacements for 

conventionally used UHMWPE [12]. Holloway 

et al. reinforced the Poly Vinyl Alcohol (PVA) 

hydrogel with UHMWPE and Polypropylene 

(PP) fibers to produce the composites for the 

potential replacement of meniscus. The 

performance of the composites was found to be 

the function of combining ratio of used materials 

[13]. Similarly, Chakrabarty et al. reported that 

optimizing the properties of Polyethylene used in 

TKA reduced the wearing ability of the knee 

implant materials [14].  

The primary contributors to the failure or revision 

of TKA include infection, aseptic loosening, 

polyethylene wear, mechanical defect, and 

allergy, etc. [15]. Lately, the Magnesium 

Calcium (Mg-Ca) alloys have been exhibiting 

improved mechanical properties as compared to 

conventionally used knee implant materials like 

stainless steel, Cobalt-Chromium-Nickel 

(CoCrNi) alloys, and titanium alloys [16-18]. 

Magnesium (Mg), being the fourth most 

abundant element in the human body, has been 

reported as a biodegradable material with the 

capability of being used in the manufacturing of 

knee prostheses [19]. The other potential benefits 

of Mg include low density, high specific strength, 

high machinability, low-stress shielding, high 

specific strength, high biocompatibility, and high 

damping capacity.  

 

It has also been reported that the biocompatibility 

accepted level to add Ca in Mg alloys is less than 

1 % wt. Calcium, being a ductile and malleable 

metal, enhance the strength and creep of Mg 

alloys by refining its microstructure [16]. Several 

studies have also reported that the Mg-Ca alloys, 

formed by alloying the optimal percentage of Mg 

and Ca, exhibit remarkable mechanical 

properties like low corrosion rate, high 

biocompatibility, high strength, high 

biodegradability, and cost-effectiveness [20-23].  

 

The above-elaborated literature has evidently 

expressed that the mechanical properties of the 

material used in the manufacturing of knee 

prostheses influence the efficiency of TKA. 

Significant work has also been performed to 

prove the astonishing advantages of Mg-Ca 

alloys in general orthopedic applications. Before 

this study, the performance comparison between 

conventional implant materials and Mg-Ca alloy 

for application in TKA has not been reported. 

Therefore, concerning the indispensable 

requirement of enhancing TKA efficacy, an 

attempt has been made to evaluate the 

performance of biodegradable Mg-Ca alloy as an 

emerging knee implant material for TKA. The 

FEA was performed on three human knee 

prostheses manufactured from CoCrMo alloy, 

Ti6AI4V alloy, and Mg-Ca alloy. The results for 

Von-Mises stress, total deformation, and 

equivalent elastic strain were computed and 

compared for all implant materials. The contours 

for the aforementioned parameters were also 

analyzed to visualize the stress and strain 

distribution.  

2. Materials and methods 

3D Model of Knee Prosthesis 

The 3D CAD model of the human knee 

prosthesis was produced on SOLIDWORKS by 

following the standard dimensions of the human 

knee joint. The knee prosthesis was comprised of 

three components namely femoral component, 

tibial component, and articular insert. The 

standard assembly of the knee prosthesis is 

presented in Figure 1 where the articular insert is 

sandwiched between the femoral and tibial 

components. The femoral component is the 

topmost component that is attached to the femur 

of the patient. The bottommost component is the 

tibial component with a stem pointing below. The 

stem of the tibial component is inserted in the 

tibia of the patient. The articular insert works as 

a base of the femoral component and facilitates 

its rotary motion [3]. 

 

Materials 

The mechanical properties of the materials used 

in the current study are presented in Table 2. The 

articular insert was made of Polyethylene while 
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the material of femoral and tibial components 

was changed between CoCrMo, Mg-Ca, and 

Ti6AI4V.   

                                         

 

Table 1: Standard dimensions of knee prosthesis [24] 

 
Table 2: Mechanical Properties of knee implant materials 

 

  

 

 

 
 

 

Size 
Bone 

Small Medium Large 

Femur 
ML (mm) 60.4 71.01 77.09 

AP (mm) 41.88 56.88 66.68 

Tibia 
ML (mm) 63.39 72.3 80.9 

AP (mm) 43.95 57.91 63.37 

 

Material 

Density 

(Kg/mm3) 

Young’s 

Modulus 

(MPa) 

Poisson’s 

Ratio 

Bulk 

Modulus 

(MPa) 

Shear 

Modulus 

(MPa) 

Yield 

Strength 

(MPa) 

UTS 

(MPa) 

CoCrMo 8.4e-06 250 0.29 198.41 96.899 840 1280 

Mg-Ca 1.75e-06 42000 0.35 46667 15556 200 385 

Ti6AI4V 4.42e-06 1.14e+05 0.34 1.187e+05 42537 897  

Polyethylene 9.5e-07 1100 0.42 2291.7 387.32 25 33 

Figure 1: Designed 3D model of knee prosthesis Figure 2: Notation of human knee joint [24] 
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Finite Element Analysis (FEA) 
The finite element analysis (FEA) on the CAD 

model of knee prosthesis was performed using 

ANSYS Mechanical 2021 R1. After assembling 

the knee prosthesis in SOLIDWORKS, the 3D 

CAD model was imported into ANSYS 2021 R1. 

In ANSYS Mechanical, the required materials 

were created using the mechanical properties 

expressed in Table 2. The material creation 

process was followed by the material assigning 

step in which the Polyethylene was assigned to 

the articular insert. The material of femoral and 

tibial components was changed between 

CoCrMo, Mg-Ca, and Ti6AI4V. A coarse mesh 

was created for the 3D model with a target quality 

of 0.05. The total number of mesh elements and 

nodes were kept as 164743 and 285934 

respectively. As presented in Figure 3, a static 

vertical force of 290 N was applied to the femoral 

component. The motion of knee prosthesis 

assembly was restricted in all rotational and 

translational degrees of freedom by fixating the 

base of the tibial component as shown in Figure 

4. After the application of material modeling, 

loading conditions, and boundary conditions on 

the knee prosthesis model, the mesh 

independence study was performed to eliminate 

the effect of mesh refinement on the simulation 

results. The FEA was performed by following the 

procedure reported in the literature [10, 11] and 

the results were obtained for Von-Mises stress, 

equivalent elastic strain, and total deformation.  

3. Results and discussion 

The obtained results for Von-Mises stress, 

equivalent elastic strain, and total deformation 

are presented in the form of graphs and contours.  

Von-Mises (Equivalent) Stress 
The Von-Mises stress or equivalent stress is 

commonly used as a metric to evaluate the design 

margins for the engineering components made of 

ductile materials [25]. The found results for 

maximum and average equivalent (Von-Mises) 

stress are presented in Figures 5 and 6 

respectively. It can be observed that the femoral 

component of knee prosthesis showed minimum 

value for peak Von-Mises stress with Mg-Ca 

alloy as compared to conventional implant 

materials. With Mg-Ca alloy, the peak stresses 

Figure 3. Application of Static Load 

Figure 4. Fixed support boundary condition 

Figure 5: Comparison of maximum Von-

Mises stress 

Figure 6: Comparison of average Von-

Mises stress 
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were found to be 10.23% and 13.08% lower as 

compared to Ti6AI4V and CoCrMo respectively. 

On the other hand, the lowest values for average 

Von-Mises stress in the both, tibial and femoral 

components, were obtained for CoCrMo 

followed by Mg-Ca and Ti6AI4V.  

 

The average equivalent stress in femoral 

components for CoCrMo, Mg-Ca, and Ti6AI4V 

was observed as 0.089 MPa, 0.137 MPa, and 

0.147 MPa respectively. Similarly, the average 

stress values for the tibial component with 

CoCrMo, Mg-Ca, and Ti6AI4V were obtained as 

0.04 MPa,  0.083 MPa, and 0.09 MPa 

respectively. 

 

 The low elastic modulus or stiffness of CoCrMo 

resulted in the high flexibility of the components 

producing lower values of Von-Mises stress. 

Owing to their high Young’s modulus, Mg-Ca 

and Ti6AI4V showed high equivalent stress 

against lower values of elastic strain [26].  

 

The production of Von-Mises stress in 

polyethylene articular insert followed the 

opposite trend as compared to other components.  

The average Von-Mises stress in polyethylene 

articular insert was observed to be highest for 

CoCrMo as compared to other implant materials. 

The reason behind this was that the articular 

insert was sandwiched between femoral and 

tibial components so the deformation in these two 

components affected the stress production in the 

articular insert. The low stiffness of CoCrMo 

caused, relatively, higher deformation in the 

femoral and tibial components which 

compressed the articular insert. The high 

compression of polyethylene articular insert with 

CoCrMo resulted in the higher Von-Mises 

stresses as compared to other implant materials 

[27]. 

 

This is also worth mentioning that the equivalent 

stress production in all the tested materials was 

well below their yield stress values which 

showed the reliability of materials.  

Therefore, the potential benefits of Mg-Ca alloy 

over conventional implant materials like 

biodegradability, cost-effectiveness, high 

biocompatibility, and low corrosion rate prevail.  

 

The contours for stress distribution in the femoral 

component, articular insert, and tibial component 

with Mg-Ca, CoCrMo, and Ti6AI4V are 

presented in Figures 7 to 9. 

 

Figure 7. Contours of Von-Mises stress in femoral (left), articular insert (mid), and tibial component (right) 

with Mg-Ca 
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Figure 8. Contours of Von-Mises stress in femoral (left), articular insert (mid), and tibial component (right) 

with CoCrMo 

Figure 9. Contours of Von-Mises stress in femoral (left), articular insert (mid), and tibial component (right) 

with Ti6AI4V 

Figure 10. Comparison of maximum 

equivalent elastic strain 
Figure 11. Comparison of average 

equivalent elastic strain 
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Equivalent Elastic Strain 
The results for maximum and average equivalent 

elastic strain for all the knee prosthesis 

components with different implant materials are 

depicted in Figures 10 and 11 respectively. It can 

be found that equivalent elastic strain for all the 

knee prosthesis components i.e. femoral, tibial, 

and articular insert, the equivalent elastic strain 

with CoCrMo was significantly higher as 

compared to other implant materials.  

  

For instance, the equivalent elastic strain in the 

femoral component with Mg-Ca and Ti6AI4V 

was found as 0.033E-04 and 0.013E-04 

respectively which was remarkably lower than 

the value with CoCrMo i.e. 3.71E-04. Similarly, 

the equivalent elastic strain in the tibial 

component was observed as 0.021E-04 with Mg-

Ca which was significantly lower than the results 

with CoCrMo i.e. 1.74E-04. The higher 

equivalent elastic strain values with CoCrMo 

alloy can be attributed to its low Young’s 

modulus or stiffness. The lower stiffness resulted 

in the production of large stress against low 

elastic strain values [27].  

 

Figure 12. Contours of elastic strain in femoral 

(left), articular insert (mid), and tibial component 

(right) with Mg-Ca 

The contours for equivalent elastic strain 

production in the femoral, articular insert, and 

tibial components of the human knee implant 

with all the tested materials are presented in 

Figures 12 to 14. The regions with the minimum 

and maximum strain production points are 

highlighted on the contour images.  

 
Figure 13. Contours of elastic strain in femoral 

(left), articular insert (mid), and tibial component 

(right) with CoCrMo 

 
Figure 14. Contours of elastic strain in femoral 

(left), articular insert (mid), and tibial component 

(right) with Ti6AI4V 

Total Deformation 
The total deformation is the vector sum of 

directional displacements (deformation) in all 

three coordinates [27]. The obtained results for 

total deformation produced in all components of 

knee prosthesis are presented in Figures 15 and 

16. The findings of the study showed that total 

deformation in all knee implant components i.e. 

femoral, articular insert, and tibial components, 

was observed to be maximum with CoCrMo.  
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Figure 16. Comparison of average deformation 

For example, the total deformation in the femoral 

component was observed as 0.09 mm which was 

significantly higher than Mg-Ca (0.003 mm) and 

Ti6AI4V (0.0028 mm). Similarly, the tibial 

component showed the total deformation of 

0.0016 mm with CoCrMo as compared to 

0.00001 mm and 0.000007 mm with Mg-Ca and 

Ti6AI4V respectively. The total deformation in 

knee implant components with Mg-Ca and 

Ti6AI4V was lower owing to their significantly 

higher elastic modulus. The high total 

deformation in CoCrMo can be explained by the 

same fact explained above i.e. lower stiffness 

resulted in the lower stress values against high 

strain or deformation [28].  

 
Figure 17. Contours of total deformation in femoral 

(left), articular insert (mid), and tibial component 

(right) with Mg-Ca 

The contours for total deformation in femoral, 

articular insert, and tibial components of human 

knee prosthesis are presented in Figures 17 to 19. 

The points corresponding to the maximum and 

minimum total deformation are also highlighted 

in the Figures.  

 
Figure 18. Contours of deformation in femoral 

(left), articular insert (mid), and tibial component 

(right) with CoCrMo 

Figure 15. Comparison of maximum 

deformation 
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Figure 19. Contours of deformation in femoral 

(left), articular insert (mid), and tibial component 

(right) with Ti6AI4V 

4. Conclusion 

In this research study, the mechanical 

performance of Mg-Ca alloy was evaluated as an 

emerging knee prosthesis material in comparison 

to conventional implant materials namely 

Cobalt-Chromium alloy (CoCrMo) and Titanium 

alloy (Ti6AI4V). The FEA was performed on a 

3D CAD model of human knee prosthesis using 

ANSYS 2021 R1 and the results for Von-Mises 

stress, equivalent elastic strain, and total 

deformation were obtained for all the tested 

implant materials under a static load of 290 N. 

The found results provided that the lowest value 

for peak Von-Mises stress in the femoral 

component was obtained with Mg-Ca alloy 

(2.583 MPa) in comparison to CoCrMo (2.998 

MPa) and Ti6AI4V (2.878 MPa). On the 

contrary, the lowest peak stress values in the 

tibial component and articular insert were 

observed with Ti6AI4V alloy. In terms of 

average Von-Mises stress, CoCrMo provided 

higher stress results due to its low elastic 

modulus or stiffness. Similarly, high elastic strain 

values were found for the knee implant with 

CoCrMo as compared to other implants. 

Regarding deformation, the Mg-Ca alloy implant 

resulted in a reduction of 97.01% in comparison 

to the traditional implant materials. For all the 

tested implant materials, the observed Von-Mises 

stresses were remarkably lower than the yield 

stress which ensures the stability and reliability 

of materials. Therefore, the use of Mg-Ca alloys 

prevails in TKA due to their high degradability, 

high biocompatibility, low corrosion rate, and 

cost-effectiveness. The research studies can be 

performed in the future to investigate the impact 

of varying Mg-Ca compositions under high static 

loads.  
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Abstract— This paper presents design and development of Drop Weight Impact tester (DWIT) indigenously for 

characterization of different materials by measuring their energy absorption under impact load at low strains rates. 

DWIT developed is capable to measure force up to 300 joules with constant mass dropped from a height of 6 feet at 

varying velocities. DWIT apparatus consisting of mechanical components, support structures, base block, impactor 

assembly, accelerometer sensor, are designed, selected, manufactured, calibrated, and assembled indigenously. 

Results of different materials characterized primarily are recorded and plotted in the form of time, acceleration and 

energy absorbed under impact load to ensure accuracy and reliability of the DWIT developed for further use.  

Key Words: Drop Weight, Impact, Tester, Characterization, Materials 

1. Introduction 

Drop weight impact testing machine is used to 

measure absorption of energy in different 

composite and metals under impact load. The 

outcome or result of machine is recorded and 

plotted in the form of acceleration vs time graph 

and to plotted amount of energy absorbed by the 

material specimens [1]. Most of the research is 

done on composite materials applications is 

observed focus on static and pseudo dynamics 

loading. There are many conditions in which 

structures undergo impact or dynamic loading, 

such as explosion, impact of ice load on pile 

structures, accidental falling loads and tornado 

generated projectiles etc. [2].  

Composites materials are increasingly used in 

portable products and electronic devices. Specially 

fiber reinforced material is used high 

stifness,strength and design possibilities[3]. 

Damage of impact on composite inside the material 

is visible while metal damage is hidden in in low 

velocity impact. [4]. Different thickness is 

impacted by DWIT machine of different Laminates 

under impact energies. The  results of the testing 

show in milliseconds duration of impact. This time 

is recorded in the Serial monitor . This is a  main 

way for selecting  the best or appropriate load cell 

and data DAQ instrumentation. The basic purpose 

of this research is to design and development of a 

DWIT machine which helps the above-mentioned 

advantages over the Izod and Charpy test methods 

[4]. The  DWIT tower is successful develop for an 

impact load at the maximum speed of 6.24m/s and 

constant mass up to 26kg. Based on tests this could 

withstand a maximum load of 98.1N and maximum 

kinetic energy of 300J [5]. Making impact force 

measurements is a real physical method to 

document that the test user or engineer get the 

proper energy during an impact testing. The test 

engineer is use Newton 2nd law for obtaining result 

and exact energy of the specimen. . [6]. . During 

impact testing, metals materials show different 

behavior with comparison with composite. Metals 

materials  under impact load show a short elastic 

behavior that followed by a long plastic 

deformation. However, the composites materials 

elastic response is followed by different modes of 

failure such as matrix cracking, delamination, and 

fiber breakage. In fact,  the impact energy of metals 

is absorbed by plastic deformation. However, 

composites absorb energy by different failure 

modes [4]. The higher strength concrete is a 

loading rate sensitivity material, absorbs more 

energy under impact loading than under static 

loading and resists higher load. Mostly the impact 

force is used to maintain the balance with the 

inertia force, and only a small portion of the impact 

force is used to fracture and deform the specimen 

[7]. The impact strength of dental materials is in 

Izod and Charpy test are tested , but preparation of 

specimen for these tests is difficult adjust because 

of notch of the specimen  
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A DWIT test is  not necessary require notched on 

specimens. That’s why, it may be possible to 

measure the impact strength of materials is more 

accurately than conventional methods. This 

research focusses to establish appropriate 

conditions for applying the weight-drop impact test 

on small specimens of acrylic resin [8]. The signal 

taken by  accelerometers during impact can be 

regarded as the sum of several terms  the actual 

specimen reactions. The inertial load on the tup is 

caused of acceleration of the specimen also ringing 

of and specimen impactor [9]. Fiber failures occur 

reason of the high indentation and effects stress 

field. The projectile induces high bending stresses 

a shear force and in the non-impacted side of the 

specimen [10]. In this research three different types 

of impactors are design and use for testing of 

different materials. Behavior of all types of 

impactor impact is different from each other.[11]. 

Our machine is capable to test materials up to 

300joule energy absorption and the working height 

of machine is 6feet .Also height is adjustable up to 

10feet. Our result are validate with [12] journal 

paper.our develop tester gave the maximum impact 

at the time of impact .Also the orentations of result 

is matching. ADXL335 is working accuretly and 

gave result.Graps of Acceleration vs time were 

ploted on Tecplot software. 

2. Design and development of DWIT 

Energy absorption calculation is the most 

important factor to measure by DWIT machine and 

load-time graph time is useful information.DWIT 

measures the acceleration vs time relation graph  

clearly and precise and energy absorption under 

impact load and different failure modes caused by 

the impact. Energy absorbed is calculated by 

determining kinetic energy before and after the 

impact as per eq 1; 

1

2
𝑚𝑣12 −

1

2
𝑚𝑣22 =  𝐹. 𝑑𝑦 (1) 

where mass of impactor is m, force is denoted by 

F, displacement or working height is y, 1 is the 

velocity before impact and 2 is velocity of 

impactor  after impact. 

The amount of energy absorbed by impact loading 

depends on height from which load is dropped and 

mass of impactor, velocity of impactor is calculated 

using eq. 2 and 3 and is given in Table 1. 

1

2
𝑚𝑉2 = 𝑚𝑔ℎ   (2)                                                    

V= √(2gh)  (3) 

Width and length of designed is kept 2.5 ∗ 2.5 feet 

and diameter of solid where sample is placed, and 

on which load is dropped = 36mm. Supporting 

structure is designed properly to avoid any 

buckling. DWIT parts and assembly are modelled 

in Creo software. Dimensions are selected for 

required energy absorbed up to 300 joules. Parts 

and assembly models; manufactured and 

assembled setup; types of impactors are shown in 

Figure 1, 2 and 3 respectively. 

  

 

 
Figure 2: DWIT parts manufacturing and assembly 

Figure 1: Modeling of DWIT parts and 

Assembly 
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Three types of impactors are design and 

manufactured in machine shop. Each impactor is of 

6-inch length and 1.5-inch diameter and shown in 

Figure 3. 

 

 

Figure 3: Types of Impactors (Flat, Hemispherical, 

Conical 

Accelerometer ADXL335 with Arduino was 

calibrated using Oscilloscopes and based on its 

accurate working was mounted on DWIT setup as 

shown in Figure 4. At rest accelerometer measured 

1g that is equal to the earths gradational pull 9.81 

m/sec. Results are recorded using serial port of 

COM3 Arduino along XYZ axis with value of X is 

changed when impactor is impacted on material 

and are given in Figure 5. 

 

 

IR Sensors were installed for measuring velocity of 

the slider with Arduino uno. IR sensor setup 

consisted of IR transmitter and receiver (Figure 5). 

Results from IR sensors were recorded after 

programming its code for measuring velocities and 

acceleration at two points and total time of the 

impactor (Figure 6). 

 

 

    Figure 6: IR sensor results on Serial port of   

Arduino Figure 7: IR sensor results on LED 

Velocities, acceleration, and time were displayed 

on LCD. Load drop working height was kept to 5.5 

feet for calibration of measured results with 

theoretical calculations using equations 4 to 7 

(Figure 7). 

Figure 4: Accelerometer ADXL335 calibration 

and mounting on DWIT setup. 

Figure 5: IR Sensors 

Figure 7: IR Sensors results display on LCD  
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Theoretically. 

                                  𝑉 =
𝑠

𝑡
                        (4) 

           𝑉𝑖 =
0.093

0.08
     = 1.1625𝑚𝑠−1            (5) 

           𝑉𝑓 =  
0.007

0.01
  = 7.7𝑚𝑠−1                  (6) 

 

    𝑎 =
𝑉𝑓−𝑉𝑖

𝑡
 = 

9.62−1.1625

0.069
 =  12.23𝑚𝑠−2      (7) 

 

3. Tests and Results 
Three different materials are tested during 

experiments to validate functionality and 

performance of the DWIT developed. Tests are 

also performed using three geometries of impactors 

and behavior of Flat and Hemispherical impactor is 

observed different from conical impactor from 

graphs on plotter COM3.  

Burnt clay brick was tested with impact at an angle 

of 90° as shown in Figure 8. Maximum 

acceleration values using accelerometer ADXL335 

at the point of impact were recorded and were 

verified being in good agreement with the tests 

results given in [11]. Hence providing the 

validation of DWIT designed and developed 

(Figure 9). 

Aluminum sheet having 3mm thick is tested with 

Conical impactor. Working height of the machine 

was 5.5 feet. The result of the Serial plotter was 

recorded on Arduino Software and are plotted 

using Tec Plot software, which shows ductility of 

Aluminum and is shown in Figure 10. 

Plywood is tested with Conical impactor with 

working height of 5.5 feet. The result of the Serial 

plotter was recorded on Arduino Software and are 

plotted using Tec Plot (Figure 11). 

4. Conclusions  
Indigenous design, development, calibration and 

testing of drop weight impact testing machine for 

testing of different specimens under low strain 

rates is presented.  

Figure 10: Conical Impact test on Aluminum 

sheet.  

Figure 9: Time Vs Acceleration – Burnt clay 

brick 

Figure 8: Flat impact test on Burnt Clay 

Brick 
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 Figure 11: Impact test on Plywood with Conical 

impactor 

The develop impact tester successfully gave us the 

maximum acceleration values at the point of the 

impact. During the impact time, behavior of the 

specimen is observed. 

IR sensors were installed to measure accurate 

velocity of the slider from the defined working 

height. 

The specimen’s material tested were of different 

thicknesses, hence impact time vs acceleration 

graph is observed different. Highest peak is 

observed for flat impactor. However, it is 

concluded that with sharper/conical impactor 

higher specimen damage is observed. 
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Abstract: 

In this study stress analysis of bow shackle, using the finite element analysis technique was discussed. Application 

of the different shackle and working environment of shackle were also discussed. The methodology of this study 

was the finite element analysis using ANSYS static structural module. Study was conducted by applying different 

constraints and forces on shackle. Impact of different force orientation on total deformation, stress and factor of 

safety was also discussed in detail. Similarly, this study also leads towards the material optimization for shackle 

design. Material optimization study was conducted on three different materials i.e., structural steel, stainless steel 

and HSLA steel (High Strength Low Alloy Steel). At the end comparative study between the factor of safety for 

different material was discussed. Depending upon this suitable material was selected for bow shackle design. 

Key Words: Finite Element Analysis, Bow shackle, Stress analysis, Material Optimization.

1. Introduction: 

Shackles are very important component used in 

different lifting work. They are used as the 

connector between the lifting device and the 

lifted part. Shackles are widely used in the work 

of shipbuilding, construction, industrial fishing, 

and in transportation. Different types of shackles 

are available in the market. These shackles 

include snap shackle, twist shackle and 

headboards shackle. While talking about the 

manufacturer point of view, there are generally 

two configuration of shackle are available. One 

is referred as D-shape shackle and other one is 

known as Bow-shackle. Each configuration has 

different impact on loading and also has different 

criteria or approach in order to lift object. D-

shaped shackle are generally used for locking 

chain mechanism, its body has a shape like D and 

a pin is connected at the round end of the shackle 

in order to close the link. The pin of the shackle 

may be partly or fully threaded depended upon 

the manufacturer and consumer demand. The 

bow shaped shackle has curved surface rather 

than the D-shape or narrow straight shape. It  

looks like the horse nail and has round surface. It 

is also referred as the anchor shackle. 

 

One of most fundamental or key advantage of the 

bow shackle is that they are able to handle more 

load and also handle multiple load in different 

direction because of their round body shape. 

Instead of using any shackle one may familiar 

that shackles are facing very severe and 

dangerous loading. Beside loading they are also 

exposed to very severe environment like 

seawater, rusting environment, high friction of 

different parts etc., In the lifting work, workers 

are involved and there is a high risk of occurring 

dangerous accident by the failure of lifting 

component. In  

order to avoid such accident or risk one must 

design the lifting component with great 

consideration. Shackle is one of the lifting 

component so, the failure of shackle may also 

lead towards the life risk of worker as well as the 

instrumental damage. Some manufacturers of 

shackles design the shackle at very high factor of 

safety in order to minimize the risk and failure. 

They usually refer 4-5 factor of safety for the 

shackle design [1]. Whereas other manufacturer 

used material optimization technique in order to 

find best suitable material for shackle. This effort 

may lead them towards the less material usage 

and consequently their cost will be less even at 

high factor of safety. As the design of a shackle 

become the great interest of different 

manufacturers in order to obtain better lifting 

work, therefore the shackle stress analysis must 

be necessary in order to check any design of 

shackle. In this study a stress analysis of bow 

shaped shackle will be carry out. Different 

Figure 1: Bow shackle 
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optimization technique will be used in this study 

in order to obtain best and optimized design of 

shackle. A value of critical load will be found out 

by varying the load and check where the shackle 

will be failed. This is necessary because while 

someone is going to use the shackle in practical 

application then he may know the critical load so, 

that shackle will not be used in that area where 

load is high. At the end, multiple directional load 

analysis on the bow shackle will be carry out in 

this study. 

2. Literature Review: 

[2] Provides the safety technique of different 

lifting component. It set the standard for the 

lifting hock and design slings safety mechanism. 

Similarly [3] design the safety mechanism for 

crane and lifting component. They conduct their 

study on FEA method and analyze the different 

safety mechanism. B. Ross, B. McDonald [4], 

and S. E. V. Saraf [5] explained the failure 

techniques or Failure analysis. Yu Huali, H.L. 

and Huang Xieqing [6] use the FEA method and 

find out the strength of hook made from the 

material named as structural steel. They also 

suggest through their results that by using FEA 

technique must find out the stress analysis of 

lifting component. Tripathi, Ugesh and U.K Joshi 

conduct their study on the usage of ANSYS finite 

element analysis Module. They compared 

different lifting component’s strength and also 

compared the strength of the material. Detailed 

analysis of their study was given in the paper [7]. 

3. Methodology: 

Different method available to carry out the stress 

analysis of bow shaped shackle like 

mathematical modeling using von misses stress 

and boundary conditions. Similarly experimental 

setup available to carry out stress analysis like 

tensile testing, Charpy impact test and hardness 

test. The methodology of this study is based on 

the finite element analysis method. This finite 

element analysis method is carried out by using 

ANSYS 2020. In Ansys Static Structure analysis 

will be used in order to find the structural 

behavior of designed shackle. In order to carry 

out the ANSYS analysis, 3D Cad file of the 

designed shackle will be required. To fulfill these 

requirements, a manufactured shackle was 

purchased and measured the dimension of the 

shackle. 

 

By using these measured dimension, a cad model 

of the bow shackle was made using SolidWorks. 

Then from the SolidWorks, dimension was 

generated that is shown in the figure below. 

 
Figure 2: Front view of the Shackle 

 
Figure 3: Top View of bow shackle 

The different parameters were used in while 

designing the shackle, the assigned parameters 

and dimension were also given in the table 

below: 

Table 1: Parameters required for the design of 

shackle: 

Parameters Dimensions 

(mm) 
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Hole 

Diameters, 

D1 

40 

Bow 

shackle 

Body 

Diameters, 

D2 

50  

Thickness 

of the 

Shackle, t 

16 

Height of 

the shackle, 

H 

142  

Fillet 

Radius, R1 

32 

Fillet radius 

R2 

16 

 

After the designing, stress analysis using finite 

element analysis is carried out via Ansys. 

Different assumption was made while carry out 

the analysis. First one is that the pin of the 

shackle is used to lock the shackle and restrict it 

to move in either vertical or horizontal direction. 

Hence, Fixed support is applied in the counter 

bore or hole of shackle. Second one is that while 

performing analysis assuming that contact 

between the pin and shackle are perfect and 

proper. Therefore, a pin of the shackle was not 

made and just used fixed support in order to make 

sure the presence of locking pin. 

4. Results and Discussion: 

The stress analysis of Bow shackle is carried out 

in Ansys. Different materials were assigned to 

the shackle in order to obtain optimized or 

suitable material for the shackle design. The 

analysis is carried out at two different oriented 

forces 1st one is 90-degree force and 2nd one is 

120-degree angled force. The magnitude of the 

force is kept constant which is 7071N. The 

direction of the applied force is shown in the 

figure 4 and 5. Using the mesh technique, a well 

refined mesh of design was obtained. The 

meshing picture is shown in the figure 6. The 

results for 90-degree force on the HSLA steel is 

shown in the figure 7, 8, and 9. Similarly, results 

for the multi-directional force on HSLA steel is 

shown in figure 10, 11, and 12.  

These results consist of total deformation, 

equivalent von misses stress and factor of safety 

respectively. After the results, a comparative 

study was made and analyze which material is 

best suitable for the shackle design. These 

Comparative study is explained through the 

Graph given below.

 

 

Figure 4: Perpendicular Force Figure 5: Multi-directional Force 
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Figure 8: F.S of HSLA steel shackle under 90-

degree force 

Figure 9: T.D of HSLA steel shackle under M.D force 

Figure 10: Equivalent stress of HSLA Shackle 

under M.D load 

Figure 11: Factor of safety of HSLA shackle under 

M.D load 

Figure 6: T.D of HSLA steel under 90-degree Force 
 Figure 7: Equivalent Stress of HSLA steel under 

90-degree force 

431



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

 

 

 

There are three materials were used for the 

analysis known as Stainless Steel, Structural 

Steel and HSLA steel. Among these material 

the HSLA has high strength. The above graph 

also predicts the same result. As higher the 

strength of the material lower it will deform. 

Therefore, in deformation graph a decreasing 

slope line is obtained which means HSLA has 

lowest deformation among all other material 

used. While comparing the deformation result 

for 90-degree and 120-degree force one must 

came to know that 90- degree (perpendicular) 

force has low impact on the deformation of 

shackle. This is because the curved or round 

Figure 6: Meshing 
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surface of the bow shackle. Hence, one can 

predict from the graphs that bow shackle has 

more chances to break under multidirectional 

force. 

 

 
Table 2: Solution parameters for different Materials 

Shackle of Thickness 16 mm (120 Degree Load) 

Multiple 
direction 

force 

Material Total Deformation Equivalent Stress 
(MPa) 

Factor of safety 

Maximu
m  

Minimu
m 

Maximu
m 

Minimu
m 

Maximu
m 

Minimu
m 

7071 Structura
l Steel 

0.028984 0 104.59 0.10969 15 2.3903 

7071 Stainless 
Steel 

0.030041 0 103.22 0.15079 15 2.0054 

7071 HSLA 
steel 

0.027604 0 103.17 0.1607 15 3.664 

Shackle of Thickness 16 mm (90 Degree Load) 

Single 
Directional 

Force 

Material Total Deformation Equivalent Stress 
(MPa) 

Factor of safety 

Maximu
m  

Minimu
m 

Maximu
m 

Minimu
m 

Maximu
m 

Minimu
m 

7071 Structura
l Steel 

0.020495 0 72.949 0.11363 15 3.4271 

7071 Stainless 
Steel 

0.021242 0 72.989 0.10662 15 2.836 

7071 HSLA 
steel 

0.019519 0 72.949 0.11363 15 5.1817 

5. Conclusion: 

From the comparative study one can find out 

the optimized material as well as optimized 

design for the component that will be used as a 

shackle in the lifting assembly. In Table 2 

different parameters of the stress analysis were 

given. These parameters shows that the material 

that is best for the shackle design was HSLA 

steel (high strength low alloy steel). The factor 

of safety for that material was 3.664 and 5.1817 

in both cases i.e., 120-degree load and 90-

degree load respectively. HSLA steel has one 

disadvantage which is related to cost. HSLA 

steel was not cost-effective in the designing of 

the shackle. It leads the manufacturer to the 

high cost which was not acceptable to the 

costumer as well as manufacturer. Because of 

this reason the manufacturer will move towards 

the stainless steel which make the shackle 

design cost-effective in both prospective 

(costumer and manufacturer). Table 2 also 

predicts the alignment of the shackle in the 

lifting work. The results shows that while the 

shackle is aligned 90-degree with the load then 

it has less chance to fail, because factor of 

safety in 90- degree load is more than the factor 

of safety in 120- degree load. 
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Abstract 

Since the physical interpretation of the multi-layer additive manufacturing process is yet challenging so far and 

FEM simulation is often trialed to probe process bottlenecks at part-scale. In this paper, a 3D coupled FEM 

simulation is accomplished in ABAQUS® to estimate temperature distribution, residual stress, and distortion 

multi-layer DED process. A user subroutine DFLUX embedded in Fortran code is composed to steer a heat source 

analogous to the physical consolidation process. Effectuated results for temperature distribution, residual stress, 

and distortion are presented which shows a good agreement with published data. 

Key Words: Direct Energy Deposition (DED); FEM; Ti6Al4V; Residual Stress; Distortion 

 

1. Introduction 

Additive Manufacturing (AM) is concerned 

with the layered fabrication of end-use 3D parts 

straightaway from a digital file as opposed to 

classical subtractive manufacturing schemes. 

The printability of complex customized 

components particularly in metallic additive 

manufacturing has revolutionized the industrial 

approach [1, 2]. Direct energy deposition (DED) 

has emerged as a promising metallic AM 

technique in terms of flexibility, precision, and 

formability with higher build rates [3].  

The typical process involves focused energy 

usually from impinging laser or electron beam to 

melt and consolidate feedstock on a substrate 

similar to the welding or cladding process. The 

wire or powder is dictated to interact with the 

heat source before being deposited in a 

predefined geometry on the substrate. Frequent 

melting and subsequent solidification of deposit 

material repeat until complete fabrication of a 

desired 3D component [4–7]. The α-β titanium 

alloy Ti6Al4V is characterized for its 

comprehensive properties and distinct strength 

make it more prominent among all other 

structural alloys however is relatively expensive 

and may not be feasible for all applications. 

Perhaps, it has been repeatedly used in aerospace, 

automatic and biomedical applications where 

DED additive manufacturing is playing a vital 

role in its processing for discrete components [8, 

9].  

Complicated process physics and rapid 

evolution of thermomechanical behavior 

especially frequent heating, melting, and 

solidification of deposit material results in 

residual stresses and subsequent distortion in 

metallic parts. Residual stresses are prone to 

appear in any manufacturing process, which is 

quite challenging to measure adequately. 

 It has been understood that residual stresses 

have a substantive effect on failure modes of 

additive components [10]. A profound 

understanding of process mechanics is 

imperative to invigilate the process complexities, 

formation of stress/ strain together with the 
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evolution of microstructure [2].  

Application of FEM schemes for process and 

performance evaluation of the additive process at 

part-scale are increasing with the tremendous 

pace[11–13]. Perhaps, accuracy and 

computational challenges are not well addressed 

so far particularly for residual stress and 

distortion prediction in the DED process and 

there is much left to do. Part-scale numerical 

simulation for a multi-layer wire-based DED 

process is implemented to predict temperature 

profile, residual stress, and distortion in the 

proposed work. A numerical simulation outlook 

is presented from a DED viewpoint.  

2. Part-Scale Numerical Simulation 

Numerical simulation provides the opportunity to 

look into detailed process physics generally 

through coupled or uncoupled schemes. The 

coupled FEM analysis is preferred for a more 

realistic understanding of the DED process for 

Ti6Al4V material.    

2.1.  Finite Element Model 

The FEM model is developed for 11-layer 

deposition on a substrate in commercial 

software ABAQUS®.  

Initially, a homogenous 3D part is created 

then partitioned into layer and substrate 

sections to improve convergence in analysis.  

The layer section is further divided into 11 

partitions and each partition is treated as a 

rectangular layer section (240×10×2.5 mm) 

on a solid substrate (300×100×10mm) as 

shown in Figure. 1. Since material properties 

fluctuate with temperature variation, 

therefore, temperature-dependent material 

properties for Ti6AL4V are taken from [14], 

and assigned to  

layers as well as substrate sections. 

  

 

Figure. 1: 3D FEM Model and Mesh Scheme for 

11-layers of wire deposition 

2.2.  Mesh Scheme 

As far as the meshing is concerned, a fine and 

regular mesh with linear hexahedral elements is 

picked for layers and coarse mesh is assigned to 

the substrate section to overcome computational 

cost however, mesh size is kept small near the 

deposition zone to support the desired accuracy.  

Total elements are 15420 with C3D8RT element 

type and opted mesh size, the scheme is 

scrutinized through mesh convergence analysis 

exclusively for coupled temperature 

displacement analysis in ABAQUS®.  

2.3.  Heat Source Modeling 

Generally, the surface heat source is 

preferred to demonstrate laser in PBF 

additive manufacturing [12] however, double 

ellipsoidal Goldak’s heat source with 

adequate penetration is presumably more 

realistic for wire-based consolidation process 

[15].  

𝑞(𝑥, 𝑦, 𝑧, 𝑡) =
6𝜂√3𝑄

𝑎𝑏𝑐𝜋√𝜋
𝑒𝑥𝑝 (−

3(𝑥−𝑣𝑥.𝑡)2

𝑎2
−

3(𝑦)2

𝑏2
−

3𝑧2

𝑐2
)   (1) 

where 𝑞  is the heat flux across x, y, z 

coordinates in a particular time t domain. 

Detailed parameters and heat source features 

involved in current simulation work are 

enlisted in Table. 1.  

 

Table. 1: Heat source features and simulation parameters 
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Laser 

Power (Q) 

Laser Velocity 

(v) 

Efficiency  

(η) 

Modified Heat Source 

Features 

Heating Time 

(t) 

Cooling 

Time 

10 KW 12.5 mm/Sec 40% 
𝒂

= 𝟓, 𝟓 
𝒃 = 𝟓 𝒄 = 𝟒, 𝟔 

18.9 Sec 40 Sec 

2.4. Coupled Temperature 

Displacement Analysis 

Transient temperature displacement analysis is 

accomplished with a fully coupled scheme in 

ABAQUS® and the subsequent governing 

Jacobian Matrix is expressed as  

[
𝐾𝑢𝑢 𝐾𝑢𝜃

𝐾𝜃𝑢 𝐾𝜃𝜃
] {

∆𝑢
∆𝜃

} = {
𝑅𝑢
𝑅𝜃

}               (2) 

Where incremental temperature and 

displacement are denoted with ∆𝜃 and ∆𝑢 and 

𝑅𝜃  and 𝑅𝑢  are the thermal and mechanical 

residual vectors respectively. Element birth and 

death technique has been utilized for material 

deposition all the elements and layers are 

deactivated in preheating step then gradually 

subsequent layers are activated as displayed in 

Figure. 3.  

2.4.1. Thermal Analysis 

Transient thermal phenomena in coupled 

temperature displacement analysis are elucidated 

with governing heat transfer equation for 

conduction. 

∂

∂x
(

∂T

∂x
) +

∂

∂y
(

∂T

∂y
) +

∂

∂z
(A

∂T

∂z
) +  q = 𝐶𝑝 (

∂T

∂t
) 

(3) 

Where q is energy density and T, λ, ρ, Cp, t are 

temperature, conductivity, density, specific heat, 

and time respectively. It is well established that 

substrate preheating can effectively reduce heat 

gradient, residual stresses, and distortion in 

metals. Therefore, surface preheating is 

performed through a surface heat source 

equipped with relatively low energy density. 

Initial temperature “𝑇𝑎”of  

FEM model is kept 298K and expressed here as. 

𝑇(𝑥, 𝑦, 𝑧, 0) = 𝑇𝑎                     (4) 

Radiation and convection heat transfer to the air 

and surroundings are incorporated through 

equation (5) presented here. 

𝑄 = 𝐴 × 𝜎 × 𝜀 × (𝑇4 − 𝑇𝑎
4) + ℎ(𝑇 − 𝑇𝑎)   

(5) 

Where , , T , Ta , h, and A, are material 

emissivity, Stefan-Boltzmann constant, surface 

temperature, ambient temperature, coefficient of 

convective heat transfer, and surface area, 

respectively. The heat source gradually moves to 

consolidate feed material within predefined 

coordinates with prescribed parameters enlisted 

in table 1. Subsequent melting and solidification 

occur as heat sources move forward owing to the 

physical process. Temperature variation and the 

corresponding melt pool size are captured for 

each layer of consolidation as demonstrated in 

Figure. 2. It ensures that melt pool width is 

approximately equal to the experimental breadth 

of layers which is supposed to fabricate with the 

DED process. Heat intensity effectively 

penetrates in deposit material and sufficiently 

consolidated all the elements. 

 

Figure. 2: Layer by layer activation and 

consolidation with moving heat source 

2.4.2. Mechanical Analysis 

In coupled temperature-displacement FEM 
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analysis, the constitutive equation for 

displacement is expressed as 

𝜎 = 𝐶𝜀𝑒           (6) 

𝜀𝑡𝑜𝑡𝑎𝑙 = 𝜀𝑝 + 𝜀𝑒 + 𝜀𝑡           (7) 

{𝜀𝑒} = {𝜀𝑡𝑜𝑡𝑎𝑙} − {𝜀𝑝} − {𝜀𝑡}      (8) 

Where σ and 𝜀𝑒 , 𝜀𝑝  and 𝜀𝑡  are the stress, 

elastic, plastic, and thermal strain matrix while 𝐶 

is the fourth-order material stiffness matrix. The 

final elastic strain vector would be  

{𝜀} = [𝐶]−1{𝜎} + {𝜀𝑝} + {𝜀𝑡}     (9) 

𝜀𝑡 = 𝛼∆𝑇         (10) 

Where α is the coefficient of thermal expansion 

in the equation. The bottom surface of the 

substrate is fixed to replicated clamping with 

equation and a small step is introduced to release 

the clamps just after the final cooling step in the 

analysis. However, some nodes are deliberately 

fixed on the bottom of the substrate to avoid rigid 

body motion [16]. 

U1=U2=U3=UR1=UR2=UR3=0  (11) 

Localized heating and cooling in subsequent time 

increments instigates thermal residual stress and 

influences the part geometry with its longitudinal 

(S11) and transverse (S22) components, 

illustrated in Figure. 3. Relatively high stress is 

observed in 1st layer and gradually it reduces 

with the increase of subsequent layer melting. 

 

Figure. 3: Layer by layer evolution of longitudinal 

and transverse thermal residual stresses 

Perhaps, it is because of the heat gradient and 

temperature. Residual stress longitudinal (S11) 

and traverse (S22) components are below the 

yield stress in a given simulation which shows 

the adequacy of the simulation strategy. 

3. Results and discussion 

3.1. Layer by Layer Temperature Profile 

 The preheating of substrate and layer by 

layer melting and solidification process for each 

layer completed in subsequent steps. Relevant 

temperature curves for each layer consolidation 

are displayed where the highest temperature 

escalate beyond the melting point in the region of 

interest for 11 layers as evident in Figure. 3 and 

Figure. 4.  

The extreme peak shows temperature gain in melt 

pool region and steadily it decrease to so-called 

HAZ (Heat Affected Zone) thereafter layer 

surroundings and finally on the substrate surface. 

An incremental rise of temperature is observed 

specifically from the 1st layer to the median layers 

during melting presumably, this surge in 

temperature is because of heat gradient 

developed by focused laser energy input then it 

slightly decreased at ending layers. Probably, this 

negligible decrement is a consequence of 

radiative and convective heat loss implemented 

in the FE analysis. Perhaps, melt pool shape is not 

affected much and it is currently overlooked.  

During the cooling step, the heat source is 

removed and temperature eventually drops down, 

however, the initial temperature widened step by 

step in subsequent layers certainly due to 

accumulated heat gradient. A similar 

temperature profile is reported for Ti6Al4V 

in literature [17]. After complete 

consolidation of 11-layers, a long cooling step 

is introduced to bring down the temperature of a 

so-called fabricated component as shown in 

Figure. 4. 
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Figure. 4: Temperature profile in multi-layer FEM 

simulation 

3.2. Residual Stress Distribution on 

Substrate 

Intrinsic stress is redistributed over the entire 

part just after releasing the clamps finally and the 

residual stress distribution on a substrate is 

evaluated to compute the effect of the multi-layer 

consolidation process. A path of nodes on the 

substrate is selected right below the layers and 

residual stresses on the longitudinal and 

transverse direction are demonstrated in Figure. 

5. Stress profile shows significant peaks at 

extreme ends of the layers and eventually drops 

and rises again across the length on the substrate. 

Cao et al. had reported a similar trend for residual 

stress distribution on base plate measured with 

hole drilling method after 6 layers of deposition 

[14]. However, stress intensity might differ as 

demonstrated results are for 11 layer deposition. 

Moreover, the transverse stress component is 

relatively low as compared to longitudinal 

residual stress for all that, both are below the 

yield stress of Ti6Al4V.   

 

Figure. 5: Longitudinal and transverse residual 

stress distribution on the substrate 

3.3.  Substrate Distortion and Validation  

Once the temperature drops down the 

consolidated model is released from the Encastre 

boundary condition in a small time interval as an 

additional step [16]. Subsequently, residual 

stresses are redistributed on the entire part and 

ultimately result in part distortion along the 

centerline of the substrate as shown in Figure. 6. 

This demonstrates zero distortion before 

unclamping the consolidated model and 

eventually distorted when the substrate is 

released. It is uniform and gradually increased 

towards the center and negligible at the extreme 

ends of the substrate. The final displacement 

along z-direction is about 2 mm which is in good 

agreement with experimental results reported 

earlier[14]. 

 
Figure. 6: FEM simulation results before and after distortion and validation. 

4. Conclusion and Outlook 

A part-scale fully coupled 

thermomechanical is performed for 11 layers 

of wire feed DED process for Ti6Al4V and 

temperature, residual stress, and subsequent 

distortion is predicted which is further 

validated with published data. It is concluded 

that fully coupled FEM analysis can 

439



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

potentially invigilate process physics, 

residual stress, and subsequent distortion. 

The temperature profile for each layer 

consolidation and relevant temperature peaks 

are presented which demonstrate that 

implemented heat source has melted and 

solidified each layer adequately. The 

temperature gradient is consistent and does 

not surpass and inconsistent during the whole 

consolidation process. Residual stresses 

aggressively provoked in 1st layer and 

gradually decreased in subsequent layers. 

Both longitudinal and transverse directions 

are quite below to yield stress. Perhaps, when 

clamps are removed subsequent residuals 

stresses were presumably redistributed over 

the entire part which eventually resulted in 

substrate distortion of the model which 

agrees well with the experimental results in 

the literature. Residual stress-induced 

cracking would be the future perspective in 

the part-scale simulation domain. 
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Abstract: 
In the recent decade, wind energy has become a mature source of energy. Research has been done in the last 

decade to increase the power produced by wind turbines. The rotor size in modern turbines has increased to 

capture more energy from the wind. Another way to increase the power captured by a wind turbine is to increase 

the cut-out wind speed range which means, that the blades of the wind turbines should be light and mechanically 

stable to operate at high cut-out wind speeds. These large blades of wind turbines introduce aeroelastic effects 

caused due to fluid-structure interaction (FSI). In this paper, the deformation of the wind turbine blades of the 

GE 1.5 MW turbine was calculated at increased cut-out wind speeds by performing a steady-state one-way-fluid-

structure interaction (FSI) analysis. The computational fluid dynamics (CFD) findings were used to develop 

aerodynamic loads on the blades at different wind speeds in ANSYS Fluent. The pressures on the wetted areas of 

the blades were passed as pressure loads to determine the stresses and deformation for blades using finite element 

analysis (FEA) approach in ANSYS Static Structural. The tip speed ratio (TSR) for the wind turbine remained 

constant throughout the analysis to maximize the power coefficient. The power and torque produced by the turbine 

were increased with the increase in cut-out wind speed range. The structural responses were assessed at seven 

operational speeds. The maximum tensile/compressive stress and strain were within the safety limit. The blade 

deflection was evaluated at these seven wind speeds and was compared to the safety tower clearance to compute 

the limit to which the cut-out wind speed range could be increased. The research suggests that the structural 

capacity of the wind turbine blade allows the cut-out wind speed to be increased to 27 m/s to extract maximum 

energy from the wind. 

Key Words: Fluid-structure interaction (FSI); computational fluid mechanics (CFD); finite element 

analysis (FEA); wind turbine blade, cut-out wind speed 

1. Introduction 

Global warming and climate change have 

become a burning issue in the recent decade 

therefore efforts are being made to make a 

transition towards renewable energy sources. 

Wind energy is a clean and one of the fastest-

growing resources of energy.  The electric power 

produced by the wind turbine depends upon the 

density of air, swept area, wind speed, and power 

coefficient [1], [2]. The air density and wind 

speed depend on the geographical location and 

seasonal changes. The swept area depends on the 

rotor size and the power coefficient is a function 

of blade design and tip speed ratio. In a region 

with high wind speed, the power produced by the 

turbine can be increased by increasing the cut-out 

wind speed range only if the blade tip deflection 

and the stresses are within the limits. The 

interaction of turbine blades with wind can be 

studied using the fluid-structure interaction 

approach.  

Hsu and Bazilevs [3] simulated the full-scale 

model of 5 MW NREL wind turbine using the 

FSI approach where aerodynamics was found 

using low order finite element-based ALE-VMS 

which produced accurate and effective results. 

Heinz et al. [4] used FSI modeling to compute the 

aeroelastic response of 5 MW NREL wind 

turbine by developing coupling between 

HAWC2 and HAWC2CFD. A two-way FSI 

approach with a k-epsilon turbulence model was 

used by Chen et al. [5] to verify the dominance 

and accuracy of results over the one-way FSI 

approach. Vasjaliya [6] used multidisciplinary 

design analysis optimization (MDAO) for 

composite wind turbine blades to optimize the 

aerodynamic efficiency and structural design 

using fluid-structure interaction modeling. 

Halawa et al. [7] performed a steady-state fluid-

structure interaction (FSI) analysis on the full-

scale rotor blades of the NREL 5 MW HAWT to 

record aerodynamic loads and the structural 

responses on the blades. Lee et al. [8] performed 

the steady and transient analysis with k-SST 

turbulence model for one-way and two-way 

fluid-structure interaction on NREL phase VI 

wind turbine blade. The wind power coefficient 
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and the torque calculated was found to be greatly 

influenced by fluid mesh characteristics. Fluid-

structure interaction modeling of the wind 

turbine blades is crucial in the development of 

large wind turbines. In FSI modeling the mesh 

from CFD and FEA is mapped. The 

aerodynamics loads in CFD are coupled with 

structural responses in FEA. Wang et al. [9] 

performed one-way fluid-structure interaction 

analysis on the 1.5 MW Wind-Pact wind turbine 

blade at five operational conditions assessing 

maximum tensile/compressive stress and the tip 

deflection in each case. G. Sahu and Rathore [10] 

performed FSI analysis on GE 1.5 XLE wind 

turbine blade at low wind speed under varying 

chord length and local twist angle to calculate 

torque, stresses, and blade tip deflection. 

All the wind turbines have cut in and cut-out 

wind speeds which determines that when should 

a wind turbine be started to produce electricity 

and at what wind speed it is advisable to stop the 

wind turbine in order to save the wind turbine 

blade from failure or hitting the tower. The aim 

of this research is to actually find out if the wind 

speed is increased beyond the cut-out wind speed 

how effective it is to actually use that wind speed 

to capture the power produced and also making 

sure that turbine blades are structurally safe to 

operate at high speeds. 

In the current research, steady-state one-way 

fluid-structure interaction analysis using the k-

omega SST turbulence model is performed on the 

GE 1.5 MW wind turbine blade using ANSYS 

v17.2. The pressure and torque were calculated at 

different cut-out wind speeds using the 

computational fluid dynamics (CFD) model in 

ANSYS Fluent. The pressure load from the 

ANSYS Fluent was transferred to the finite 

element analysis (FEA) model in ANSYS Static 

Structural to calculate the tensile/compressive, 

tip deflection, and tensile/compressive strain on 

the wind turbine blade. The solver results were 

validated with Wang et al. [9] aeroelastic codes 

result, as well as with Halawa et al. [7] FSI model 

and with Sahu [10] post-processing results. 

2. Methodology 

1. Wind turbine model 

The wind turbine model used in the research is 

somewhat similar to the GE 1.5 XLE wind 

turbine blade used by the previous researcher 

[10]–[12]. This is a three-bladed upwind 

horizontal axis, variable speed wind turbine 

utilizing pitch and yaw control to improve the 

power capture capacity. The detail of the GE 

1.5XLE wind turbine is tabulated in Table 1. The 

blades consist of an outer blade surface and a spar 

inside to support the structure. The blade is made 

up of three types of airfoils S818, S825, S826. 

The model of the blade is shown in Fig. 1. 

Table 1. Main parameters of GE 1.5 XLE wind 

turbine 

Parameter Unit Values 

Rated power kW 1500 

No. of blades - 3 

Rated wind speed m/s 11.5 

Rotor radius m 44.2 

Cut-in wind speed m/s 3.5 

Cut-out wind speed m/s 20 

 

Fig. 1: 3D model of GE 1.5 MW wind turbine 

2. Computational fluid dynamic (CFD) 
model 

The CFD model of the wind turbine blade was 

developed using the ANSYS v17.2 Fluent 

module. The CFD model was established by the 

fluid domain, boundary conditions, mesh, 

turbulence model, solution method, and 

convergence criteria.   

1. Fluid domain and boundary 
conditions 

The blades of the wind turbine are arranged 

symmetrically at an angle of 120 degrees from 

each other. Therefore, the wind turbine is 

modeled only one by third of the total size for 

example one blade only to reduce the solution 

time [9], [11]. The fluid domain and the boundary 

conditions are shown in Fig. 2. The fluid domain 

has a blade acting as a wall, inlet, and inlet top as 

the velocity inlets for the wind and the outlet at 
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atmospheric pressure. The blade was pitched at 

an angle of 5 degrees facing the wind. 

 

Fig. 2: Fluid domain and boundary conditions 

for CFD model 

2. CFD meshing 

The mesh of the CFD model is shown in Fig. 3. 

The CFD model exhibits tetrahedral cells [9]. 

Match control was applied to the two-

quadrilateral side for the nodes to match up. For 

the blade, the inflation layer is applied with a 

growth rate of 1.2 and a transition rate of 0.272. 

These inflation layers in the mesh are useful for 

external flows to capture the boundary on an 

object. 

 

 

Fig. 3: Meshing of (A) CFD model and (B) 

Sectioned view of the whole network 

The sphere of influence was also applied around 

the blade to get accurate results. The radius of the 

sphere was 30 m and the element size was 2 m. 

The total number of nodes and elements in the 

mesh were 71,643 and 356,628 respectively. The 

accuracy of the mesh was validated by evaluating 

the mesh metrics. The average mesh skewness 

was 0.24152 and the standard deviation was 

0.13304. Similarly, the average orthogonal 

quality was 0.85382 and the standard deviation 

was 9.753e-2. These mesh metrics verified the 

mesh to be accurate. 

1.  CFD Mesh sensitivity analysis 

The mesh sensitivity analysis was completed for 

average wind speed (12 m/s) at 680,000 elements 

which had a pretty low and unreliable power 

coefficient value. As the mesh gets finer to 2.39 

million elements, more reliable and accurate 

power coefficient was achieved. The Fig. 4 

shows if the mesh count is increased further not 

a lot of change is observed in the power 

coefficient. 

 

 

Fig. 4: CFD Mesh Sensitivity Analysis 

3. Turbulence model 

SST (Shear Stress Transport) k-omega model 

was used for this research. This model (SST k-

omega) was developed by F.R. Menter [13] and 

it has the advantage of being able to switch from 

a k-epsilon turbulence model, usually suited for 

simulation far-field flows to k-omega turbulence 

model which is usually for simulating boundary 

layer. SST k-omega has been extensively used 

for wind turbine blades and it produces favorable 

results. 
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4. Solution method 

As we are operated at a wind speed above cut-out 

speed (subsonic region), the air is incompressible 

so, the density is 1.225 kg/m2 and viscosity is 

considered to be 1.7894e-5 kg/ms-1. The 

pressure-velocity coupling was used with 

gradient-based on least-squares cell and the 

transient formulation was set to pseudo transient 

and high order term relaxation which improves 

the convergence.

 

  (B) 

(A) 

Fig. 5: Convergence plot (A) Residual and (B) Surface pressure 
 

445



 

 

Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mecanical Engineering, UET, Lahore, Pakistan 

5 

 

5. Convergence criteria 

Typically, two convergence criteria are used for 

convergence [9]. The two criteria are used in the 

research for example residual values and net 

mass imbalances. The residual values of the 

seven variables (continuity, x-velocity, y-

velocity, z-velocity, turbulence kinetic energy, 

specific dissipation rate, and static pressure on 

the blade) were monitored as shown in Fig. 5 (A) 

and (B). The solution was converged when the 

residual values were below 10-5. This scheme 

was used for all the wind speeds. The net mass 

balance at each wind speed was also checked to 

confirm the study. In each case, the net mass 

imbalance was less than 0.7%. 

6. Solve and post-processing results 

The CFD model in the research was evaluated to 

find the desired number of iterations. The number 

of iterations for each wind speed was found to be 

1800 and the results used to converge at around 

the 1624th iteration. Once the solution was 

converged the torque and pressure contours and 

the power produced by the wind turbine were 

found using a post-processing solver in ANSYS 

Fluent 2017.  

1. Finite element analysis (FEA) 
model 

1. Geometry and material properties 

The geometry of the blade is similar to GE 

1.5XLE of the wind turbine blade. The blade 

geometry for the FEA model consists of blade 

surface and spar as shown in Fig. 6. The chord 

length and twist angle of the blade is given by 

Phelps [13]. The thickness of the blade surface 

changes linearly from 0.1 m at blade root to 0.005 

m at the root and similarly the spar’s thickness 

changes linearly from 0.1 m at a distance of 3 

meters from root to 0.003 m at the blade tip. The 

blade is made of orthotropic composite material 

which is composed of QQ1-E glass and P2B 

carbon laminate. 

1. FEA meshing 

The appropriate element size for the blade was 

found to be 0.3 m. The blade surface and the spar 

were meshed with this sizing to get a proper mesh 

to produce accurate results. The mesh on the 

blade surface was mapped using face meshing to 

produce quadrilateral elements. The total number 

of nodes and elements are 3,781 and 3,934, 

respectively. The accuracy of the mesh was 

further validated by mesh metrics. The average 

skewness and standard deviation were 0.03198 

and 0.034223, respectively. Similarly, the 

average orthogonal quality and standard 

deviation were 0.99772 and 0.013375 

respectively which proved the mesh to be 

accurate and reliable.  

1. FEA Mesh sensitivity analysis 

The mesh sensitivity analysis of blade at average 

wind speed (12 m/s) with 2120 elements shows a 

higher blade deformation. As the mesh gets finer 

to 14200 elements, more reliable and accurate 

deformation on the blade was attained. The Fig. 

7 indicates if the mesh count is increased further 

not a lot of change is observed on blade 

deformation. 

 

Fig. 7: FEA Mesh Sensitivity Analysis

 

2. Boundary conditions 

The aerodynamics loads were calculated in the 

CFD analysis. To complete the finite element 

analysis the boundary conditions should be 
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consistent with the model. The blade root is 

connected to the remote point. A remote 

displacement was applied to the blade which was 

defined by the remote point. The rotational 

velocity was also applied to the blade which 

depend upon the wind speed because the tip 

speed ratio (TSR) was kept constant (TSR = 7) 

throughout the study. 

TSR = r. w. vwind  (1) 

Where r is the radius of the wind turbine, w is the 

rotational speed and vwind is the wind speed. 

3. One-way fluid-structure 
interaction (FSI) modeling 

The fluid-structure interaction (FSI) modeling is 

based on a one-way coupling process. Once the 

results are converged in the CFD model. The 

aerodynamic pressure obtained from the CFD 

model is mapped to the FEA model by 

transferring the solution from Fluent to the Static 

Structural setup. The structural behavior is then 

found using the FSI modeling. 

4. Solver and post-processing 
results  

The pressure load in the FEA solver was 

imported from the CFD model to calculate the 

stresses, deformation, and strain on the wind 

turbine blade at each wind speeds above the cut-

out speed to verify if they are within the structural 

limits or not. 

2. Results and Discussion 

In this research, CFD modeling was used to find 

the aerodynamic pressure and torque on the wind 

turbine blade at wind speeds above cut-out 

speeds (21, 22, 23, 24, 25, 26, and 27 m/s). The 

aerodynamic pressures were mapped to the FEA 

model using one-way FSI coupling to find the 

deformation, stress, and strain on the blade. This 

research was meant to find out the structural 
response of the wind turbine blade at increased 
cut-out speed. There is a limit to which the cut-
out wind speed can be increased because the 
blade tip deflection and the stresses should not 
increase beyond the limit. The ultimate tensile 
strength is 537 MPa and the distance between 
the blade tip and the tower is 4 m as found [12]. 
For safety, we will only increase the cut-out wind 

speed to a value at which we have tip deflection 
not more than 1.5 times total deformation. 

1. Validation of CFD and FEA model 

The verification and validation of the research 

follow a two-case process. In the first case, the 

CFD model was validated by comparing it with 

the theoretical results and with results from 

Meezal et al. [11] İn the second case the 

structural responses were verified and validated 

by comparing the results [9], [10]. 

2. FSI modeling results 

One-way FSI modeling was used to find the 

pressure distribution, deformation, stress, strain, 

and power produced by the turbine at seven 

different speeds (21, 22, 23, 24, 25, 26, and 27 

m/s) above cut-out speed. 

Pressure contours 

The pressure contours were found at seven wind 

speeds. The pressure on the front side of the blade 

was found to be higher than the backside which 

makes sense because the front side of the blade 

faces the wind and should have higher pressure 

than the backside which in turn makes the turbine 

blade rotate. These pressure contours in the CFD 

model were further used to find the structural 

responses in the FEA model. The maximum and 

minimum pressure on the blade front and 

backside at each wind speed is shown in Fig. 8. 

The results show that wind increase in wind 

speed the maximum and minimum pressure on 

the blade also increases.  

1. Torque and power 

The CFD modeling was used to calculate the 

torque and power produced by the turbine at 

seven wind speed beyond cut-out speed. The 

power and the torque produced by the turbine 

increase with the increase in wind speed. For 

each wind, the rotational speed also changes to 

keep the tip speed ratio constant. The following 

table 2. shows the change in power and torque at 

each wind speed. The torque was calculated for a 

single blade of the turbine so to calculate the 

torque for the whole turbine the value of torque 

obtained was multiplied by 3. The power 

produced by the turbine at each wind speed was 

obtained by multiplying the torque with the 

rotational speed. Table 2. shows the percentage 
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increase in power as compared to the power 

produced by the turbine at the cut-out speed (20 

m/s). The power produced by the turbine is given 

by the following formulas.                      Power =

P =  1
2⁄ ρAv3Cp        (2) 

Power = P = T × w  (3) 

Where ρ is density, A is swept area, v is wind 

speed, Cp is coefficient of performance, T is 

torque and w is the rotational speed. 

  

2. Stress and strain distribution 

The tensile/compressive stresses and strains on 

the wind turbine blade at seven wind speeds were 

calculated once the pressure loads from the CFD 

modeling were imported. Fig. 9 and 10 show the 

maximum (tensile)/minimum (compressive) 

stress and strain respectively. The maximum 

allowable stress for example ultimate tensile 

stress (UTS) for the blade material is 537 MPa. 

The factor of safety at low and high-value cut-out 

wind speed was found and compared. The 

maximum stress calculated at 21 m/s was 84 MPa 

so, the factor of safety was found to be 6.39. At a 

wind speed of 27 m/s the maximum stress was 

calculated to be 188 MPa so, the factor of safety 

at this wind speed was 2.85 which means that at 

27 m/s the stress on the blade has reached 35% of 

the maximum allowable stress value and the blade 

is allowed to operate safely even at this high value 

of wind speed beyond cut-out wind speed only if 

the deflection of the blade tip is within the range. 

The simulation results showed that the value of 

stress at the front side of the blade was more than 

the backside. These results made sense because 

the front side of the blade faces the wind and 

interacts with the blade which therefore produces 

high-stress concentration on the front side of the 

blade. A similar trend was noticed when the strain 

on the front and backside of blades was examined. 

Table 2. Torque and power produced by the 

turbine 

 

Wind 

speed 

(m/s) 

Tip speed 

ratio 

(TSR) 

Rotational 

Speed (rad/s) 

Torque by 

the blade 

(Nm) 

Power by 

the blade 

(W) 

Torque by 

the turbine 

(Nm) 

Power by 

the turbine 

(W) 

Percentage 

Power 

Increase 

20 8 3.61991 389231 1408981 1167693 4226943  

21 8 3.800905 465648 1769884 1396944 5309651 20.39133 

22 8 3.9819 512493 2040696 1537479 6122088 30.95586 

23 8 4.162896 560864 2334818 1682592 7004455 39.65351 

24 8 4.343891 611103 2654565 1833309 7963695 46.92234 

25 8 4.524887 664787 3008086 1994361 9024258 53.16022 

26 8 4.705882 720245 3389388 2160735 10168165 58.42964 

27 8 4.886878 775826 3791367 2327478 11374101 62.83712 
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1. Blade deflection 

The total deformation of the blade at seven wind 

speeds beyond cut-out speed is shown in Fig. 11. 

As the equivalent stress obtained at these wind 

speeds was within the structural limits. The most 

crucial structural response is the bade tip 

deflection because the clearance between the 

blade tip and the tower is 4 m. For safety, it is 

preferred to have maximum deflection, not more 

than 2/3 times the tip and tower clearance (2.66 

m). The tip deflection at 27 m/s was calculated to 

be 2.608 m which was within the safety limits and 

shows that the cut-out wind speed can be 

increased to 27 m/s to extract more energy from 

the wind. The observation shows that the 

maximum deflection is at the tip and the 

minimum deflection is at the root of the blade for 

each wind speed, this is because with the increase 

in wind speed the aerodynamic pressure on the 

blade increases which thereby also increases the 

deflection of the blade. When the simulation 

results for directional deflection were compared, 

the maximum deflection of the tip was found to 

be in the direction of the wind (z-axis). 

2. Conclusion 

In this research, a one-way fluid-structure 

interaction approach was used to map the pressure 

loads from computational fluid dynamics (CFD) 

to finite element analysis (FEA) at increased cut-

out wind speeds (21, 22, 23, 24, 25, 26, and 27 

m/s) for GE 1.5XLE wind turbine blade in 

ANSYS 17.2. The CFD and FEA models were 

validated with NREL and the 1.5 MW Wind-

PACT model which showed reasonable 

agreement. The CFD modelling showed a drastic 

increase in the torque and the power produced by 

the turbine with the increase in the cut-out wind 

speed. Once the pressure loads from ANSYS 

Fluent were imported to ANSYS Static 

Structural, the structural responses were observed 

to determine the maximum value to which the 

cut-out wind speed could be increased. The 

stresses and strains were well within the safety 

limit even at 27 m/s but, the safety limit for tower 

clearance (2/3 times the tip and tower clearance = 

2.66 m) was a factor to be considered. At 27 m/s 

the tip deflection was within the safety limit, 

beyond 27 m/s the tip deflection exceeded the 

tower safety clearance. Therefore, the research 

suggests that the structural capacity of the wind 

turbine blade allows the cut-out wind speed to be 

increased to 27 m/s to extract maximum energy 

from the wind. 
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Abstract 

Microfluidic technology has versatile applications in the biological and industrial sectors. The motion and 

behavior of water droplets on different surfaces is of vital interest over the years. The behavior of droplet varies 

with contact surface under different conditions. Therefore, there is a need to understand the motion of the sessile 

droplet in those uncertain conditions. In this paper, the droplet is being observed by the application of 

dielectrophoresis force (DEP). The level set module of COMSOL Multiphysics is used and a non-uniform electric 

field stimulates the droplet motion on hydrophobic surfaces. Results show that the horizontal displacement of 

droplet increases with an increase in the pin potential, contact angles, and droplet volume. These results will 

surely be helpful in the electrohydrodynamic behavior involving motion and deformation for future operations on 

hydrophobic surfaces. 

Key Words: Electric field, Droplet, Hydrophobic Surface

1. Introduction 

The dynamic behavior of sessile droplet 

on substrate surface has many applications in 

industries like self-cleaning [1], heat transfer [2], 

chemical reactions [3], medicine [4], etc. Gravity 

and surface tension are two major properties that 

plays role in the movement of a sessile droplet on 

a substrate surface. Both have their importance 

equally depending upon the volume of the 

droplet. When we have droplets with small 

volumes, surface tension plays an important role. 

On the other hand, when we have droplets with 

large volumes, gravity plays its role to drive the 

droplet on the surface. As droplet moves on the 

substrate surface, their contact angle with the 

surface also decides their dynamic behavior. As 

its contact angle increases (Superhydrophobic 

surfaces), the dynamic motion also enhances on 

the substrate surfaces as compared with a surface 

having less tilt angles. There are other multiple 

methods used to drive the sessile droplet on the 

hydrophobic surface. This includes electric fields 

including AC and DC, Capillary, and 

electrostatic limitations to the contact angle in 

electrowetting on dielectric [5], water droplets 

internal fluidity on hydrophobic surfaces [6], 

electrocoalescence by level set method and 

electric gradient [7,8], electrohydrodynamic of 

droplet under external electric field on 

hydrophobic surfaces [9], magnetic field on 

ferrofluid droplets [10,11] pressurized droplets in 

microfludic [12], airflow (Jet) [13,14], laser [15] 

and so on. From these methods, it has been found 

that the electric field has promising prospective 

to study the dynamic behavior of droplet on 

hydrophobic surfaces and also to control their 

motion [16]. Experimental studies were 

performed and studied using electric fields (Both 

AC and DC) to see the effects on 

superhydrophobic surfaces and how these are 

through small electric fields [17]. The water 

droplet behaviors using increased AC voltage on 

superhydrophobic surfaces, using simulations 

incorporating electrification characteristics have 

been studied [18]. Through experimentation of 

water droplets on superhydrophobic surfaces 

under electric fields explained the rolling 

behavior [19]. Shedding of the droplet is a very 

significant phenomenon for ice accumulation on 

critical components like airplane foils, power 

lines, and wind turbine vanes. Furthermore, the 

trend is detected that the droplet is parted from a 

hydrophobic surface with moderate rates of flow 

[5]. At different voltages and droplet 

distributions, numerical simulations and 

experiments were performed to study the 

dynamic behavior of water droplet to observe 

how the surface charges were driven on the 

insulated surface under the action of a AC field 

[20]. Till now we can mostly find the 

experimental results of the sessile droplet motion 

under electric field and very few simulations 

studies have been done as compared to the 

experimental work, and those few simulation 

studies mainly focus on the polarized stationary 
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droplets [1,21]. We should also know that the 

contact lines for the sessile droplet are three-

phased which makes the simulation studies more 

complicated this is also one of the reasons why 

only a few simulations work is done in this area 

[22]. The motion and deformation of a droplet 

under electric field and their polarization needs 

further study to understand their behavior in a 

better way. The use of electric field has its 

advantages over other external actuating forces 

like it is a non-contact and pollution-free method 

for the microfluidic droplet and permits it to be 

used in food industries as well. We need to 

understand the behavior i.e., both motion and 

deformation of droplet as most industries 

involving the application favorable for 

controlling the dynamic behavior  of microfluidic 

droplets comprises of its motion over some 

contact surface. [6,7] 

In our study, we used a level set two-phased 

model in which we developed a non-uniform 

electric field to observe and stimulate the droplet 

motion on hydrophobic surfaces. Firstly, we 

validated our model by reproducing the results 

both quantitively and, qualitatively and with that 

verified model we used water droplet in the air 

phase. We are using a pin-plate electrode to 

control the droplet on hydrophobic surfaces by 

the application of  

dielectrophoresis force (DEP). Here we have 

used the level-set method for simulation to study 

the electrohydrodynamic behavior of sessile 

droplet motion and its deformation over 

hydrophobic surfaces. We have conducted the 

parametric study for horizontal displacement 

involving electric potentials droplet volume and 

contact angles on the droplet deformation and 

motion.  

2. Development of Dynamic 
Model: 

2.1.1 Model Description:  

      Here, we have used a two-dimensional 

simulation model with a water droplet placed at 

the center surrounded by air (See Figure 1(a)). It 

is making some contact angle with the surface 

and has a certain volume. The bottom surface is 

in a wetted wall condition, the top and side 

surfaces of the whole domain are pressure outlet 

boundaries to make sure there are no pressure and 

velocity gradient effects. Here the relative 

permittivity of oil is greater than water that 

causes positive Dielectrophoretic force on 

droplet. On the left side, we have a pin potential 

and on the right side, we have a plate potential to 

produce a non-uniform electric field. 

Simulation parameters used in the model are also 

listed in Table 1. 

The numerical domain with mesh is as shown in 

Figure 1 (b). The domain is divided into free 

triangle meshes. Near the droplet region, we have 

used refined mesh by using virtual operation and 

mesh-controlled edges, rectangular domain near 

the drop has a high resolution as compared to the 

rest of the domain to reduce the computational 

load. The total elements were 18257 for our mesh 

being used for conditions V+ (3000V), Z = 4mm3 

and θ = 150 degrees.  

3. Governing Equations 

3.1.1 Two phase flow equation: 

We have used the level set method for 

our simulation where the level set approach is 

used to track water and air boundaries. To make 

sure that with time the water mass is conserved 

while moving on a hydrophobic surface under a 

Figure 1. (a) Domain (L = 20mm and H = 8mm) and Boundary Conditions with (b) Example of Mesh used 

in Simulations. 
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non-uniform electric field, we used mass 

conservation equation (1). 

𝜕𝜙

𝜕𝑡
+ ∇.(uϕ) = γ∇.(εIS∇ϕ-ϕ(1-ϕ) 

𝛻𝜙

|𝛻𝜙|
                

(1) 

Where ϕ is Phils, also called a level set function 

that varies from 0 to 1. γ is the re-initialization 

parameter that is responsible for the stability of 

the model’s solution and ε is the thickness of the 

interface. The Re-initialization parameter is very 

important for stability, as if it is too large, 

convergence problems arise and if it is too small 

out interface thickness will not be preserved. The 

Level set function is very important as it 

determines the interface thickness. It will be 0.5 

at the interface, exponentially decays to zero 

inside droplet, and increases to one outside of the 

droplet.  

The whole system is incompressible laminar flow 

as there are small changes in velocity, so we used 

incompressible Navier-Stokes governing 

equations for both phases. 

ρ
𝜕𝑢

𝜕𝑡
+ ρ(u. ∇)u =  ∇. [−pI + µ(∇u + (∇u)T)]

+ ρg + Fst + Fe                   (2) 

             ∇. U = 0                                           (3) 

Here, ρ is the density (kg/m3), u is the velocity 

(m/s), p is the pressure (Pa), µ is the dynamic 

viscosity (Pa.s) and Fst is the surface tension 

(N/m) of the water-air interface. 

3.1.2 Electric Field Equations: 

      The water and oil phases in DC electric field 

are considered to be leaky dielectrics. For that, 

we have used Maxwell’s equation. 

-∇. (εoεE) = 0                                                              
(4) 

And  

E = -∇V                                                                         
(5) 

Where ε is the relative permittivity, εo is the 

permittivity of free space (F/m) and E (V/m) is 

the electric field strength.  

The electric force used here (Fe) can be 

calculated by the divergence of Maxwell 

Tensor, which is given by 

𝑇

= 𝐸𝐷𝑇 −
1

2
(𝐸. 𝐷)𝐼                                           (6) 

As our model is in 2D, so the tensor for 2D is 

shown below,    

Table Error! No text of specified style in document.-1 Simulation Parameters. 

Parameters Symbol Value Units 

Plate electrode Potential V− 0 kV 

Pin electrode Potential V+ 0-5 kV 

Droplet Volume Z 2-6 mm3 

Droplet contact angle θ 120 – 170 ° 

Length of air domain L 20 mm 

Height of air domain H 8 mm 

Acceleration of gravity g 9.81 m2/s 

Density of water ρ1 998 kg/m3 

Dynamic Viscosity of water μ1 0.001 Pa·s 

Relative permittivity of water ε1 80 - 

Density of air ρ2 1.18 kg/m3 

Dynamic Viscosity of air μ2 18.6e-6 Pa·s 

Relative permittivity of air ε2 1.0005 - 

Surface Tension α 0.72 N/m 

 

Table 1. Simulation Parameters 
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The stress tensor for 2D was defined in variables 

and the volume force acting on the droplet is the 

divergence of the Maxwell stress tensor. As we 

have used electrostatics, so only relative 

permittivity is defined for air and water in the 

parameters shown below. 

4. Dimensionless numbers and 
radius of droplet 

Inertial forces, electric field force, viscous force, 

surface tension, and surface adhesion are the 

main reasons for droplet motion and deformation 

under electric field. Some of the important 

dimensionless numbers are Reynolds number 

(Re), electric Bond number (BoE), and Capillary 

number (Ca).  

Reynolds number is the ratio of initial forces to 

viscous forces, the electric bond is the ratio of 

electric forces to surface tension forces and 

Capillary number is the ratio of viscous forces to 

surface tension forces. 

𝑅𝑒

=
ρuR

µ
                                                               (7) 

𝐶𝑎 =
 µ𝑢

𝛼
                                                                (8) 

𝐵𝑜𝐸

=
ε0εRV2

σ
                                                      (9)   

For the calculating the radius of a droplet at 

different contact angles and different volumes, 

we used the formula for the two-phase flow. 

𝑅

= (
𝑍

(
4𝜋
3

−
𝜋
3

(1 + cos 𝛳)^2 (3 − (1 + 𝑐𝑜𝑠𝛳)))
)

1/3

              (10) 

5. Validation: 

For performing our simulation study, we 

validate our model by reproducing results 

reported in the literature [9]. We have 

successfully validated the motion of water 

droplet in the oil phase using the pin-plate 

electrode in a non-uniform electric field. The 

motion of water droplet on hydrophobic (150 

degrees) surface surrounded by oil where on the 

left side we have applied point potential of 15 kV 

and on the whole right-sided wall with zero 

potential (0 kV), (Figure 2). Under the combined 

action of gravity, surface tension, non-uniform 

DEP force, and substrate adhesion, the droplet 

deforms and moves to the left side, which is the 

direction of increasing electric field strength. 

.  

 

Figure 2. Time-Lapse Evolutions of droplet 

morphology as reported in [9] reproduced from our 

simulation model.  

6. Results and Discussion: 

We study the motion of sessile droplet 

placed on the hydrophobic surface under an 

electric field. We conduct the parametric studies 

by changing the electric potential, droplet 

volume/radius, and contact angle to understand 

their effects on the droplet motion. 

6.1 Horizontal motion of the Droplet: 

      The water droplet with conditions of V+ = 

3kV, Z = 4mm3 and ϴ = 150o is considered. The 

angle is between hydrophobic and 

superhydrophobic configuration. Figure 3 is 

shown where the droplet motion can be seen 

under a non-uniform electric field. The droplet 

moves to the left side on the surface substrate and 

slightly deforms to the left-off set. The offset 

deformation increases as the droplet approached 

towards increasing electric field. This can be 

understood by explaining the phenomena of non-

uniform DEP force due to the electric field force 

on the droplet. When there is no electric field 

applied, the droplet remains stationary on the 

substrate maintaining some angle on it. When an 

electric field is applied the droplet gets polarized 

and inside of droplet electric dipole moments are 

generated along the direction of an electric field.   
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Figure 3. Time lapse evolutions droplet 

morphology 

With an electric field is increased, the charge 

density also an increase on both sides of droplet 

and causes increase in electric force on both 

sides. To create uneven electric force, we apply a 

non-uniform electric field, and it causes the 

electric dipole to undergo an uneven electric 

force field. Surface tension and surface adhesion 

plays an important role when the non-uniform 

electric force is high and causes some 

deformation in the droplet in motion. Here the 

comparison between the polarization degree of 

droplet with its surroundings is very significant 

that plays an important role in its controlled 

motion under electric field force. The positive 

DEP force on droplet acts when the polarization 

degree of droplet is higher than the polarization 

degree of its surrounding and it causes the droplet 

to move in the direction of increasing electric 

field strength. Similarly, the negative DEP force 

acts on the droplet when the polarization degree 

of droplet is less than its surrounding. Here to 

achieve a positive DEP force, relative 

permittivity is an important parameter 

controlling the polarization degree of a specific 

material. When positive DEP force acts the 

droplet moves in a left direction towards the 

increasing potential and when negative DEP 

force acts, the droplet moves in the right direction 

towards the zero potential. Here we have used air 

having relative permittivity of 1.0006 whereas 

water as droplet has a relative permittivity of 80 

which is very much larger than that of air 

medium, hence a positive DEP force acts on the 

droplet by the application of a non-uniform 

electric field. In figure 4(a), we can see a 

generation of non-uniform electric field lines 

from a pin potential (higher potential) towards 

plate potential (lower potential) which is from 

left to right. While 4(b) shows the velocity legend 

profile of the electro-driven droplet. 

Below we can see in part 5(a) how streamlines 

are generated by an electric field around the 

droplet. In figure 5(b), the velocity arrow profile 

on droplet is shown. 

6.1.1 Effects of the Electric Bond 

Number: 

The motion and deformation by virtue of electro-

driven droplet have been directly affected by the 

field potential hence the field potential has an 

important impact on droplet motion. Here we 

have varied electric bond number by varying the 

pin potential to see its effect on the motion of the 

droplet. Here the contact angle is 150o and 

droplet volume is 4mm3. By using equation (10) 

we calculated the radius of the droplet which 

came to be 0.9890mm. The simulation results of 

horizontal displacement are shown in figure 6. 

From that figure, we can interpret that the 

horizontal displacement is increased by increased 

electric bond number (electrode potential). At the 

same initial position of the droplet an increase in 

pin potential caused the increase in electric field 

intensity and velocity gradient. From equations 

(5) and (6) the volume force here which is the 

Maxwell stress tensor that causes the non-

uniform electric force to increase on the droplet. 

The curve below shows the motion in the left 

direction i.e., towards the increasing pin 

electrode potential.  

Figure 4. (a) non-uniform electric field with (b) Legend profile 

Figure 5. (a) Shows the streamlines generated across droplet with (b) shows the velocity arrow profile. 

455



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

6 
 

Maximum displacement is -6.235mm (negative 

sign shows motion in left direction) at electric 

bond number 0.2431 at 5000V. 

 

Figure 6. Effects of Electric Bond number on 

horizontal displacement 

6.1.2 Effects of the Droplet Volume: 

Droplet volumes are not always the same on the 

substrate surfaces, and they affect the motion and 

deformation of the droplets under non-uniform 

electric field. The contact angle is 150o and pin 

potential is 5000V. The electric bond number on 

which this parametric study was conducted is 

0.2431. We have calculated the droplet radius 

using equation (10) at different volumes. The 

horizontal displacement results are shown in 

Figure 7. From the figure as the volume increases 

the horizontal displacement increases at a same 

time interval of 0.5 seconds. Large volume 

droplet has more polarization charge hence the 

effect of non-uniform DEP force is increased. 

Also, the additional pressure decreases by 

increasing the droplet volume having a larger 

radius. Here we ignore the substrate adhesion due 

to an increase in the droplet volume and hence at 

the same potential droplet having the largest 

volume will have large horizontal displacement 

which is also evident from the graph.  

 

Figure 7. Effects of droplet volume on horizontal 

displacement 

6.1.3 Effects of Contact Angle: 

The measure of substrate wettability is the 

contact angle for that we use the terms 

hydrophilic and hydrophobic. Contact angle less 

than 90o is said to be hydrophilic and contact 

angle greater than 90o is called hydrophobic 

surfaces.  

The super hydrophobic surfaces are the substrate 

having a contact angle greater than 150o. As the 

substrate wettability is related by the substrate 

adhesion and the surface tension so we can infer 

that the deformation of droplet under electric 

field is affected by the change in contact angles. 

 Here we set the volume to be 4mm3 and the pin 

potential to be 12kV. The results are shown in 

figure (8), and we can see that both hydrophobic 

and superhydrophobic contact angles were 

examined and the trend of the graph shows the 

increase in horizontal displacement with 

increasing the contact angles. Here the time used 

is very small because as we are using the 

conservation of mass equation and at the higher 

voltage, the mass does not conserve water in the 

air hence convergence issues caused us to limit 

our time domain in our simulations. Lower 

voltages allow to simulate in increased time 

intervals but the horizontal displacement at low 

contact angles does not take place. 
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Figure 8. Effects of Contact angle on horizontal 

displacement 

7. Conclusion: 

Using the level set method, we studied the 

electrodynamics behavior of the water droplet on 

the hydrophobic surfaces under a non-uniform 

electric field. We used the air phase surrounding 

the water droplet under a non-uniform electric 

field. The simulation results showed that the 

droplet motion towards increasing electric field 

under the effect of non-uniform dielectrophoresis 

force with very little deformation. The horizontal 

displacement increases of the droplet with the 

increase in the pin potential as  time changes. 

Parametric studies included the electrode 

potential, droplet volume, and contact angle. The 

horizontal displacement of droplet increases with 

an increase in the pin potential, contact angles, 

and droplet volume. The mass conversation 

equation model is very unsuitable for broad 

testing of model capabilities. These results will 

surely be helpful in the electrohydrodynamic 

behavior involving motion and deformation for 

future operations on hydrophobic surfaces. This 

study involved the parametric study of droplet 

according to their horizontal displacement, for 

future recommendations, the focus should be the 

parametric study involving the offset 

displacement and vertical displacement of 

droplet under external electric fields on 

hydrophobic surfaces. 
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Abstract 

Engine cylinder is one of the most important components where the movement of piston is taking in all the strokes. 

Due to combustion of fuel with air, there is a high temperature and pressure inside the interface of any cylinder 

which can cause different engine and environmental problems. For increasing engine life and reliability, a proper 

cooling system is to be designed. Engine fins are used for this purpose. Design of fins can be affected by change 

in geometry, fin thickness and by material. For optimization of these parameters, transient analysis was done on 

rectangular and circular engine cylinder fins in ANSYS 2020 R1. The fin thickness was varied to 2 and 3 mm, 

while the material AA-356 and AA-6061 was also changed to find the best fit. All the results were studied in terms 

of temperature distribution, total heat flux and directional heat flux. Circular fins with material AA-6061 can be 

proposed for use in comparison to rectangular fins and material AA-356. Increasing fin thickness has a negative 

impact on the thermal characteristics of fins. 

Key Words: Thermal optimization; Engine cylinder fins; Material optimization; Fin geometry 

optimization; Transient thermal analysis

1. Introduction 

This paper discusses the impact of different 

physical parameters like fin geometry, thickness 

and material on the effectiveness and 

performance of engine cylinder fins. By the 

principle of thermodynamics, heat engine is a 

system which uses thermal energy to convert into 

a more useful form such as mechanical work. To 

generate this mechanical work, the chemical 

energy of fuels like gasoline, diesel, CNG, etc. is 

released during combustion to produce thermal 

energy [1].  

The temperature of hot gases produced will be 

around 2300-2500 ℃ . This high temperature 

combines with pressure which is about 10 MPa 

inside the cylinder. Such conditions can cause 

different problems which includes seizing of 

piston, reliability and mechanical operation 

issues.  

Morever, high temperature in engines also results 

in the production of NOx, creating an adverse 

effect on the environment [2]. This directs us to 

ensure a low temperature design within the engine 

cylinder by the dissipation of extra heat 

generated through proper cooling system. 

Having an effective cooling system will not only 

reduce problems related to knocking and pre-

ignition, but will also contribute toward increase 

in engine life and efficiency [3]. Heat transfer 

rate through engine will depend upon different 

parameters like type of coolant used; 

surrounding conditions involving wind speed, 

ambient temperature and wind direction; and 

surface characteristics like surface geometry and 

material used [4].  

Engine cylinder fins are those extended surfaces 

which uses the phenomenon of convection to 

increase the heat transfer rate to or from the 

environment. Other examples of using fins for 

increasing heat transfer rate are found in heat 

exchanger, economizer attached to boiler, 

transformers, etc. The rate of heat transfer 

through fins can be increased by using a material 

with greater thermal conductivity, using a 

geometry with greater length and thin surface 

(greater perimeter to area ratio), and with a lower 

convective heat transfer coefficient like air [5].  
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Fig.1: Motorcycle engine cylinder 

This paper studies the steady and transient 

thermal analysis of engine cylinder fins. 

Modeling of actual motorcycle engine cylinder is 

done through SOLIDWORKS. Two geometries, 

rectangular and circular fins are selected for 

comparison of how geometry effects the heat 

transfer rate. The fin thickness is also varied 

between 2 and 3 mm to find the relation between 

fin thickness and heat transfer for optimization. 

At the end, materials are also changed to find the 

best fit [6]. 

2. Literature Review 

In the last years, a lot of scientific research have 

been conducted on the thermal optimization of 

engine cylinder fins. Shahril et al. (2013) 

considered velocity of air as the crucial factor in 

designing the engine cylinder fins. According to 

the author, the design of fins should be made to 

capture or trap the air for a longer time to 

incorporate greater cooling effect [7]. Sona wane 

et al. (2021) numerically investigated the 

performance of engine cylinder fins as a function 

of fin thickness, fin geometry and material used.  

The author concluded that aluminum alloy 6061 

performs well in comparison to aluminum alloy 

204. Fin thickness also play an important role in 

increasing fin effectiveness [8].  

Rao et al. evaluated the thermal analysis under the 

use of beryllium material and showed that 

beryllium performs best when compared to other 

materials. The author also stated the optimized 

value of heat flux at a thickness of  2.5 mm for 

fins [9]. Lava Kumar et al. (2013) studied various 

geometries and found that the fin effectiveness 

can be improved by mounting unconventional fin 

configurations. Through computational fluid 

dynamics (CFD), the author studied that time of 

contact between moving air and fin surface is 

important since it defines how much heat will be 

transferred through convection out of the 

surface. Wavy surface on the fin geometry can 

be used to create turbulence in air near the 

geometry surface to increase the heat transfer 

rate [10].  

Pies et al. (2019) performed the material 

optimization and selection for cylinder fins. The 

author found that AA 6082 gives maximum heat 

transfer in comparison to AA 1060 material. The 

temperature drop is also greater for AA 6082 

[11]. 

Shareef et al. (2021) linked extension on fin 

surface with better heat transferring ability. The 

author found that fins with extensions on the 

surface have 5 to 10% better efficiency regarding 

heat transfer. Trapezoidal profile performs the 

best regarding fins effectiveness [12].  

From above discussion, we can say that there has 

been a trend in scientific research in recent years 

regarding heat transfer characteristic of engine 

cylinder fins. But with the innovations in the 

field of technology and design for engine and 

new materials development, there is need of 

further optimized design in line with recent 

developments.  

As a result, this paper studies the transient 

thermal analysis and optimization of engine 

cylinder fins with variation in fin material, 

thickness and geometry.  

Rectangular and circular fins geometries are 

considered and compared to find the optimum 

one. Similarly, fin thickness of 2 and 3 mm are 

compared to find the best fit. Aluminum alloy 

casted AA-356 and Aluminum alloy wrought 

AA-6061 are compared to find the optimum 

results. 

3. Methodology 

1. Objective and Scope of Work 

The analysis of engine cylinder fins will be 

studied on the basis of steady and transient 

thermal analysis with optimization of material, 

fin geometry and fin thickness. There are 

different objectives of this study which are given 

below: 

1. To develop 3D model of actual 

motorcycle engine cylinder on 

SOLIDWORKS. 
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2. To develop 3D model of rectangular and 

circular fins while keeping number of 

fins, their pitch, cylinder length and 

cylinder width constant. 

3. To study the transient analysis of engine 

cylinder fins to identify the behavior of 

fins with their performance. 

4. To study the behavior of different 

materials in thermal analysis. 

5. To study the behavior of different fin 

thickness in thermal analysis. 

6. To study the behavior of different fin 

geometry in thermal analysis. 

7. To compare the results and conclude best 

material, best geometry and best 

thickness for fins under given conditions. 

First, the model is created in SOLIDWORKS as 

per according to the mechanical part assigned. 

The dimensions are according to the real engine 

cylinder. 

 

2. Material and Methods 

To compare the fins geometry, material and fin 

thickness, the cylinder is further modelled into 

rectangular and circular geometry.  

Constant Physical Dimensions 

Height of cylinder is taken as 70 mm. 

Width of cylinder is taken as 70 mm. 

Diameter of bore (internal circle) is taken as 44 

mm.  

Diameter of bore (outer circle) is taken as 50 

mm. 

Pitch of fins is taken as 3.428 mm with equal 

spacing. 

Number of fins are taken as 11 for each case. 

Variations 

Fin thickness is varied and is taken 2 and 3 mm.  

Circular and rectangular fins geometries are 

varied. 

Material AA-356 and AA-6061 are used 

Fig.2: Isometric view of engine cylinder design 

in SOLIDWORK

  

Fig.3. Circular and rectangular fins 

model in SOLIDWORKS 
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Setting up model in ANSYS 

The given model is imported into ANSYS by 

creating a workbench project file. Two materials 

AA356 and AA6061 are added into material 

library by editing engineering data box. 

 

 

Fig.4: Rectangular fin model in ANSYS 

 

Fig.5: Circular fin model in ANSYS 

Meshing 

Meshing is done to generate result by 

approximation of the model into geometric 

elements for finite element analysis. The model 

resolution is changed to 4 while meshing. Also, 

the quality of mesh is improved by smoothing the 

mesh with high features. 

 

Fig.6: Meshing of rectangular fins on ANSYS 

 

 

Fig.7: Meshing of circular fins on ANSYS 

Steady thermal and transient analysis 

Steady thermal analysis involves properties 

related to thermal analysis which do not vary 

time while transient analysis is related to 

variation in thermal properties with function of 

time. We will be running transient analysis 

through which we will get maximum and 

minimum steady value at a given time along with 

time function variation. 

Initial temperature 

Initial temperature inside the cylinder (bore 

surface) is taken as follow: 

 

Fig.8: Details of initial temperature inside 

cylinder 

Analysis settings 

To perform transient analysis, we have to 

develop a range of cycle time. There are 5 steps 

created. The 1st step end at 10 s, then at 30, 70, 

80 and 120 s. 

 

 

Fig.9: Details of analysis setting for transient 

analysis 
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Temperature, heat flux and convection 

Temperature inside the cylinder coming from hot 

gases is taken as 980 C. Only internal surface of 

inner bore is chosen for this job. The convection 

is studied through use of stagnant air case for 

horizontal position while take film coefficient. 

The yellow area represents the region where 

convection will take place. Blue region represents 

the area from where constant heat will be 

dissipated per area in the form of heat flux. 

 

 

Fig.10: Details of transient thermal analysis 

8. Results and Discussion 

The maximum and minimum value of thermal 

characteristics like temperature, total heat flux 

and directional heat flux can be calculated for the 

various selected model as below: 

The green line shows the maximum value in result 

of analysis, blue line with average value and red 

line with the minimum value. 

2. Thermal analysis for rectangular 

fin model (2mm thickness and AA-

356 material) 

The result obtained from the analysis can be 

classified into two groups. There may be 

probability of minimum value over time or there 

may be maximum value over time. Both of these 

are shown below. 

 

 

 

Fig. 11: Results obtained for rectangular fin of 

AA-356 having 2mm thickness 

 Fig. 12: Temperature distribution (maximum, 

average and minimum value) as a function of 

time 

 Fig. 13: Total heat flux (maximum, average 

and minimum value) as a function of time 
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Fig. 14: Directional heat flux (maximum, 

average and minimum value) as a function of 

time 

3. Thermal analysis for rectangular 

fin model (2mm thickness and AA-

6061material) 

The following results are obtained by changing 

the material of fin under the same geometry and 

fin thickness. 

Fig. 15: Results obtained for rectangular fin of 

AA-6061 having 2 mm thickness 

Fig. 16: Temperature distribution (maximum, 

average and minimum value) as a function of 

time 

 

 

Fig. 17: Total heat flux (maximum, average and 

minimum value) as a function of time 

Fig. 18. Directional heat flux (maximum, 

average and minimum value) as a function of 

time 

4. Thermal analysis for rectangular 

fin model (3mm thickness and AA-

356 material) 

Varying fin thickness causes variation in results 

as shown below: 

 

Fig. 19: Results obtained for rectangular fin of 

AA-356 having 3 mm thickness 
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Fig. 20: Total heat flux (maximum, average and 

minimum value) as a function of time 

 

Fig. 21: Temperature distribution (maximum, 

average and minimum value) as a function of 

time 

 

Fig. 22: Directional heat flux (maximum, 

average and minimum value) as a function of 

time 

5. Thermal analysis for rectangular 

fin model (3mm thickness and 

AA-6061 material) 

Varying fin thickness along with material causes 

variation in results as shown below: 

 

Fig. 23: Results obtained for rectangular fin of 

AA-6061 having 3 mm thickness 

Fig. 24: Temperature distribution (maximum, 

average and minimum value) as a function of 

time 

Fig. 25: Total heat flux (maximum, average and 

minimum value) as a function of time 
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Fig. 26: Directional heat flux (maximum, 

average and minimum value) as a function of 

time 

6. Thermal analysis for circular fin 

model (2mm thickness and AA-

356 material) 

The next analysis is done for the rectangular fins 

under the same applied conditions. Circular fins 

are also subjected to variation in fin thickness and 

material used. 

The green line shows the maximum value in result 

of analysis, blue line with average value and red 

line with the minimum value. 

Fig. 27: Results obtained for circular fin of AA-

356 having 2 mm thickness 

7. Thermal analysis for circular fin 

model (2mm thickness and AA-

6061 material) 

8. Thermal analysis for circular fin 

model (3mm thickness and AA-

356 material) 

 

Fig. 28: Total heat flux (maximum, average and 

minimum value) as a function of time 

9. Thermal analysis for circular fin 

model (3mm thickness and AA-

6062 material) 

 

Fig. 29: Directional heat flux (maximum, 

average and minimum value) as a function of 

time 
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9.  Conclusion 

In the present study, transient analysis was 

conducted on engine cylinder, modeled using 

SOLIDWORKS 2019 on ANSYS 2020 R1. The 

following points can be concluded: 

2. Temperature distribution  

There is an increase in maximum temperature 

acquired by the cylinder surface when we change 

the material from AA-356 to AA-6061. The 

temperature distribution for circular fins is greater 

than rectangular fins. Also, the temperature value 

lowers down when fin thickness is increased from 

2 mm to 3 mm. Circular fins of material AA-6061 

with fin thickness of 2 mm has the maximum 

value of temperature (974.92 ℃) in comparison to 

other models. The time taken by fin surface to 

reach steady state is also quite important. This 

time decreases by increase in fin thickness. 

Circular fin of material AA-356 having fin 

thickness of 2mm takes the lowest time to attain 

steady state which is 12.8 s. 

3. Total heat flux 

Total heat flux is greater for rectangular fins in 

comparison to circular fins. Since, heat flux is 

related to the amount of material used and 

rectangular fins have greater material. Total heat 

flux also decreases with fin thickness. AA-6061 

has a greater total heat flux in comparison to AA-

356.  

4. Directional heat flux 

The results of directional heat flux are similar to 

total heat flux. Directional heat flux also increases 

with the amount of material used and it is greater 

in case of rectangular fins. There is also decrease 

in directional heat flux with increase in fin 

thickness. The directional heat flux is also greater 

for AA-6061 material. 
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Abstract 

Universal joint, also known as u-joint or Hooke joint, is used for power transmission in shafts at some 
angles. The idea of the paper is to replace the universal joint made from steel with the plastic by keeping 

the same applied torque. For this purpose, the comparison of structural strength between steel and 
acrylonitrile butadiene styrene (ABS) plastic universal joints have been made using CAD and FEM 

software. SolidWorks is used for the modeling of universal joint whereas ANSYS is used for the static 

structural analysis. The results showed that total deformation and stresses generate in steel is less than 
ABS plastic but factor of safety for steel is greater than ABS plastic. But since ABS plastic has factor of 

safety greater than 1, it can be used in applications where the electrical and rust protection is required for 

the operating torque of 30Nm. 

Key Words: SolidWorks; ANSYS; Static Structural Analysis 

1 Introduction 

The universal joint is a mechanical connection 

between the rotating shafts that is used to bend 

the shaft in any direction. The mechanical 

connection between the shafts is usually 

intersecting, not parallel. Also, the mechanical 

connection is positive between the shafts. The 

universal joint is also regarded as coupling in 

the shaft since it produces turning movement 

in the shaft. The universal joint is also called 

as Hooke or Cardan joint. This is the simplest 

and most commonly used that of universal 

joint and is shown in Fig 1. It consists of two 

forks that are perpendicular to each other and 

is connected by a cross shaft. The collar and 

the pin assembly in the universal joint allows 

the yoke (fork) to rotate along the axis of 

center block. The fork has the tendency to 

transmit torque by allowing the assembly to 

rotate along their respective shafts. The 

universal joint can produce torque and 

rotational movement between those two shafts 

whose axis are slanted at some angle. This 

angle is called the operating angle and it vary 

depending upon the design condition. The 

operating angle is usually taken less than 25° 

for good design practices. The pins in the 

universal joint are held in the holes of fork by 

means of collar and collar pins. One of the 

major applications of the universal joint is in 

the vehicle transmission system. It allows the 

transmission of power when the drive shaft is 

not in a straight line between the drive wheels 

and transmission. This is done while the shaft 

is moving, universal joint provides the up and 

down movement of the drive shafts with the 

suspension. 

 
 
 

 

Figure 1 Universal Joint 
 

The u-joint, short name of universal joint finds 

its numerous applications in cars as well as in 

mechanics. The u-joint has three fundamental 

plans, each has its own application. These are: 

 Bendix-Weiss 

 Ring and Trunnion 

 Hooke 

The faults such as wear, looseness and 

torsional deformation of the 

intermediate shaft can be developed in 

the universal joint when used for a 

longer period of time. Therefore, the 
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protection of the universal joint is 
Figure 2 Dimensions of Universal Joint 

compromised, which is one of the major 

components of transmission system and 

vehicle’s engine. The material which is 

commonly used for the universal joint is the 

structural steel. But now a days plastics and 

thermoplastic are being used in replace of 

structural steel since it protects from rusts and 

in addition it can be used in applications 

where electrical protection is required. In the 

present work we will compare the structural 

strength of steel and plastic. 

2 Literature Review 

Sandhya and Jain [1] showed that the structural 

strength of universal joint can be improved by 

using the material beryllium copper alloy in 

replace of steel. They modeled the 3D model in 

CATIA v5 and performed structural analysis in 

ANSYS 14.0. Their results showed that 

deformation in the steel is 0.002261mm 

whereas in beryllium copper is 0.014823mm. 

Singh, Singh et al. [2] done the optimization of 

universal joint in order to reduce mass and 

material. The material they used is structural 

steel. They modeled the 3D model in 

SolidWorks and performed the structural 

analysis in ANSYS. Their results showed that 

the total mass reduced to 0.451% whereas stress 

reduced to 15.7%. Rathi and Mandavgade [3] 

have done FEM analysis of universal joint. 

They have chosen the universal joint of TATA 

407. They have designed every part according 

to the actual dimensions of TAT 407 and then 

done the structural analysis in ANSYS 9.0. 

Their results showed that the TATA 407 

universal joint have maximum stresses at yoke 

and the crack occurred at the beginning of the 

yoke. By increasing the dimension of yoke, 

stresses can be reduced but it increases the 

weight of universal joint. Zaheer, Islam et al. 

[4] have done the fatigue reliability of universal 

joint. They formulated the S-N curve approach 

and F-M principle in order to study the failure 

criteria. Their results showed that S-N curve 

approach yields better probability of failure as 

compared to F-M principle. Their results 

showed that the fatigue reliability is inversely 

proportional to service life of universal joint. 

Shah, Patil et al. [5] showed that the small 

modifications in the existing pin’s design of 

universal coupling used in automobiles can 

improved its strength. They compared the 

structural analysis of existing and modified 

design in ANSYS 14.0. After making the 

modifications in pin’s design, shear failure in 

universal joint is reduced since their results 

showed that the shear stress is reduced from 

351.3MPa to 120.04Pa. Vardhan, HariPrasad et 

al. [6] determine the stresses in the components 

of flange coupling using the JAVA (a high level 

programming language). The benefit of using 

JAVA is that it measures the stresses precisely 

in a relatively shorter period of time. 

3 Methodology 

SolidWorks is used in order to develop the 

model of universal joint. The dimensions are 

taken from the universal joint available in the 

market. The dimensions are shown below: 
 

Then the static structural analysis of universal 

joint is done in ANSYS R2020. The analysis has 

been done by applying the boundary conditions 

on the ends of universal joint. First apply the 

fixed support on driving fork and then apply the 

moment of 30 Nm about x-axis on the driven 

yoke. The results of total deformation and stress 

have been extracted for the structural steel and 

steel. The properties of structural steel and 

plastic are shown in given table: 

Table 1 Properties of Structural Steel 

 

Properties Value 

Density 7.85 × 
10−6𝑘𝑔/𝑚𝑚3 

Young’s 
Modulus 

2 × 105𝑀𝑃𝑎 

Poisson’s Ratio 0.3 
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Bulk Modulus 1.667 × 105𝑀𝑃𝑎 
Shear Modulus 76923 𝑀𝑃𝑎 

Table 2 Properties of ABS Plastic 

 

Properties Value 

Density 1.04 × 
10−6𝑘𝑔/𝑚𝑚3 

Young’s 
Modulus 

2390 𝑀𝑃𝑎 

Poisson’s Ratio 0.3
99 

Bulk Modulus 3943.9 𝑀𝑃𝑎 

Shear Modulus 854.18 𝑀𝑃𝑎 

Properties Value 

1 Results and Discussions 

After applying the methodology, results have 

been extracted for total deformation, 

equivalent (von- Mises) stress and factor of 

safety for both structural steel and plastic. 

Total Deformation 

The results of total deformation foe universal 

joint shows that steel undergo very little 

deformation as compared to ABS plastic. 

Steel undergoes only 8.2692 × 10−6𝑚 

whereas plastic undergoes the deformation of 

6.9561 × 10−6𝑚. 

Figure 3 Total deformation for Steel U-joint 

Figure 4 Total deformation for ABS plastic U-

joint 

Stress 

The results of stresses for universal joint shows 

that small number of stresses generate in steel as 

compared to ABS plastic. The maximum 

stresses generate in steel is 14.479 𝑀𝑃𝑎 

whereas in plastic, it is 14.607 𝑀𝑃𝑎. 

Figure 5 Stress for Steel U-joint 

 

Figure 6 Stress for ABS plastic U-joint 

Factor of Safety 

The results of factor of safety for universal 

joint shows that steel has greater factor of 

safety than ABS plastic. Steel has minimum 

factor of safety of 15 whereas ABS plastic has 

minimum factor of safety of 2.8342. 

Figure 7 Factor of Safety for Steel U-joint 
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Figure 8 Factor of Safety for ABS plastic U-joint 

Table 3 Comparison of parameters between steel 

and plastic 

 

Material Structural 
Steel 

ABS Plastic 

Total 

Deformatio

n 

8.2692 
× 10−6m 

. 6.9561 
× 

10−6

m 
Equivalent 

Stress 
14.479 MPa 14.607 MPa. 

Maximum 

shear stress 

7.804MPa 80.453 MPa 

Equivale

nt 
Strain 

7.3531 × 
10−5 

0.0061769 

Factor of 
Safety 

15 2.8342 

 

4 Conclusion 

In this paper, static structural analysis of 

universal joint has been done in order to replace 

structural steel with ABS plastic. The modeling 

is done in SolidWorks whereas structural 

analysis is done in ANSYS.  

The results of total deformation, equivalent 

stress and factor of safety shows that structural 

strength of steel is far better than ABS plastic. 

But since the factor of safety for plastic is 

greater than 1 (2.8432), it can be used in the 

applications where electrical and rust protection 

is required. On the other hand, ABS plastic is a 

cheap raw material as well. So, ABS plastic can 

be replaced by structural steel for the operating 

torque of 30 Nm. 
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Abstract 

This paper details the design, development and wind tunnel testing of MAV to investigate the wing rock 

phenomenon at low Reynolds number. There has been extensive research on the phenomenon of wing rock and 

its controllability on the aircraft. Undoubtedly, these limit cycle roll oscillations at high angle of attack, “wing 

rock”, needs to be studied and analyzed thoroughly. Several models have been developed by many researchers, 

as discussed in the paper, to control this instability phenomenon. This paper discusses the work done on this topic 

throughout the years and proposes the best approach to improve the stability of the micro air vehicle. In the future, 

it is recommended to design, fabricate and perform wind tunnel testing on the MAV model to better understand 

the instability behavior and also how to use effective techniques to control this phenomenon. 

Key Words:  Micro Air Vehicle; Limit Cycle Oscillations; Wing Rock; Angle of Attack

1. Introduction 

The Micro Aerial Vehicles (MAV) have been 

studied for a while due to its importance in 

different fields. Building small airplanes date 

back to 1901 [1] when a lighter gas engine was 

used in Langley’s powered model airplane. 

Following that, there were other engines used 

namely Ray Arden’s 4-cycle engine in 1907, 

David Stanger’s V-type engine in 1908 and 

Eckert brothers’ engine in 1911 which was just 

1.7 kilograms [1]. The first radio-controlled 

model airplane dates back to 1936 where Alfred 

Lippitsch and Egon Sykora from Germany did a 

successful flight of RC glider model with rudder 

control. Similarly, in the 1940’s, the Unmanned 

aerial vehicles (UAVs) were used for military 

purposes by British army [2]. 

As the world is moving towards more efficient 

systems where robotic machines are doing the 

work in less time and human energy is being 

saved, there is still a need of analyzing the low 

aspect ratio MAV limitations to improve the 

overall design of the vehicle. 

The applicability of MAVs in public safety 

surveillance, search and rescue missions, weather 

predictability, infrastructure inspection [3], 

photography etc. has advantage over the 

conventional vehicles mainly because of its small 

size and low cost of manufacturing [12].  

They have a wingspan of around 100-150 nm 

[16] and fly at speeds below 20m/s [14]. 

Furthermore, the hummingbird MAV has 

extremely simple mechanical configuration 

which looks like a small insect bird with flapping 

wings and can be used as a robot [4]. 

Undoubtedly, MAVs operate at low altitudes 

with straight and level flight, are light weighted 

up to 200 grams only, span not more than 50 cm 

and fly at speeds below 20 m/s, on the other hand, 

the aerodynamics become quite complex and the 

unpredictable behavior occurs at certain times 

specially at high angle of attack.  

Therefore, it is paramount to fully simulate the 

design with different scenarios and analyze the 

possible phenomenon which may occur.  

One of those highly non-linear phenomenon is 

"Wing Rock" in which the aircraft undergo limit 

cycle roll oscillations at high angle of attack. As 

the angle of attack increases, the point of the 

application of lift force shifts toward the trailing 

edge of the wing [15].  

Resultantly, it is important to analyze this 

behavior on a micro air vehicle thereby 

controlling the instability during the flight. 

Eventually, the effect of atmospheric gust on a 

freely flying model can be determined by 

characterizing the entire flow field in the test 

section [13]. 

2. Review Of Current Research 

The ‘wing rock’ phenomenon has been 

investigated on a fighter body aircraft using wind 

tunnel testing   [5]. It is experimentally shown 
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that the vortices generated from the body and 

wing are the main causes of producing limit cycle 

oscillations [5]. Similarly, in [6], experimental 

results of a delta wing in a low speed wind tunnel 

show limit cycle oscillations and they have a non-

linear relation with the angle of attack. To control 

the highly non-linear phenomenon, Lin et al. [7] 

discusses a feedback control system using neural 

network which has good performance according 

to the simulation results. In most of the literature 

present till now, wing rock phenomenon is 

observed on fixed angle of attack. It is shown in 

this paper that regulation can be achieved even 

by changing angle of attack with time by 

applying newly developed techniques for non-

linear system. It is also shown how the dynamic 

behavior of wing rock undergoes changes as the 

angle of attack vary over a wide interval [8]. 
 

To determine the dynamics of wing rock, the 

2DOF rigid aircraft is analyzed [9]. The non-

linear mathematical model is developed using 

techniques, combing the multiple time scale 

method, center manifold reduction principle and 

bifurcation theory. These solutions have an 

advantage over numerical solutions that the 

parameter and effect on wing rock characteristics 

such as frequency and amplitude are seen in 

explicit functional relationship. The analytical 

results are being proven by numerical 

simulations. It is seen that the amplitude of the 

wing rock motion in two degree of freedom 

model is certainly quite different from single 

degree of freedom. It is suggested that single 

degree of freedom model cannot capture all the 

important aspects of the system dynamics [9]. 

Controllability can be attained if we provide 

MAV with a pair of wings, each with one degree 

of freedom and passive rotation [10]. Biomimetic 

principles can be used to parametrize wing 

trajectory. In order to prove controllability, 

averaging theory arguments are implemented and 

flapping flight within the framework of high 

frequency is treated. Flapping flight is considered 

as an example of high frequency control present 

in nature [11] and gives us insight about the 

reason through which superior maneuverability 

was observed in the results. The other half 

included that the controllability was still 

achieved even if wing-thorax dynamics is 

included. Pulse width modulation (PWM) is used 

to drive the electromechanical structure where 

we can control its amplitude, period and duty 

cycle on a wingbeat-by-wingbeat basics. 

Tradeoffs are made between the controllability 

and lift generation efficiency as shown by the 

model [10]. 

In Lin et al. [7], wing rock phenomenon is being 

controlled by fuzzy PD controller. The wing rock 

model for 800 swept back wing is described by 

the following equation [7]: 
 

�̈� + 𝑎0𝜑 + 𝑎1�̇� + 𝑎2|�̇�|�̇� + 𝑎3𝜑3 + 𝑎4𝜑2�̇� = 0       (1) 

 

Where, the time derivative is non-dimensional, 𝜑 

is a roll angle, and 𝑎𝑖 is the parameters relative to 

free-to-roll experiment conditions. 

Ailerons were used on each wing of aircraft to 

suppress the wing rock. Eq (1) [7] can be 

rewritten as: 

 

�̈� + 𝑎0𝜑 + 𝑎1�̇� + 𝑎2|�̇�|�̇� + 𝑎3𝜑3 + 𝑎4𝜑2�̇� = 𝑢        (2) 

Where u is output of ailerons or control input. 

Figs. 2 and 3 are simulation results of self-

induced wing rock model to show the typical roll 

angle response in time domain and on phase 

Figure 1. Weight and Reynolds number 

comparison of different aircraft types and 

MAVs 

Figure 2. Histogram of roll angle for AOA=32.50  

[7] 
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plane even if an initial roll angle is very small 

𝜑0 = 0.50 
 

A PD controller has been used for the 

suppression of the wing rock [7]. 
 

𝑢(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑑𝑒(𝑡)                 (3) 

 �̇� = −
𝐾𝑝

𝐾𝑑
𝑒 +

1

𝐾𝑑
𝑢                         (4) 

 

It has been found that PD controller gives better 

regulation and performance. Simulations show a 

complete and fast control effect. 

In [8], wing rock phenomenon is being observed 

with time varying angle of attack. There are 

various non-linear equation that represent wing 

rock but the equation which was used is 

following: 

�̈� = −𝑤𝑗
2𝜙 + 𝜇1

𝑗
�̇� + 𝑏1

𝑗
�̇�3 + 𝜇2

𝑗
𝜙2�̇� + 𝑏2

𝑗
𝜙�̇�2 + 𝑔𝛿𝑎                                                                 

(5) 

where 𝜙 is the roll angle, 𝛿𝑎 is the output of an 

actuator with first order dynamics, 𝑔 = 1.5 is an 

input gain, and the system coefficients depend on 

the parameters 𝑎𝑖
𝑗
, which in turn are functions of 

the angle of attack, denoted here by 𝑣 . 

3. Summary Of Findings 

In [6], first experimental analysis is done and 

then it is compared with the mathematical 

modeling.  For α = 21–45◦, V = 15–40 m/s, Re = 

486000–1290000 and ϕ0 = 0–90◦ free-to-roll 

experiments were performed on a delta wing in 

D3M low speed wind tunnel. Following are the 

results that are obtained through experiment. 

 

The analytical model proposed are [6]: 
𝐶𝑙(𝑡) = 𝑎0 + 𝑎1𝜑 + 𝑎2�̇� + 𝑎3|𝜑|�̇� + 𝑎4|�̇�|�̇�         

(6)                                     

 

𝐶𝑙(𝑡) = 𝑎0(𝜑) + 𝑎1(𝜑)�̇� + 𝑎2(𝜑)�̇�2 + 𝑎3(𝜑)�̇�3 +
𝑎4(𝜑)�̇�4          (7) 

  

𝐶𝑙(𝑡) = 𝑎1𝜑 + 𝑎2�̇� + 𝑎3𝜑3 + 𝑎4𝜑2�̇� + 𝑎5𝜑�̇�2      
(8) 

 

Rolling moment is calculated by this Equation: 
 

Figure 5. Experimental data that was obtained 

at various angles of attack [6] 

Figure 3. Phase angle for AOA=32.50 [7] 

Figure 6. The phase plane plot for different 

initial conditions: comparison of experimental 

results [6] 

Figure 4. Experimental data that was obtained 

at various angles of attack [6] 
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    𝐶𝑙 =
𝐼𝑥𝑥

𝑞𝑆𝑏
�̈�                                               (9) 

 

Where, 𝐼𝑥𝑥 = 1.0117 × 10−3 kg m2 is the 

moment of inertia about the roll axis. 

Following is the best fit formulation among the 

proposed model [6]: 
 

�̈� + 𝑎0𝜑 + 𝑎1�̇� + 𝑎2|�̇�|�̇� + 𝑎3𝜑3 + 𝑎4𝜑2�̇�  =  0                                             

(10) 

 

These are the results that are obtained from the 

comparison between experimental and analytical 

results [6]. 

 

 Overall limit cycle characteristics are 

correctly reproduced by the analytical model. 

 Numerical integration of mathematical 

model was compared with the experimental 

data which gives us the time domain 

validation. 

 The prediction of the wing rock oscillations 

is always accurate for ϕ0  < 1ϕ. On the 

contrary, an unexpected divergence is found 

for external initial conditions (ϕ0 > 60◦) 

modeled numerically. 
 

4. Conclusion 

The analysis of wing rock phenomenon has been 

discussed. It is seen that at high angles of attack, 

the limit cycle oscillations increase causing 

unstable roll motion. It is shown that several 

techniques have been used to control this 

behavior.   

5. Future work 

As discussed, it is paramount to investigate the 

effect of the wing rock phenomenon especially at 

low speeds.  Therefore, the MAV model will be 

designed and fabricated with specific 

dimensions. The wind tunnel testing shall be 

done and results will be shown once the model is 

tested at various angles of attack. The MAV 

model will be analyzed at different speeds, air 

conditions and angles of attack. Additionally, the 

wing rock behavior will also be analyzed and 

presented in the future. 
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Abstract  

Hybrid coating on metallic surfaces is recognized as a notable surface modification approach because of 

superior hardness and wear resistance, higher durability, synergistic properties of wear and friction, better 

lubricity etc. over other conventional or single-phase coatings. The surface coating processes can be divided 

into three namely, dry, wet, and liquid state and in general, a surface coating process can be applied to the 

surface of any engineering material for many tribological and high temperature, even ultra-high temperature 

applications. Here the authors discussed various coating materials, different coating processes, selection of 

coating systems, performance properties of the coating systems and hybrid coatings with the main purpose of 

widen the applications of newly developed hybrid coating. However, the biocompatibility, reduction of 

underlying substrate temperature, coating with oxidation and hot corrosion resistance, and other such recent 

advancement of hybrid coating with new, green, environmentally friendly, and sustainable coating materials 

have been seldom understood and published by the researchers although there are scopes for such studies on 

such sustainable coating materials using new, simple and cost-effective liquid additive manufacturing (LAM) 

process as a coating process. Further high temperature applications of hybrid coatings have been systematically 

summarized, including a case study of hybrid coating in terms of microstructure and hardness properties using 

a cost-effective process of LAM. Finally, the prospects and research directions of new hybrid composite coating 

are proposed. Therefore, it is hoped that the shift of the highly expensive laser beam liquid process to a cost-

effective LAM approach for sustainable hybrid coating would be a major significance of this type of research 

work. 

 

Key Words:  Hybrid Coating; Liquid Additive Manufacturing; Sustainable; High Temperature 

Tribology 

 
 

1. Introduction 
 

The metallic surfaces are very sensitive under 

environmental conditions, and it is expected that 

the mechanical, functionality, and service lifetime 

greatly affected by the surface topographical 

features. Due to constant dynamic motion and 

friction between the contacts of materials in a 

tribological atmosphere, an engineering part in 

service tends to gradually wear out over time. 

Researchers throughout history have been aiming 

to prolong the life of engineering components, to 

ensure high product performance, to limit the 

usage of materials to conserve their sources and to 

enhance safety. These goals can be achieved by 

controlling the wear and friction between the 

mating surfaces. To prolong the life of the 
engineering component in a tribological 

environment, it should have a specific set of 

properties and one of them is by having a high 

wear resistance. Therefore, the key issue is to 

identify the suitable protection coating that can be 

used for tailoring the surface quality and enhance 

the overall performance of metallic materials.  

Among the metallic alloy materials, Ti-

alloy is widely used for many engineering 

applications such as aerospace, automotive, 

machinery, biomedical, and components for oil 

and gas industries. However, the Ti-alloys have 

poor hardness with poor wear resistance, higher 

coefficient of friction and poor machinability, 

hence, not sustainable. In the context of tribology, 

sustainable materials are those that can reduce 

friction and wear of mating surfaces, decrease 

heat dissipation with the reduction of 

environmental pollution. Through the progress of 

hybrid coating with solid or self-lubricating 

materials, the above specified problems can be 
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overcome which can lead to a greener environment 

by increasing the life cycle of sliding materials, 

causing a positive impact in environmental 

degradation, by decreasing the waste and 

recyclability cycle.  

With regards to the advancement of hybrid 

coatings, the surface state remains critical and 

there are few points to be addressed and tackled, 

including optimizing the process parameters, 

efficiency and practicality of the coatings aimed at 

improving the surface performance using additives 

manufacturing techniques. Recent developments 

on the hybrid coating with future improvement are 

critically discussed, and opportunities are 

emphasized in this study. 

 

2. Coating Materials  
 

Surface modification and coatings are amongst the 

effective techniques to optimize the functionalities 

and properties of the surface [1]. Coating can be 

advantageous owing to their cost (reduced) and 

circumnavigate scarcity of materials (because of 

low thickness). They also offer most desirable 

properties such as corrosion and wear resistance, 

enhanced surface topographical and mechanical 

behavior, thermally and electrically 

insulative/conductive as well as improved surface 

states (wettability, hydrophobicity) [2]. A 

successful coating or protection relies on the 

various coating materials (both feedstock and 

substrates) and coating processes which are 

appropriate for specific applications. Diverse 

applications range from aerospace, automotive to 

biomedical require distinct types of coatings in 

terms of coating thickness, selection of both 

substrate and coating  materials. The key parameter 

of producing a robust coating is the materials 

selection. Commonly used coating materials for 

protective layers include metals, ceramics, and 

polymers [2].  In view of various materials and 

processes, the best configuration selection of 

surface modification must be considered carefully. 

For example, material provides corrosion and wear 

resistance properties, yet it might possess different 

chemical, thermal and mechanical behavior. Prior 

to applications, the mechanical stability, 

biocompatibility, and other relevant required 

properties should be taken into account.  

In regard to tribology applications, Ni and 

several other high entropy alloys are usually used 

owing to their prominent advantage to hinder the 

wear by minimizing the contact between sliding 

materials [3]. The formation of oxide layers 

especially at high working temperatures greatly 
affects the wear behavior of alloy. Materials 

operated at high temperatures seem capable of 

reducing the high temperature sliding wear. 

Amongst other high entropy alloys, Ti-alloy is 

widely used for many engineering applications 

such as aerospace, automotive, machinery, 

biomedical, component for oil and gas industries. 

As is well known, Ti demonstrates strong 

resistance to corrosion in both acidic and alkaline 

environments due to formation of stable and 

strong adherent oxide layers [4]. However, Ti-

alloys have poor tribological properties due to 

their poor wear resistance, lower degree of 

hardness and higher coefficient of friction and 

poor machinability. Thus, surface coatings can be 

employed to alter the surface and hence improve 

the surface hardness, wear resistance and friction 

coefficient [5]. Due to constant dynamic motion 

and friction between the contact of materials in a 

tribological atmosphere, engineering components 

in service tend to gradually wear over time. 

Aiming to prolong the life of engineering 

components particularly in a tribological 

environment, the wear rate and friction coefficient 

should be controlled. Considering this factor 

recent technology employing non-metallic 

coating materials (Si, B, grpahite), metallic (Cr, 

Mo, FeCrAl), carbide (SiC, TiC, B4N, Ti2AlC and 

Cr2AlC) and also, nitride (TiN, CrAlN and 

TiAlN)  to increase the wear resistance [6-9].  

Fei et al. [10] investigated the employment 

of TiO2 coating on Ti6Al4V alloy using microarc 

oxidation. It was found that the coating consists of 

two layers (dense and loose) whereby the dense 

layer was contributed by the accumulation of 

microarc discharge. The worn surfaces show low 

friction and reduced wear.  Meanwhile, Lepicka 

et al., [11] focused on the TiN coating using 

Ti6A14V alloy substrate material via physical 

vapor deposition (PVD) technique. From the wear 

test, they postulated that the chemical reactivity 

between coatings and substrate materials play a 

vital role in anti-wear performance. TiN coating 

worn out during the tribological test although the 

formation of oxide-rich transfer layer reduces the 

friction forces.  In another study by Liu et al., [12], 

Ti8C5 was deposited on a Ti-alloy surface using 

a salt bath carburizing process. It was reported 

that the surface hardness greatly improved by the 

formation of Ti8C5 intermetallic phase and solid 

solution of the carbon element. The COF 

significantly reduced by 55.9 % and mass wear 

loss reduced from 29 mg to 1 mg prior wear test. 

Li et al. [13] investigated the tribological behavior 

of reduced graphene oxide (RGO) that was 

prepared on a self-assembled monolayer of 3-

aminopropyltriethoxysilabe (APTES) and 

deposited on Ti alloy substrates. The findings 

revealed that the deposited RG0-APTES 
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nanolayer remarks a significant improvement in 

hydrophobicity and this led to the less sensitive 

surface relative to humidity. Lailatul and Maleque 

[14] have developed a thick coating on duplex 

stainless steel with SiC preplacement using TIG 

torch melting approach. 

In view of the reliability of several types of 

coatings on Ti-alloys, carbide coatings show 

promising interest whereby coating on alloy steel 

surfaces is notable due to the improved hardness 

and wear properties. Recently, the unique 

properties of chemically derived graphene, 

graphite, graphene oxide (GO) are promising 

candidate  for desirable low friction and solid 

lubrication properties that are ideal for surface 

coating [15]. 
 

3. Coating Process  
 

One of the established approaches to manipulate the 

surface characteristics and functionalities of 

metallic materials is by coating.  This process has 

been known for its practicality to reduce roughness 

and defects as well as improving the surface 

quality.  In some cases, coatings are used to control 

the surface morphologies in relation to 

biocompatibility of metallic materials [16].  

To cater the needs in diverse applications, 

a vast number of coating processes have been 

studied and investigated. This is also related to the 

predetermined set of required outcomes such as 

coating effectiveness, microstructure, reliability 

and durability. Different coating materials possess 

different deposition mechanisms and therefore, a 

wide range of processes available to the desired 

functionality. These include the dry, wet, and liquid 

state coating, namely physical vapor deposition 

(PVD), chemical vapor deposition (CVD), micro-

arc oxidation, sol-gel, polymer coatings, thermal 

spray, laser beam and welding [8, 9, 17]. Table 1 

summarizes the coating processes, with various 

feedstocks, as well as the key advantages and 

disadvantages observed by the researchers.  

 

Table 1. Coating processes with various feedstocks, advantages and disadvantages

  

Coating 

processes  

Feedstock 

materials  

Substrate 

materials  

Advantages  Limitations References 

Plasma 

sprayed 

coating  

Graphene 

nanoplatelet 

(GNP) 

reinforced 

TiN 

Ti -Similar thickness of 

coating and well-

integrated with 

substrate 

-No structure defect 

post plasma sprayed 

-Possibility of brisk 

reaction between Ti  

and nitrogen gas at  

extreme high 

temperature  

[18] 

Microarc 

oxidation 

(MAO) 

Rutile and 

anatase TiO2 

Ti6A14V -Produce hard and 

thick ceramic 

coating due to the 

deposition product 

caused by spark 

discharge 

-Increasing 

treatment time may 

reduce the 

microdischarge and 

enlarge the pore 

sizes 

[10] 

 

 

Physical 

vapor 

deposition 

(PVD) 

TiN Ti6A14V -Help to improve the 

fretting wear 

performance  

 

-The wear resistance 

performance highly 

depends on the 

mechanical 

properties of 

underlying of 

substrate materials 

[11] 

Laser beam 

liquid 

process 

TiOxNy/α-Ti 

composite 

Ti6A14V -Produce dense and 

thick coating that 

have strong 

metallurgical 

bonding with base 
metal 

-Inadequate laser 

energy density 

(LED) may result 

brittle phase, yet 

excessive LED 
decrease the 

[19] 
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hardness of the 

coating 

Sol-gel dip ZrO2, TiO2, Li 

+ 

Polyethylene 

glycol (PEG) 

Ti 

 

-Environmentally 

friendly process 

-allow deposition of 

organic and 

inorganic elements  

-Cracking may 

happen during the 

gelification  

 

[20] 

 

 

TIG Torch 

LAM 

TiC, SiC, 

hBN, B4C, 

TiN, WC 

Alloy 

steels, Ti-

allys 

- cheaper, faster and 

flexible compared to  

other melting 

processes  

- control of TIG 

parameters 

[9] 

In summary, the mentioned process employs 

different deposition mechanisms to yield an 

efficient coating. It can be noted that, the resultant 

coating thickness, morphology and functionality 

rely on the substrate and coating materials as well as 

deposition means. Utilization of plasma spray is 

mainly applicable to a range of materials (polymer, 

rubber, fibers etc) with high substrates adherence, 

yet it is a low temperature process which suits 

materials that cannot perform reactions in 

atmospheric pressure. A high voltage anodization 

(microarc oxidation) process commonly limited to 

conductive materials although it may offer high 

substrates and coating adhesion and corrosion 

resistance. The challenging PVD process requires 

appropriate control of layer thickness deposition. 

Using a laser as the heat source, laser cladding is a 

promising technique to produce metallurgical bonds 

between base and coating materials. However, 

appropriate parameters and set up are needed, 

otherwise, it may lead to stress cracking in the 

cladding. For biomedical applications, sol-gel 

method is known for their high flexibility coating 

purposes. However, it is relatively a slow process 

and requires longer production time [17].  

Each of the processes may exhibit certain 

advantages, nevertheless, there are also some 

limitations. In this regard, negative thermal effects, 

penetration of inclusion and contaminants into 

substrate, melting point of coating materials, and 

biocompatibility are the crucial points to be taken 

into account. In order to overcome the drawbacks, 

multi-method coating can be employed to advance 

the coating process and materials so that the 

qualified protections can be achieved.    
 

4. Selection of Coating Systems 
 

The fundamental issue is to enhance the 

performance properties via surface coating with 

sustainable coating materials of this alloy in order 

to prevent premature failure and increase the life-

time of the automotive, aerospace, and 

tribological components. Liquid additive 

manufacturing (LAM) is an advanced technology 

can be used to apply wear and corrosion resistant 

coatings for advanced applications in a cost-

effective manner [21]. LAM produces fully dense, 

functional graded material surfaces using a 

melting approach. Recent advances of new 

coating technologies enabled broader tribological 

application of metallic materials with various 

beneficial properties with this LAM approach 

[22-24]. TIG torch melting technique is one of the 

cladding or liquid additive manufacturing 

methods that is suitable to develop hard surface 

coating on metallic substrate [21]. This method 

also can produce good melt pool geometry and 

bonding between the substrate and coating 

material. This approach can be used easily to alter 

only the surface of the metallic alloy substrate 

including Ti-alloy while sustaining the properties 

of the core material. 

Using a hybrid sustainable coating that 

contains two types of different ceramic materials, 

the advantages of one type of reinforcement could 

complement what is lacking in the other. 

Consequently, a balance in materials’ 

performance properties of Ti-alloy such as 

microstructure, hardness and wear resistance 

could be achieved through proper material 

formulation and operating process design of 

LAM. The proposed TIG torch LAM approach is 

cheaper, faster and flexible than other coating 

techniques for hybrid sustainable coating 

formulation. Hence, the surface properties of 

metallic martials substrate can be tailored to 
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withstand wear resistance and thermal loads or 

strength in severe dynamic and high-temperature 

environmental conditions.  

The proposed approach of LAM can be 

employed for new formulation of coating systems 

with various combination of feedstocks and 

substrate including hybrid formulation for 

advanced and sustainable coating development 

with new mechanism of coating followed by 

tribological performance of coated materials. 

 

5. Hybrid Coatings on Metallic 
Materials 
 

In light of the production of hybrid layers, the 

combination of two possible coating phases is 

getting significant attention in obtaining the 

synergistic effect that would otherwise be 

impossible to achieve in a single phase. The 

combination of materials as hybrid coatings would 

offer controllable properties of both components, 

exhibit superior mechanical, thermal, cryogenic and 

dynamic properties which allow their usage in 

various applications [25].  

Literature surveys reveal that there are 

numbers of hybrid coatings developed by 

combining the based precursors. For example, 

Kolwaski and Stachowiak [26] investigated the 

reliability of Cr/CrN hybrid coating on medium 

carbon steel AISI 1045 alloy using arc-evaporation 

(arc-PVD) method. Interestingly, the synergistic 

tribocorrosion effect was observed. A homogeneous 

hybrid layer and good adhesion to substrate was 

obtained. Thus, under high loads, the high hardness 

of coating ensures resistance to plastic deformation. 

In a 3.5 % NaCl environment, the formation of local 

cavities is favored by corrosive interactions in the 

frictional matching and susceptibility to cracking of 

the hard surface layer. In addition, Liu et al. [27] 

successfully deposited PLGA/Ti3C2 hybrid coating 

on Mg-Sr alloys. The FESEM findings 

demonstrated that the coating had a smooth surface 

and effectively covered the substrates. Prior to the 

corrosion test and in vitro cytocompatibility studies, 

the hybrid coating showed enhanced corrosion 

resistance effect and biocompatibility, respectively. 

Meanwhile, Lu et al. [28] studied the tribological 

properties of laser clad Ti2SC/CrS self-lubricating 

anti-wear composite coatings on Ti-alloy substrates. 

It can be deduced that, with increasing sliding time, 

the COF is reduced, and the wear volume less shows 

excellent wear resistance. The coating seems to 

reveal an extremely smooth worn surface without 

obvious plastic deformation.  

It is worth noting that the wear mechanism 

is different with respect to working temperature. 

Several factors that may influence the wear behavior 

of alloy operated at high temperature are the 

temperature gradient, oxidation, toughness and 

thermal shock [3]. While coatings most likely 

reduce the high temperature sliding wear under 

high temperature operation. High temperatures 

wear coatings were fabricated by Lin et al. [29] and 

deposited on stainless steel. The CrN/A1N 

superlattice coating possessed high hardness of 

3800 Hv and this led to the well-refined 

microstructure and better wear resistance at range 

of temperatures (from room temperature to 900°C. 

In another study by Munagala et al. [30], they 

mentioned that the formation of oxide layers of 

composition WO3, CoWO4 and TiO2 have 

significantly reduced the wear of Ti-alloy 

substrates. The cold-sprayed coating presented 

wear resistance properties at all temperatures 

(above 200°C). 

 

6. Case Study of Hybrid Coating: A 
Success Story 

 

Application of TIG torch is a cost-effective 

LAM method for hybrid coating development 

compared to the other expensive melting 

methods such as high power laser beam 

welding is a promising technique. In the 

following sections, a success story is presented 

whereby TIG torch LAM technology was 

employed for such purpose. This case study 

involves examining the hybrid composite 

coating on AISI 4340 alloy steel substrate by 

embedding ceramic particles, namely silicon 

carbide (SiC) and hexagonal boron nitride 

(hBN) mixture using a powder pre-placement 

approach with TIG torch melting. The mixture 

of the ceramic particles (SiC/hBN) is preplaced 

on substrate using PVA binder followed by 

application of torch heat for hybrid composite 

coating as shown in Fig. 1. The coating 

materials were embedded with equal 

proportion (1:1) one single phase coating with 

only SiC materials was also done for 

comparison purpose. The microstructure and 

hardness behavior of hybrid coated alloy steel 

were examined.  

The substrate surface was ground first 

using emery paper to eliminate oxide layer and 

other contaminant. This ensures proper coating 

bonding between the coating materials and 

substrate. Then, the powder mixture was 

preplaced on the substrate surface prior to the 

LAM process. The current flow of 90 A and 

voltage of 25 V were used at a traverse speed of 
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1.5 mm/s during TIG LAM process for composite 

coating development. The argon gas flow rate for 

LAM process was 25 L/min to prevent excessive 

oxidation. 

 

Fig. 1: Preparation of powder preplacement 

 
Fig. 2 shows topography and morphology of 

SiC/hBN hybrid composite coated steel. From Fig. 

2(a), it is clear that there are formation of dendritic 

structure due to good melting and solidification of 

coating materials along with substrate. The 

presence of hBN leads to dendrite structure 

formation wheras SiC leads to the formation of 

softer microstructure. From EDX analysis as shown 

in Table 2, the surface elements of Si, C, B and N 

are presents which leads to the formation of hard 

dendrites structures in the morphology. This is due 

to larger affinity between hBN and Fe and Si. From 

the results obtained, it was observed that when 

hybrid constituent of SiC/hBN was used, the 

coating performance was better than single phase 

SiC coating as shown in Fig. 3. From Table 3, it was 

found that the hardness of hybrid composite coated 

material showed higher degree of hardness with the 

value of HV0.5kgf. This is multiple times (~4 

times) higher than the substrate hardness which is 

only 315 HV0.5kgf.  
 

 

  
 

 

Fig. 2: Hybrid SiC/hBN coated surface of AISI 4340 steel at current of 90 A; voltage of 25 V and 

electrode traverse speed of 1.5 mm/s from TIG LAM technique. (a) surface topography and (b) cross-

sectional view. 

(a) (b) 
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Table 2. Elemental composition of hybrid composite coated surface 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

Fig. 3: Optical microscopy of single phase SiC coating on AISI 4340 steel (20x) 

 

 

Table 3 Microhardness of hybrid composite coated material compared to the substrate material 

 

 

 

 

 

 

7. Conclusions and Way Forward 
 

The present review article outlined the recent 

technologies of surface engineering mainly on 

coatings of metallic materials. It can be clearly 

inferred that the materials, processes, desirable 

properties and its respective applications play a 

vital role to ensure the reliability of the 

protective layers. Within the context given, 

current research focusing on the utilization 

sustainable materials and established green 

technology. TIG torch LAM technology shown 

to be beneficial in hybrid coating development 

since it has simple, flexible and cheaper 

establishment with easy control of the system. 

It is believed that this technique can be applied 

on various metallic materials and can provide 

positive results on the surface performance of 

the coated materials. Based on this study, it can 

be said that the parameters for TIG torch 

surface melting technology such as current, 

speed and voltage which made up the heat input 

are the most significant parameters compare to 

the other processing parameters. Finally, this 

LAM technology can produce better coating 

with improved morphological wear resistance 

properties which can be used for high 

temperature applications. This technology is 

predicted to have more and more applications 

in the near future.  

 

 

Element Percentage of element (%) 

Iron, Fe 90.15 

Silicon, Si 3.09 

Carbon, C 1.46 

Manganese, Mn 0.11 

Boron, B 3.07 

Nickel, Ni 0.62 

Nitrogen, N 0.96 

Copper, Cu 0.09 

Silver, Ag 0.16 

Molybdenum, Mo 0.29 

Material Hardness (HV0.5kgf) 

AISI 4340 steel 230 

Hybrid coated steel 880 
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Abstract 

Porous Ti/Ha composites containing different amounts of HA by weight have an important place in biomedical 

applications due to their favorable mechanical properties, excellent biocompatibility and bioactivity. Powder 

metallurgy, spacer method, metal injection molding and additive manufacturing methods are used to produce 

porous Ti/HA composites. The formation of natural pores during the shaping of powders in the Binder Jetting 

method makes this method suitable for the production of porous parts. The polymer binders used to hold the 

particles/powders together in the Binder Jetting method form pores in the structure. In this study, titanium-

Hydroxyapatite composites with different HA contents (5%, 10% by weight) were produced with a Binder Jetting 

3D printer. After the binders in the structure of the parts produced in the 3D printer were evaporated, they were 

sintered at 1050 ºC using argon gas in the tube furnace. Density, SEM, and FTIR analysis of  sintered parts were 

permormed. The green part of Ti/HA composite were successfully fabreicated by Binder Jetting method. It has 

been observed that density of Ti/HA composites decreases as the amount HA increase in content. As a result of 

the study, Binder Jetting method is suitable for the production of porous Ti/HA composits.. 

Key Words: Additive Manufacturing; Binder Jetting; Biomaterials; Composites,Titanium; 

Hydroxyapatite.  

1. Introduction 

The interest in titanium-Hydroxyapatite (Ti/HA) 

composites is increasing due to the tissue-implant 

compatibility and adequate mechanical 

properties required for biomedical applications 

[1]. Commercial CP Titanium and its alloys are 

widely used in biomedical applications because 

of their favorable mechanical properties, high 

biocompatibility, and higher corrosion resistance 

than other metals such as stainless steel [2,3].  

However, the high density and elastic modulus of 

titanium compared to bone can cause "stress 

shield" effects between the implant and the 

adjacent bone. [4,5]. Problems arising from the 

difference in elastic modulus can be eliminated 

by producing porous CP Ti or  Ti alloys whose  

elastic modulus and density are similar to bone 

structure. [6,7]. In addition, porous Ti and Ti 

alloys, with their high permeability and adaptable 

porous structures, increase the bond strength 

between tissue and implant by promoting tissue 

growth within the implant. However, since Ti is 

a bioinert material, only mechanical integration 

is provided between the implant and the 

surrounding tissue. However, bioinert materials 

as titanium do not support tissue formation. To 

increase the efficiency of implants in biomedical 

applications, it is necessary to develop materials 

that can provide chemical and mechanical 

bonding with tissue. [8]. Fabrication of CP Ti as 

a composite with a bioactive material allows 

chemical bonding between the tissue and the 

implant. 

HA, which has chemical and microstructural 

properties similar to human bone structure, 

increases the ability of osseointegration between 

implant and bone[9,10]. Powder metallurgy, 

spark plasma sintering, metal injection molding, 

and microwave sintering technique, which 

consist of forming and sintering stages, have 

been used in the manufacturing of Ti/HA 

composites[7,11–14]. However, there are 

significant disadvantages in traditional 
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production methods such as the high cost of 

prototypes, small-scale, and personal/patient 

parts. In addition, the fabrication of parts with 

complex geometries is insufficient due to the 

capabilities of traditional forming 

techniques[15,16]. 

In additive manufacturing techniques, solid 

models are produced directly on the 3D printer 

with the data defined in the CAD file [2,17,18]. 

The production without a mold in a 3D printer 

provides serious advantages in production costs 

and production time, as well as allowing 

thefabrication of parts with complex geometries 

[19,20]. Binder Jetting is an additive 

manufacturing method in which a liquid binder is 

selectively deposited into thin metal, ceramic, 

polymer, or composite powder layer to create 3D 

solid parts[21,22]. In this method, various 

powder materials with different properties and 

compounds can be formed to get the green parts. 

After forming powders in a Binder jetting type 

3D printer, heat treatment is applied to increase 

the strength of green parts. In this study, 

Titanium-Hydroxyapatite composites containing 

different amounts of HA (0%, 5%, 10% by 

weight) were produced with a Binder Jetting 3D 

printer. Then The parts formed the 3D printer 

were sintered at 1050 ºC in an argon gas 

environment in a tube furnace.  The density and 

microstructure of the sintered parts were 

analyzed by SEM, and FTIRresults. 

2. Materials and Method 

Materials 

In this study, irregular - shaped Hydride-

Dehydride (HDH) 99.5% purity CP Ti (Alfa 

Easer, Product code:42624) powders with a 

particle size of -325 mesh (less than 45µm) and 

Hydroxyapatite (Sigma Aldrich, Product Code: 

101989641) powders were used as raw materials. 

PVA was added to the powder mixture at a rate 

of 3% by weight as a solid binder. Ti powders 

containing 0, 5, and 10% HA (by weight) were 

blended in a Turbula-T2F mixer for 2 hours and 

then PVA powders were added into the Ti/Ha 

mixture and the Ti/HA and PVA powders 

mixture were mixed for 1 more hour. A water 

based liquid binder was used in fabrication of 

green parts.   

 

Fabrication of green parts  

A customized 3D printer based on Binder Jetting 

was used to fabricate green parts. Test 

specimens’ model in size 15x10x5 mm was 

designed using a computer software called 

Solidworks (2017 version, Dassault Systemes 

Solidworks Corp., USA). CAD files of 

specimens converted to .STL file to feed into a 

Binder Jetting 3D printer. The printing pf green 

pars begin with spreading a thin layer (120 µm) 

of powder on printing platform. Once a layer is 

complete, the liquid binder was selectively 

deposited onto the powder. As a layer was 

completed, the printing platform moved down by 

the thickness of the layer. Finally, the unbound 

powders on print platform were removed.  

 

Debinding and sintering  

The sintering process was performed in two 

stages in an Argon atmosphere, debinding, and 

sintering. Schematic presentation of the sintering 

cycle for Ti/HA composites is shown in Figure 1.  

PVA binder decompose at 200 – 300 °C [23]. To 

remove PVA and liquid binder from specimens, 

the furnace heated to 295 °C and kept for 1hours 

in a High Temperature Tube furnace. Then the 

final product was obtained by heating at a rate of 

5 °C/min to 1050 °C and holding isothermally for 

4 h.  
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Figure 1 .Schematic presentation of the sintering cycle for Ti/HA composites. 

 

Characterization 

The densities of porous Ti, Ti5HA and Ti10 HA 

samples were measured using the Archimedes 

method after sintering. Microstructures Ti and 

Ti/HA composites were analyzed using a 

scanning electron microscope (JEOL brand JSM 

6060) and SEM-coupled Energy Distributor 

Spectrometry (EDS). The phase contents of Ti 

and Ti/HA composites were characterized by 

XRD (Rigaku D/MAX 2000 X-ray generator and 

diffractometer) with Cu Kα radiation (1.54059 

Å) at a scanning rate of 2 °/min and Fourier 

transforminfrared (FTIR, PerkinElmer) 

spectroscopy analyses. 

3. Result and Discussion 

Density 

The density of the part obtained after shaping and 

sintering of powder materials varies depending 

on the size, shape, flowability, forming method, 

sintering temperature, and time. As the size of the 

powder material gets smaller, higher density 

parts can be since the contact rate and surface 

energy between the particles increase. However, 

the low packaging density and low flowability of 

fine-grained powders negatively affect the 

spreading ability of powders in 3d printing. The 

flowability of powders can be measured through 

a number of measurements, such as Hausner 

ratio, mass flow through an orifice, and internal 

cohesion of the powder [24,25]. In this study the 

flowablity of Tii HA and Ti/HA mixture were 

quantified via Hausner ratio. Hausner ratios of Ti, 

HA and Ti/HA powder mixtures are shown in 

Table 1. In the classification of powder material 

according to Hausner ratio, powders with 

Hausner ratio greater than 1.4 are non-flowing 

and cohesive, powders in the range of 1- 1.25 are 

free-flowing and suitable for use in 3d printers 

[26]. Although the Hausner ratio of HA powders 

is low, the Ti/HA powder mixtures are in the 

acceptable range. 

Table 1. Hausner ratio of Ti, HA and Ti/HA 

powder mixture. 

Powder materials Hausner ratio 

CP Ti 1,21 

HA 1,48 

Ti5HA 1,28 

Ti10HA 1,31 

 

Table 2 lists the average density data of CP Ti 

and  Ti/HA composites after final sintering at 

1050 °C for 4 h. The relative densities of Ti, 

Ti5HA and Ti10HA parts sintered at 1050 ℃ 

were 55.08 %, 48.83%, 45.88% respectively.As 
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expected, the relative density of Ti/HA  parts 

sintered at 1050 °C are lower than CP Ti. The low 

density of the sintered samples is due to the 

natural legacy of the Binder Jetting method and 

the low sintering temperature. In the fabrication 

of green parts with a 3D printer, powders are 

bonded together with only liquid and solid 

binders without any compaction pressure[22,24].  

Another reason for the low density of the sintered 

samples was the low sintering temperature. 

Sintering of titanium starts aproximatelly at 880 

°C [27]. The fact that the parts sintered at low 

temperature remain from the first stage of 

sintering results in low density. 

Table 2. Relative density of Ti nad Ti/HA composites. 

Specimen Relative 

density(%) 

CP Tİ 55,08 

Ti5HA 48,83 

Ti10HA 45,88 

 

SEM images of sintered parts are shown in 

Figure 1. As the SEM images of the samples 

sintered at 1050 C are analyzed, it is seen that 

poor densification occurs. These results show 

that densification of HA doped titanium 

composites is low at low temperatures and this 

study is in good agreement with similar studies. 

 
Figure 2. SEM images of sintered  Ti, Ti5HA and Ti10HA. 

Figure 3 shows specular-reflection FTIR spectra 

to analyze functional groups present in Ti/HA 

composites. Typical FTIR spectra of the Ti/HA 

composites  observed at wave numbers: 481, 434, 

754, 882, 1020-1080, 1255, 1392 cm–1. The 

peaks observed at characteristic absorption band 

1020 – 1088 cm−1 are characteristic of the PO3-
4 

orthophosphate group [28]. The absorption band  

observed at 882 refer to bending vibrations of 

carbonate CO2-
3 [28,29]. The band observed at 

1392 is due to C - H and O-H bending vibration 

mode and at 1255 is due to O - H bending and C 

- H wagging [30].The characteristic absorption 

band of Ti-O bonds at 800-500 shows the present 

of TiO2 on the Ti particles [31]. The peaks 

observed regarding PO3-
4 and PO4 in the FTIR 

spectra confirmed the stability of HA.  
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Figure 3. Recorded FTIR spectra of Ti/HA samples in the range of 250 -2250 cm–1. 

 

4. Conclusion 

In this study Ti/HA composites were fabricated 

by 3D printer based on Binder Jetting method and 

sintered at 1050 ℃ at argon atmosphere. Then, 

density and microstructure of Ti, Ti5HA and 

Ti10HA were analysed.  The density of Ti and 

Ti/HA composites was low due to the natural  

 

 

porosity in the binder jetting method and the low 

sintering temperature.. It has been seen that then 

density of Ti/HA composites decreases as the 

amunt of doped HA  increases. Also the sinter 

temperature of Ti/HA is major importance in 

fabrication of this composites. In order to obtain 

denser Ti/HA composites, the sintering process 

must be carried out at a temperature higher than 

1050 ℃
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Abstract 

System simulation is one of the most fundamental and widely used tools of industrial engineering. 

Organizations perform system simulation applications using related software. Therefore, usually, systems 

simulation software education is given in industrial engineering programs. It has been detected that 19 

different system simulation software are mentioned in the literature. It has been stated that the most widely 

used of these is ARENA system simulation software. Also, it seems that using other system simulation 

software such as PROMODEL and SIMIO has become widespread. So, which of this software is more 

suitable to be given in industrial engineering education? Is it the most widely used ARENA? Or should it be 

SIMIO which offers free academic version and is considered superior in animation qualities? Which one is 

easier to understand by students? This study aims to answer these questions. For this purpose, a 

questionnaire was applied to industrial engineering students who were trained in both ARENA and SIMIO 

system simulation software. They were asked to score various features of both software by using the Likert 

attitude scale. Using the scores given by the students, both software were compared. It is thought that the 

comparison results will be beneficial in terms of which systems simulation software to be used in industrial 

engineering education. 

Key Words: System Simulation Software; Industrial Engineering; ARENA; SIMIO 

1. Introduction 

Simulation is a representation of a real- world 

process or system over time [1]. A system is a 

set of activities that transform inputs into 

outputs for a specific purpose. System 

simulation is the representation of a system, 

usually by digital models in a computer 

environment. These digital models make it 

easier to understand how the system works and 

make it possible to detect bottlenecks and 

problems in the system. It is also an important 

tool that allows us to see the effects of changes 

in the system. With the simulation model, the 

positive or negative effects of the changes to be 

made on the system can be easily seen. 

Experiments can be done on the digital model 

without making any changes to the actual 

system, without real risks, without incurring 

real costs. 

In real life, customer arrival rates, transaction 

times, and many similar events are uncertain, 

in other words, random. Traditional analysis 

methods assume that the uncertainties in the 

systems are certain. 

For example, if the normal distribution of a 

part with an average processing time of 5 

minutes and a standard deviation of 30 

seconds fits, the processing time is assumed to 

be a constant 5 minutes in traditional 

production planning methods. It is assumed that 

96 pieces (8*60/5) of this part can be produced 

within an 8-hour working period. However, 

when the calculation is made considering the 

probability distribution, it is seen that the 

number of parts that can be produced in 8 hours 

can be between 93 and 98. If there are too many 

entities (parts, people, circulating objects in the 

system, etc.), processes, and random events in 

the system, planning and analysis related to this 

system with traditional methods may produce 

erroneous results.  

On the other hand, stochastic systems with 

uncertainties can be simulated by using random 

number generators in simulation models. 

Therefore, system simulation is much more 

successful than traditional methods for 

modelling systems where complex and random 

situations are common Due to the qualities 

mentioned above, system simulation is widely 

used in areas such as production management, 

process management, and facility planning. In 

addition, in today’s world, where digitalization 

and digital transformation have become 

widespread and essential, studies on creating 

digital twins of manufacturing and production 

systems are also carried out with simulation 
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models [2]. As a result, the system simulation 

course is a fundamental part of industrial 

engineering  education. 

In industrial engineering education, system 

simulation software is also taught in system 

simulation courses. As a matter of fact, many 

companies that implement system simulation 

use software for this job. There are many 

system simulation software available in the 

market. The 19 most common and well-known 

of these software are listed as follows [3]: 

Arena, ProModel, FlexSim, Simul8, 

WITNESS, ExtendSim, Simio, Plant 

Simulation, AnyLogic, SIMPROCESS, 

AutoMod, Micro Saint, QUEST,

 Enterprise Dynamics, 

ProcessModel, SimCAD Pro, GPSS World, 

SLX + Proof 3D, and ShowFlow. These 

programs are ranked in figure 1 according to 

their popularity[3] 

(ARENA and SIMIO) was taught to industrial 

engineering students in equal periods of six 

weeks. Afterwards, students were asked about 

their attitudes regarding the qualifications 

determined for both software through a 

questionnaire. 

2. Methodology 
 
The ARENA is the most widely used system 

simulation software in the literature [4]. 

Therefore, the first software included in the 

research was chosen as ARENA. Although 

SIMIO software is relatively new software, its 

usage seems to be widespread. In addition, 

SIMIO is trying to expand the use of SIMIO 

system simulation software in universities by 

offering a free academic version [5]. Because of 

these features, SIMIO software was chosen as an 

alternative to ARENA. Comparative analyzes 

were made for this two software[i1]. 

During the Spring semester of 2021-2022, In the 

system simulation course, both software  

While determining the research qualifications, 

interviews were conducted with the faculty 

members of the industrial engineering 

department. In addition, the literature was used 

[6], [7], [8]. Nine attributes that may be 

effective in choosing system simulation 

software have been identified. These qualities 

were determined as ease of learning, ease of use, 

ease of installation, ease of learning, clarity of 

reports, working speed, adequacy of help 

documents, the success of animation tools and 

flexibility. 

In addition to software attributes, students were 

asked whether they recommend the specified 

software in three different categories to calculate 

the net supporter score for both system 

simulation software brands. The Net Promoter 

Score (NPS) [9] is a widely used method to 

learn the attitudes of potential or actual 

customers about a brand. The customer is asked 

how much he recommends the brand to his 

Figure 1. System Simulation Software Popularity Rank [3] 
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friends by scoring between 0 and 10. If the 

given score is in the range of 9-10, it is 

considered the brand’s promoter, the person 

who is loyal to the brand and supports the 

brand by speaking positively about the brand. 

7-8 points are considered passive customers. 

Those who give a score of 6 or less are 

considered negative speakers (detractors). 

NPS is calculated by subtracting the 

detractor’s ratio from the promoter’s ratio. NPS 

was used in this study to understand which 

system simulation software students had more 

positive attitudes towards. 

As a result, a questionnaire form consisting of 

12 questions for each simulation software, a 

total of 24 questions, including the evaluation 

of nine attributes with a Likert scale and 

recommendations in three categories, was 

created as in Annex-1. 

With the statistical analysis of the survey 

results, the brand image profile of the 

software was created, and it was tried to 

determine which software was superior in 

terms of which quality. Forty industrial 

engineering students who received training. 

Due to the wide variety of simulation software, 

it is a matter of curiosity which simulation 

software should be taught in industrial 

engineering programs. The primary purpose of 

this article is to help determine the most 

suitable system simulation software for 

industrial engineering students in terms of 

features such as ease of learning and use. 

For this purpose, the factors that affect the 

choice of a system simulation software were 

determined from interviews with the lecturers 

of the industrial engineering department. Then, 

a questionnaire was applied to the students who 

were trained in two different system simulation 

software according to these qualifications, and 

their attitudes towards both software were tried 

to be determined with a Likert scale. Then, this 

two software were compared, and suggestions 

were made about the most suitable system 

software that can be used in education on both 

software subjects in equal time participated 

in the survey. According to the findings 

obtained as a result of the analysis, it was 

discussed which software would be more 

appropriate to be taught in industrial 

engineering education. 

 

3. Results and Discussion: 

The result of the descriptive analysis is 

given in Table 1. In the first three rows of 

Table 1, the average of the answers given by 

the participants, on a scale of 0-10, to the 

questions of how much they would 

recommend both software brands to their 

colleagues, whether they want to take an 

exam from this software, and whether they 

recommend that the company they work 

with buy this software is seen. 

Table 1 Descriptive Results 
 

Descriptive Statistics ARENA SIMIO 

N
P

S
 S

co
re

 

Recommendation To 

Colleague 
6,05 8,38 

Choose For Exam? 5,18 5,60 

Purchase? 7,03 8,30 

A
tt

ri
b

u
te

s 

Easy To Learn 3,85 3,65 

Easy To Use 3,58 3,78 

Easy To Install 3,90 3,83 

Easy-To-Understand 3,70 3,38 

Reports Are Clear 3,73 4,08 

Works Fast 3,83 3,95 

Can Easily Find 

Information About 
3,60 3,43 

Animation Are 

Successful 
2,98 4,53 
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Offers Enough 

Flexibility 
3,25 4,20 

 
In the following rows of Table 1, the average 

of 1-5 evaluations of both system simulation 

brands in terms of nine attributes are given. 

In order to make the comparison 

understandable, the averages in Table 1 are 

shown with a bar graph in Figure 2. In 

Figure 2, students’ attitudes towards ARENA 

and SIMIO software can be seen. 

According to the answers given, the rate of 

recommending SIMIO software to colleagues

 and purchasing recommendations 

for this software is higher than ARENA. The 

difference between the recommendation 

scores was found to be significant according to 

the t-test results. On the other hand, there is 

very little difference between the two software 

in terms of willingness to take the exam. The 

difference is statistically insignificant 

according to the t-test result. 

According to the comparisons made in terms 

of nine different attributes and the t- test 

results, students find SIMIO system 

simulation software much more flexible and 

animation tools much more successful than 

ARENA. It is also seen that SIMIO reports are 

more understandable than ARENA reports. 

According to the t-test results, there are 

significant differences between the scores 

given to both software in terms of these three 

qualities. However, no statistically significant 

difference was found between the two software 

in the other six attributes. 

Figure 3 shows the ratios of the scores given to 

both simulation software brands in terms of 

nine attributes. The difference between the 

two software is more clearly seen in terms of 

flexibility, animation, and report features in 

the graph. 

For example, 83% (45%+38%) of respondents 

agree with the statement that SIMIO offers 

user modelling flexibility (with the answers “I 

agree” and “Absolutely I agree”), compared to 

only 43% (40%+3%) for ARENA. Similarly, 

while the rate of those who find SIMIO 

animation tools successful is 96%, the rate for 

ARENA is 36%. 

Figure 2 also shows some interesting results. 

Although there is no significant difference 

between them in terms of the average scores 

given, 76% of the participants think that 

ARENA is easy to learn, whereas the same rate 

for SIMIO is 58%. This proportional difference 

shows that a significant part, if not all, of the 

students, think that ARENA is easier to learn 

than SIMIO[i3]. 

4. Conclusion 
In industrial engineering education, the 

curriculum is expected to keep up with the new 

technological opportunities offered by the time 

so that students can follow the developing 

technologies and be more successful in business 

life. System simulation is one of the essential 

tools of industrial engineering, and it is an 

important issue which alternative software to 

choose and train within system simulation 

education. 

Existing studies in the literature show that 

ARENA system simulation software is both the 

most widely used and easier to understand by 

students due to its simple interface [3], [7]. 

However, among many alternative software, 

there is also software that can be more useful in 

the education of students. 

In this study, SIMIO system simulation software 

is discussed as an alternative to ARENA. The 

two software were compared in terms of various 

attributes with the questionnaire made to the 

trained students in both software. 

According to the findings obtained from the 

study, students like and recommend SIMIO 

software more than ARENA. Students find 

SIMIO’s animation tools to be much more 

successful, and they see SIMIO as superior to 

ARENA in terms of the flexibility it offers in 

modelling many different systems. The only 

advantage of ARENA over SIMIO seems to be 

that it is easier to understand. In addition to the 

findings, the fact that the free academic version 

of SIMIO is the unrestricted full version is 

another advantage of SIMIO over ARENA. The 

free student version of ARENA has a 150-entity 

limit, and the academic version is paid. 

As a result, it can be considered that SIMIO 

system simulation software is more suitable for 

industrial engineering education compared to 

ARENA due to its advantages and students’ 

more significant support for SIMIO software. 
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Figure 3. Descriptive Statistics Graph 
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Appendix 1. Questionnaire 

 

NPS Questions NPS Score 

How likely are you to recommend ARENA software to a (Ind. Eng.) colleague?  
0 to 10 

How likely are you to recommend SIMIO software to a (Ind Eng.) colleague?  
0 to 10 

Suppose you will take the exam from system simulation, how likely are you to 

choose to use ARENA in the exam? 
 

0 to 10 

Suppose you will take the exam from system simulation, how likely are you to 

choose to use SIMIO in the exam? 
 

0 to 10 

Let’s say you work for a corporate manufacturing company. If your company 

were to purchase a system simulation software, how likely would you 

recommend ARENA? 

 

 

0 to 10 

Let’s say you work for a corporate manufacturing company. If your company 

were to purchase a system simulation software, how likely would you 

recommend SIMIO? 

 

 

0 to 10 

 

 

Indicate whether you agree or disagree with the 

following statements 
I strongly 

disagree 

 
I disagree 

I’m 

undecided 

 
I agree 

Absolutel 

y I agree 

ARENA is easy to learn 1 2 3 4 5 

SIMIO is easy to learn 1 2 3 4 5 

ARENA is easy to use 1 2 3 4 5 

SIMIO is easy to use 1 2 3 4 5 
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ARENA is easy to set up (install) 1 2 3 4 5 

SIMIO is easy to set up (install) 1 2 3 4 5 

ARENA is an easy-to-understand software 1 2 3 4 5 

SIMIO is an easy-to-understand software 1 2 3 4 5 

ARENA’s reports are clear and detailed enough 1 2 3 4 5 

SIMIO’s reports are clear and detailed enough 1 2 3 4 5 

ARENA works fast 1 2 3 4 5 

SIMIO works fast 1 2 3 4 5 

I can easily find information about ARENA 

from help documents and the internet. 

 
1 

 
2 

 
3 

 
4 

 
5 

I can easily find information about SIMIO from 

help documents and the internet. 

 
1 

 
2 

 
3 

 
4 

 
5 

ARENA Animation tools are very successful 1 2 3 4 5 

SIMIO Animation tools are very successful 1 2 3 4 5 

ARENA offers enough flexibility to model 

different systems 

 
1 

 
2 

 
3 

 
4 

 
5 

SIMIO offers enough flexibility to model 
different systems 

 
1 

 
2 

 
3 

 
4 

 
5 
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Abstract 
Nowadays, the most effective and efficient method to achieve continuous output growth is productivity 

promotion. Efforts to improve the effective and efficient use of various resources such as labor, capital, 

materials and energy are aimed by managers of all economic organizations and industrial manufacturing plants 

and service organizations. Productivity growth of production factors cause to reduce production costs and 

increase competitive power of producers in the market and investors make industries in their investment 

priorities which the addition of significant added value, have higher productivity. In the Fourth Development 

Plan, it has been emphasized on productivity growth that the 31.3 percent of the country's economic growth is 

achieved by improving the productivity. This study investigated the performance indices of productivity in the 

economy and economic sectors to identify; Knowledge of their performance and efforts to eliminate barriers 

and bottlenecks of national production to increase productivity in the economy of Iran. In this study, we have 

used a library and research methodology for calculating the total productivity of production factors in the 

economy by econometric methods. The results of this study indicate that total factor productivity has been a 

downtrend during the period of 1989-2011 and it has not a significant role in output growth. In the more topics, 

we survey barriers and solutions to promote and increase efficiency and productivity growth in this field. 

 

Key Words: industry sector; total productivity; capital; labor; energy 

 

1 – Introduction 

       Productivity is derived of the two words 

performance means just doing the work and 

effectiveness means doing things just. Maybe 

cannot to reach the productivity consider level 

and Scale. In but what is important for us to 

reach the point of optimality is doing and 

organizational tasks [1]. Undoubtedly, for 

having dynamic future, developed and economic 

standing, today's competitive world, need to 

increase productivity and maximize use of the 

facilities are minimal. Today all developed or 

developing countries are realized to importance 

of productivity as one of necessities of 

economic development and gain competitive 

advantage [2]. So often, developing countries in 

order to promote culture vision especially 

productivity and generalized application of 

techniques and improved methods that have 

significant investments. In this study, first the 

productivity trend has been analyzed in 

industrial sector and then strategies have been 

identified productivity improvement. The 

productivity factors (capital, labor, energy and 

total factor productivity) survey and calculation 

in this sector during the 1989-2011, then to 

investigate the challenges and discuss solutions 

to improve productivity. 

 

2 - Importance and necessity of 
research 

       Different reasons including lack of adequate 

foreign exchange earnings, undesirable 

dependence on oil income, low share of non-oil 

exports and lack of competitiveness in the 

global market for production and services, 

should be pay attention with broader and deeper 

vision to productivity and concept development 

[3]. Now, the importance of productivity has 

been accepted in increasing national production 

when productivity rises, GDP will increase 

faster than production factors and the average 

production increases per unit of production 

factors. Also, role improving productivity is in 

reducing costs and important exports. Moreover, 

improving productivity leads to saving resources 

and reducing the adverse effects of 

environmental that to the sustainable 

development process is of great importance. 

Finally, the productivity of production factors, 
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with their prices, along determining factors is 

producer prices. 

 

3 - Concept of productivity 

       Conceptual of productivity meaning is 

efficient uses of resources in the production 

process. Productivity, is the following, obtains 

the maximum profit possible, and utilizes the 

optimum use of labor, power, talent and skilled 

labor, land, machinery, money, equipment, time, 

location and etc, in order to enhance community 

welfare [4]. Productivity is referred ratio work 

done to work that should was done. Also on the 

topic of productivity, there is the belief that 

every day can do things better than the day 

before and consequently; there is continuous 

increase productivity. From Solo’s vision, the 

remaining component of production growth 

same total factor productivity, That part of the 

production growth are not related to labor, 

physical capital and intermediate inputs. In other 

words, productivity is means the average 

production per unit of input [5]. Increase 

average production per unit of inputs, the 

concept of increase productivity and conversely 

meaning productivity is reduced. In fact, 

productivity have been used of the relative 

resource efficiency of production, namely 

capital, labor, etc. In this concept, productivity 

indicators are use of effective, helpful and 

efficient from various sources. 

 

4 - Productivity Indicators 

       In general, productivity indices are divided 

to both of indices partial and total productivity 

of production factors [6].  

 

In partial indicators of productivity considered 

to be output associated with an input; however, 

while the indices of the total productivity of 

production factors are considered with total 

output relationship of inputs. From another 

perspective, to measure output are use of two 

variables added value and GDP. Usually you 

want to be given in addition to the labor and 

capital, the productivity of other production 

factors (such as energy and raw materials), can 

be used GDP variable [7]. 

 

 

(1

) 

 

       The most common indicators: labor 

productivity is calculated the value of GDP 

divided by the total number of employees or the 

employees working hours, Capital productivity 

is obtained of GDP compared to the amount of 

capital stock or the value of capital services and 

energy productivity is obtained of GDP value s 

ratio to energy consumption [8] : 

 

 

 (2) 

 

 (3) 

 

 

 (4) 

 

 
      In these relationships   the gross 

production value,  capital stock (the value of 

capital services),  labor and  energy is   

consumed at (t) time. 

In general, partial productivity index is obtained 

of gross production value divided by the value 

of a given input .Remarkably, it is necessary to 

remove the effects of inflation to be used gross 

production value fixed prices of base year.  

 

Total factors productivity is obtained of gross 

production value or added value than to total 

inputs. There are different methods for 

measuring this ratio [9], [10]. 

 

 

(5) 

 
       One popular method is Cobb Douglas that 

used to calculate the total productivity of 

production factors. To investigate the factors 

affecting total productivity of production factors 

function that includes three inputs capital, labor 

and energy is used [11]: 

        

    ,           ,                                                (6) 

 
(7) 

 

    Parameter (A) that total factor productivity 

and    the consumption elasticity of 

capital, labor and energy. 

 

5 - Affecting Factors on productivity 
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       If the value of the production to consider 

functions of three factors: labor, capital and 

energy, namely Y=A.F(K,L,E) so changes in 

labor productivity resulting from changes in 

capital per capita  (K/L)، the average energy 

consumption per unit of labor (E/L) and total 

factor productivity  (A). On the other hand , 

changes in capital productivity is also affected 

by changes to working capital ratio(L/K)، 

energy consumption to capital ratio(E/K) and 

total factor productivity  (A). Indeed, investment 

per capita is direct relation with labor 

productivity and indirect relation is with capital 

productivity. Finally, changes in energy 

consumption productivity resulting from 

changes in relative to labor with energy 

consumption (L/E،) Capital to energy ratio (K / 

E) and total factor productivity (A) [12]. 

 

6 - Indicators of productivity in 
industry sector 

       Industry sector, one of the leading sectors is 

yet important and significant advantage in the 

country that a significant share in exports, 

government revenue and national production, 

Value added of this sector due to high 

dependence on the political crisis and 

international events was very vulnerable and 

makes any changes will affecting other 

economic sectors, especially industry [13]. To 

calculate the partial productivity index of 

production factors, the amount of added value is 

divided to a specific input. It is worth 

mentioning, for removal of inflation effects is 

necessary to be used, fixed prices of base year. 

Productivity indicators of production factors 

trends associated with price factors in 

explaining changes in labor and capital costs per 

production unit of special importance .In other 

words, these indicators show the economy are 

useful that over time each of the factors result is 

the production unit. Based on this the main 

indices productivity of production factors are in 

industry: capital and labor, and energy. 

6-1 - Capital factor productivity (KFP) 

       Measure the productivity of capital in a 

sector of the economy, of value added to capital 

stock used in the sector. Usually in calculating 

this index first value added and capital stock 

fixed, the price of current prices to constant 

prices conversion to base year and then added 

value divided to capital stock is obtained capital 

productivity of fixed price [14]. A major 

problem is that some developing countries in 

this regard, is the lack of statistics relating to the 

capital stock and usually research institutions to 

calculate the action shall through a specific 

definition and application of different models. 

Capital Products makes up in capital stock of 

country and different sectors of economy is 

divided into two groups Machinery and 

building. Capital productivity change should be 

done for different reasons such as: technical 

progress, the employment of labor, technical 

progress by introducing new machines with 

higher performance and more. 

 

(8) 

 

6-2 - Labor factor productivity (LFP) 
Measure of labor productivity in a sector of the 

economy can be used to added value to the 

number of workers. If the notice of the number 

of employees, information on working hours 

performed or also is available paid work hours, 

can be used in the denominator instead of the 

number of employees of any of this information 

as a person - hours spent work and as a result, 

labor productivity is obtained with greater 

accuracy [15]. Labor productivity is to be used 

the most common scale in an economy, 

industry, or a production unit. Reason for this 

may be a relatively high share of labor costs in 

the value of products and availability of data on 

labor inputs in comparison with existing data 

and information related to other inputs such as 

capital cited. Changes in labor productivity are 

due to different reasons such as changes in labor 

quality level of education, experience and 

expertise in the work, changing working 

conditions, management skills, etc. Identify the 

cause of change in labor productivity are 

specially important because this way we can 

change the trend in labor productivity for the 

desired change. 

 

 

(9) 

 

6-3 - Energy factor productivity (EFP) 

       Energy intensity index ( ) is the energy 

required to produce a certain amount of 

production and services. Energy intensity is 

calculated in terms of primary energy supply 

and final energy consumption and usually these 

indicators are used the macro- level and the 
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degree of optimality in a show of energy in the 

country [16]. Energy intensity of micro and 

macro perspectives can be stated as follows: 

 

(10) Macro level                  

(11)  Micro level            

  

        energy consumption and  

  respectively product and 

grass domestic production. In general the 

intensity of use is a lower input, showing is 

using of higher technology. 

In this regard, the following energy productivity 

 is ratio of added value to energy 

consumption. In other words, productivity and 

energy intensity have an inverse relationship: 

 

(12) Macro 

level 
           

(13) Micro 

level 
   

  

 
       whatever productivity of production factors 

is higher, energy consumed intensity is less, in 

other words, for a specific production factors of 

production is less costly and also productivity of 

production factors can be Proves productivity its 

factors in the production function, Such can be 

said that energy productivity is the following 

rational utilization of energy resources in the 

best possible level with the optimal strategy for 

utilizing the energy for different purposes.  

 

Realistic view of how energy productivity is the 

use of energy sources for life and also indicate a 

cultural where people with intellectual 

intelligence and own tools how to serve and use 

their energy to coincide with the values and 

realities of the best results possible in order to 

get their material and spiritual goals. Analysis 

Iran's economy indicates the fact because cheap 

and abundant of energy has failed to play its role 

in economic development in Iran.  

 

The energy allocation is such that the largest 

share of energy use is automatically assigned 

residential and commercial. 

 

6-4 - Total factor productivity (TFP) 

       Indexes of total factor productivity are 

(capital, labor and energy as a combination) that 

concept to rate output to input. And in fact 

represents the average production per unit of 

production resources [17].  

The outcome indicators mentioned is changes in 

capital, labor and energy consumption 

productivity. GDP growth at the national level 

or value added in each economic sector is done 

through two sources: 

1 - Increasing inputs (capital, labor and energy) 

2 - Improve the structures (machinery and 

equipment, improve the quality of labor and 

management, etc.) 

 

7 - Performance indicators of 
productivity in industry sector 

       In industry sector, increase labor 

productivity process has been less fluctuating 

(fig 1). During the years 1990-92 and 

simultaneous with the use of idle capacity 

during the reconstruction after the war and half 

of all completed projects, labor productivity has 

been increasing in this sector.  

In these years the labor productivity has been 

largely influenced by fluctuations in added 

value in this sector. Productivity of capital has 

increased the oscillatory in this sector (fig 1). 

 
Fig.1 Capital productivity (KFP) and Labor 

productivity (LFP) during the years 1989-2006 

 

        Energy intensity is a trend that shows 

increasing and decreasing, it is not desirable 

energy consumption in the industrial sector 

(fig2). 
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Fig.2 Energy productivity (EFP) and Energy 

elasticity (EE) during the years 1989-2000 

 

        Energy supply system will be affected of 

economic and political developments (especially 

war). Energy supply will require that all subsets 

vast and complex system of energy supply 

operate fully. Any disruption of the system 

components causes with the wide problems and 

difficulties the energy supply is accompanied. 

Factors such as lack of equipment in the 

extraction sector, the conversion and processing 

sector, transmission and distribution sector and 

or consumption sector the non- utility can 

increase energy consumption in industry. The 

most important factor determining the level of 

productivity of production factors is production 

technologies (in terms of land or capital) in the 

economic sector. Survey of employment share 

and capital stock various economic sectors 

shows that production technologies in some 

sectors superior of capital and higher share of 

capital is allocated compared with employed. 

The added value of different sectors, 

considering to rate of production factors 

employed by any of them, shows that some 

sectors despite using a greater share of 

production factors, the lower the added value in 

the economy have created (fig3). 

 
Fig.3 Grow added value during the years 1989-2006 

 

• Added value = (cost of depreciation + taxes + 

cost of raw materials) - Production Value 

• Production value = ((beginning inventory) - 

(ending inventory)) + ((Semi- manufactured 

Production at the beginning of the year) - (semi- 

manufactured Production at the ending of the 

year))   

 
       Productivity index of total factor 

productivity in industry has increased due to 

increased productivity of production factors. 

However, governmental structure of this sector, 

being dispersed production units, inefficient 

management of industrial units and lack the 

institutional and legal framework for efficient 

private sector activities, the continuous increase 

of prices of production factors and etc the most 

important characteristics  this sector that it is 

prevented effectively. Expected to eliminate 

these problems, higher productivity growth is 

facing in this sector (fig4). 

 

 
Fig.4 total factors productivity during the years 

1996-2006 
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8 - Estimated total factors 
productivity 
8-1 - Data collection 

       Data used in this study has been collected as 

time series 1989-2006 of reports published that 

the country's central bank. As also shown in the 

graphs of these statistics for capital and labor 

productivity during the years 1989-2006 and for 

energy productivity during the years 1989-2000 

and productivity of total factors production are 

available during the years 1996-2006. The total 

factors productivity of production is estimated 

for the years 2007-2011. 

 

8-2 – Estimated model 

       Total factor productivity (TFP), which 

represents the resultant productivity of capital, 

labor and energy, shows enterprise or sector 

performance in outline the efficient use of 

resources .Model is as follows: 

 

LOG (TFP/ TFP0) =C (1) + C (2)*LOG 

(KFP/ KFP0) + C (3)*LOG (LFP/ LFP0) 

+ C (4)*LOG (EFP/ EFP0) 

(14) 

 
       By entering information in the eviews 

software, the coefficients will be determined by 

the equation below: 

 

LOG (TFP/95) 

=0.001317455166+0.8176650799*LOG 

(KFP/0.42) +0.2585655461*LOG 

(LFP/0.31) +0.009355987813*LOG 

(EFP/7.5) 

 

(15) 

 
       With this equation and other information 

given to software the overall productivity of the 

will be forecasted for the years 2007-2011 

.Graph results as shown in the following 

amounts (fig 5). 

 
Fig.5 total factors productivity during the years 

1996-2011 

9 - Productivity challenges 
9-1 - Capital productivity 

* Diversity and dispersion of plans and Projects 

related to productivity  

* Need to adopt a unified approach for 

measuring the project 

* There is need for a comprehensive system of 

collecting and maintaining statistical and 

financial data 

* The appropriate extraction of financial items 

required to calculate parameters 

* Non- optimal allocation of investment 

resources 

* Insufficient consideration to technical, 

economic and financial feasibility in selected 

projects  

* It was Long term structural projects and there 

were projects completed half of all 

* Depreciation of machinery and equipment and 

lack of alternatives, which ultimately will lead 

to increases their production costs and lower 

quality products 

* Non- optimal allocation of capital, due to lack 

of sufficient interest to economic, technical and 

financial justify in selecting projects that cause 

choice and implementing projects status is the 

lack justifications. 

* There is unused capacity in some productive 

activity 

* There are exclusives and also some barriers 

due to the creation of safe competition and lack 

of transparent price of production factors 

(mainly due to the various support policies). 

9-2 - labor productivity 

* Job insecurity 

* Failure or unwillingness on the medium term 

or long-term planning 

* Lack of control  

* Coordination between education and 

occupational 

* Lack of management plans 

* Low human capital accumulation, efficient 

and lack of appropriate use of the production 

process 

* Inflexible labor market 

* Lack of the necessary relationship between 

salary and productivity  

* Low level of technical knowledge and its slow 

progress compared to the global knowledge 

* Inconsistency and lack of compatibility 

between the types of jobs and workforce skills 

* Existence of surplus labor in the production 

activities 
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* Lack of motivation in the workforce in order 

to perform useful work, innovation, creativity 

and innovation. 

9-3 - Energy productivity 

* Unfavorable economic structure to increase 

energy productivity in industry sector  

* Necessary Renovation of technologies and get 

out old processes to and lay down effete 

equipment 

* Establishment of awareness preaching 

programs of energy through public media for 

industries managers 

* Lack of attention to the role of the energy 

committees, especially the National Committee 

of * * Energy and Energy productivity 

Committee  

* Revised tariff energy used in industry  

* Definitions and codify standards of energy 

consumption in various industries 

* Lack of establishment and implementation of 

energy audit programs in the industry 

* Establishment National Committee for Energy 

Saving and Energy Management Center  

* Lack of legal backing for the implementation 

of energy programs  

* Lack of accurate and clear criteria for 

investment in energy  

* Lack of motivation and awareness preaching 

of staff in the fields of energy efficiency 

10 - Suitable solutions to improve the 
total factors productivity  

* Human capital accumulation of efficient and 

optimal use of its  

* Increase investment efficiency and 

productivity of capital  

* Reduce monopolies, to speed up the 

privatization process and encourage creation in 

the field competition  

* Greater use of existing capacity and reduce 

interval of production potential 

* Reduce the discrepancy between the prices of 

production factors, (clarification of prices) the 

actual price by reducing and eliminating these 

types of support policies  

* Promote people's participation in the 

investment of enable capital markets and 

creation necessary fields in order to attract 

foreign capital  

* Cost savings 

* Increase quality (quality and desirability) of 

production and services 

* Prices stabilize or even reduce it.  

* Increase the general welfare of society  

* Increased revenue and profits 

* Public satisfaction for persons 

* Thriving of the economy 

* Increased production and services 

* Economic stability in the global market 

* Job creation  

* Industrial Development 

* Sustainable development of economic 

structures, social, cultural, scientific and health 

11-Conclusion 

       Today, in developed and developing 

countries to the importance of productivity as 

one of the necessities of economic development 

and gain competitive advantage has emphasized 

in the international arena. Accordingly, in order 

to promote a culture of productivity and 

improving its quality, have done a large 

investment. In this study was investigated the 

concepts of productivity and its main indicators 

in the industry sector and then was studied the 

trend of these indices in this sector for the years 

1989-2006. The total productivity of production 

factors, it is suggested, despite new investment 

(Capital per capita), poor management use of 

resources and economic growth are based solely 

production inputs. In general, change and 

process of productivity indicators (capital, labor 

and energy) from 1989 onwards indicate that the 

economy has been formed base on the more use 

of the resources mainly and as for the 

decreasing trend of the indicators of 

productivity in some years, it seems that there 

are serious problems and weaknesses 

Obviously. It is evident, identifying ways to 

overcome on these problems; it may be of 

considerable importance. 

       Some proposals in order to increase 

productivity include: 

* Increased share of research and development 

expenses of GDP, with increasing share of 

respective costs, it is necessary, the culture use 

of research results should be institutionalized in 

economic behaviors and decision-makers and 

brokers.  

* Creating a suitable Space for attracting foreign 

investment 

* Increase productivity by reducing the period 

of completion of capital construction projects, 

with priority to the completion of incomplete 

projects. 

* Increase labor productivity by raising the 

share of employee's educated workers due to the 

high skilled workforce in the use of modern 

technology in various products 
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* Wages paid to workers based on skill and 

value of work done in order to increase labor 

productivity.  

* Create legal support for energy programs  

* Renovation of old processes and lay-out of 

technologies and equipment for disabled  

* Definitions and codification standards of 

energy consumption in various industries 

12-References 

[1] Ostadzadeh, M., (2008), factors of increase 

or decrease in labor productivity 

[2] Allahverdi, M., Farah Abadi, S.M.E. and 

Sajady, H. S., (2010), prioritizing the factors 

affecting the productivity of human resources 

from the perspective of middle managers, 

Isfahan University of Medical Sciences: 2009, 

Hospital Quarterly, No. 3 and 4, PP. 78-83 
[3] Mirzaei, B., (2001), Factors affecting the 

labor productivity in the industry, mining and 

business in Tehran province, industry, mining 

and business in Tehran province. 

[4] Molaie, M., (1999), to evaluate and compare 

the productivity of small and large industrial 

groups in Iran, the Second Conference on 

Industrial Engineering 
[5] Mir Mohammad Sadeghi, A., (2011), 

improved productivity, sure step towards 

achieving the goals of   economic Jihad, relieve 

of Human Resources Development and 

Management 
[6] Pedram, M., (2011), improving the 

productivity of human resources, director of 

human capital development, maghale magazine, 

No. 180, PP. 19-23 
[7] Qlambaz, F., Esfandiari, A. A. and Delavare, 

M., (2008), estimating the productivity of 

factors of production and exploitation of oil and 

gas company, Kazeroon, Journal of Economic 

Modeling, Issue 2, PP. 151-176 
[8] Amini, A., Farhadi Kia, A., (2011), the 

evaluation index of productivity developments in 

the oil sector and recommendations for 

improving productivity in the fifth development 

plan 
[9] Hamsi, A. H., Nikomaram, H. and Asadi, 

M., (2005), measurement of productivity and its 

determinants in Pars chipboard factory, Journal 

of Agricultural Sciences, No. 3, PP. 60-67 
[10] Enayati, A.R., (2004), productivity indexes, 

wood and paper industries of Iran (Choka) 

[11] Hossein zadeh, H., Hossein zadeh, M., 

(2012), Evaluation of energy productivity and 

provide management strategies to prevent 

energy waste in industry sector, a national 

conference on strategies for achieving economic 

jihad with theory the patterns of sacred defense, 

Payam Noor University (PNU) in Babol . 

[12] Tahamy Pour, M., Kazem Nejad, M., and 

Moazani, S., (2009), compared to total factor 

productivity growth in manufacturing sectors of 

Iran, Planning and Agricultural Economics 

Research Institute 
[13] mehrabani, V., (2012), the role of 

competition in industry productivity 

developments, Economic Research Journal, Vol 

1, PP. 171-192 
[14] valizadeh zenoz, P., (2005), survey 

productivity of the economy in Iran, Islamic 

Republic of Iran Central Bank, Economic 

Research 
[15] haghighati, M. A., Ranaie, H., (2010), 

labor productivity / performance evaluation of 

personnel 
[16] Hossein zadeh, M., Hossein zadeh, H., 

(2012), Study on Energy productivity in Industry 

sector: Challenges and Solutions, National 

Conference on Economic Jihad, College of 

wealthy Science and Economics, Esfahan  

university 
[17] valizadeh zenoz, P., (2009), labor, capital 

and total factor productivity, Islamic Republic 

of Iran Central Bank, Economic Research 

 

509



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

1 
 

Influence of Welding Consumables on Tensile and 
Impact Properties of AISI 316L ASS Using SMAW 

 
Riffat Asim Pasha1, Asad Yousaf2, Armghan Naeem3 
1,2,3Mechanical Engineering Department, University of Engineering and Technology Taxila, Pakistan 
*Corresponding Author: asim.pasha@uettaxila.edu.pk  

 

Abstract 

In this experimental work, similar welding between AISI 316L austenitic stainless steel plates utilizing shielded 

metal arc welding procedure employed for two distinct weld consumables that are E308 and E316L was carried 

out to determine the tensile that are yield strength, ultimate tensile strength & percent elongation and impact 

properties that are fracture toughness and fracture strength of the plates being welded (weldments). Through 

this research, AISI 316L austenitic stainless steel plates with 10mm thickness were joined together through 

shielded metal arc welding employing two different types of welding consumables that are E308 and E316L. 

Radiographic tests were executed on these shielded metal arc welded AISI 316L austenitic stainless steel plates 

to ensure the non-defectiveness of the weldments. The tensile and charpy V-Notch impact tests were undertaken 

over the specimens prepared from these welded plates and it was evaluated that the weldments fabricated by 

employing welding consumable E308 exhibited superior tensile and impact properties than E316L welding 

consumable and is therefore recommended for fabrication of weldments of AISI 316L austenitic stainless steel 

plates that requires optimum tensile and impact properties through shielded metal arc welding. 

Key Words: AISI 316L austenitic stainless steel; Impact properties; Shielded metal arc welding; 

Tensile properties; Welding consumables. 

1. Introduction

Austenitic stainless steels (ASS) are the alloys 

with at least 10.5 percent chromium content. 

AISI 316L austenitic stainless steels are 

corrosion resistant at high temperatures due to 

Molybdenum contents [1]. Because of improved 

mechanical characteristics and strong corrosion 

resistance in diverse conditions, ASS materials 

are widely employed for a variety of 

applications [2]. They are also employed as 

biomaterials to build a variety of medical 

devices in different biomedical industries. 

Exhaust manifolds, household goods, 

mechanical components that are various parts of 

furnaces, boilers, components of aircraft engine, 

surgical equipments, equipments for cameras, 

different types of valves, compressors, turbines, 

condensers and evaporators, components of 

chemical industries, cylinders, pulp industries, 

garment industries, maritime industries, edibles 

processing, interior designing, implants for 

medical use such as screws, pins and some other 

applications employ ASS materials [3-5]. 

Shielded metal arc welding (SMAW), 

commonly referred as conventional arc or stick 

welding in industry, is a welding procedure that 

employs a metal welding consumable. Between 

the welding consumable and the base material, 

the weld circuit is completed. The welding 

consumable is covered with a flux that melts 

together with the core of the consumable to 

generate the slag / gas that protects the weld 

pool from entering dust, dirt, and moisture, 

among other things, during the welding process. 

 

 

Figure 1. SMAW Welding Process 
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Owing to its versatility, simplicity, and indoor / 

outdoor usability, SMAW process is widely 

employed in numerous industrial applications [6-

9]. 

 

2. Materials and Methodology 

2.1 Materials 

In present research work, AISI 316L ASS plate 

is utilized as a base material. Its composition 

and mechanical properties as per ASTM A240 

and ASME SA-240 specifications are tabulated 

as follows; 

Table 1. Composition of AISI 316L ASS 

Element Composition (%) 

C 0.03 max 

Mn 2.0 max 

P 0.045 max 

S 0.03 max 

Si 0.75 max 

Cr 16.0 – 18.0 

Ni 10.0 – 14.0 

Mo 2.0 – 3.0 

N 0.1 max 

Fe Balance 

 

Table 2. Mechanical Properties of AISI 316L ASS 

Yield Strength 

[MPa] 

170 

Tensile Strength 

[MPa] 

485 

Percent Elongation 

[%] 

40.0 

Hardness [HRB] 95 max 

Impact Toughness 

[J] 

88 - 134 

 

The composition and properties of welding 

consumables used for welding the plates are 

presented in the following tables; 

Table 3. Composition of Welding Consumables 

Welding 

Consumable 

Type (AWS) 

Composition (%) 

C Cr Ni Mo 

E308 0.06 20.1 9.6 - 

E316L 0.03 19.2 12.4 2.2 

Table 4. Mechanical Properties of Welding 

Consumables 

Welding 

Consumable 

Type (AWS) 

Tensile 

Strength 

(1000 psi) 

Elongation 

in 2 in. (%) 

E308 90 41 

E316L 82 41 

 

2.2 Welding Process 

Two plates of AISI 316L ASS having 

thicknesses 10mm are finished to final 

dimensions. These are then edge prepared / 

beveled for SMAW welding through lathe 

machine as shown in the figures below; 

 

Figure 2. Beveled AISI 316L ASS Plates For 

SMAW Welding 
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The two beveled plates are then SMAW welded 

using two different types of welding 

consumables that are E308 and E316L. The 

schematic of these welded plates is shown in the 

figure below; 

 

Figure 3. SMAW Welded AISI 316L ASS Plates 

Using Two Different Welding Consumables 

2.3 Radiographic Testing of AISI 316L 

ASS SMAW Welded Plates 

Radiographic testing (RT) of the two welded 

plates is then performed in order to confirm the 

internal soundness of weldments. SIGMA 880 

as source holder, Iridium – 192 (Ir – 192) as 

irradiation source of gamma rays and film 

AGFA  D7 Pb (also called as fast film) for latent 

image were utilized in this testing. After 

processing of latent image in the dark room, it 

was found that the weldments made are free 

from the defects that are cracks, undercuts, 

porosity, slag, lack of root penetration, lack of 

fusion, concavity / overfill and convexity / 

underfill. The schematics of the testing are 

shown in the figures below; 

 

Figure 4. Radiographic Testing process 

 

 

Figure 5. Radiographic Testing Resulted Images 

 

2.4 Extraction of Specimens 

The tensile and impact samples are prepared 

normal to the weld nugget as per ASTM A370 

and ASME SA-370 standards and are shown in 

the schematics below. Three samples for testing 

each mechanical property from each welded 

plate are extracted using electric discharge 

machining (EDM) machine and are tested and 

average value of these tests is calculated in 

order to minimize the possibility of error. 
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Figure 6. Schematics of Tensile and Impact Test 

Specimens 

 

Figure 7. Tensile and Impact Test Specimens 

Extracted 

2.5 Tensile and Impact Testing 

In order to determine yield strength, ultimate 

tensile strength and percentage elongation, 

tensile tests were performed. These tests were 

carried out according to ASTM E8 standards on 

a universal testing machine (UTM) with a 30 

tons capacity. Impact tests were undertaken to 

determine energy absorbed (Joules) and strength 

(Joules/cm²) as per ASTM E23 standard. These 

tests were performed employing impact testing 

machine having 30/15 kg hammers. 

 

Figure 8. Tensile and Impact Testing of Specimens 

 

3. Results and Discussions 

3.1 Tensile Properties 

The yield strength, ultimate tensile strength, and 

percent elongation of SMAW welded AISI 

316L ASS specimens utilizing two distinct types 

of welding consumables, E308 and E316L, are 

analyzed based on tensile tests. For each case, 

03 samples are tested and average value of their 

results is tabulated below. 

Table 5. Tensile Test Results 

Welding 

Consumabl

e Type 

(AWS) 

Yield 

Strength 

[MPa] 

Tensile 

Strength 

[MPa] 

Percent 

Elongat

ion [%] 

E308 395 515 26.2 

E316L 380 500 25.5 
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The tensile test results of SMAW welded AISI 

316L ASS plates using two different welding 

consumables are also shown by bar diagram in 

the figure below; 

 

 

Figure 9. Tensile Test Results 

 

3.2 Impact Properties 

The charpy V-Notch tests of SMAW welded 

AISI 316L ASS specimens using two different 

types of welding consumables E308 and E316L 

are undertaken at room temperature and fracture 

toughness and toughness strength are 

determined. For both electrodes, 03 numbers of 

samples are tested and average value of results 

is tabulated in table 6. 

Table 6. Impact Test Results 

Welding 

Consumable 

Type (AWS) 

Fracture 

Toughness [J] 

Fracture 

Strength 

[J/cm²] 

E308 139.72 175 

E316L 130.2925 163 

 

The charpy V-Notch test results of SMAW 

welded AISI 316L ASS plates using two 

different welding consumables are also shown 

by bar diagram in the figure below; 

 

Figure 10. Impact Test Results 

 

4. Conclusion 

In this research study, AISI 316L ASS plates are 

welded using E308 and E316L welding 

consumables through SMAW process. The 

various conclusions acquired from the 

experiments undertaken are presented as 

follows;  

 Both the welding consumables namely E308 

and E316L are weldable with shielded metal 

arc welding process.  

 Successful and sound (defects free) similar 

weldments of AISI 316L ASS are obtained 

by shielded metal arc welding technique 

utilizing the two welding consumables.  

 Tensile test results showed that the fracture 

occurred at AISI 316L ASS parent material 

for all the tests in both cases.  

 Tensile test data depicted that both the 

weldments undergo a ductile type of 

fracture.  

 The tensile properties that are yield strength, 

ultimate tensile strength and percent 

elongation of AISI 316L ASS weldments 

using SMAW are superior for welding 

consumable E308 than for E316L. 

 The impact properties that are fracture 

toughness and fracture strength of AISI 
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316L ASS weldments using SMAW are also 

better for welding consumable E308 than 

for E316L. 

 Based on the results of this research study, it 

is recommended to utilize E308 welding 

consumable for similar welding of AISI 

316L ASS than the over-alloyed welding 

consumables in order to acquire the overall 

improvements in tensile and impact 

properties.  
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  Abstract 
Additive manufacturing has transformed the electronics industry from conventional to printed electronics. AM is a 

cost efficient technique to produce three dimensional object with ease, avoiding the extreme processing conditions 

required. High performance efficiency and resolution in AM field allows the fabrication of functional electronic 

devices. These functional devices are mostly embedded with simple building blocks of electrical circuit including 

resistive and capacitive structures. This paper highlights the non-contact high resolution printing methods; 

Electrohydrodynamic (EHD) Jet printing and Micro-extrusion Direct Ink Writing (DIW). Materials like silver, carbon 

and PEDOT: PSS were deposited on rigid and flexible substrates, to achieve minimal printed width without any 

discontinuities. Electrical characterization of fabricated electrodes were carried out as thermoelectric generators 

(TEG), Resistance Temperature Detector (RTD) sensors, humidity sensors, strain gauges, flex sensors and micro-

heaters. Temperature and humidity sensor has potential applications in medical, food monitoring and industrial 

environments. These fabricated electronic devices also has future in printed flexible wearable electronics.  

Key Words: Additive manufacturing, Printed sensors, Electrohydrodynamic Printing, Direct Ink Writing 

 

Introduction 

The Additive Manufacturing technologies are 

transforming from classical to printed electronics. 

The printed electronics are easy to manufacture and 

cost efficient [1]. The simple manufacturing is due 

to the widely used of organic materials and direct 

deposition phenomenon. The non-contact Inkjet 

techniques has revolutionized the manufacturing 

industry, these provide high resolution direct 

complex patterns deposition. Electrohydrodynamic 

(EHD) and Direct Ink Writing (DIW) are included 

in the list of non-contact deposition processes. 

The direct printing methods has main application 

of electronic sensors fabrication which includes 

flex, strain, humidity and temperature sensors. All 

these sensors has basic electrode structure of either 

resistive or capacitive. Printing Humidity sensing 

devices works on both resistive and capacitive 

variations to relative humidity. A humidity sensor 

comprises of substrate, electrodes structure and 

sensing layer. Different electrode structure and 

sensing layer will alter the performance efficiency 

of the device. ITD and meander type electrodes 

were mostly used by researchers. The sensing layer 

for humidity sensors are PEDOT: PSS, poly 2-

hydroxyethyl methacrylate polymer (pHEMA), 

Graphene/Methyl red, ZnO etc [2-8]. The humidity 

sensing devices were fabricated of both contact and 

non-contact printed fabrication methods. Resistive 

electrode structure are used in the temperature 

sensor printing. The printed coil is heated through 

heat gun and the variation in resistance occurs 

which reports(𝜟𝑹 𝜟𝑻)⁄ . The Resistance 

temperature detectors are the widely used and 

fabricated temperature sensors. Different materials 

were tested by researchers for the RTDs sensing 

such as Ag nano-wires, Ag nano-particles, ZnO, 

PEDOT:PSS, Carbon, Graphene etc. [9-11]. The 

flexible temperature sensor has wide applications 

as wearable. The flex and strain sensor works on 

the phenomenon of extension and bending. Same 

electrode structure can be used for strain and flex 

sensor if the material has the property of bending 

and extension. Materials like Carbon, Carbon-

composites, PEDOT:PSS can be used for extension 

sensing and it adds up the low cost [12-23]. The 

flex and strain sensors can be used in application 

which requires bending like monitoring of human 

body joints, wearable gloves and robotics 

applications. Researches are working on printed 

thermocouple sensors using organic and inorganic 

material [24-26]. These thermocouples can be used 

further as thermoelectric generators for energy 

harvesting purposes. 

This paper discusses the printed electronic patterns 

including humidity, temperature, flex, strain and 
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thermocouple sensors. These sensors are fabricated 

by EHD and DIW direct deposition processes at the 

Printed Electronic Lab, Faculty of Mechanical 

Engineering, Ghulam Ishaq Khan Institute of 

Engineering Science and Technology, Pakistan. 
 

Direct Writing Techniques 
 
1. Micro-Extrusion Direct Ink Writing 
 
It is a direct deposition technique favors for the 

paste materials by transferring it onto the substrate. 

The technique is used for the deposition of different 

materials in micro scale [27]. The schematic 

illustration of DIW is shown in the figure 1. A mini 

programmable control CNC router is used 

alongside pressure regulator and camera. The CNC 

is moved using GM codes as desired. The paste in 

the barrel is extruded with the help of pressure 

regulator and a camera is needed for visualization 

purpose. The parameters affecting the direct ink 

process includes paste viscosity, pressure, stand-

off distance and nozzle diameter. The DIW setup 

picture is shown in the figure 2 which is present at 

the printed electronics lab, FME GIK Institute 

Pakistan. 

 

 

 

Figure 1: Schematic illustration of DIW process 

 
Figure 2: Actual experimental setup of DIW process 

 

2. Electrohydrodynamics Printing 
 
Electrohydrodynamics is an advanced printing 

techniques which provides 2 to 3 times smaller 

printed width deposition than nozzle diameter used 

[28, 29]. The process involves the applied electric 

field, which pulls the fluid from the nozzle tip onto 

the substrate. A thin jet concludes due to the 

application of this electric field which produces 

high resolution complex patterns using several inks 

on different substrates. This high resolution direct 

approach make the process valuable in the field of 

printed and flexible electronics and has vast 

applications. 

On the basis of droplet emission EHD has 

continuous jet and Drop-on-Demand printing. In 

continuous EHD a flow of ink emission is observed 

while considering DOD mode a very control 

pattern can be formed. The EHD printing depends 

on Ink properties and EHD parameters. The ink 

properties include viscosity, electrical conductivity 

and surface tension of the ink. The process can 

print wide range of viscous inks. EHD printing 

need high applied voltage to surpass the surface 

tension of the fluid for droplet emission. The 

process parameters include the flow rate, electric 

field, nozzle diameter, substrate speed, standoff 

distance, frequency and duty cycle. The EHD 

process is environmental friendly but the 

temperature, humidity and surroundings can affect 

the printing. The schematic illustration of the 

electrohydrodynamic printing is shown in the 

figure 3. It can be seen that compressor is attached 

with the pressure regulator which supply the ink to 

the nozzle. A high amplifier is attach to apply the 

electric potential. To make the pattern on the 

substrate, moving stage is required. For monitoring 

purposes a camera is attached with the screen. The 

actual setup picture is shown in the figure 4 which 

is present at the printed electronics lab, FME GIK 

Institute Pakistan.  

 

 
Figure 3: Schematic illustration of EHD process 

 

518



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

 

Printed Electronics Devices 
 
Printed Humidity sensor 
Electrohydrodynamic continuous Jet printing was 

used to deposit silver nanoparticles on paper 

substrate. The sliver has minimum printed width 

and gap of 100µm.  

 

The EHD parameters for electrode deposition were 

applied voltage 2.8 kV, pressure 1.69 kPa, 

substrate speed 2000 mm/min, stand-off distance 

1mm and nozzle diameter of 110 µm. On the top of 

electrodes different PEDOT: PSS [Poly(3,4-

ethylenedioxythiophene)-poly(styrenesulfonate)] 

were drop casted. The sensor was characterized and 

decent behavior was observed. The sensor exhibits 

wide range of 40 to 100% RH with fast response 

time and good repeatability [2]. Figure 5 shows the 

EHD fabricated humidity sensor on paper substrate 

 
Printed Flex sensor 
Carbon based flex sensors were fabricated using 

the DIW technique. The controlling parameters 

were pressure, nozzle diameter, substrate motion 

and stand-off distance. The sensors were printed in 

different shapes and sizes to analyze the bending 

response at multiple angles. The sensor showed has 

good response to bending [30, 31]. Figure 6 shows 

the DIW fabricated carbon flex sensor on PET 

substrate. 

Figure 4: Actual experimental setup of EHD process 

 

Figure 5: EHD fabricated humidity sensor on paper substrate [2] 
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Figure 6: DIW fabricated carbon flex sensor on 

PET substrate 

 
Printed Micro-heaters 
The micro-heaters were fabricated using silver 

nano-particles ink on glass and PET substrates. The 

Ag ink was deposited using Drop-on-demand EHD 

method. The printed width was around 50 µm using 

nozzle diameter of 100 µm. The EHD parameters 

for electrode printing were base voltage 750V, 

pulsed voltage 2.1kV, substrate speed 25mm/sec, 

pressure 9 kPa, stand-off distance 1mm and nozzle 

diameter of 100 µm.  

 

 

The resistive electrodes were characterized as 

micro-heaters on rigid and flexible substrates. The 

micro-heaters showed good sensitivities of 6.8 

°𝐶/𝑉 and 3.3°𝐶/𝑉 on PET and glass substrate 

respectively. Figure 7 shows the EHD fabricated 

Micro-heater on PET and Glass substrate. 

 
Printed Temperature sensor 
Silver nano particles based Resistance temperature 

detectors (RTDs) were printed using Drop on 

Demand EHD. The RTDs were printed on PET and 

glass substrates with minimal printed width of 50 

µm. The Temperature coefficient of resistance 

(TCR) values for the both substrates were 11.5 

𝑋 10−3/°C and 13.3𝑋 10−3/°C for glass and PET 

substrates respectively. The sensors showed good 

repeatability with high temperature operation 

range. Figure 8 shows the EHD fabricated RTDs on 

PET and Glass substrate. 

 

 

 

 
Figure 7: EHD fabricated Micro-heater on PET and Glass substrate 

 

 
Figure 8: EHD fabricated RTDs on PET and Glass substrate 
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Printed Strain gauge 
Carbon and Carbon-silver based strain gauges were 

fabricated using DIW technique. The sensor were 

flexible and printed on PET substrates. The sensor 

were also checked in relation to temperature and 

humidity. The sensor has printed width less than 

250 µm. The DIW parameters include pressure 

50psi, substrate speed 1mm/sec, nozzle diameter 

250 µm and stand-off distance 0.1 mm [32, 33]. 

Figure 9 shows the DIW fabricated strain sensors 

on PET. 

 

Printed Thermocouple sensor 
Thermocouple sensors on PET were fabricated 

through DIW having combination of 

carbon/PEDOT:PSS with silver [34]. The Seebeck 

coefficients reported were 16.6-17 μV/°C for 

PEDOT:PSS/Silver and 15-17.8 μV/°C for 

carbon/silver thermocouples. These materials were 

further used for the fabrication of cost efficient 

TEGs [35].  

The DIW parameters were pressure 38psi for 

silver, 30psi for carbon and 10psi for PEDOT:PSS, 

substrate speed 200mm/min, nozzle diameter 250 

µm and stand-off distance 0.1 mm. Figure 10 

shows the DIW fabricated thermocouple sensor on 

glass substrate. 

Conclusion 

The paper focused on the fabrication of printed 

electronic devices using direct deposition 

techniques on different substrates. The direct 

printing DIW and EHD on various substrates 

including rigid and flexible, makes the work 

approach more significant. The sensors can be used 

in the field of printed and flexible electronics as 

wearable due to their environmental friendly 

property. Printed humidity and RTDs can be used 

to monitor medical, food and textile industries. The 

micro-heaters and Thermo-electric generators 

(TEGs) has applications in flexible biomedical 

field. The performance of the discussed printed 

sensors can be enhanced by decreasing the printed 

width and depositing uniform layer for 

environmental monitoring and other vast 

applications.  

 

 

 

 

 

 

 
 

Figure 9: DIW fabricated carbon-silver strain sensor on PET [33] 
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Figure 10: DIW fabricated Silver-PEDOT: PSS thermocouple on glass substrate [34, 35] 
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Abstract 
The purpose of the present study is to evaluate the effect on mechanical properties such as hardness, tensile and 

impact strength, and microstructures by changing the hot forging reduction ratios followed by different heat 

treatment process (annealing, normalizing and oil quenching) on low alloy steel grade “42CrMo4”. In industry, 

hundreds of tons of forgings are carried out in a month. Sometime, forgings are rejected due to unsuitable tensile 

strength for service conditions and observation of cracks during the quality assurance. Trends in mechanical 

properties by fluctuating reduction ratios i.e. 1:1, 1:2, 1:4 and 1:8 with different post heat treatments like 

annealing, normalizing and oil quenching have been studied. By comparison it is possible to derive a relation 

between different reduction ratios and post heat treatments. Graphical correlations between the trends in 

properties have also been made. Microstructural changes at different reduction ratios have also been studied. 

Increase in hot forging reduction ratio improves the mechanical properties, but it is not recommended to excessive 

increase the ratio. From the study it is observed that increase in reduction ratio from 1:1 to 1:8 shows increase 

the hardness and tensile strength, but excessive reduction may improve brittleness in the material. It is also 

observed that quenching with tempering process shows better properties as compared to annealing and 

normalizing coupled with tempering process. 

 

Key Words: Forging; Heat treatment; Reduction ratio; Strength; Brinell hardness  

1. Introduction 
Among all manufacturing processes, forging 

technology has a special place because it helps to 

produce parts of superior mechanical properties 

with minimum waste of material. A process that 

produces plastic deformation through contained 

compressive forces and through dies is called 

Forging. The equipment includes but not limited 

to hammers, presses, or special forging 

machines. The deformation can be performed in 

all temperature ranges (hot, cold, warm, or 

isothermal), but mostly it is done above the 

recrystallization temperature [1]. The forging 

procedures can be performed at various 

temperatures (T), they are usually categorized by 

whether the temperature is above or below the 

recrystallization T. It will be called hot forging, 

if the T is above the material's recrystallization T 

and warm forging if the T is below the material's 

recrystallization T but beyond 30% of the 

recrystallization T (on an absolute scale); if under 

the 30% of the re-crystallization T, then it is 

believed as cold forging.  

The key benefit of hot forging is that it can be 

performed more swiftly and accurately, and as 

the metal is distorted work hardening effects are 

negated by the recrystallization process. Cold 

forging usually results in work-hardening of the 

piece [1]. 

Open Die forging hammer is prepared with a 

single frame, or a double frame as shown in Fig: 

1. Exposed die forging hammers are used to 

create a huge proportion of open die forgings. 

The valued sizes of double frame open die 

forging hammers range from about 2,720 to 

10,900 kg, while higher hammer has been made 

[2]. 

The process parameters of hot forging at Heavy 

Mechanical Complex (HMC), Taxila, one of the 

renowned engineering and manufacturing 

company in Pakistan, for 42CrMo4 low alloy 

steel have been studied. It has been observed 

during the analyses that required mechanical 

properties which are dependent on the process 

parameters of hot forging are difficult to be met 
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and rejected due to unsuitable tensile strength for 

service conditions and observation of cracks 

during the quality assurance ultimately causes 

rejection of forgings. This research will provide 

fundamentals of metal working processes and 

subsequent heat treatment processes for forging 

to understand the influence of variation in 

reduction ratio on properties & micro-structure of 

low alloy steel. In this study, mechanical 

properties (tensile strength, Impact energy, 

brinell hardness) and microstructural 

characterizations of 42CrMo4 low alloy steel 

forged at various ratios along with hear treatment 

processes are investigated. Heat treatment 

process like annealing, normalizing, and 

quenching are applied for four different hot 

forging reduction ratios samples [3].  

Fig.1 Double frame power hammer used for open-

die forging [2]

2. Experimental Procedure and 

Methodology 

2.1  Material Selection 

The chosen material is high-strength low-

alloy steel 42CrMo4 (ISO 683/1; ASTM A29 

grade no. 4140) which is typically used for 

production of various heavy duty machine 

components and components such as gears, 

rolling bearings, shafts, and cams. Its 

chemical composition is given in Table 1 [3] 

 

Table 1: Chemical Composition of 42CrMo4 low 

alloy steel [3] 

Alloying 

elements 
Percentages 

C 0.38 – 0.43 

Mn 0.75 – 1.00 

P (max) 0.035 

S (max) 0.040 

Si 0.15 – 0.35 

Cr 0.80 –1.10 

Mo 0.15 – 0.25 

 

2.2  Stock Preparation 

A cuboid piece of 42CrMo4 was utilized 

with dimensions of 250 x 250 x 1000 mm as 

shown in below Fig. 2. Complete material 

was cut down into four cuboid pieces of 

equal dimensions by using Circular Saw of 

maximum capacity 250 mm. Hot forging was 

carried out by using 2-ton Steam Hammer 

with preheating at 1220 0C temperature in 

gas fired car bottom heating furnace for four 

different reduction ratios 1:1, 1:2, 1:4 and 

1:8. Forged samples at stated reduction ratio 

have been shown in Fig. 3. After successful 

hot forging with different reduction ratios, 

further cutting was carried out for different 

process. i.e., as forged, annealed, normalized, 

and quenched as shown in Fig 4. 

 

Fig. 1: Cuboid of 42CrMo4 
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Fig.2: 42CrMo4 forged at various reduction ratios 

(RR); a: RR=1:1, b: RR=1:2, c: RR=1:4, d: 

RR=1:8 

 

Fig. 3: Preparation of samples for tensile and 

impact tests at R.R: 1:1, 1:2, 1:4 & 1:8 

2.3 Post Heat Treatments (PHTs) 
Post Heat Treatments were carried out on 

samples. Thermal cycles are shown below in 

figure 5 ~ 7: Annealing was done with 

following steps (Fig .5) 

• Heat the sample at the rate of 100 0C/hr. 

up to 650 ± 10 0C. 

• Hold the furnace at this temperature for 

at least 15 min. 

• Again, heat the samples at the rate of 

120 0C/hr. up to 850 ± 10 0C. 

• Hold the furnace at this temperature for 

1 ~ 1.5 hr. 

• After completing this heating procedure, 

now turn off the furnace and cool 

slowly the samples in furnace up to 

room temperature 

 

Fig. 4: Thermal cycle of annealing process 

 

Fig. 6 is showing normalizing with tempering 

process which is same as annealing process, but 

the difference is after completing this heating 

procedure, now turn off the furnace and cool 

slowly the samples in open air up to 300 0C.  Now 

perform tempering at temp. 650 ± 10 0C and then 

cool in open air. Fig.7 display the heat treatment 

process which is oil quenching with tempering 

process in which is after initially annealing 

process but after completing this heating 

procedure, remove the samples from furnace and 

quench in oil up to temp. ≤ 100 0C. Perform 

tempering at temp. of 550 ~ 550 0C and then cool 

in open air. 

 

 

Fig. 5: Thermal cycle of Normalizing 

 

Fig. 6: Thermal cycle of oil quenching with 

Tempering 
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2.4  Preparation of Test Specimens 
Test specimens were prepared based on reduction 

ratios and each sample is of sub-category i.e., as 

forged (RR no.), Annealed (RR no. followed by 

‘A’), Normalized (RR no. followed by ‘N’), Oil 

quenched (RR no. followed by ‘Q’) as shown in 

below Fig. 8. Charpy V notch toughness test was 

done to measure the impact toughness of 

material. The impact toughness provides the 

sudden force that the material is capable to 

withstand.  Reference standard for the V notch 

impact analysis “ASTM E-23” was used. 

 

Fig. 7 : Impact Test Specimens 

Tensile tests are performed involves preparation 

of tensile test specimen of finish sizes according 

to ASTM standard E-8 shown in Fig. 9. 

 

 
 
Fig. 9: (a): Flat tensile test specimen with RR 1:1; 

(b) Flat test specimen with RR 1:2  

 For RR 1:1 and 1:2, flat tensile test specimen 

specifications have been utilized whereas round 

test specimen specifications have been opted for 

sample forged with RR 1:4 and 1:8 as shown in 

Fig.10. 

 

Fig.10.  (a): Round test specimen with RR 1:4; (b) 

Round Test specimen with RR 1:8 

Micro computer-controlled pendulum impact 

testing machine of Jinan Shidai Shijin Instrument 

was used in this test with model no JBW – 300 

and energy ranging from 0 – 300 J and tested 

samples for impact toughness measurement as 

shown in Fig.11. 

References standards used for sample 

preparation was ASTM - E3, for etching was 

ASTM - E407. The representative samples of 

forgings of R.R: 1:1, 1.2, 1.4 and 1.8 were 

initially rough grinded using 150 grit grinding 

paper to remove hard scratches. Then 

intermediate grinding was performed on 440 and 

800 grit grinding papers by rotating the direction 

of paper to eliminate scratches created by last 

grinding papers. At the end, fine grinding was 

done by using 1,200, 1,500 and 2,000 grinding 

paper. At the end of grinding, polishing was 

carried out on velvet cloth polishing lap using 

polishing agent of 0.1 microns particle size. After 

that all the samples were etched with 2% Nital 

solution to reveal the microstructure features. 

Tensile testing of samples was carried out on 

MTS – 810 machines. Extension speed was 

maintained at 2 mm/min during test. 

Extensometer was attached to specimen to 

measure the displacement. The load-

displacement data obtained for each specimen 

was converted to plots of stress-strain and were 

evaluated to evaluate mechanical properties as 

shown in Fig.12. 
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Fig. 11: Impact test performed on R.R: 1:1, 1:2, 

1:4 & 1:8 

3. Results and discussion 

An extraordinary upsurge in the hardness 

outline in the as cast as well as in post heat 

treatment (PHT) conditions is observed by 

growing the hot forging reduction ratio. The 

hardness increase and the toughness decrease 

as the hot forging reduction ratio increase 

from 1.0 to 1.4. It is also observed that the 

hardness of as cast sample increases from 

117 HB to 284 HB by increasing reduction 

ratio from 1:1 to 1:8. Hardness, in the case of 

annealing increases from 109 HB to 160 HB, 

in case of normalizing increase from 111 HB 

to 183 HB and in the case of quenching 

coupled with tempering, increases from 115 

HB to 274 HB by increasing reduction ratio 

from 1 to 8. It is also observed that hardness 

of samples can be reduced by annealing 

process and other PHTs. 

 

Fig.12: Tensile Tests performed on various 

reduction ratios 

Normalized sample has more hardness than as 

compared to annealed one. It is also evident from 

the results that very little increase in hardness has 

been observed by increasing reduction ratio from 

1:4 to 1:8. 

From the above-mentioned results, it is cleared 

that hardness increases by increasing hot forging 

reduction ratio as shown in Fig.13.  

Literature explains the reasons behind such 

trends that this is due to the high defect structure 

attained with higher reduction ratio in the post 

heat treatments and when hot forging was carried 

out at 1200ºC using mechanical press with 2-ton 

capacity, an increase in alloy hardness was 

observed [4]. 

Table 2: Results of Brinell hardness Tests 

Process 

Brinell Hardness (HB) 

1:1 1:2 1:4 1:8 

As Forged 117 135 264 284 

Annealed 109 111 147 160 
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Normalized 

with 

Tempered 

111 121 180 183 

Oil 

Quenched 

with 

Tempered 

115 125 263 274 

 

This may be clarified based on the combined 

effect of deformed structure and strain hardening. 

Results of the present study also strengthened by 

the results revealed in the previous research that 

increases in the hardness was observed for both 

the cases i.e., TMT (360 HV to 433 HV) and 

TMT plus hardened conditions (366 HV to 393 

HV) by increasing reduction ratios (from 1.11 to 

1.29) [5].  

Post heat treatments produce a significant effect 

on the hardness of the material. After heating the 

sample above recrystallization temperature until 

complete transformation to austenite, sample is 

furnace cooled in case of annealing which soften 

the material and reduces the hardness. In case of 

normalizing, sample is air cooled after heating up 

to recrystallization temperature which increases 

the hardness. Similarly, in case of quench 

tempering, sample is rapidly quenched in oil or 

water bath which produce martensitic 

microstructure and enhances the hardness.  

 

Fig.13: Trend of variation of Hardness (HB) vs 

reduction ratios  

 

Opposite trend as compared to hardness is 

observed in case of impact toughness when 

forging is carried out at similar reduction ratio. In 

annealed and normalized alloys, the annealed 

sample shows higher toughness levels than do the 

normalized one at the same reduction ratios. The 

Impact value in the annealed alloy is higher than 

the normalized and quenched samples up to R.R 

1:2. This may be clarified based on the quantity 

of dislocation density produced. From the results, 

it is observed that value of Impact Toughness (J) 

decreases from 35 J to 25 J as R.R increases from 

1:1 to 1:8 in case of as cast sample. In case of 

annealing, value decreases from 39 J to 33 J, in 

case of normalizing with tempering, value 

decreases from 37 J to 29 J and in case of 

quenching with tempering, values decrease from 

38 J to 35. It is also observed that deviation in 

Impact Toughness from R.R 1:4 to 1:8 is higher 

as compared to 1:1 to 1:4. It is also revealed that 

toughness value increases by post heat 

treatments. Quenching with tempered process 

reveals better toughness properties as compared 

to annealing and normalizing. [6]. 

Table 3: Results of Impact Strength (J) 

 

Process 

Impact Toughness (J) 

1:1 1:2 1:4 1:8 

As Cast / 

Forged 
35 33 28 25 

Annealed 39 38 36 33 

Normalized 

with 

Tempered 

37 36 33 29 

Oil 

quenched 

with 

Tempered 

38 38 37 35 

 

From the above-mentioned results, it is cleared 

that toughness decreases by increasing hot 

forging reduction ratio. Literature explains the 

reasons behind such trends that this is due to the 

high defect structure attained with higher 

reduction ratio in the post heat treatments and 

when hot forging was carried out at 1200ºC using 

mechanical press with 2-ton capacity, a decrease 

in alloy toughness was observed. This may be 

clarified based on the combined effect of 

deformed structure and strain hardening. Results 

of the present study also strengthened by the 

results revealed in the previous researches  that 

decrease in the Impact Strength was observed for 

TMT (10 J to 8 J), TMT + Annealed (182 J to 161 

J), TMT + Normalized (54 J to 40 J) and TMT + 

529



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

7 
 

Hardened (69 J to 62 J) by increasing reduction 

ratios (from 1.11 to 1.29) [5] . Post heat 

treatments produce a significant effect on the 

Impact Strength of the material. After heating the 

sample above recrystallization temperature until 

complete transformation to austenite, sample is 

furnace cooled in case of annealing which soften 

the material and increases the Impact Strength. In 

case of normalizing sample is air cooled after 

heating up to recrystallization temperature which 

increases the Impact Strength but less than as 

compared to annealing. Similarly, in case of 

quench tempering, sample is rapidly quenched in 

oil or water bath which produce martensitic 

microstructure and enhances the Impact Strength 

as close as in the case of annealing [6]. 

 

Fig. 14. Impact toughness of samples with 

different reduction ratios 

Increasing the hot forging reduction ratio also 

produce a significant effect on tensile strength. It 

can be clarified due to the high defect structure 

obtained with higher reduction ratio in the PHT. 

From the results, it is observed that value of 

Tensile Strength (MPa) increases with increasing 

reduction ratio. It increases from 964 MPa to 

1088 MPa as R.R increases from 1:1 to 1:8 in 

case of as cast sample. 

Table 4: Results of Impact Strength 

Process 

Tensile Strength (MPa) 

1:1 1:2 1:4 1:8 

As Cast / 

Forged 
964 989 1080 1088 

Annealed 915 967 1068 1074 

Normalized 

with 

Tempered 

929 978 1076 1079 

Oil 

Quenched 

with 

Tempered 

1029 1058 1117 1120 

 

In case of annealing, value increase from 915 

MPa to 1074 MPa, in case of normalizing with 

tempering, value increases from 929 MPa to 

1079 MPa and in case of quenching with 

tempering, value increases from 1029 MPa to 

1120 MPa. It is also revealed that strength value 

decreases by annealing process while increases 

by normalizing and quenching process.  

 

Fig.15: Trend in variation in Tensile Strength 

(MPa)  
 

From the above-mentioned results, it is cleared 

that Tensile Strength increases by increasing hot 

forging reduction ratio. This can be explained 

due to the increase in hardness and high defect 

structure attained with increasing reduction ratio. 

This can also be clarified based on the combined 

effect of deformed structure and strain hardening. 

Post heat treatments produce a significant effect 

on the tensile strength of the material. During 

annealing process, sample is heated above 

recrystallization temperature until transformation 

to austenite completed and then sample is furnace 

cooled which causes the refinement of the 

microstructure and decrease in the tensile 

strength. In case of annealing, the 

microstructures become coarser which increases 

the tensile strength slighter than annealing. 

Correspondingly, in case of quench tempering, 

sample is rapidly quenched in oil or water bath 

which produce martensitic microstructure which 
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enhances the tensile strength more than any other 

post heat treatment process. 

Fig.16 showed microstructure of different 

reduction ratio forged samples which indicate 

presence of dendritic structure of as cast samples, 

material shows high strength and hardness 

properties. This structure is never recommended 

for practical application due to its brittle 

behaviour, which can’t bear excessive and 

repeated loading conditions. Post heat treatments 

are frequently recommended to improve the 

mechanical properties [7] 

It is clearly depicted that as the reduction ratio 

increases size of the grain reduces which 

increases the hardness as well as tensile strength 

but reduces toughness [8]. Hot working during 

the thermo mechanical treatments accelerates the 

recrystallization and grain refinement rate which 

leads to a sharp increase in hardness and strength. 

However, it is observed that hot working prior to 

austenitization has a significant effect on the heat 

treatment and mechanical behaviour of the 

samples. This seemingly leads to 

recrystallization and grain refinement of the 

microstructure. Hot working can affect the 

annealing attitude of low alloy steels. Alloy 

toughness increase and alloy strength decreases 

by annealing while microstructure is refined, and 

mechanical properties of alloy improved by 

normalizing. On the other hand, quenching with 

tempering process also produce excellent 

mechanical properties due to presence of 

martensitic and bainitic structure. 

 

Fig.16: Microstructure with resolution of x600 of 

as cast / forged sample with reduction ratio: a.1:1, 

b.1:2, c.1:4, d. 1:8  

4. Conclusions 

Following conclusions are revealed from present 

research work: 

 Increase in hot forging reduction ratios 

produce a significant impact on mechanical 

properties of 42CrMo4. Hardness and 

Tensile strength show a directly proportional 

behaviour with each other (up to hot forging 

reduction ratio 1:1 to 1:8). Hardness and 

Impact strength shows inversely proportional 

behaviour with each other (up to hot forging 

reduction ratio 1:1 to 1:8). Value of hardness 

can be increased by increasing forging 

reduction ratio. Tensile strength also 

increases with increase in reduction ratio up 

to 1:8 (14 ~ 15 %), but it shows little 

improvement after the ratio 1:4 (i.e., only 0.7 

%). Impact strength on the other hand 

decreases (up to 30%) as the reduction ratio 

increases. 

 Annealing process softens the metal and 

decreases the hardness (about 45 %) and 

tensile strength (about 5 %) but increases the 

Impact Toughness (about 30 %) from as cast 

/ forged samples. Normalizing with 

tempering process also decreases the 

hardness (about 35 %) and tensile strength 

(about 4 %) but increases the Impact 

Toughness (about 18 %) from as cast / forged 

samples. Quenching with tempering (Q + T) 

process on the other hand shows excellent 

mechanical properties, which increases the 

hardness as compared to annealing (about 80 

%) and normalizing (about 50 %) but remain 

slightly less than of course as cast sample 

(about 5 %). Q + T process increases the 

tensile strength as compared to as cast 

sample (about 7 %), annealing (about 12 %) 

and normalizing (about 11 %). Q + T process 

also increases the impact strength as 

compared to as cast sample (about 40 %), 

annealing (about 6 %) and normalizing 

(about 20 %). 

 Increase in hot forging reduction ratio 

improves the mechanical properties, but it is 

not recommended to excessive increase the 

ratio. From the study it is concluded that 

increase in reduction ratio from 1:1 to 1:8 

shows increase in hardness (about 140 %) 

and tensile strength (about 17 %) but 

decrease in Impact Strength (about 30%). 

Excessive reduction may cause brittleness in 

the material because hardness increases only 

8 % and tensile strength increases only 0.7 % 

and Impact Strength decreases only 12% 

from RR 1:4 to 1:8. 
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 It is also concluded that quenching with 

tempering process shows better properties as 

compared to annealing and normalizing 

coupled with tempering process. 
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Abstract 

An inverted or flip classroom, where the mode of instruction is shifted from traditional classroom-based lectures 

to video lectures, is a method that can enhance student learning abilities by providing them enough time for 

learner-centered activities such as active and problem-based learning. This study compared the effectiveness and 

outcome of the flip learning methodology to that of the traditional learning methodology. At the end of the study, 

student performance in the evaluation activities like exams and quizzes was compared. The content coverage was 

compared for both flip learning methodology and traditional classroom method. The student feedback survey was 

conducted to monitor the flip classroom activities and to consider their viewpoint about the flip learning 

methodology. The results show that the students with flip learning methodology performed well in evaluation 

activities and content coverage was not a problem, it allowed the instructor to cover more material. The results 

of the survey show that students favored the implementation of flip learning methodology in future courses because 

it helped them enhance their ingenuity and communication skills. 

Key Words: IC inverted classroom; flip learning methodology; blooms taxonomy

1.       Introduction 

There is a dire need to redefine the pedagogical 

techniques over the past 10 years [1] [2]. Even 

today the teaching community is still using old and 

traditional techniques which may hinder the 

development of ingenuity skills in the student. The 

idea of the flip classroom was devised by Jonathan 

Bergmann and Aaron Sams [3]. They introduced it 

as an inverse instruction methodology (IIM) or 

“flipped classroom”. It is a pedagogical technique 

in which the mode of instruction is switched from a 

group learning environment to an individual 

learning environment, the resulting environment is 

a more dynamic and interactive one where students 

can apply the guidelines given by the educator in 

their subject in an efficient way [4]. The concept of 

flipped classroom was based on the theory blooms 

revised taxonomy of the cognitive domain[5]. It 

consists of six levels of understanding, arranged 

from lowest to highest as shown in figure 1. 

Remembering: In this level, the student tries to 

memorize the ideas and the facts so that they can be 

used later 

Understanding: At this level, the student tries to 

create an understanding of the ideas and tries to 

summarize what he has learned. 

Applying: This level involves the practical 

implementation of the ideas for better perception 

Analyzing: This level involves the process of 

critically analyzing the ideas by discussing them 

with others 

Evaluating: This level involves the process of 

evaluation of the concepts that how much the 

student has learned 

Creating: This level involves the creation of 

something new by the application of learned ideas 

 

Figure 1 structure of blooms revised taxonomy of 

cognitive domain 

The flipped classroom is, in essence, an 

amalgamation of both face-to-face learning and 

distance learning including interactive activities, 

video lectures, and some online assessments. [6]. 

The traditional classroom involves the acquisition 
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of fundamental knowledge in class and its practice 

is done in an individual space (home) but in the case 

of the flip classroom, the knowledge is acquired at 

home and is practiced in class[7]. The flipped 

classroom or inverted classroom introduced the 

concept of video recordings of the lectures and pre-

availability of the course-related stuff for the 

students. It enabled the students to review video 

lectures as many times as they want and skip the 

stuff that they have already mastered. [8]. The idea 

of the flip classroom also allowed the students to 

carry the course content at a self-suitable pace 

because every student requires a different amount 

of time for the perception of an idea depending 

upon its ability to apprehend it[9]. The flipped 

classroom also involved the use of modern web-

based tools for the assessment of the level of the 

understanding of a student. The current research 

also suggests that vital factors like workload, 

availability of the course content, video lectures, 

and notes should be available pre hand so that the 

developed flipped classroom model can be 

exercised efficiently in the working environment 

[10]. The process of implementing the flip 

classroom is quite challenging for the instructor as 

well because it involves the preparation of the video 

lectures, notes, and developing an extensive study 

plan for the class, and most importantly the proper 

implementation of this study plan. One of the most 

significant things in this study is to have an idea of 

what students think of flip classroom 

methodology[11]. A feedback questionnaire is used 

for monitoring the flip classroom activities and for 

having student feedback related to the flip 

classroom methodology[12]. The survey includes 

questions related to the availability of the relevant 

material, understanding of the content, benefits of 

the flip classroom, whether students wish to 

continue in flip classroom mode or not, and the 

completion of the syllabus in time[13]. The goals of 

this study are to observe whether content coverage 

is affected by the inverted classroom. To make a 

comparison of the inverted classroom and the 

traditional classroom from the outputs of the 

students enrolling in the same course and taught by 

the same instructor. To get student reviews about 

the implementation of the inverted classroom. 

2.       Methodology 

A fluid mechanics course that is offered at the 

Mechanical Engineering department of the 

University of Engineering and Technology Lahore, 

Pakistan was used for this study. This course is a 

two-credit hour fluid mechanics-I course that is 

offered in the second year of the Engineering 

program. The course is taught for about sixteen 

weeks, twice a week. For this study, the course was 

offered to the students of the Automotive 

Engineering department and Mechanical 

Engineering at the same time and they were taught 

by the same instructor. For automotive engineering 

students, the traditional classroom methodology 

was used and for mechanical engineering students, 

the flipped classroom was used. The course was 

evaluated as per the following criteria: two quizzes 

(10% marks), mid-term exam (30% marks), final 

term exam (40% marks), and assignments (20% 

marks). The same course material was used for both 

automotive engineering students and mechanical 

engineering students. The flipped classroom 

students were supposed to prepare the assigned 

topic from home, and they were evaluated using 

various activities in the classroom. During this 

study, an online tool ‘Socrative’ was used for the 

evaluation of flipped classroom students. 

Generally, flipped classroom students have more 

time for discussion because they must prepare the 

assigned task from home, and in class, they have 

plenty of spare time. The students of both groups 

(automotive and mechanical engineering) were 

expected to do home assignments, read the 

textbook, and solve problems. One of the most 

important features of this study was to survey at the 

end of the semester. The purpose of this survey was 

to have student feedback on flip learning 

methodology. The survey consisted of questions 

related to the impact of the flip classroom on the 

learning skills of the students, content coverage, 

student understanding of the objectives of the 

course, and whether students prefer flip learning 

methodology over traditional learning techniques 

or not 

2.1     Traditional classroom 

Fluid mechanics course was offered to automotive 

engineering students in traditional lecture format 

(traditional classroom. A group of forty-seven 

students was offered this course. They had to attend 

45 minutes lectures twice a week. They were 

evaluated by their performance in the exams, 

quizzes, and assignments. There was generally less 

time available for discussion in traditional lecture 

format because most of the time was spent 

delivering the lecture. 
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2.2     Inverted classroom 

Fluid mechanics course was offered to mechanical 

engineering students in an inverted classroom 

format. A group of one hundred eighty-nine 

students was offered this course. They had to attend 

45 minutes lectures twice a week. They were 

evaluated by their performance in the exams, 

quizzes, and assignments which also includes class 

activities. The study material was provided to the 

students beforehand which include textbooks, video 

lectures, and slides, etc. They were pre-informed 

about the topic that they had to prepare from home 

and in the next class, their level of understanding of 

the topic was evaluated by a set of class activities. 

The class activities mostly include sample quizzes, 

and they were evaluated using an online teaching 

platform called ‘Socrative’. Students had plenty of 

time for discussion because of the flipped 

classroom. It was noted that students who studied 

under the flipped classroom environment were 

more prepared for exams and quizzes as compared 

to traditional classroom students. 

2.3     Traditional classroom 

The effectiveness of the flipped classroom can be 

determined by comparing factors like student 

perception of teaching, content coverage, 

performance in exams, quizzes, and assignments. 

The grade in each evaluation activity was recorded 

to compare the inverted classroom and traditional 

classrooms with one another. The policy devised by 

the department to evaluate the sixteen-week study 

of students included a pre-midterm quiz, pre-

midterm assignment, midterm exam, post-midterm 

quiz, post-midterm assignment, final exam, and a 

complex engineering problem.  

This structure was followed in both inverted 

classrooms and traditional classrooms but flipped 

classrooms had some additional activities like 

sample quizzes to evaluate the understanding of the 

topic assigned to the students. 

 These activities were evaluated using an online 

learning platform called Socrative and these sample 

quizzes were assigned some weightage in the final 

evaluation of the course. At the end of the course, 

the obtained marks of common evaluation activities 

in both learning formats were compared. For 

example, the midterm exam for both groups was the 

same so it stands as a good criterion for comparing 

the effectiveness of the flipped classroom. At the 

end of the course, a survey was conducted by the 

instructor to know the student's perception of the 

flipped learning environment. 

3.       Results 

3.1     Group similarity 

To identify the difference between the traditional 

classroom and flipped classroom a course of fluid 

mechanics was taught to two groups. The groups 

were named Mechanical engineering group and 

Automotive Engineering group. There were forty-

seven students in the automotive engineering group 

and one hundred and eighty-nine students in the 

mechanical engineering group. The mechanical 

engineering group studied the subject under the 

flipped classroom system and the automotive 

engineering group used the traditional classroom. 

The course was taught by the same teacher and the 

same books were used. For comparison, their 

achieved marks were compared. Before this study, 

statistical analysis shows that these groups are on 

the same ground. Obviously, for this analysis, their 

grade point average (GPA) was used. 

3.2     Content coverage 

More content can be covered in the flipped 

classroom as compared to the traditional classroom 

because students have to prepare for the topic that 

has been assigned to them from home so there is 

more time for discussion and more progress can be 

made in relatively less time. In the case of the 

traditional classroom, much time is required for the 

content coverage and discussion, less time is 

available 

3.3     Student exam performance 

To evaluate the effectiveness of the flip classroom, 

two groups were formulated. The groups were 

named Mechanical Engineering group and 

Automotive Engineering group. The mechanical 

engineering group contained one hundred and 

eighty-nine students while there were forty-seven 

students in the automotive engineering group. The 

first group studied the subject under the flipped 

classroom system and the automotive engineering 

group used the traditional classroom. At the end of 

the course, the results of each group were analyzed 

and compared with the results of other groups. 

Referring to figure 2 and figure 3, the marks of the 

overall performance of the mechanical engineering 

group were better than the automotive engineering 

group. The overall mean percentage marks of the 

mechanical Engineering group were 69.61% which 
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is greater than that of the automotive engineering 

group with mean percentage marks of 58.22%. The 

midterm exam was a common module in the 

evaluation of both groups and when the percentage 

marks of midterm exams for both groups were 

compared, it was observed that the mean percentage 

marks of the mechanical engineering group were 

greater than that of the automotive engineering 

group. In midterm exams, the average percentage 

marks of the mechanical engineering group were 

81.16% while that of the automotive engineering 

group was 65.56%. So, from the results of both 

groups, it can be seen that the performance of the 

mechanical engineering group was better as 

compared to the automotive engineering group. 

 

Figure 2 Exam performance bar chart for the 

automotive engineering group 

Figure 2 shows the performance of the Automotive 

engineering group in different evaluation activities. 

Each column represents different activities and the 

height of the column shows mean percentage marks 

in each activity. The mean percentage marks in the 

pre-midterm exam quiz for the automotive 

engineering group were 63.31% and in the midterm 

exam, the average was 65.56%. The mean 

percentage marks in the post-midterm exam quiz 

for the automotive engineering group were 53.29% 

and in the final term exam, the average was 49.86%. 

The overall mean percentage marks for the 

Automotive engineering group were 58.22%. 

Figure 3 shows the performance of the mechanical 

engineering group in different evaluation activities. 

Each column represents different activities and the 

height of the column shows mean percentage marks 

in each activity. The mean percentage marks in the 

pre-midterm exam quiz for the mechanical 

engineering group were 70.34% and in the midterm 

exam, the average was 81.15%. The mean 

percentage marks in the post-midterm exam quiz 

for the mechanical engineering group were 53.96% 

and in the final term exam, the average was 65.88%. 

The overall mean percentage marks for the 

Mechanical engineering group were 69.61%. 

 

Figure 3 performance bar chart for the mechanical 

engineering group 

The comparison of the results shows that the 

mechanical engineering group showed better 

performance in every evaluation activity. The 

students of the mechanical engineering group 

gained more percentage marks than the automotive 

engineering students in every module of the 

semester. Table 1 shows the results of both groups. 

Table 1 mean percentage marks for the 

mechanical engineering group and automotive 

engineering group in different modules 

Activity Mechanical 

engineering 
group 

Automotive 

engineering 
group 

Difference in 

performance 

Quiz 1 (pre-

midterm 

exam) 

70.34% 63.31% 7.03% 

Midterm exam 81.15% 65.56% 15.59% 

Quiz 2 (post-

midterm 

exam) 

53.96% 53.29% 0.67% 

Final term 

exam 

65.88% 49.86% 16.02% 

Overall mean 

percentage 

marks 

69.61% 58.22% 11.39% 

 

The results show that the mechanical engineering 

group outperformed the automotive engineering 

group in every module of the semester. The 

difference in the performance can be seen in table 1 
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3.4     Feedback survey  

 

Figure 4 Flip classroom survey results 

One of the most important parts of the study was to 

survey at the end of the study feedback on the 

implementation of the flip learning methodology 

and monitor the activities of the flip classroom. The 

survey had questions related to the enhancement of 

the learning skills of students, availability of the 

course content before the class, availability of the 

time for preparation of the lecture, and 

understanding of different topics. The survey 

included questions like whether flipped learning 

methodology should be used for more courses or 

not. Table 2 includes the list of questions asked in 

the survey. 

Table 2 Flip classroom survey questions 

                                 Survey Questions 

1. I feel more motivated to learn fluid 

mechanics course in a flipped classroom 

2. Pre-reading materials (i-Lecture/others) 

were available before the Flipped 

Classroom (FC) activity. 

3. Pre-reading materials and i-lectures were 

relevant for the Flipped Classroom (FC) 

activity 

4. Adequate time was provided to spend on 

the pre-reading materials before the 

Flipped Classroom (FC) activity. 

5. The activities during the Flipped 

Classroom (FC) session improved my 

understanding of the key concepts. 

6. More lectures should be conducted in the 

Flipped Classroom (FC) model. 

7. The instructor was able to engage me in 

the Flipped Classroom (FC) activity. 

8. The instructor was able to provide 

clarification on difficult concepts during 

the Flipped Classroom (FC) activity. 

9. The flipped classroom gives me a greater 

opportunity to communicate with other 

students 

10. The flipped classroom is more engaging 

than traditional classrooms 

11. I regularly studied the material provided 

for the flipped class 

12. The flipped class has not improved my 

learning of the relevant course 

13. I believe that I understand the content 

that has been covered so far in the class 

14. I believe that the learning objectives are 

clear 

15. I would recommend flipped classroom-

based learning over traditional learning 

methods 

 

The result of the survey is shown in figure 4, which 

shows how many students agree and disagree with 

a particular opinion or question. The result for each 
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question is represented in the form of a pie chart. 

The results from figure 4 show that most of the 

students favor the implementation of the flip 

learning methodology. The results also show that 

the course content was available before the class 

and enough time was provided for the preparation 

of the content. The students agreed on the fact that 

the instructor was able to engage them in the class 

and provided them with clarification on the difficult 

concepts. After the implementation of the flip 

learning methodology, the students learning and 

communication skills greatly improved and it 

provided them the opportunity to communicate 

more and more with other students. Most of the 

students studied the assigned topics regularly and to 

them the learning objectives were clear. Many 

students preferred the flip learning methodology 

over traditional learning techniques. 

4.       Discussion  

The results of the study suggest that flipped 

learning was effective. It helped the students to 

explore their subjects more proficiently. This study 

also highlighted the challenges and advantages of 

using a flipped classroom in an engineering course.  

One of the advantages of flipped learning flipped 

classroom is that it helps the instructor to cover 

more course content in relatively less amount of 

time. As we know that students must prepare the 

assigned topics and problems from the home, so a 

considerable amount of time is available in class for 

discussion. It may seem that it places an extra 

burden on the students but it is not the case because 

the study suggests that students require 

significantly lesser number of hours studying 

outside the classroom  as compared to the hours 

they spend in the traditional classroom[14] 

The instructor had to make sure the pre availability 

of the course-related material like slides, video 

lectures, and books to students so that it would not 

cause any inconvenience for them. The process of 

compiling the course contents is very demanding 

because it requires much time and hard work to 

make video lectures, slides, and finding the relevant 

material. 

The comparison of the performance of both groups 

was based on the marks they obtained in their 

exams, quizzes, and assignments. Their overall 

marks were compared and as well as the marks 

obtained in common pair of problems that were 

assigned to both groups. For example, the midterm 

exam for both groups were the same so it can be a 

good way to compare the performance of both 

groups. From the results, it was clear that the 

average marks of the mechanical engineering group 

(in which flipped learning methodology was used) 

in the midterm exam were higher than that of the 

automotive engineering group (in which traditional 

class learning format was used).  The overall 

average marks of the mechanical engineering group 

were greater than the average marks of the 

automotive engineering group. 

At the end of this study, a survey was conducted to 

have student feedback on a flip learning 

methodology. The results of the survey showed that 

the students were more motivated to learn in a flip 

classroom environment and they preferred that 

more courses should be offered using flip learning 

methodology in the future. Students felt that it has 

improved their learning process and it is more 

engaging than the traditional classroom. flip 

classroom provided students the opportunity to 

communicate with other students more frequently 

thus improving the level of understanding and 

communication skills. Another purpose of this 

survey was to monitor the activities of the flip 

classroom to make sure that pre-reading material 

was available, enough time was given for reading 

the material, the course content was covered, the 

instructor was able to clarify the key points and the 

most important of all that the learning objectives 

were clear.  The results from the survey suggest that 

students were in the favor of implementing flip 

learning methodology for more and more courses. 

5.       Conclusion  

The flipped learning methodology was applied to a 

fluid mechanics course in an undergraduate 

mechanical engineering program. The outcomes of 

this study were compared to the results of the same 

course offered to the students in a traditional 

learning format. The results of this study were 

promising as improvement in the performance of 

the students was observed in terms of both exams 

and problem-solving. Switching the mode of 

instruction from a group learning environment to an 

individual learning environment resulted in a more 

dynamic and interactive environment where 

students have much more time for discussion in 

class and content coverage is not sacrificed. A 

survey was also conducted to have student feedback 

on the implementation of the flip learning 

methodology and to monitor the activities of the flip 
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classroom. The results of the survey were in the 

favor of the implementation of the flip learning 

methodology in more and more courses because it 

helped them improve their learning abilities and 

communication skills. The purpose of the survey 

was also to make sure that the pre-reading material 

was available before the class, the content was 

covered properly and learning objectives were 

clear. 

The purpose of engineering education is to produce 

graduates with great problem-solving skills who 

can solve complex engineering problems, have 

strong engineering knowledge, and the ability to 

learn on their own. Flip learning methodology plays 

a great role in engineering education by developing 

the ingenuity skills of the student that help them to 

think out of the box and come up with great ideas 

to solve the problems 
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Abstract  

The study is pertaining assessment of sustainability and survivability of lean production system in the ear of 

intense market competition. Where short lead time, customized production, high flexibility and customer 

integration are demanded. The companies around the world transforming the business processes to meet the pace 

and competitive advantage. Similarly, lean production system has limitations and needed transformation in the 

industry 4.0 paradigm. The conventional lean thinking may not serve the purpose of waste reduction in the current 

scenario. This study is pertains to assess the current practices and challenges faced by the industries related to 

lean production system. Therefore, an industrial field study has been conducted to evaluate the limitations and 

requirements to various manufacturing, textile, and automotive companies in Pakistan. The semi structured 

interviews have conducted with the randomly selected 50 participants during planned industrial visits. The results 

have shown that most of companies practicing the conventional lean production system, having limitations at 

operational level. Consequently, the adverse impact on business processes and multiple challenges has been 

evaluated have major hurdles to transform the system in Industry 4.0 paradigm. This study will be the starting 

point to develop the transformation framework for lean production system in Industry 4.0 paradigm. The industrial 

experts and decision maker will be benefited from this study to design the new production system.   
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1. Introduction  

Problem: Lean production is famous to reduce the 

cost, time by reducing all type of waste during 

manufacturing processes. But now it has some 

limitations in present competitive market and 

customer demand. Now every factory has a goal to 

increase the productivity at any cost to meet 

customer and market demand. The waste free 

products, in time delivery and customized 

production are vital for market access and 

competitiveness. Therefore, transparency is 

required in each & every process of manufacturing 

at every level of system. This only achieved by 

monitoring the real-time e.g. energy consumption 

at every peer of system, which will help to estimate 

the cost of processing and system efficiency [1]. 

Solution of the problem: Industry 4.0 is the fourth 

industrial revolution which aims to enhance the 

productivity, competitiveness, transparency, 

quality, precision and lead time reduction [2]. 

Global-top rank enterprises, European companies, 

are inspired to introduce industry 4.0 to their 

manufacturing industries. Smart 

manufacturing trajectory is impressive in terms of 

its success. Automotive industry gets the lead to 

implement Industry 4.0. Car manufacturers are 

now aiming to provide the connected services to 

their value customers. These connected services 

provide the driver less, cyber-controlled and 

satellite connectivity services. This concept is 

depleting the boundaries between IT sector and 

automotive sector. As projected by 2020, 

a market worth of smart cars will be 160 billion 

dollars–four folds in size that of market volume in 

2015-16 [3]. In Germany, research institutes such 

as DKFI, VDMA and the Smart Factory & 

Artificial Intelligence Institute are major 

technology collaborators with various car and 

industrial equipment manufacturers namely 

BMW, Audi and BOSCH etc. 

Global context: Consider the case of Germany, 

implementation of industry 4.0 technologies, it is 

estimated that Gross Domestic Product (GDP) will 

hike up to 23% means 78.77 billion Euros from 

2013 to 2025 [4].  

Problem in the solution; The integration of Lean 

and Industry 4.0 is challenging as the greatest 

limitation is absence of any understandable 

architecture or framework to make these paradigm 
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interoperable [5]. The consideration of industry 

4.0 implementation is not to only digitize the 

production process using high investment. This 

technology acquisition must not for the purpose, 

process is out of control and full of waste [6]. So, 

the non-existence of any comprehensive 

transformation framework is attributed as the 

research gap.     

Propose solution: The current study has proposed 

the implementation and transformation framework 

for integration of lean production system (LPS) 

and Industry 4.0.  

Advantage of solution: The proposed framework 

has both practical and theoretical implications. It 

has unique contribution in the form of practical 

implementation guide to transform the lean 

production system and consequently, enhance the 

flexibility, quality, productivity and output. It will 

facilitate the management for batter decision 

making regarding investment options to adopt new 

technologies.     

The current study is the initial part of 

transformation framework development for LPS 

and Industry4.0. It pertains to the industrial field 

study to assess the need of transformation 

framework and LPS current practices. A 

questionnaire has been develop to frame the 

questions related to the LPS challenges, adoption, 

limitations and correlation of with industry 4.0.  

The current study has been comprise of following 

sections: 1) Introduction and motivation of the 

LPS transformation 2) systematic literature 

review, 3) research methodology, 4) results and 

discussion, and last but not the least 5) conclusion.    

2. Literature Review  

The systematic literature review has been 

conducted to get the relevant research papers, 

reports, conference papers, books and review 

papers. The literature has been downloaded from 

the famous online databases like Google Scholar, 

Web of Science, Scopus and Science Direct. The 

key words used to search this literature are lean 

production system, Lean manufacturing, Industry 

4.0, Lean production system & Industry 4.0, smart 

manufacturing etc.  

2.1 Lean Production System  

The Toyota Production System (TPS) has used the 

core idea of lean; to minimize the use of space, time, 

cost, inventory, resources and labor in production of 

valuable products for valued customers and has 

achieved worldwide fame [7]. Lean attributed as 

minimizing use of recourses (time, cost, energy etc.) 

and maximizing production of reliable products as 

per quality standards. Lean production has gained 

the fame worldwide after the tremendous success of 

Toyota's lean philosophy [8].  

But the eruption of World War II has a devastating 

affect the Toyota Company and lead to a savior 

financial crisis. The reason was the disruption of 

production create the challenge of unsold products 

and a high level of inventories. New and efficient 

manufacturing systems required to be developed in 

order to create a fresh manufacturing approach to 

get lead from rivals like Ford and General Motors 

(GM) in Japan’s auto manufacturing sector. 

Therefore, they learned German' Produktionstakt' 

by Focke-Wulff aircraft, or' Takt Time.' Taiichi 

Ohno has been adding two mantras to Toyota, i.e. 

producing tiny batches first and giving clients a 

variety second. He received that concept, where 

Henry Ford produced a big scale model and sales 

fell. Alfred Sloan, on the other side, produced a 

number of GM products. Western car 

manufacturers only want to generate big and 

economical scales [9]. Ohno’s major goal is to 

waste minimization that leads to cost reduction. 

Then it becomes part of the renowned TPS.  

When Ono in Toyota launched lean production in 

the 1950s, it is a collection of various synchronized 

production techniques and guidelines. The method 

was developed as a manner of organizing 

manufacturing systems and their components to 

achieve brief lead times with minimum expenses 

and the greatest quality possible [10]. The 

foundations of TPS were Sakichi's loom, which he 

outlined in his book just in time (JIT). He leads 

teams to bring together the parts required to ensure 

a quick approach to the installation [10] . Since 

then, the firm introduced the new manufacturing 

system. To adapt to the new changeover procedure, 

Ohno had to create the machinery. JIT played a 

main role in attaining the lean targets: improving 

continuously, reducing waste. As a result, JIT is all 

concerned with low inventor rates, quality 

manufacturing, better timing, and brief client 

reaction. JIT word is usually taken as Lean but not 

as Lean production. This is only a philosophy. A 

mixture of Kanban, Kaizen, and Muda is where 

lean manufacturing is. However, the primary 

objective of JIT was not to reduce inventory. It was 

only an outcome [11]. The production of high-

quality products began when JIT was used in US 

manufacturers. Lean aims at reducing waste and 

client value. Lean has two goals. Muda is a 

Japanese term for wastes that are described directly 

as a matter of use resources but not value driven.  
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Currently, competition is increasing, and lean 

production will approach its maximum if it is not 

adjusted to competitive pressures. There are some 

methods to adjust capacities with suppliers, e.g. in 

[12] and [13]. But order-oriented manufacturing is 

in any event necessary. Lean manufacturing is 

perfect for a variety of products in large batches. 

But Lean production is at odds with the fact that its 

set manufacturing ranges and set time cycles are 

used to personalizing individually required 

products. When lean production / TPS was founded 

in the 1950s, computers could not be integrated into 

or independently produced. Furthermore, the TPS 

modifications in manufacturing schedules or 

inventories require serious Kanban card 

adjustments [14]. Modern, lean production systems 

have some limitations: (1) lacking comprehensive 

information, (2) planning of resources and 

decision-making, (3) dynamic optimization, value 

proposition and integrate-ability and (4) lack of 

real-time capabilities of flexibility, adaptability and 

reconfigurability [15].  

2.2 Industry 4.0  

The limitations of LPS can been addressed in the 

paradigm of Industry 4.0 [16]. The author has 

observe that the JIT as famous LPS tool shown 

significant improvement in waste reduction, 

increase quality and streamlined processes by 

introducing Industry 4.0 technologies like Internet 

of things (IoT), cyber physical system (CPS), 

augmented reality (AR), Big Data and RFID [6]. 

Same way the conclusion of the project between 

Bosch and TU Braunschweig, that the information 

transparency can been gained by integrating VSM 

tool with Big Data architecture [17]. So, the 

modernization of technological landscape and 

disruption of sophisticated technologies in fields of 

Information & communication systems and 

development of new knowledge areas artificial 

intelligence , data management and image 

processing.,  push in to new digital age called 

Fourth Industrial Revolution or Industry 4.0, which 

envisage to adopt the self-controlled and 

autonomous production system [18, 19]. The 

author in [20] describes that by virtue of Industry 

4.0 computer integrated manufacturing gets more 

robust and intelligent which total beautify the face 

of manufacturing technology. A collection of 

knowledge and comprehensive network 

communication of computers and their modules 

further drives the system. The new technologies 

alter the entire industry working environment [7]. 

4th industrial revolution (I4.0)/or smart 

manufacturing is a technological development that 

works on cyber-physical devices (CPS) and 

integrated smart devices networks [21]. It is the 4th 

manufacturing revolution on the Internet of Things 

and Services. Decentralized intelligence is a fresh 

element of manufacturing. This developed an 

enormous network of smart networking and 

autonomous, embedded true and virtual system 

governance [22]. I4.0 shows a distinct concept shift 

only as a result of technological developments, 

from centralized to decentralized manufacturing. 

The machining idea is changing in the future. 

Production logic jumps at various levels. A device 

usually works and furnishes as an item a 

workpiece. However, with democracy, a product 

can interact, and the computer will know what to 

do. A fresh age with connective integrated system 

development and intelligent manufacturing will be 

developed. This shift will impact the entire 

company and value chain [23]. 

The fourth revolution is Industry 4.0. Mostly a 

blend of fresh technology and manufacturing 

additives. We look forward always to further 

modifications that will create things much easier 

than before. The sector is a cornerstone of 

globalization [24]. It is the instance of all three 

revolutions. The industry is following this path to 

improve lives for human humans by offering much 

greater performance of daily requirements for the 

first to the third revolution. However, today's need 

makes the item environmentally friendly and 

sustainable. And there is somehow a lack of the 

present paradigm [25]. 

3. Research Methodology  

Current research is exploratory in nature and 

emphasize primarily to explore the need of 

transformation framework for integration of lean 

production system in industry 4.0 paradigm.  The 

research methodology adopted to conduct 

industrial field study has been shown in the Figure 

1. Semi structured interview via questionnaire is 

attributed as the most suitable way to conduct the 

qualitative research. Initially, a comprehensive 

literature has been conducted to get the clear 

understanding about the LPS and Industry 4.0 

paradigms. It has been further extended to know 

about the limitations of LPS, applications of 

industry 4.0 and correlation of these both. The 

exploration from the literature has facilitated to 

identify the research gap as cited in the Section 2 

of this study. Later on the industrial visits has been 

planned and conduct the interview with the 

industrial experts, top
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Figure 1. Steps Adopted to conduct the industrial field study 

management, decision maker, lean practitioners 

and AI experts of Pakistani industrial sector. The 

industries like manufacturing, textile, steel and 

automotive are included in selected list. In total 12 

industries (as in Table 1) have visited and overall 

50 face to face interviews were carried out with 

lean experts, general managers, IT experts, 

production manager, chief technical officer, 

Engineers and consultants as in Table 2 

Table 1. List of Companies selected for visit 

S.

# 

Company Name 

1 Style Textile, Pvt. Ltd, Pakistan  

2 Sadaqat Textile, Pvt. Ltd, Pakistan  

3 KSB Pumps, Hassan Abdaal, 

Pakistan  

4 Precision Engineering Complex, 

Pakistan  

5 EcoPack Ltd. Pakistan  

6 Pakistan Ordinance Factory, Pakistan  

7 Qadri Group of Companies, Pakistan  

8 Heavy Industry Taxila, Pakistan 

9 Heavy Mechanical Complex, 

Pakistan  

10 Coca Cola Pvt. Limited  

11 Atlas Honda Pvt. Ltd. Pakistan  

12 Nishat Hundayi Pvt. Ltd, Pakistan  

The industrial coordinator facilitated in random 

selection of participants with diversify and variable 

experience level from middle management to top 

management.  So, it is certain that the interviewees 

are the true representation of each industry. The 

main purpose to conduct the case study was got the 

insight of LPS and room for further improvement to 

develop the robust framework.  

The framed questions were in line with the major 

issues identified from the literature review. The 

framework of questionnaire for industry field study 

has been shown in Figure 2. Snapshot of few 

questions 

Table 2. List of sample respondents 

Job Title Experience 

General Manager  12 

Production Manager  7 

Chief Technical Officer  15 

Consultant  10 

IT Manager  7 

Managing Director  20 

Director  15 

is as follow:  

1. Do you think the current form of Lean 

Production system has some limitation in 

modern day industrial requirements? If yes 

kindly point out the major limitations of LPS? 

2. Do you feels that the limitation of LPS has an 

adverse impact on the performance of 

enterprise? What is the cost an enterprise paid in 

the presence of these limitations? 
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3. Do you wish to transform the LPS with the 

modern technologies or adjustment needed? If 

yes why your organization will transform the 

LPS kindly pick the rationale? 

4. Do you think a comprehensive LPS 

transformation framework needed in your 

organization? If yes what type of features you 

expecting?  

Questionnaire Framework related to 

major Issues 

Identify the 

Lean Production 

System (LPS) 

Limitations

The current 

practice of Lean 

Production 

system in 

Enterprise 

Decision 

Making of Lean 

Production 

System 

transformation  

Industry 4.0 

Paradigm 

Requirements of 

Lean Production 

system 

Transformation 

Challenging to 

Lean Production 

System 

Transform 

Major Limitation of LPS

Adverse impact of 

limitations 

Which LPS tools in use? 

Need of transformation 

Framework? 

Why LPS 

transformation ? 

How the need be fulfill? 

Where and What needed 

to change? 

Is technology and 

characteristics lagging?  

Challenges related to 

system change ?

Current Status of 

Industry 4.0 

technologies?

Use of data collection ?

Type of data collection ?

Correlation of LPS and 

Industry 4.0 principles  

Which ICT technology 

used for Lean 

Production?

AI and IoT use for 

Quality Management ?

What the Characteristics 

need from Industry 4.0 ?

Factors involved in 

decision making?

a b

f

e d

c

 

Figure 2. Questionnaire framework for Industrial field study

4. Results and discussion  

The consolidated results from selected 

responses have been discussed in the section. It 

has been revealed form the question related to 

current limitations of the current form of lean 

production system. All the respondents know 

the fact that LPS has many limitations to manage 

the current global market demand. The Figure 3 

provides the true depiction of possible 

limitations lean production system. The major 

limitations of LPS are the lack of mechanism to 

sustain the lean practices by the workers, limited 

data analysis and decision making capacity, 

inefficient customer integration and lack of real-

time visibility & monitoring. Among all the 

limitations 18% respondents point out that LPS 

has limited data analytics and decision making 

capability and attributed as the major limitation. 

The second most problematic limitations are the 

lack of customer integrations (16%) and lack of 

mechanism to sustain the lean practices (16%) 

with workers dependency. With 13% weightage 

limited ICT integration and slow response 

capacity are third most important limitation of 

LPS. It has been deduced from the results that 

with manual practices without ICT intervention. 

The customer integration, slow response and 

lean practicing are not up to the mark. So it is 

important to reduce these limitations, 

information & communication technologies 

must be used to make the processes automated 

and autonomous. 
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Figure 3. Limitation of Lean Production System identified from Industrial field study

The limitation of lean production system may 

lead to the adverse impact or loss in business and 

operational prospect. To evaluate this issue, 

question related to invisible and intangible cost an 

enterprise has paid in the presence of LPS 

limitations. The responses have been recorded in 

the Figure 4 to show the adverse impact in 

enterprise. The LPS has negative impact on the 

operational flexibility, quality, delay in service 

and customized production. All the respondents 

admit the fact that LPS with limitations has 

adverse impact on the business processes. They 

point out many issues facing the enterprise, The 

most challenging issues they faced the less 

operational flexibility and loss of customized 

production with weightage of 15% and 14% 

respectively. These issues may lead to cost of 

quality and less productivity with proportion of 

13% and 12% respectively. Similarly, the delay 

in service delivery and less quality may impact 

the profit of enterprise. So, it is important to fix 

these issues to get the competitive advantage. The 

system integration and streamlined process much 

used to transform the LPS.

 

 

 

Figure 4. Impact of limitations of Lean Production system 

 

An important question raise regarding 

improvement requirements, as the losses bear by 

the enterprises in the presence of LPS limitations. 

The motive and requirements to improve the LPS 

has been evaluated and shown in Figure 5. The 

response of participant during interview session 

related to this particular question shows the 

interest and importance of LPS improvement. All 

3% 5%

11%

5%

16%

16%

13%

18%

13%
LIMITATIONS OF LEAN PRODUCTION SYSTEM 

Inefficient to support the lower life cycle

Difficult tom manage production with shorter

lead times
Lack of real-time visibility and monitoring

Lack of systematic framework for real-time

control mechanism
Lack of mechanisms to sustain the lean

practicing.
Inefficient customer integration

Slow response capacity

Limited data analysis and decision making

capability
Limited ICT integration

7%

13%

14%

12%

10%
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10%

15%
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Delay in service delivery
Cost of quality
Loss of customized production
Less productivity
Less Profit
Energy loss
Less Transparency
Less Quality
Less operational flexibility
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industrial participants have emphasized the 

improvement for various factors. These factors 

are real-time capabilities, more flexibility, less 

human intervention, ICT backed system 

integration, autonomous control and to enhance 

the changeability of production. The relative 

importance of these improvements are varied as 

the 10% proportion each pertains to the 

autonomous control and reduce lead time 

respectively, enabled with real-time capabilities. 

Same is the case with to enhance the 

changeability of production and to manage the 

dynamic demand have also consideration 

(7%+7%=14%) for improvement. The majority 

of the respondents 37% considered that the all 

enlisted improvements are essential to transform 

the LPS. Therefore, all the characteristics are 

important, the enterprises needed ICT integration 

to enhance the real-time capabilities and enable 

the less human intervention. The system then 

become more flexible and reduce the lead time to 

manage the dynamic demand enabling 

changeability of production.

 

 

Figure 5. Rational to improve the Lean Production System 

 

The enterprises may face challenges to improve 

the LPS as identified during literature review 

phase. These challenges has been evaluated by 

framed the question to the participants. The 

challenges have been enlist in the Figure 6.  

5%
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Figure 6. Challenges to transfer the Lean Production System 

 

The results depict the fact of challenges faced by 

the enterprises. The major challenges are lack of 

strategic vision (12%) and less flexibility (12%). 

The 8% proportion of each related to the changing 

market demand and no technology road map. The 

7% each proportion (equal portion) of the results 

point out the challenges of no continuous 

improvement, lack of automation, lack of 

management indent, less standardization and 

absence of systematic approach. Therefore, all 

these challenges are need to be addressed. The 

management should focus on the continuous 

improvement to make the system more flexible 

and autonomous. The share of profit dedicated on 

the innovation management. A comprehensive 

strategy may be formulated regarding technology 

road map and to promote the standardization 

culture  

The current practices of industries in the industry 

4.0 paradigm is important to assess. The role of 

artificial intelligence and internet of things need 

to be evaluated. The results obtained after the 

responses are quite surprising as shown in Figure 

7. As the most of industries are not practices 

Industry 4.0 in true sense. Most of the enterprises 

are not using modern concepts of quality 

management. Out of 50 respondents 37 have 

admitted that their enterprises are not using 

industry 4.0 technologies. Industry 4.0 

technologies like industrial artificial intelligence, 

virtual maintenance and predictive maintenance 

using intelligent systems are facilitating the LPS. 

The 6 respondents reveal that the virtual 

maintenance and Ai based inspection system has 

been in used. Therefore, to make the modern 

quality management system LPS need to be 

enabled with Industry 4.0 technologies.

 

 
Figure 7. Industrial Quality Management outlook in context of Industry 4.0
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5. Conclusion  

This study has been designed to assess the 

current LPS practices and challenges of various 

companies in Pakistan. The current study is the 

first step to develop the transformation 

framework for Lean production system in 

Industry 4.0 paradigm.  Many challenges, 

limitations and improvements, requirements and 

current practice has been evaluated. It has been 

assessed that the companies have not strategic 

vison to transform the system in industry 4.0 and 

the current practices of LPS are not in line with 

Industry 4.0. The results obtained from data 

collection and data analysis shown that LPS has 

multiple limitations in the form of less ICT 

integration, inefficient customer integration, 

lack of data analytics based decision making. 

These limitations have adverse impact on the 

business processes in the form of delay in 

service, less customized production, cost of 

quality, less productivity and less profit. The 

motive of enterprises to manage the limitations 

of LPS using autonomous control, real-time 

capabilities and changeability of production.  

Consequently, companies are relying on the LPS 

with limitations, so the quality, delivery time, 

customer integration and decision making have 

been compromised. Therefore, it recommended 

that Industry 4.0 technologies should be needed 

to enhance in the LPS.  

Current study has some time, scope and resource 

constraints. These limitations may be addressed 

in the extended version in future. The future 

work will be focused to get the more data 

collection and extend the detail of results and 

discussion pertains to remaining questions. This 

study will be helpful to develop the 

transformational framework of LPS in Industry 

4.0 paradigm 
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Abstract 

In today’s technological and competitive environment every manufacturer wants to incorporate advanced 

technology in their industry to make their manufacturing firm flexible enough to meet the customer requirements 

in terms of time, cost, customization, and quality. Additive manufacturing is a technique that is widely used for 

manufacturing a broad range of complex structures, models, and geometries from the data of three-dimensional 

(3D) models. It consists of printing continuous layers of material formed on top of each other to make a product. 

Currently, traditional manufacturing techniques are used to fabricate assistive devices for disabled people but 

the parts produced by these processes are of standard sizes having low levels of customization. In contrast, this 

project is mainly concerned with the AM fused deposition modeling technique which is an effective tool to produce 

high-level customized products quickly using desired parameters. In this research paper, assistive part (elbow 

crutch) designed and analyzed in PTC CREO parametric software using Poly-lactic Acid (PLA) and Acrylonitrile 

Butadiene Styrene (ABS) materials. Also, a prototype of the elbow crutch is manufactured using PLA material by 

fused deposition modeling (FDM) technique. 

Key Words: Additive manufacturing, Fused deposition modeling, CREO parametric, Customization, 

PLA material. 

1. Introduction 

Additive manufacturing is being used for 

generative or layer-oriented manufacturing 

which was initially introduced in the late 1980s 

as Rapid Prototyping (RP) technique. Nowadays 

it is not just a beneficial tool for making models 

and prototypes, but a manufacturing technique 

for the final product as well as for mold inserts 

[1]. The increasing demand of adapting the AM 

system over conventional manufacturing 

processes is attributed to many benefits including 

complex geometry manufacturing with high 

precision, efficient resource utilization, eco-

friendliness, easiness, design flexibility, and 

customization [2]. One of the most commonly 

used additive manufacturing technology for 

numerous applications includes FDM. Fused 

fiber material downfall on a drop-down base 

forms the basis of this process, which provides a 

chance to craft new materials and devices 

including composites [3]. Figure 1 shows the 

schematic diagram of FDM.  AM technology can 

create complex structures into a functional 

model. This model is made up of the FDM 

technique which is a widely used technology. 

Poly-lactic acid is regarded as a substitute for the 

existing material. Eco-friendly manufacturing 

and biodegradable properties are some of the 

chief attributes of PLA which is excessively 

needed for the manufacturing of new components 

through 3D printing. PLA act as a competitive 

material to ABS as well as  the manufacturing 

procedure is completely environment-friendly 

because of low emissions and wastes [4]. 

Additive manufacturing technology is ideal for 

the production of customized parts due to its 

flexibility in design [5]. The ability to modify and 

customize products to consumers is bringing 

remarkable value to the market and mass 

customization is being elevated to a high level 

with help of additive manufacturing. According 

to Mckinsey, research shows that when product 

customization is provided, sales are increased 

from 22 percent to 30 percent when customers 

550



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

agree to pay a 20 percent higher price [6]. In 

2020, in this pandemic situation of covid-19 

across the globe, engineers and scientists have 

contributed to the community and industries by 

developing ventilators, masks, and other medical 

equipment while using AM technology. With a 

concentration on polymeric materials, this 

research study  emphasizes the design and 

fabrication of customized assistive parts for 

disabled people while using 3D printing 

technology, which is rarely been used for the 

production of assistive devices. 

 

 
Figure 1. Schematic diagram of Fused deposition modeling (Alfred Sidambe, 2014) 

 

2. Methodology 

Complete methodology of the research study is 

shown in figure 2. However, this paper is mainly 

focused on the design and analysis of assistive 

part i.e. elbow crutch. According to the 

specifications and measurements of the elbow 

crutch its first model is generated in CREO 

parametric and then structural analyses is 

performed in the software for the same model 

using PLA and ABS materials. After the analysis, 

the modeled part is manufactured using ColiDo 

DIY 3D printer.
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Figure 2. Flow chart of the research study  

 

2.1. Material Properties of PLA and 
ABS 

FDM is mostly used for the manufacturing of 

polymers, composites, and thermoplastics with 

low melting points. However, sustainable 

polymeric materials with better mechanical 

properties are absolutely crucial for fused 

deposition modeling because mostly used 

polymeric materials for 3D printing, like ABS 

and PLA, do not fulfill the necessities required. 

ABS has competitive strength but emits an 

unpleasant odor during printing whereas PLA is 

eco-friendly but has weak mechanical properties. 

We have selected and analyzed PLA and ABS for 

3D printing FDM of elbow crutch. The different 

properties of PLA and ABS materials are 

compared in table 1. 

 

Table 1. Comparison of properties of PLA and ABS [7] 

S. No Properties ABS PLA 

1 Tensile Strength 27.0 MPa 37.0 MPa 

2 Elongation 3.50 - 50% 6% 

3 Flexural Modulus 2.1 - 7.6 GPa 4.0 GPa 

4 Density 1.0 - 1.4 g/cm3 1.30 g/cm3 

5 Biodegradable No Yes 

 

2.2. Part Modeling in CREO 

parametric 

Design and analysis of the part is carried out in 

CREO parametric software. For the analysis and 

3D printing of the part first we did modeling. The 

main commands used in designing of the part are 

circle, line, rectangle, fillet, sketch, extrude etc. 

For visual purpose and deeper understanding, the 

orthographic projections (dimensions in 

millimeters) of the part are also shown in figure 

3. While complete model of the elbow crutch is 

shown in figure 4.
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Figure 3. Orthographic projections of elbow crutch in Creo 

 

 
Figure 4. Complete model of the elbow crutch 
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2.3. Structural Analysis in CREO 
parametric 

In analyses, structural analysis is of more interest 

due to the reason that it can identify the effects of 

load applied on the structure. Structural analysis 

is the determination of the influence of the loads 

applied on parts and assemblies to avoid failure 

in its functionality and intended use. Color codes 

in structural analysis portray what can happen 

when the parts fail. It identifies the faults earlier 

in the design phase before manufacturing the 

product, speeds up the design process, and 

improves the quality of the product [8]. 

We performed the analyses for PLA and ABS 

materials by applying a load of 200N on the 

handle of elbow crutch. Following stresses were 

observed while keeping the part under the 

influence of 200N load. 

a) Von-mises stress 

b) Principle stresses 

c) Maximum displacement 

d) Strain energy 

After the analyses are performed, the results are 

shown for both materials namely PLA and ABS 

in figure 5 and figure 6 respectively.  The 

dynamic view of the part while performing the 

analysis is also shown in figure 7. 

  

 
Figure 5. Von-mises stress, displacement and maximum principle stress of PLA 

 
 

 
Figure 6. Von-mises stress, displacement and maximum principle stress of ABS 
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Figure 7. Dynamic view of the part in Creo 

 
 

2.4. Part Manufacturing 

The part designed and analyzed in CREO 

parametric is now ready for 3D printing. 

However, before 3D printing of the part, printer 

calibration is crucial because it impacts the 

printing quality. We have used ColiDo 3D printer 

for printing elbow crutch with Repetier-Host 

software package. The printing specifications of 

the 3D printer used are following: 

a) Print technology: Fused Deposition     

Modeling 

b) Layer resolution setting: 0.1-0.4mm 

c) Construction dimension: 

200*200*170mm 

d) Software package: Repetier-Host 

e) Filament diameter: 1.75mm 

f) Nozzle diameter: 0.4mm 

The designed 3D model is saved in .stl (stereo 

lithography) format and converted into printer 

command through Repetier-Host software and 

shared with 3D printer via USB cable. The 

extruder of 3D printer will heat up and melt PLA 

filament and push it out through nozzle to make 

three dimensional solid object layer by layer. The 

3D printed prototype of the elbow crutch is 

shown in figure 8.

 

 
Figure 8. 3D printed prototype of Elbow Crutch 
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3. Sustainability of Additive 
Manufacturing (SAM) 

AM has been rapidly advancing over the past 

decades. It displays high capability in 

minimizing the need for energy, waste reduction, 

and resource-intensive production techniques, 

which in turn lowers the material requirements in 

the supply chain and enables eco-friendly 

processes [9]. Sustainability in the design of 

customized assistive part is incorporated by 

efficient and wise selection of material, process, 

parameters, and by promoting: 

a) Efficient resource utilization 

b) Eco-friendly manufacturing 

c) Waste reduction 

d) Sustainable manufacturing 

Figure 9 illustrates the aspects of sustainability 

pillars in the context of SAM.  

 

 
Figure 9. Sustainability of Additive Manufacturing (Tau Peng et al, 2018) 

 

 

4. Results  

After modeling, the design of elbow crutch was 

analyzed in Creo parametric. Structural analysis 

of the model was performed for both materials 

PLA and ABS, by applying a load of 200N on the 

handle of elbow crutch. The applied load is less 

than the yield strength of both PLA and ABS 

materials. A prototype of the part was 3D printed 

using PLA material at 70 % infill and 0.3mm 

layer thickness. The results of structural analysis 

obtained for materials used PLA and ABS are 

shown in table 2.

Table 2. Comparative results of structural analysis of PLA and ABS 

S.No Analysis PLA ABS 

1 Max-displacement 0.250313 (mm) 0.360846 (mm) 

2 Max-stress principal 6.74019 (MPa) 6.76224 (MPa) 

3 Max-stress Von-mises 5.8937 (MPa) 5.88978 (MPa) 

4 Min-stress principal -4.84168 (MPa) -4.85117 (MPa) 

5 Strain energy  8.32018 (J) 11.9935 (J) 
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5. Conclusion and Future Prospects 

This research work was performed to model, 

analyze, and manufacture an assistive part using 

3D printing technology. The part was designed in 

CREO parametric and then the structural 

analyses were carried out in the same software. 

After that the part was 3D printed using ColiDo 

DIY 3D printer. It is concluded that customized 

and reliable assistive parts, complex geometry 

and sustainable products can be manufactured by 

using additive manufacturing technology.  

However, layer-by-layer appearance, low 

strength, and poor surface finish are some of the 

main shortcomings of additive manufacturing. 

Generally, the limitations of additive 

manufacturing can be seen as areas of 

opportunities and improvement. Thus, more 

research work is needed to analyze parameters 

such as layer height, infill density, build 

direction, and feed rate to enhance the surface 

appearance and mechanical performance of the 

3D-printed parts. 
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Abstract 

Improved performance characteristics (surface roughness and material removal rate) of machined parts are 

largely depended upon optimal combination of process parametric values and are requirement of modern age 

industries. The current study aims to optimize process parameters simultaneously by taking multi response outputs 

during turning of High Strength Low Alloy (HSLA) under Nano Fluid Minimum Quantity Lubrication (NFMQL). 

Taguchi based Grey Relational Analysis (GRA) method was employed for multiple response optimization. Taguchi 

L9 array was used for experimental design. Input process parameters used in this study were cutting speed (CS), 

feed rate (FR) and depth of cut (DOC) to get minimum Surface Roughness (SR) and maximum Material Removal 

Rate (MRR). Signal to noise ratios achieved from Taguchi method was converted in to grey relational grade (GRG) 

values for multi response optimization. Results revealed that optimal combination values using multi response 

optimization were level 1 (120 mm/min) of CS, level 1 (0.11 mm/rev) of FR and level 3 (0.8 mm) of DOC to 

minimize the SR and maximize the MRR simultaneously. Confirmatory tests confirmed that there was good 

agreement between estimated GRG and experimental GRG. Further, GRG value for performance characteristics 

was reasonably improved (12.8%) using Taguchi based GRA multi response optimization.   

Key Words: Surface roughness; Material Removal Rate; HSLA Steel; NFMQL; Multi response 

Optimization   

1. Introduction 

Recently, high strength low alloy (HSLA) steel 

parts are becoming progressively important in 

many aeronautical and automotive applications 

(aerospace engine parts and turbines etc.) because 

of its exceptional mechanical properties like: high 

toughness, strength and wear resistance [1]. 

Better quality and higher production are essential 

requirements for aeronautical and automotive 

industries and these attributes are obtained by 

improving surface finish and material removal 

rate during machining operations [2]. Different 

methodologies are adopted by researchers to 

obtain optimize these attributes like dry 

machining, flooded, minimum quantity 

lubrication (MQL) and nano fluid minimum 

quantity lubrication (NFMQL) [3-6]. Hence, 

lubrication must be present between workpiece 

and tool to avoid rise in temperature. A number of 

coolants: H20, Biodegradable vegetable oil, 

mineral oil, etc. are used as lubricants to lessen 

the friction during tool and work part [7, 8]. 

Minimum Quantity lubrication (MQL) method 

was adopted to overcome high cost and hazards, 

in which lubricants are used in very small 

quantities. The lubricant cost was reduced by 

using this method in which 25 to 30% of fluids 

are used as compare to flooded machining mode 

[3]. But cooling efficiencies obtained in flooded 

and MQL machining modes are very low [9]. 

Therefore, to boost the cooling efficiency of MQL 

method, nano fluids minimum quantity 

lubrication (NFMQL) technology is adopted. 

Commonly used nanoparticles are MoS2, SiO2, 

Al2O3, CNT, Nano-Graphite etc. [10-13]. Water 

based SiO2 nano fluids are produced by dispersal 

of nano particles in base cutting fluids that 

reduces temperature during cutting and enhances 

the thermal conductivity which eventually results 

better accomplishment of machining process [6, 

14].  

Aiming to achieve the high SR and MRR, 

appropriate process parametric values are need to 

be selected in turning process. Jena et al. [15] 

studied on optimization of turning conditions for 

AISI 4340. The estimated minimal 0.3368 µm 

surface roughness was achieved at CS of 211.52 

m/min, DOC of 0.5 mm, and axial feed of 0.06 

mm/rev via RSM technique. S.R. Das. et al. [16] 

optimized the turning  parameters during turning 

of HSLA 4340. FR was the utmost substantial 

factor (70%) for improving the surface finish 

trailed by CS (21.55%) and DOC (6%). Samanta 
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et al. [17] explored the performance of different 

cutting fluids i.e; Water, Coconut Oil and 

Mustard Oil in turning of aluminum Al 6061-T6. 

According to results, water was best cutting fluid 

to achieve high MRR and best surface finish. 

These results were achieved at FR of 75 mm/min, 

spindle speed of 1000RPM, depth of cut as low as 

0.5mm. X. bai et al. [8] worked on evaluation of 

different lubrication performance during 

machining. Authors listed Al2O3 and SiO2 as 

better and environment friendly additives in base 

machining fluid. Sharma et al. [6] observed the 

surface roughness while turning of AISI 1045 

under different machining environments (dry, 

flooded, MQL). The results showed that lower SR 

values were obtained under NFMQL mode. 

Another study [18]  on the turning of AA 6061 

revealed that performance characteristics were 

improved at FR 0.1 mm/rev, DOC 0.5mm, and 

spindle revolutions 1600 rpm. SR was decreased 

at low cutting speed. M. Amrita et al. [19] 

performed machining of AISI 1040 steel 

determined that  by comparing nano fluid based 

MQL mode machining results with conventional 

cutting fluid machining that improvement in 

surface finish (28%), tool wear (37%), cutting 

temperature (20%), cutting forces (50) were 

achieved under NFMQL mode of machining. 

Mohd Sayuti et al. [11] conducted research on the 

machining of hardened steel AISI 4140 material. 

A mixture of SiO2 nano particles was used in 

turning of steel AISI4140. According to the 

authors the improvement in SR was found under 

0.51% concentration in inorganic oil at low air 

pressure. Gangil et al [20] performed turning on 

Al-7075 and concluded spindle speed and DOC 

were supreme inducing factors for MRR. S. Singh 

et al. [21] reported work on finding the optimal 

process parameters to achieve maximum MRR by 

using Taguchi method. The research revealed that 

DOC was the major influencing factor then by CS 

and feed in machining of Aluminium alloy. Javid 

et al. [13] executed the comparative study to 

elaborate the performance of SiO2-H20 nano fluid 

machining. Better results were achieved under 

NFMQL mode as surface finish was improved by 

28,34 % times during NFMQL machining mode. 

The optimal parametric values were achieved as 

CS = 145 m/s, FR = 0.166 mm/rev, DOC = 0.90.  

According to previous studies, it was suggested 

that nanoparticles has enough potential to 

improve the machinability of different materials. 

Further, major parameters involved in turning 

processes were CS, FR and DOC that affect the 

performance features (SR and MRR). So, in 

current research, multiple response optimization 

of process parameters in turning of HSLA steel 

under water based SiO2 NFMQL method using 

Taguchi based GRA.   

2. Methods and materials 

In current study, High strength low alloy steel 

having chemical composition given in table 1 

was chosen due to its extensive applications in 

construction, automotive, aerospace and 

chemical industries. Material was cut from 100 

mm length rod in to 26 mm dia. and 60 mm 

length for experimentation. The turning 

operation has been performed using CNC turning 

center (Model: PUMA 2300) through coated 

carbide tool insert (CNMG 12 04 04) with cutting 

edge angle of 95⁰. For preparation of cutting 

fluid, 0.5% by weight of SiO2 nanoparticles were 

mixed in two liters of water having fix ratio of 

anti-corrosion element. Hence, 0.25 (weight %) 

solution of cutting fluid was managed for 

experimentation. Dispersion of nanoparticles in 

distilled water has been carried out in 200W 

sonification chamber followed by stirring 

process by using magnetic stirrer. The whole 

process has been accomplished for two hours to 

achieve full dispersal of particles to acquire 

homogeneous blend [22]. The whole setup of 

NFMQL was attached separately with the CNC 

machine having lubricant flow rate of 7.5 ml/lit 

and air pressure of 5 bar. Turning process with 

NFMQL setup is shown in figure 1 (a & b). 

 

(a) 

 
(b)  

Figure 1: (a) NFMQL turning process (b) Mist 

formation 

Cutting tool 

Work piece 

Compressed 

air pipe 

Fluid pipe 

Mist 
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Surface roughness was measured to evaluate the 

machined surface quality after each experiment. 

Mititoyo’s surface roughness machine (Model: 

SJ-410) was used to measure the SR value in 

micrometer. Three measurements were taken on 

different points of round bar and their average 

value was selected as final reading to reduce the 

error. Material removal rate is measured by 

several methods given in literature and books. 

But for current study, weights method has been 

employed and MRR was calculated in mm3/sec 

by formula mention in equation 1 [2] .       

             MRR =  
𝑊𝑖−𝑊𝑓

⍴∗𝑡
   (1) 

Where Wi and Wf are the weights of work piece 

before and after cut respectively. t is  processing 

time and ⍴ is the density of part.   

Table 1: Chemical Composition of HSLA steel 

S Ni P Cu C Cr Mn Si Fe 

0.025 0.08 0.02 0.05 0.22 0.70 1.0 0.5 Bal. 

2.1   Experimental scheme 

Taguchi L9 design was employed for designing 

the experiments. The Taguchi method is an 

utmost technique to increase product quality, 

certify technological novelty and enhance 

enterprise effectiveness. It is conducive to the 

development of quality products with low cost in 

a fairly small period of time by reducing the 

number of experiments [23]. Three kinds of 

quality features are used; smaller the better, 

nominal the better and higher the better 

depending upon once aim. In current study, lower 

the better case is desirable for SR and larger the 

better is for MRR, were employed by using 

equations 2 and 3.  

Smaller the better 

   𝜂𝑖𝑗 = −10𝑙𝑜𝑔10 [
1

𝑠
(∑ 𝑦𝑖𝑗

2𝑛
𝑗=1 )]   (2) 

Larger the better 

  𝜂𝑖𝑗 = −10𝑙𝑜𝑔10 [
1

𝑛
(∑

1

𝑦𝑖𝑗
2

𝑛
𝑗=1 )]  (3) 

Where, ηij is the jth S/N ratio of the ith run, yij is 

the ith run at the jth test, n is the number of 

repetition of same experimental run, and s 

represents the standard deviation.  

Input process parameters levels were chosen on 

the basis of literature and pre experimental trial 

runs to obtain better results. L9 experimental 

design and output responses are given in table 2.  

Table 2: Experimental Design (L9 array) 

Ex

p. 

No. 

Input Parameters 
Output 

Responses 

CS FR 
DO

C 
SR 

MR

R 

1 120 
0.1

1 
0.4 

0.3

9 
75.35 

2 120 
0.1

5 
0.6 

0.4

6 

180.5

2 

3 120 
0.1

9 
0.8 

0.7

4 

310.1

2 

4 145 
0.1

1 
0.6 

0.4

1 

161.9

9 

5 145 
0.1

5 
0.8 

0.5

7 

268.6

5 

6 145 
0.1

9 
0.4 

0.8

1 

186.3

8 

7 170 
0.1

1 
0.8 

0.5

5 

256.7

4 

8 170 
0.1

5 
0.4 

0.6

4 

145.6

2 

9 170 
0.1

9 
0.6 

0.8

6 

304.0

1 

2.2   Grey relational analysis (GRA) 

It is a judgement tool based on grey system 

theory initially established by Deng. It reduces 

the deficiency of Taguchi technique which is 

employed for optimization of individual 

responses by solving complicated inter relations 

of multiple performance characteristics [24]. By 

using GRA, optimization complicated 

performance characteristics is transformed into 

single grey relational grade. There are following 

steps involved in this method. 

2.3   Normalization of data 

This step involves in normalizing the raw data 

between ranges zero to one to reduce ambiguities 

in the results. This is also called data 

preprocessing. Generally three kinds of 

normalization namely smaller the best, nominal 

the best and larger the best are carried out to 

condense the data. To maximize the response 

larger the best approach and to minimize the 

response smaller the best approaches are 

employed [25]. Following three equations 4, 5 

and 6 are used for each approach such as  
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Smaller the better  

𝑥𝑖𝑗 =  
𝑚𝑎𝑥𝑗𝑦𝑖𝑗−𝑚𝑎𝑥𝑗𝑦𝑖𝑗

𝑚𝑎𝑥𝑗𝑦𝑖𝑗−𝑚𝑖𝑛𝑗𝑦𝑖𝑗
  (4) 

 Larger the better 

𝑥𝑖𝑗 =  
𝑦𝑖𝑗−𝑚𝑖𝑛𝑗𝑦𝑖𝑗

𝑚𝑎𝑥𝑗𝑦𝑖𝑗−𝑚𝑖𝑛𝑗𝑦𝑖𝑗
  (5) 

Nominal the better 

𝑥𝑖𝑗 =  1 −
|𝑦𝑖𝑗−𝑦|

𝑚𝑎𝑥𝑗𝑦𝑖𝑗𝑦
  (6) 

Where xij is normalized ith output value in jth 

experiment; yij is the measured ith response value 

in jth experiment; and y is the desired value. 

2.4   Coefficient of grey relational 
(CGR) 

Relationship between ideal and real trial 

consequences is described by coefficient of grey 

relational (CGR) [26]. It is calculated by using 

following equation (7) 


𝑖𝑗 =

∆𝑚𝑖𝑛+ς∙∆𝑚𝑎𝑥

∆𝑖𝑗+ς∙∆𝑚𝑎𝑥
  (7) 

 Where, 

∆𝑚𝑖𝑛= 𝑚𝑖𝑛𝑖𝑚𝑖𝑛𝑗|𝑥𝑖
0 − 𝑥𝑖𝑗|,  ∆𝑚𝑎𝑥=

𝑚𝑎𝑥𝑖𝑚𝑎𝑥𝑗|𝑥𝑖
0 − 𝑥𝑖𝑗|,  ∆𝑖𝑗= |𝑥𝑖

0 − 𝑥𝑖𝑗| 

Whereas  𝑖𝑗is coefficient of grey relational for 

jth experiment and ith response, ς denotes the 

identification coefficient (ς ∈ [0,1]), usually 

considered as 0.5 and 𝑥𝑖
0 is the ideal value. 

2.5   Grade of grey relational  

Grey relational grade (GRG) is used to transform 

multiple responses in to single one. It defines the 

association between reference arrangement and 

comparability [27]. Formula for GRG is given in 

equation 8 below. 

           𝛼𝑗 =
1

𝑛
∑ 

𝑖𝑗
𝑛
𝑖=1   (8) 

Where n is the quantity of performance 

characteristics. Larger value of GRG represents 

optimal combination of process parameters. 

3. Results and discussion 

In this section, main effects plots/analysis of 

means and SN ratio against responses (SR and 

MRR) using Taguchi method, worth of 

machining parameters through analysis of 

variance (ANOVA) and multiple response 

optimization through Taguchi-GRA has been 

discussed. 

3.1   Main effects plots 

Main effect plots for means for surface roughness 

is portrayed in figure 2. In figure 2, it is clearly 

shown that rise in CS caused an increase in SR, 

therefore improved surface finish is obtained at 

low level of CS (level 1 = 120 m/min). Similarly 

an increase in FR caused increase in SR (low 

surface finish), hence low level (level 1 = 0.11 

mm/rev.) is preferred for good machined surface. 

DOC has random effect of SR as it is decreased 

with increase in DOC up to mid-level (level 2 = 

0.6 mm) and surface get degraded with further 

increase in DOC. Main effect plots for means for 

MRR is depicted in figure 4. In figure 4, it is 

shown that increased in MRR is resulted with 

increase in CS and there is direct relation, hence 

high rate of MRR is obtained at high level of CS 

(level 3 = 170 mm/min). FR also has direct 

relation with MRR, increase in FR resulted an 

increase in MRR. Therefore, at high level of FR 

(level 3 = 0.19 mm/rev.) is suggested for 

maximum MRR. DOC has also similar effect, 

high MRR is achieved at high level (level 3 = 0.8 

mm).  

 

Figure 2: Main effect plots for means for SR 

 
Figure 3: Main effect plots for means for MRR 

3.2 Multiple response optimization 
through Grey relational Analysis  
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In this study, grey relational analysis is carried 

out for multiple response optimization. The steps 

involved in GRA is well explained in materials 

and methods section. Normalization of responses 

data has been carried out by using equations 1 

and 2. Smaller the better case was chosen for SR 

because the goal of current research is to 

minimize the SR for better surface properties 

whereas larger the better case was selected for 

MRR as it has to maximize. Further CGR and 

GRG for responses has also been calculated 

(table 3). Maximum value of GRG describes the 

superlative multi performance characteristics that 

will simultaneously minimize the SR and 

maximize the MRR and it is ranked from highest 

to lowest.  

Table 3 Normalization, CGR and GRG 

E

xp 

N

o. 

Normaliz

ed 

responses  

CGR 
GR

G 

Ra

nk 

SR 
MR

R 
SR 

M

RR 

1 
1.0

00 

0.00

0 

1.0

00 

0.3

33 

0.66

7 
3 

2 
0.8

51 

0.44

8 

0.7

70 

0.4

75 

0.62

3 
7 

3 
0.2

55 

1.00

0 

0.4

02 

1.0

00 

0.70

1 
1 

4 
0.9

57 

0.36

9 

0.9

22 

0.4

42 

0.68

2 
2 

5 
0.6

17 

0.82

3 

0.5

66 

0.7

39 

0.65

3 
4 

6 
0.1

06 

0.47

3 

0.3

59 

0.4

87 

0.42

3 
9 

7 
0.6

60 

0.77

3 

0.5

95 

0.6

87 

0.64

1 
6 

8 
0.4

68 

0.29

9 

0.4

85 

0.4

16 

0.45

0 
8 

9 
0.0

00 

0.97

4 

0.3

33 

0.9

51 

0.64

2 
5 

In addition, SN ratios for GRG are calculated and 

their plot is shown in figure 4. As highest value 

of GRG gives optimal combination of parameters 

for multi responses so larger the better Taguchi 

condition was selected (equation 3) for GRG. 

Hence the optimal combination for multi 

responses is level 1 (120 m/min) of CS, level 1 

(0.11 mm/rev) of FR and level 3 (0.8 mm) of 

depth of cut. It was also confirmed by response 

table of GRG in table 4. Highlighted values in 

table 4 shows the optimal level of parameters.  

Table 4 Response table for GRG 

 

 

Figure 4: Main effect plot for SN ratio for GRG 

3.3   Analysis of variance (ANOVA) 

Analysis of variance was implemented to check 

the worth of each input process parameter for 

output. Significance of each parameter is 

represented by their p-values [28]. ANOVA table 

for multiple response characteristics/GRG is 

shown in table 5. DOC was the most influencing 

parameter for GRG having contribution 60.62% 

followed by FR (18.0%) and CS (16.1%). Values 

of R square, R squared adjusted and predicted 

were closer to unity which endorsed better 

predictability and reliability. 

Parame

ters 

Lev

el 1 

Lev

el 2 

Lev

el 3 

Delt

a 

Ra

nk 

CS 
0.66

40 

0.58

93 

0.59

27 

0.07

47 
1 

FR 
0.66

37 

0.57

57 

0.60

67 

0.08

80 
2 

DOC 
0.51

67 

0.66

40 
0.66

53 

0.14

87 
3 
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Table 5: ANOVA for GRG 

 

4. Confirmatory test 

Three repetition of    confirmatory experiments 

were conducted at random combination and 

optimal combination to validate the accuracy. 

Estimated value of grey relational grade at 

optimal combination was 0.655. It was calculated 

by using following equation 9 [29]. 

Ƴ𝑒𝑠𝑡. = Ƴ𝑚 + ∑ (Ƴ𝑖 − Ƴ𝑚)𝑞
𝑖=1   (9) 

Where, Ƴest. is estimated value of GRG,  Ƴm is 

the mean of GRG, “q” is the number of process 

variables and Ƴi  is mean GRG at optimal 

condition. 

Confirmatory tests results are shown in table 6. 

Refinement in GRG from initial combination to 

optimal combination was 0.08 and percentage 

improvement was 12.8% by using multi response 

grey relational analysis. Subsequently, multiple 

response optimization using Taguchi based GRA 

improved the output characteristics such as SR 

and MRR.   

 

 

 

 

Table 6 Confirmatory experimental result 

5. Conclusion 

In this study, multiple response optimization 

of machining parameters during turning of 

HSLA steel under water based SiO2 nano 

particles has been carried out. From main 

effects plots, it was observed that increase in 

CS and FR resulted in increase in SR (poor 

surface finish) whereas DOC has random 

effect on SR. Increase in DOC from 0.2 to 0.4 

resulted in decrease in SR (better surface 

finish) and further increase in DOC leaded 

towards increase in SR. There was direct 

relation between process parameters and 

MRR. Multiple response optimization based 

on Taguchi-GRA for conflicting responses 

had simultaneously optimize the both 

response in comparison with single response 

optimization. Results were obtained on the 

basis of largest SN ratios of GRG, it was 

found that optimal combination values were 

level 1 (120 m/min) of CS, level 1 (0.11 

mm/rev) of FR and level 3 (0.8 mm) of DOC. 

These levels were recommended for 

controlling both responses at a time 

(minimizing the SR and maximizing the 

MRR). Confirmatory tests result showed 

reasonably decent concurrence between 

predicted and experimental value of GRG. 

Improvement from initial combination to 

optimal combination was found to be 0.08 

(12.8%) using Taguchi based GRA. 
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% improvement = 12.8 % 
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Abstract 

Integrated Management System is the evolving concept in Pakistan and its implementation required expertise. 

Mainly in IMS the integration of ISO 9001, ISO 14001, ISO 45001/OHSAS 18001 has been involved at wide level. 

Being the evolving concept there is a need to explore the readiness of industrial sectors for adoption IMS for the 

latest version of Management System Standards (MSS). According to ISO Survey, in Pakistan Manufacturing 

sector came among top 4 sectors for the adoption of individual Management System Standards. So, Manufacturing 

sector is selected for the IMS adoption readiness assessment. To fulfil this, case study method is adopted, and a 

metal fabrication industry has been selected. A qualitative technique has been adopted for data collection i.e. 

field survey, documents review and general discussion. The IMS framework has been analyzed for selected case 

and gap analysis has been performed i.e. current level of implementation has been identified.  Using the result of 

gap analysis and specific parameters, the case is then also uniquely (First Time) subjected to the Technology 

Readiness Index to assess that how well an organization is ready for adoption of IMS. Here, it was observed that 

the Manufacturing (Metal Fabrication) is ready up to 7th point of TRI. After that, an expert/professional based 

study (Using Questionnaire Survey Technique) to validate the results of developed IMS Frameworks for selected 

organization has been conducted. The outcome of survey data has been analyzed using SPSS (V26). Results 

showed the positive and neutral results as dominant factor for all the variables used in validation for the developed 

IMS frameworks. As the study concluded, Annexure SL (High Level Structure) provides the common level of 

integration for all organizations except when clauses get excluded.  For IMS current implementation status for 

its MSSs clauses, it usually deviates from organization to organization which will greatly impact the 

implementation strategy. The manufacturing organization which possesses old version of IMS implemented in 

premises are in “Moderate to High” class of readiness for IMS adoption but this may not be case for other 

organizations which have not implemented any individual management system or old versions of IMS. 

Key Words: Integrated Management System (IMS); Management System Standards (MSSs); 

Technology Readiness index (TRI); IMS Framework 

1. Introduction: 

Whenever the process and procedures are developed, 

they strived to towards standardization. For 

standardization, standard procedures are necessary for 

effective functioning of any sector of the world. 

Management Systems provide such standardized 

approach. If we define the management system then 

we are talking about a combine set of procedures and 

tools that is used by an organization to cultivate its 

business strategy. After that these procedure and tools 

are incorporated into the operational activities and 

then both parts are well monitored and subjected to 

improvement, to gain efficiency and effectiveness[1]. 

With the development of the new management 

systems and their incorporation into the organization, 

a challenge arises which is the dealing of separate 

management system and keeping them align into the 

business strategy. These challenges create the issues 

in all aspects of the organization’s business i.e. 

operational, financial, quality, environmental etc.[2]. 

Consequently, we have to say that due the separate 

dealing of Management Systems (MSs), conflict 

arises when advantages of a single management 

system encounter with the aims of other management 

system and interrupts the organization in effective 

management of its goals. So, a firm need is developed 

for incorporation of Integrated Management System 

(IMS) into organizational structure. 

ISO has developed many management systems among 

which some standards are widely used as they are 

applicable (approximately) on all businesses. The 

adoption of management systems will purely depend 

on the nature, characteristics, type of business and 

related activities. Considering the management 

systems developed, four of them are most extensively 

used and important ones for any organizational 

structure i.e. Quality Management System (QMS) 

ISO-9001, Occupational Health & Safety 

Management System (OHSMS) (OHSAS 

180001/ISO 45001) and Environmental Management 

System (EMS) ISO 14001. A combination of these 
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management systems or any other management 

system, gives us an integrated management system[3-

5].   

2. Literature Review:  

Competitive pressure on the organizations to survive 

in the market enforcing the organization to perform 

their socioeconomic, commercial and ethnic 

responsibility more efficiently. So, the managements 

of the organizations are looking towards a 

comprehensive single solution for efficient handling 

of their systems, seeing the difficulty of managing 

multiple Management Systems.  So, such 

circumstances increased the importance of IMS as an 

all-inclusive Management system. ISO defines the 

clear difference between the IMS and MSs, if we talk 

about the Management Systems than these are the 

systems that provide a standard set of procedures 

which is necessary for the organization to meet its 

specific goals. While Integrated Management System 

provide an overall monitoring and evaluation 

technique in which system is monitored as a whole 

instead of individual clauses, processes or activities 

Seeing towards the tends of IMS in different regions 

of the world it has been observed that the IMS 

implementation trends, constituting different 

management system, is emerging in the world and 

various studies related to IMS has been performed in 

recent past, compromising of multiple aspect which 

include regional study, specific organizations, product 

conformity, sustainability, risk management, 

innovation etc, covering the objectives of efficient 

systems and low financials[6]. 

Technology Readiness Assessment (TRA) is an 

assessment of the development of important 

components of an item or product related 

technologies. The TRA usually utilizes the 

development scale i.e. and Innovation Status 

Level/Technology Readiness Level (TRLs) which 

combine to give a Technology Readiness Index(TRI).  

The scale comprises of nine points, every point 

requires the innovation to be exhibited in steadily 

more significant levels of dependability, regarding its 

structure, the stages of reconciliation with different 

aspects of the framework/system, and its working 

condition than the past, until at the last level the 

innovation/technology is depicted regarding real 

framework/system performance with in the defined 

operational condition[7, 8].  

Management Systems are the standard set of 

procedures and processes which helps the 

organization to accomplish its tasks for the fulfillment 

of organization wide objectives. Management system 

provide a standardization approach to carry out the 

different aspects of business. Absence of 

standardization along with technical standards and 

specification, the inter-changes in worldwide 

economy turns out to be enormously challenging [9]. 

Sustainability in the competitive environment is the 

need of the day. Management system provides such 

kind of sustainability, if integrated into the core values 

of the organization. Management systems are 

necessary to fulfill the cooperate social 

responsibility(CSR) to have the tag of ethical business 

in term of economic, social, environmental 

aspects[10]. A significant amount of work has been 

performed in the field of integrated management 

system in previous years. A study indicates that 

(which is carried out in Portugal) the industries have a 

set of common features which can be combined to 

have a common IMS system which means that active 

integration of policies is possible but this also raise the 

need of training for higher management w.r.t IMS 

[11]. It was also determined that the integrated 

management system is necessary for sustainable 

growth i.e. a clean production which is supported by 

the integrated management system will give the cost 

effective results for not only the organization but also 

for the interested parties involved. Integrated 

Management System is now becoming the 

strategically important because it responds well as 

compare to individual Management Systems which 

gives it a competitive and sustainable advantage[12]. 

As the time passing, Integrated Management System 

is becoming one of the tool for the organization which 

can give better operational efficiency, cost reduction, 

efficient resource utilization, motivation and provide 

a ground to have better compliance w.r.t product, 

process and social responsibility[13]. 

Besides advantages, some challenges are also present 

which make the system difficult to implement. One of 

the challenges is the administrative issues of 

respective region and the regulation of its regulatory 

body which makes the IMS difficult to implement. 

This is one of the reasons that company does not shift 

towards integrated management system although their 

system is compatible of doing that[14]. Lack of 

specialty, too many documentations, lack of proper 

guidelines, excessive amount of time and employee 

resistance are some of the major challenges that can 

be encountered during the implementation of the 

integrated management system. Considering the 

application of standards, a common challenge 

occurred i.e. the difference of fields w.r.t IMS which 

is also one of the issue[13]. Another research was 

carried out to understand the difficulties while 

implementing the Integrated Management System. 

The research revealed that the most important 

difficulty in implementation is the employee’s 

resistance to the new system. Study also tells the fact 

that for a successful integration of system, integration 

should be done in a sequence and at each step 

significant level of accuracy should be achieved. It is 

also necessary to have a competent system which is 

going to monitored the newly implemented system. 

Furthermore, there is no positive association between 

the suspected difficulties and scale of the company 

[15]. Also, a study was performed to compares the two 
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forecasting models with respect to diffusion of 

integrated management system in Portugal. Both 

forecasting models fitted the curve on the retrieved 

data from research[6].  Different studies have been 

performed on IMS concept among which a study aims 

to see the evolution of IMS in the South European 

countries[16], another for development of framework 

for IMS considering given standards[17], to evaluate 

and compare the implementation of the Integrated 

management system in a specific region [18], 

integrating the specific standards and then to analyze 

its implementation in Malaysian organizations [4], to 

developed the OHSE integrated management system 

for nuclear power plant [19], to analyze the influence 

of implementing an IMS in food industry [20], were 

mainly observed. It was also observed that many 

studies are established to see the benefits of IMS [21], 

[22], [23] while some studies have been conducted to 

understand the implementation procedures for IMS 

[24], [25], [26], Overall, in all of the these studies 

mainly a Qualitative or Quantitative or mixture of 

both techniques were used to obtain results.  

In conventional way, it is relatively easy to adopt the 

management systems but combining the clauses of 

each management system in such a way that each 

defined clause consists the esteem of each 

management system i.e. quality, safety and 

environment, is difficult to approach. While on the 

other hand what is the implementation readiness of 

organization for integrated management system is also 

a challenging task to assess. Each Industry has its own 

process, economic and social barriers which need to 

be addressed depending upon the ground realties and 

how to address these barriers, is hard process to 

develop. Considering the literature review, it has been 

observed that the TRI/TRA assessment has not been 

used in the field of Integrated Management System to 

assess the implementation readiness of any 

organization. So, this opportunity will be addressed in 

this study for the specific region. 

3. Methodology:  

Based upon the literature review, at first the four 

standards ISO 9001:2015, ISO 14001:2015, ISO 

45001:2018 & OHSAS 18001:2007 has been selected 

for IMS study. A cases study method has been used in 

which the selected case (Manufacturing (Metal 

Fabrication) organization is selected because as per 

ISO Survey 2017-2018 and 2018-2019, 

manufacturing sector came among top 4 dominant 

sectors for Pakistan in term of individual 

managements systems certifications) has been visited 

and the framework (Gap Analysis) is developed by 

analyzing the related documents, field survey and 

discussion with management (Qualitative Technique). 

After that assessment parameters against each TRL 

index have been developed and score is assigned 

against each parameter of TRL and then overall 

conclusion has been drawn for TRA. Results are then 

validated by using the questionnaire survey method 

(Quantitative Technique). Questionnaire results are 

analyzed using SPSS (V26). 

4. Case Study 

4.1 Management System Standards 
and Annex SL (Annex L) 

A great effort has been made in recent past by the ISO 

Technical Management Board in the field of the 

Management Systems for the effective integration of 

standards, which is named as Annex SL and then latter 

named as Annex L. The main objective of Annex SL 

is to streamline the production of new standards by 

providing a consistent and amalgamating approach of 

implementation of MSSs using a high-level structure.  

It substitutes the old guide of ISO which is providing 

the general structure for implementing a MSS. Annex 

L (SL) tackles the issue of likely repetition in 

fundamental structure for organizations wishing to 

implement numerous MSS. It necessitates that a time 

saving regular structure be utilized for repetitive QMS 

components. According to the Annex SL, a MSS has 

to follow the structure (Figure 1) for its 

implementation.  

Considering the IMS the Annex SL solved the 

problem for lack of appropriate structure for 

integrating different management system, if it follows 

in his full esteem. The Annex-SL gives us the 

comprehensive unifying approach towards 

management system solving the difficulties of 

implementing separate MSS. The key clauses of 

Annex-SL framework are based on the PDCA cycle. 

The PDCA is explained as PLAN-DO-CHECK-ACT. 

Here, the same Annex SL has been used to develop 

the IMS clauses/component based comparative 

review for the selected MSS to develop a framework 

against which the organization will be analyzed. (First 

three Components are not assessed as they are non-

auditable).  

 

 

Figure 1: Annex-SL Components 
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4.2 Framework of Integrated 
Management System for Selected 
Case 

A subsidiary of manufacturing facility has been 

selected for IMS study. The subsidiary is specialized 

in metal fabrication. The main product of the 

organization is the brass sheets, cupping for 

specialized use, and coin plate. A review was 

conducted on the workflows during the filed survey 

and the provided documents have been thoroughly 

analyzed to establish the Integrated Management 

System Implementation Framework. The gap analysis 

between current framework/practices and 

hypothetical framework (based on Annex-SL) will 

help us to develop the hypothetical integrated 

management system for the industry.  

The gap analysis is explained as; “Present” means the 

relevant clause implementation is present in industry 

(i.e. in provided documents, guidelines or in nature of 

work or told during discussion with management) and 

vice versa for “Not Present” case, while for “Partially 

Present” scenario, a portion of relevant clause 

implementation is present in industry and for “Not 

Confirm” means no data provided. The IMS 

implementation framework for the selected case is 

described in Table 2. Considering the different 

components of PDCA cycle, following is the 

component wise elaboration of developed framework:  

PLAN Phase: Considering “Context of Organization” 

an old version of MSSs for IMS is implemented in 

which clauses 4.1 and 4.2 of ISO Standards were not 

present (as included in new versions) while as part of 

the old version, clauses 4.3 and 4.4 of ISO Standards 

and 4.1 of OHSAS are adequately present. The 

“Leadership” component is again taking the 

advantage of old IMS implementation and addition of 

some new documentation, all the relevant clauses 

implementation is observed present while same is the 

case for “Planning” component. However, in new 

version the 6.3 of ISO 9001 demands that changes 

should be planned for every aspect of QMS and not 

limited to documents only, so, it is partially 

implemented. After the upgradation of the machinery 

in 2014 the new environment aspects are added but 

planning to achieve these objectives are in progress 

therefore, this clause (6.2.2) implementation is 

partially present. “Support” is the last component of 

PLAN phase, due the huge infrastructure of Parent 

organization for health and safety, in built safety 

systems in machines, active and passive health and 

safety system for staff, training procedures, adequate 

availability of resources and documented procedures, 

clauses of ISO 45001 and OHSAS 18001 as 

implemented. Similarly, the advantage of old version 

of IMS (as described in above components), makes the 

clauses of ISO 9001 as present clauses. However, 7.4 

is partially present due to more specific elaboration of 

communication requirements in ISO 9001:2015 and 

ISO 14001.  Documented procedure for point (d) of 

7.2 clause of ISO 14001 was not observed, so, 

partially present clause.  

DO Phase: In “operations” component, the 8.3 is 

excluded for ISO 9001, because the design and 

development (Mostly Maintenance Related) 

department has been carried out by parent 

organization. Also, the 8.5.6 (control of changes) of 

ISO 9001 is mainly the right of parent organization not 

the facility itself. 

Check Phase: All the details that are mentioned in 

above components of IMS, enable the Manufacturing 

(Metal Fabrication) organization, to be subjected for 

performance evaluation. Hence, a documented 

procedure and multiple reports for all the MSSs are 

observed during the visit. Which are regularly 

communicated to Top management. So, we can say 

that all clauses implementation is present for 

“Performance Evaluation” component. 

ACT Phase: Manufacturing (Metal Fabrication) 

Industry, have the concept of continuous improvement 

for their implemented QHSE systems.  The unit has 

the standards sets of instructions to deal with the 

undesired output and how to avoid or prevent them. 

Also, they are planning the IMS upgradation. So, the 

organization has the “improvement” component 

clauses implemented. 

 

Table 1: Component Wise Integration 

Here, the integration has been performed on two bases 

the first one is based on “IMS Structure” which means 

the demand for integration of clauses are same 

(Common Integration (CI) or Different (Partial 

Integration (PI)) in comparison to hypothetical 

Annex-SL Framework developed for the given 

Component 

Integration  

Type  

Context of 

Organizatio

n  

Leadership  Plannin

g  

Support  Operations  Performanc

e Evaluation 

Improvement  

IMS Structure CI CI CI CI PI CI CI 

Difference of Clauses 

Implementation Level 

PI CI PI PI PI CI CI 
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standards. While the second integration is based on 

“Difference of Clauses Implementation Level” i.e. if 

all clauses requirements are present for given case or 

case has identical level of implementation for each 

respective clause of each standard than it is Common 

Integration (CI) otherwise for all other scenarios, it is 

Partial Integration (PI). Using the Result of developed 

framework, Table 1 is elaborating the integration 

concept for the selected case.  

4.3 Technology Readiness Index 
Assessment 

The TRA(Technology Readiness Assessment) is best 

tool to understand that how ready an organization is 

for the adoption of the developed technology in this 

organization. Basic 9-point index serves the purpose 

to demonstrate the level of readiness. Although, it is 

developed mainly for innovative technologies, but we 

are making the first attempt (as per known literature) 

to implement this 9-point index for the selected case, 

in perspective of Integrated Management System to 

check that how ready the selected organization is for 

IMS adoption. The comparison has been made based 

on following points: 

• Developed Hypothetical Implementation 

Framework  

• Previous History of the Organization 

• The current status of MSS 

• Resources available  

In Table 5, a standard scoring has been assigned 

against each TRL (Technology Readiness Level) 

point for given case. Relevant standards/parameters 

(Using Expert Opinion) have been built against each 

TRL. The scoring is awarded by using the results of 

developed framework, parameters and as per the 

criteria defined in Table 3. For each TRL, average 

scoring has been obtained to decide final result of 

TRL. After that TRI (Technology Readiness Index) 

assessment (Table 5) has been made using the criteria 

mentioned in Table 4. In Table 5, the Technology 

Readiness Index (TRI) has been explained for selected 

organization. The TRA is performed by considering 

the IMS of ISO 9001:2015, ISO 14001:2015, ISO 

45001:2018 and OHSAS 18001:2007.

 

 

Table 2: IMS Implementation Framework for the Selected Case 

IMS 

Component  

Present/Implemented Clauses(PC)   

Not Present/Implemented Clauses (NPC) 

Partially Present/Implemented Clauses (PPC) 

Not Confirm (NC) 

Excluded Clauses 

Fully Excluded (FE) 

Partially Excluded (PE) 

 

 ISO 9001:2015 ISO 14001:2015 ISO 45001:2018 OHSAS 18001:2007   

Context of 

the 

Organization 

PC: (4.3, 4.4)  

NPC: (4.1, 4.2)  

 

PC: (4.3, 4.4)  

NPC: (4.1, 4.2)  

 

PC: (4.3, 4.4)  

NPC: (4.1, 4.2)  

 

PC: (4.1)   

Leadership  PC: (5.1.1, 5.1.2, 

5.2, 5.2.1, 5.2.2, 

5.3) 

 

 

PC: (5.1, 5.2, 

5.3) 

PC: (5.1, 5.2, 5.3, 

5.4) 

 

PC: (4.4.1, 4.2, 4.4.3.2)   

Planning  PC: (6.1, 6.1.1, 

6.1.2, 6.2, 6.2.1, 

6.2.2) 

PPC: (6.3) 

 

PC: (6.1.1, 6.1.2, 

6.1.3, 6.1.4, 

6.2.1, PPC: 

(6.2.2) 

 

PC: (6.1.1, 6.1.2, 

6.1.3, 6.1.4, 6.2.1, 

6.2.2) 

PC: (4.3.1, 4.3.2, 4.3.3)   

Support PC: (7.1, 7.1.1, 

7.1.2, 7.1.3, 7.1.4, 

7.1.5, 7.1.6, 7.2, 

7.3, 7.5.1, 7.5.2, 

7.5.3) 

PPC: (7.4) 

 

PC: 

(7.1,7.3,7.5.1, 

7.5.2, 7.5.3) 

PPC: (7.2, 7.4.1, 

7.4.2, 7.4.3) 

PC:(7.1, 7.2, 7.3, 

7.4.1, 7.4.2, 7.4.3, 

7.5.1, 7.5.2, 7.5.3) 

 

PC: (4.4.1, 4.4.2, 

4.4.3.1,4.4.4, 4.4.5, 

4.5.4) 

 

  

Operations  PC: (8.1,8.2.1, 

8.2.2, 8.2.3, 8.2.4, 

8.5.1, 8.5.2, 8.5.4, 

8.6, 8.7) 

PPC: (8.4.1, 8.4.2, 

8.4.3, 8.5.3, 8.5.5) 

 

PC: (8.1, 8.2)  

 

PC: (8.1.1, 8.1.2, 

8.1.3, 8.1.4, 8.2) 

PC: (4.4.6, 4.3.1, 4.4.7) 

 

 

PC: (4.5.1, 4.5.2, 4.5.5, 

4.6) 

FE: 8.3 

FE: 8.5.6 
 

Performance 

evaluation 

PC: (9.1.1, 9.1.2, 

9.1.3, 9.2, 9.3) 

 

PC: (9.1.1, 9.1.2 

9.2, 9.3) 

PC: (9.1.1, 9.1.2 

,9.2, 9.3) 
  

Improvement PC: (10.1, 10.2, 

10.3) 

PC: (10.1, 10.2, 

10.3) 

PC: (10.1, 10.2, 

10.3) 

PC: (4.5.3.1 4.5.3.2)   
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 Table 3: Point Awarding Criteria for TRL                                          Table 4: TRI Assessment Criteria 

 

 

 

 

 

Table 5: Technology Readiness Assessment  

 

Criteria Points Awarded 

If organization is fulfilling the Standard Requirement 3 

If organization is partially fulfilling the standard 

requirement 

2 

If organization is not fulfilling the Standard 

Requirement 

1 

Criteria  Average 

Range  

Marking  

The organization fully ready for the 

corresponding level of technology/IMS readiness 

=3  

The organization partially ready for the 

corresponding level of technology/IMS readiness 

>1<3 o 

The organization not ready for the corresponding 

level of technology/IMS readiness 

1  

TRL Standards  Points 

Awarded  

TRI 

Assessment  

Explanation  

1: Basic Principle 

Observed & Reported  

Is Organization management 

understand the basic IMS 

concept? 

3  Due to Implementation of Old version of IMS. 

 Are Organization activities 

happening with some 

standard procedures? 

3   

 Is adequate activities flow 

observed? 

3   

 Has Organization any 

management system standard 

implemented?  

3   

Average 3   

2: Technological 

Concept and/or 

application formulated 

Organization is somewhat 

following the concept of 

IMS (Including individual 

MSS)?  

3  Due to Implementation of Old version of IMS. 

Is organization is interested 

in practical application of 

IMS?  

3  

Average 3   

3: Analytical and 

experimental critical 

function and/or 

characteristic proof of 

concept 

Is work is going on or will 

be performed on integration 

of MSSs? 

3  The upgradation is already in progress i.e. new 

integration level, and IMS components elaboration is 

also developed in above framework. 

Has any analytical study for 

IMS been performed 

(Including this study as 

well)?  

3  

Average  3   

4: Component or 

breadboard validation in 

laboratory environment 

Is the result of the analytical 

study discussed or will be 

discussed for the 

organization for 

implementation of IMS? 

(Including this study as well) 

3  It includes the “Difference of Clauses Implementation 

Level” and “Excluded Clauses” evaluation for the 

developed framework which has been concluded in 

hypothetical environment (as developed in this study). 

 Is appropriate procedure is 

adopted for the analytical 

study? (Including this study 

as well) 

3  

 Are the resources available 

to validate the analytical 

study in test environment?  

3  

Average 3   

5: Component or 

breadboard validation in 

relevant environment 

Are adequate resources and 

infrastructure available to 

test the results of analytical 

study in an environment, 

identical to actual 

environment?  

3  Relevant testing resources are available because of 

previous IMS. 

Average 3   

6: System/subsystem 

Model demonstration in 

a relevant environment 

Are the basic documentation 

and procedures in-line with 

the requirement of IMS?   

3  Most of basic documents are available and working 

on new additions is in progress.  

Average 3   

7: System/subsystem 

Model demonstration in 

an Operational 

environment  

Are all applicable IMS 

clauses implemented for 

operational activities of 

organization?  

2 o Taking advantage of implementation of old versions 

of MSSs for IMS the same is partially fulfilled for the 

Manufacturing (Metal Fabrication) Industry. 

 Organization has established 

the detailed documentation 

for the implemented IMS?  

2 o 

Average 2 o  

8: Actual system 

completed and 

qualification through 

test and demonstration 

Is the audit/evaluation of the 

implemented system 

conducted?   

1  This can be done by IMS audit (for new version of 

MSS) for certification but some lack of relevant 

documentation/information was observed for selected 

industry to fulfill the requirement. 

 Is the organization certified 

in IMS?   

1  

Average  1   

9:Actual system proven 

through the successful 

mission operations 

Can we evaluate the efficacy 

and adequacy of the 

operations after 

implementation of IMS?    

1  As this is only possible when the new version of IMS 

is implemented in full context and then evaluated for 

efficiency of the implemented system which is 

lacking in studied cases. 

 Are efficient operations 

observed (up to some 

extent)?  

1  

Average  1  
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5. Results & Discussion:  

If we see the above results than it is clear that to 

effectively implement the IMS within the organization 

of selected region the Annex-SL is best strategy to 

adopt but it may deviate if any clause gets excluded 

depending upon the non-presence of respective 

organization activity. So, the Annex-SL has removed 

the previous problem of uncommon framework but 

still the current implementation level of the 

organization may differ widely which can affect the 

implementation strategy of IMS because different 

organizations have different diversified culture and 

specific needs in which they operate. Considering 

TRI/TRA, it has been observed that Manufacturing 

(Metal Fabrication) industry more ready than other 

cases as the subject mentioned industry is completely 

ready up to 6th points and partially ready for 7th point 

(i.e. System/Subsystem  

Model demonstration in an Operational environment), 

out of 9 point. This is obvious because main reasons 

are; the organization has implemented the old IMS 

version (ISO 9001:2008, ISO 14001:2004 and 

OHSAS 18001:2007) in the premises, preparation for 

updated IMS and the gap analysis performed in this 

study. For the selected case we can say that the 

organization readiness is in “Moderate to High” 

category for adoption of the mentioned IMS and same 

can be true for the organization having an old version 

of IMS implemented and planning to upgrade them. 

For other organization that haven’t any MSS or have 

Single MSS or multiple individual MSSs can be 

assumed to be maximum ready up to 1st or 2nd or 3rd-

5th point of readiness respectively, depending upon 

fulfillment of parameter described in Table 5.  

6. Validation of Frameworks 

Most of the results are derived from the IMS 

Developed Framework for Gap Analysis of clauses 

implementation level and using the parameter for 

TRA to identify the gap between maximum required 

readiness level and current readiness level in, 

perspective of IMS adoption (as shown in Table 2 and 

5). So, it is mandatory to validate these frameworks 

(Gap Analysis) for selected organization. After 

analyzing the literature review, ground realities and 

discussion with experts, to validate the mentioned 

subject, a questionnaire (Table 6) has been prepared. 

The questionnaire has to be filled by 

experts/professionals (Delphi Technique) for the 

authenticated and validated results. Delphi technique 

is mainly used because, here, specific opinion is 

required and approximately any literature evidence  

has not been observed between TRA and IMS[27].   

The structure of the questionnaire is based on close-

ended questionnaire having the answer which must be 

based on Likert scale. For Face Validity, questionnaire 

was shown to the industries staff and opinion was 

taken for relevant updating. For Content Validity, 

important points in literature review are used for 

questionnaire making and the expert’s opinion has 

been taken to assess the validity of the survey. After 

that, changes/adjustments are made accordingly.  The 

sample size obtained by analyzing the literature 

review of Delphi Technique. Considering average, 12 

experts/professionals sample size has been selected 

for selected organization and 8 valid responses have 

been received.  

To collect the response on questionnaire, it is designed 

in Google Docs and shared with the 

experts/professional along with elaboration of IMS 

frameworks desired for validation by using email and 

what’s app. After receiving the responses, the data 

screening was performed for valid response. The 

response values are analyzed using SPSS (V26) 

software. (Variables short forms have been used in 

software while analyzing) 

Descriptive Analysis: For the Demographics (Table 

7), first component Gender is appearing as all “Male” 

Respondents because the means value is equal to 2. 

Table also shows that the majority of respondents are 

above 40 years of age because the mean value is 

greater than 3 i.e. 3.50. For qualification with standard 

deviation of 1.488 and minimum value as 1 and 

maximum value as 4, collectively “BD/BSc” and 

“Other” Qualifications exist in majority.  

Considering MSSs and IMS understanding, maximum 

respondents are well aware of 4 standards as the mean 

value for this is greater than 4 i.e. 4.38. With mean 

value of 3.5 it is clear that the maximum respondents 

have above 20 years of experience, trailed by 11-20 

years and then 5-10 years options. If we observed the 

Table 7 for the validation variables than 

approximately all are lying in the positive agreement 

criteria because either the values are greater than 4, 

near to 4 or equal to 4 which means an adequate 

positive behavior has been shown by the respondents 

for the validation of developed framework. However, 

there is a variable i.e. slightly away from the described 

standard with mean as 3.63.
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         Table 6: Questionnaires for Validation 

 

 

This variable requires that the developed IMS 

frameworks for gap analysis can be considered for 

future IMS comparison for the same organization. 

This is probably happened because the respondents 

are not sure that which type of comparison they may 

face for the organization. 

  

  

  

  

  

  
 

 

Table 7: Descriptive Statistics 

 

Frequency Analysis: After observing the results 

(Figure 2), it is clear that for “Saving Time and Effort” 

and “Positive Attitude”, only one type of valid 

response obtained i.e. “Probably Agree” from all the 

respondents. While “Provides Adequate Knowledge”, 

“Depicts Actual Position”, “All Clauses are covered”, 

“Relevant Consultation”, “Relevant Exclusion” and 

IMS Certification”, are subjected to two types of 

positive responses from experts/professionals i.e. 

“Probably Agree” response with the percentage of 

87.5%, 25%, 37.5%, 75%, 62.5% and 75% 

respectively for each variable and for “Completely 

Agree” answer the percentages exist as 12.5%, 75%, 

62.5%, 25%, 37.5% and 25% respectively. “To 

Improve/Implement” variable has two valid replies 

i.e. “Not Sure” with the response percentage of 12.5%, 

and “Probably Agree” with the response percentage of 

87.5% having overall a positive response. 

Considering, “Internal Audit” variable, it is only 

variable with three types of outputs in which 

“Probably Agree” Response has the highest 

percentage i.e. 62.5% and for combined percentage of 

“Probably Agree” & “Completely Agree” it is 87.5% 

which is higher than neutral (Not Sure) Response 

percentage. For “Future Comparison” and “Act as 

Sr. Variables  

1 Demographics (General/Personnel Information) 

1.1 Gender 

1.2 Age  

1.3 Qualification  

1.4 Organization/Sector 

1.5 Management Standards Knowledge (MSS_General Knowledge, MSS_Well 
Known) 

1.6 Professional Experience (PE) 

2 IMS Frameworks Validation 

2.1 Developed frameworks (gap analysis) provides adequate knowledge for IMS 

integration concept? 

2.2 The provided IMS frameworks depicts the actual position of the organization 

for Integration level? 

2.3 All the applicable clauses have been covered? 

2.4 It seems that all the documents and relevant material have been consulted? 

2.5 The developed IMS Frameworks (Gap Analysis) will help the organization to 

improve/implement the adequate integrated management system? 

2.6 The clauses which are subjected to exclusion (either partially or completely), 

intended to be excluded? 

2.7 The developed frameworks for Gap Analysis will help in fulfilling internal 

audit requirement for IMS?   

2.8 The developed frameworks for Gap Analysis will help in saving time & effort 

for implementation of IMS? 

2.9 Is this gap analysis will help in future comparisons involving Integrated 

Management System? 

2.10 Is these developed frameworks (gap analysis) intended to create a positive 

attitude towards development of IMS? 

2.11 Is these developed frameworks (gap analysis) may act as a driving factor 

towards implementation of IMS? 

2.12 Is these developed frameworks (gap analysis) will help in achieving IMS 

certification? 

3 Remarks 

Variable  Range  Min. 

Value  

Max. 

Value  

Mean 

Statistics Std. 

Error 

Demographics  

Gender  0 2 2.00 2.00 .000 

Age 2 2 4 3.50 .267 

Qualification  3 1 4 2.25 .526 

Organization  0 3 3 3.00 .000 

MSS_GK 2 0 2 0.63 .263 

MSS_WK 2 3 5 4.38 .263 

PE 2 2 4 3.50 .267 

Validation Variables   

Provides Adequate 

Knowledge 

1 4 5 4.13 .125 

Depicts Actual 

Position  

1 4 5 4.75 .164 

All Clauses Covered  1 4 5 4.63 .183 

Relevant Consultation  1 4 5 4.25 .164 

To Improve 

Implement  

1 3 4 3.88 .125 

Relevant Exclusion  1 4 5 4.38 .183 

Internal Audit  2 3 5 4.13 .227 

Saving Time & Effort  0 4 4 4.00 .000 

Future Comparisons  3 2 5 3.63 .375 

Positive Attitude  0 4 4 4.00 .000 

Act as Driving Factor  3 2 5 4.00 .378 

IMS Certification 1 4 5 4.25 .164 

Valid (N) 8     

Figure 2: Frequency Analysis 
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Driving Factor”, four valid responses have been 

obtained among which “Not Sure” response has the 

highest percentage (i.e. 37.5%) for “Future 

Comparison”, while “Probably Agree” and 

“Completely Agree” has equally highest percentage 

(i.e. 37.5%) for “Act as Driving Factor” variable. 

Combined percentage for “Future Comparison” gave 

us the highest percentage for positive response (i.e.  

50% for “Probably Agree” and “Completely Agree”) 

which is greater than the individual percentage of 

“Not Sure” parameter. Similarly, a shared positive 

percentage of 75% observed for “Act as Driving 

Factor” variables.  

So, among the 12 variables for validation, all of them 

are relatively significant and approves the IMS 

frameworks (For Gap Analysis) for Manufacturing 

(Metal Fabrication) Industry. However, slight 

deviation of three variables for “Not Sure”, two for 

“Probably Disagree” option and major deviation for 

“Not Sure” option for one variable were observed but 

having at lower side in term of percentage 

contribution they are not considered significant. 

7. Conclusion 

After Annexure SL (which is based on PDCA), for 

most of the MSSs, a common structure exists for 

Integration of the understudy Management System 

Standards, however, deviation exists when any 

clauses get excluded due to some reason. If we talk 

about the IMS current implementation status for its 

MSSs clauses, then it usually deviates from 

organization to organization. This thing widely 

impacts the implementation strategy for IMS.  

Based on TRA the understudy Manufacturing (Metal 

Fabrication) industry seems to approximately ready 

up to 7th point of TRI i.e. it came in “Moderate to 

High” level of readiness for mainly taking the 

advantage of previously implemented IMS, the 

current study and availability of resources. While on 

contrary the organizations who does not have these 

advantages may varies between 1st to 5th (Low to 

Moderate level) points of the readiness depending 

upon individual management system implementation, 

basic knowledge of IMS, experimental studies and 

basic resources. 
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Abstract 

This study aims to investigate the effect of lean product development (LDP) on the operational and financial 

performance of industrial sector. The research framework is based on the principles of lean product 

development. A questionnaire-based survey was conducted to gather knowledge of implemented lean practices 

and their effect on financial and operational activities. The study is mainly centered to the apparel industry of 

Pakistan. A total number of 250 responses have been collected and the data was analyzed using SPSS software. 

Various statistical tests namely Cronbach Alpha Value, Regression analysis, and Pearson Correlation analysis 

have been used to check the reliability of the collected data and impact of LPD variables on industrial 

performance respectively. Further, Normality test has been performed to assess the skewedness and kurtosis of 

the research variables and to assess that the collected data is normally distributed. The findings of the study 

showed that lean product development practices play an essential role in improvement of the operational and 

financial performance of the apparel industry. The findings of the study recommended that process and 

equipment, product design, product value, and constant learning are the most important variables that play 

positive role in improving the operational and financial efficiency of the apparel industry of Pakistan. The 

outcomes of the study will result into some practical implications for the apparel industries in developing 

countries in terms of improving their financial and operational performance through implementation of 

different lean development principles that are time and cost effective.   

Key Words: Lean product development; Operational and Financial Performance; Questionnaire; 

Statistical Test 

                                                                                                

1.  Introduction 

In the contemporary business landscape 

companies are toiling hard to reshape 

themselves into lean manufacturing. What they 

need to do is to grow a lean culture, which is a 

prolonged process. The term lean culture refers 

to the development of organizational culture and 

the acknowledgement of employees to 

implement lean practices with a blend of real 

things [1]. The growth of lean culture plays a 

vital role in guiding management to implement 

lean manufacturing practices in an efficient 

manner that consequently aid in pulling off the 

objective of lean manufacturing.  Moreover, 

with the variation in the organizational culture 

of manufacturing companies, assessing the 

average influence of lean culture aids to 

interpolate the findings and acquire a more 

precise outcome seeking the view of literature, 

the research findings pertaining to the influence 

of lean manufacturing on both financial and 

environmental potential are contradictory. For 

instance, a study conducted by Bergmiller and 

McCright, (2009) showed a positive correlation 

between LPD and ecofriendly performance [2]. 

However, another study showed a null 

relationship between the two. The contrast in-

between successes and letdown in order to attain 

imperishable objective of execution of lean 

practices might be discussed by lean culture [3]. 

Similarly, to bridge the gap, the moderating 

influence of Lean culture is examined in the 

current study.  

The following paper confers to the 

preceding literatures in-two terms. Initially, a 

theoretical structure was formed which connects 

LP and long-term performances of the clothing 

companies. Secondly, an empirical structure 

where the influence of lean culture is assessed to 

evaluate the correlation between lean practices 

implementation and financial performance. It is 

crucial to revise the conceptual framework 

understanding of the correlation between the 

variables under examination as such influential 

impact has not been evaluated in the literature 

earlier. 
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2. Literature Review  

2.1 Impact of process and Equipment 
over Financial and Operational 
Performance of a Firm 

According to Dieste et al., (2019) it is 

said to be the facilities and their practices. Such 

as the use of equipment’s that are free or error, 

reduction in cycle-time, machines accessibility, 

dependability, usage of cellular manufacturing 

and restriction in the setting times with the 

determination of generating consistent, constant 

flow within production procedures with-time 

[4]. Surplus of processing or improper 

processing than it can also lead to defective and 

waste materials. The use of heavy loaded 

equipment in the processing leads to create 

harmful emissions that are further harmful of 

marine life and surrounded community. One of 

study done in this area noted that creating value 

and efficiency in the product development is 

equally essential to do the early management of 

the entire process. For this, the study also 

proposed an early management framework 

where some important steps and aspects are 

being highlighted in the early management to 

create value and efficiency in the process later 

[5]. 

According to Iranmanesh et al., (2019), 

practices of processes and equipment leads to 

less defects and usage of energy, it also provides 

a procedure for sustaining and improved 

organizing of the work environment, which also 

helps in identifying the leakages and spills 

rapidly and consequent reduction in the 

chemical usage, materials and contamination 

production[6]. The use of equipped materials 

can lead to increase the financial performance 

by also reducing the energy waste and the waste 

production as well. The social performance is 

expected to be enhanced due to a reduction in 

the environmental impacts of firms’ activities, 

leading to improvements in the community’s 

and employees’ health. Based on these 

arguments the first hypothesis of the current 

research can be formulated as under: 

H1: There is a significant impact of Process and 

Equipment on operational and financial 

performance of firm 

Ho: There is no significant impact of Process 

and Equipment on operational and financial 

performance of firm 

2.2 Impact of product design over 
Financial and Operational 
Performance of a Firm 

Total quality management (TQM) 

highlights the product designs and service that 

are customer-focused in order to augment 

satisfaction of customer. According to Duh et 

al., (2012), a key to company’s’ achievement is 

the response to the dynamic requisite. As in 

example, Company Nissan popular for car 

producers, produces 4 dissimilar types of 

vehicle in single plant in Canton, Mississippi, 

i.e. (sedans, pickup tracks, SUVS, minivans) 

also its production lines can be speedily adjusted 

if necessary without shutting down to a singular 

type of vehicle. According to Yadav and 

Jayswal, (2018) in U.S the flexible 

manufacturing ability could be single 

description for reputation of Japanese 

automobile firms [7]. Currently, operational 

flexibility has arisen in a significant in 

coordination with price, excellence, rate, and 

other fore-factors to rule a marketplace. (OF) 

Operational flexibility denotes to degree to 

which companies can modify category of 

product with a restricted penalty in time, cost, 

and effort. According to Jin et al., (2014) though 

various forms of (OF) operational flexibility i.e. 

SC flexibility or tactical flexibility[8]. 

 Blome et al. (2014) focused on 

discovering Cachon and Olivares’s 

manufacturing flexibility since it highlighted 

that a producing firm produces minor lots and 

shift production more simply in-between models 

[9]. Therefore, firm can track-sales thoroughly 

also by providing their customers by means of 

their desired services and products. Past 

scholarly research finding revealed the profits in 

flexible production verified that bigger 

flexibilities in productions is connected with 

lesser supplies days and so lead-time is reduced 

[10]. Additional benefit of it was informed by 

Moreno and Terwiesch, (2015) whom founded 

that mixed-flexibility decreases the discount of 

vehicle business, so a lot of profit can be gained 

[11]. Based on these arguments the second 

hypothesis of the current research can be 

formulated as under: 

H2: There is a significant impact of product 

design on operational and financial 

performance of firm  

Ho: There is no significant impact of product 

design on operational and financial 

performance of firm 
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2.3 Impact of supplier Integration 
over Financial and Operational 
Performance of a Firm 

It occurs when a company makes a 

partnership with its suppliers to build inter-

organizational approaches, develop 

synchronized procedures, share information, and 

understanding [17]. It is considered an important 

source of competitive advantage as it increases 

inter-enterprise processes. Integration of 

supplier offers a unity of effort for meeting the 

needs of customers for products in answering 

the market changes [18]. Companies can get a 

view of processes of suppliers’, capabilities and 

restrictions, eventually it enables more actual 

planning and better forecasting, for designs of 

product and process also the reduced transaction 

costs [12] [13].  

According to Hashim et al., (2019) he 

said that company’s enactment signifies by what 

means organization attains its goals i.e. market-

oriented and financial goals [14]. It assesses the 

company’s effectiveness and market growth and 

is observed as the result of a final performance 

and market standards provide a valuable tool to 

measure a company’s links with suppliers, 

internal functions and all external and internal 

processes over the time [15]. Integration of 

information integration with suppliers allows a 

company has to gain information from suppliers 

i.e. of production planning, forecasting, and 

checking of inventory levels, which benefits the 

company to optimize inter-organizational 

process. Communication that are direct and 

frequent sharing of information increase SC 

visibility, which lessen the vagueness and 

difficulty during integration and simplify 

measurement and process of management in 

long-term networks of supply [16]. Information 

integration can decrease the costs of collecting 

info about a supply network and permit a firm to 

recognize skilled suppliers and appraise 

performance of the supplier. Suppliers can then 

attain a high level of customer service, which in 

turn, increases the company performance. In the 

light of these arguments, the third hypothesis of 

the current research can be formulated as under: 

H3: There is a significant impact of supplier 

integration on operational and financial 

performance of firm  

Ho: There is no significant impact of supplier 

integration on operational and financial 

performance of firm 

2.4 Impact of Customer Integration over 

Financial and Operational Performance 

of a Firm 

It is also known as ‘forward’ 

integration. Customer integration involves 

demand sharing of information. it helps the 

producer in getting the needs of a customer by 

which they better forecasts the customer 

demands also the cooperative association of 

customers with respect to design of the product, 

providing with the better quality products at a 

lesser cost and more elasticity in replying to 

demands generated by customer [15]. Activity 

of customer concerns processes dealing with 

planning, executing, and appraising associations 

between providers of service and receivers. 

CRM not only emphasizes on inbound relation 

customer but to the outbound customer 

relationships in supply chain management. 

Activity of customer contains the capability to 

communique the way of delivering products and 

services to its end user globally/locally. It is 

explained as the eco-collaboration with 

customers that involve the exchange of technical 

information between a company and its 

customers, and they are willing to gain 

knowledge about one another’s operations and 

needs to design and share environmental 

improvement aims. The goal of cooperation 

with customers is to involve customers in 

greening the processes through their response in 

order to assimilate environmental aspects into 

designs, production processes and packaging. 

Customer integration includes division 

of demand information, cooperating with 

customers to set trustworthiness, alertness and 

other principles to recognize needs of customer 

in a better way and to predict customer demand. 

Furthermore, the cooperative participation of 

customers with respect to design of the product, 

provision of improved quality products at lesser 

costs and more elasticity in responding to 

demands of customer. Preceding study showed 

that customers in industrialized countries like 

US, Australia and United Kingdom are eager to 

conjoin with manufacturers to attain ecological 

aims and they desire to purchase from 

environmentally accountable firms. Study 

findings revealed that positive association in-

between customer integration and sustainable 

performance was found, where green-oriented 

customers evaluate green qualities of a service 

or product by their acquisitions. A study carried 

out by Kaur et al., (2018) in which it described a 
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substantial relationship among customer 

integration and environmental sustainable 

performance was found. Every time when a new 

product is produces, involvement of customer 

becomes vital as the feature of product relates to 

green idea which needs to be presented and 

visibly defined by producers [19] [20]. In the 

light of these arguments, the fourth hypothesis 

of the current research can be formulated as 

under: 

H4: There is a significant impact of customer 

integration on operational and financial 

performance of firm  

Ho: There is no significant impact of customer 

integration on operational and financial 

performance of firm 

2.5 Impact of Continuous Learning 
over Financial and Operational 
Performance of a Firm 

HR practice emphasizes to support lean 

goals through human capital development and 

generating appropriate working situation. This 

entails empowerment of employees’, 

contribution, self-solving of problem, team 

workers that are self-directed, groups involve in 

solving problem and programs that do formal 

trainings. (QI) Quality improvement continuous-

plans are basic and fruitful lean-manufacturing 

application, are extremely reliant on HR 

(Zahraee, 2016).  Practices of HR play a 

substantial role in waste and contamination 

lessening efforts. Skilled and decent work 

employees are thoughtful about accurate results 

fin reduction of wastes and effective means of 

spending materials [22]. Additionally, other 

practices of human resource, which includes 

employees’ authorization and their participation, 

gave them right to cut wastages and 

contamination by accurate action been taken, 

also improve company’s’ financial and 

ecological performance. 

While the other hand, effective dealing 

with lean production needs driven, capable, and 

trained work force, and the integration with the 

practices of HR into a company’s manufacturing 

approach. Those trained and skillful educated 

workforces who are not interested are not likely 

to contribute any flexible effort, whereas those 

of motivated workforce who skills or knowledge 

lacks may contribute discretionary effort with 

slight influence on performance. LP relates 

together a set of production practices connected 

to the lessening of waste, with additional 

package of HR practices associated to the 

growth of work force skills and motivation. In 

precise, as discussed by Rahmani and Hemat-

Ghadim, (2015) HRM is a dissimilar bundle that 

comprises of some practices that may or may 

not be linked with LPD[22]. However, there is a 

link in-between practice of HR and LP is still 

yet to be explored.  According to Mahony and 

Klaas, (2016) the practices of HRM were 

essential for effective execution of flexible work 

firms (such as: job rotations and Total Quality 

Management)[23]. In the light of these 

arguments, the fifth hypothesis of the current 

research can be formulated as under: 

H5: There is a significant impact of Continuous 

learning and management on operational and 

financial performance of firm  

Ho: There is no significant impact of 

Continuous learning and management on 

operational and financial performance of firm 

2.6 Impact of Product Value over 
Financial and Operational 
Performance of a Firm 

Value addition through supply chain 

integration has become one of the utmost 

favorable ways of obtaining market capabilities 

and improving performance, since business 

combat is no longer in-between firms, but 

amongst supply chains [24]. A major creek of 

re-search has affected to a higher level of supply 

chain (SC) integration with augmented supply 

chain (SC) responsiveness and greater 

performance. According to Kim and Chai, 

(2016) they recognized business ambiguity as 

the key source of raising the need to discover 

and assess each type of supply chain (SC) 

integration for endurance in extremely 

competitive situations, whereas Zhu et al., 

(2017) acknowledged supply chain (SC) 

integration as a risk management approach. A 

framework of “curves of integration” was 

presented which conceptualizes integration of 

consumers and suppliers’ and measured 

performance [25] [26] [27].  

In lean manufacturing, the practices of 

controlling and planning are normally associated 

with scheduling strategies, with the 

determination of manufacturing and demand of 

market co-ordination. As per Iranmanesh et al., 

(2019) reduction in inventory, reduction in WIP, 

fully optimize resource, and gathering the 

guidelines sent by customer are the outcome of 

real agendas [28]. Error free production flow by 
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eradicating discrepancies in manufacturing route 

is yet another concern of minor lot sizing. Like 

Kanban in pull-methods and reduction in batch 

size can lessen inventories and stowage so, 

therefore cut wastages from excess-production. 

As per Iranmanesh et al., (2019) practices of 

scheduling and controlling leads to a decrease in 

materials and mechanisms used through the 

production of operations, by not distressing the 

time of delivery. Vosgien et al., (2011) revealed 

that in order to create competence in the LPD, it 

is essential to develop customer defined value in 

the (PD) product development procedure [29]. 

In the light of these arguments, the next 

hypothesis of the current research can be 

formulated as under: 

H6: There is a significant impact of product 

value on operational and financial performance 

of firm  

Ho: There is no significant impact of product 

value on operational and financial performance 

of firm 

2.7 Impact of Competence over 
Financial and Operational 
Performance of a Firm 

Competence in terms of accountability, 

adaptability, quality, and leadership 

significantly affect the product development 

process in apparel industry. For instance, in case 

of the competency of an apparel firm to develop 

quality products Ahmad et al., (2020) argued 

that the organization that are more concerned to 

the quality of the products they produce are 

more favorable for lean product development 

and ultimately it results into the enhancement of 

the operational performance of these industries 

[30]. Similarly, a wide range of researchers has 

discussed a strong relationship between the 

accountability and financial performance of a 

firm. Those apparel firms that are more 

competent in terms of accountability depict 

better financial performance.  As an example 

Saha et al., (2021) discussed the case of garment 

industries in Bangladesh and argued that, the 

apparel industries that possess efficient 

accountability frameworks are comparatively 

more effective in terms of delivering their 

financial objectives [31]. Similarly, in case of 

the adaptability and leadership the evidence 

from research highlights the fact that these traits 

significantly define the feasibility of an 

organization to practice lean product 

development and ultimately enhance the 

financial and operation performance. In this 

regard the study performed by Leong et al., 

(2020) highlighted the fact that in the current era 

of digitalization and industry 4.0 these traits had 

become essential for all kind of industries in 

order to inline their production systems to 

modern production systems that are guided by 

digitalized, lean based and green manufacturing 

practice [32]. In the light of these arguments, the 

next hypothesis of the current research can be 

formulated as under: 

H7: There is a significant impact of competent 

on operational and financial performance of 

firm Ho: There is no significant impact of 

competent on operational and financial 

performance of firm  

2.8  Research Gap 

The literature review highlighted the fact 

that a wide range of research has been 

conducted while taking into account the impact 

of lean product development practices on 

operational and financial performance in the 

apparel industry. However, these studies subject 

to some key limitations that result into research 

gaps in the domain of lean product development 

in apparel industries as discussed below: 

 These studies have mostly focused on 

individual assessment of impact of lean 

practices on either the operational 

performance or the financial 

performance of the films. However, 

Sangwa, (2018) argued in their research 

that the operational benefits of the lean 

practices do not always guarantee the 

successful financial performance of the 

firm and vice versa [33]. A tradeoff 

exist between operational performance 

and financial performance as the 

investment on the operational 

performance of the firm though lean 

practices results into additional cost for 

the apparel industries that ultimately 

affects their financial performance. 

Hence, a significant effort required to 

find an optimal solution that ensures 

enhancement of operational efficiencies 

in apparel industry without degrading 

their financial performance.  

 Similarly, it can be observed that the 

studies that previously focused on the 

enhancement of the operational 

performance and financial performance 

of the business firms referred to the 
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apparel sectors in different states around 

the world. For instance, Lee et al., 

(2021) discussed the case of enhancing 

operational performance of the firms 

through lean practices with reference to 

the manufacturing companies in 

Singapore and Lizarelli (2021) referred 

to the lean production and its impact on 

the operational performance of 

Brazilian firms [35][36].  Similarly, 

Sahoo, (2021) observed the impact of 

lean practices in operational 

performance of small and medium 

enterprise India [37]. In case of 

financial performance, Martins, (2021), 

observed the impact of lean 

manufacturing practices over the 

financial performance of the 

manufacturing firms in Portugal [38]. 

However, the relationship between the 

lean practices and the financial 

performance of the apparel industry has 

been rarely discussed in the literature 

most particularly in the case of 

developing countries such as Pakistan.  

3. Research Methodology 

The research for this study will be 

conducted in six phases as reflected in Figure 1. 

The primary phase of the research is to conduct 

the literature review and identify significant 

gaps in the existing research that can guide the 

researcher towards making some significant 

contribution towards implementation of lean 

product development in apparel firms. The 

second phase of the research was to develop a 

conceptual model that highlights the key 

variables in the research and their mutual 

relationship. As reelected in Figure 1, the next 

phase was to develop a questionnaire based on 

the research objectives and the key research 

questions that are being addressed in the study. 

The next phase was to collect the data from the 

research participants with the help of survey 

questionnaire designed in the earlier phase. The 

second last phase was to generate results and 

analyze the data through statistical 

representation of the research outcomes and 

their interpretation. The final stage was to 

conclude the results and address the research 

recommendations to the target audience.   

 

3.1 Research Model Development  

The research model has been developed 

based on knowledge gathered through survey, 

literature review, and identified research gap. 

The independent variable in the study is lean 

product development process. In order to 

examine the Lean product development deeply, 

the study has taken the sub-elements of LPD 

process, its impact will be checked on 

operational efficiency, and financial 

performance of the firm (Apparel industry) as 

reflected in Figure 1. The figure highlights that 

the two independent variables reflect a 

relationship with set of lean product 

development processes in the apparel industry 

such as process and equipment, competence, 

product design, supplier integration, customer 

integration, continuous learning and 

management, and product value. Based on the 

earlier research conducted on the lean product 

development process in apparel industry these 

processes can be identified as the key 

independent variables that manipulate the 

operational and financial performance of the 

apparel sector in developing countries.   

Figure 1: Research Phases 
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Independent Variables 

Process and Equipment

Competence

Customer Integration

Supplier Integration

Product Design Operational Performance 

Continuous Learning and 

Management 

Product Value

Financial Performance

Dependent Variables 

 
Figure 2: Conceptual Model 

3.2 Research Hypothesis 
Development 

The study is quantitative in nature. In 

quantitative study type, the sample size is large 

enough to signify for the views of almost entire 

population to ensure the dependability of the 

outcome of research. In quantitative research, 

the respondents are the targeted audiences that 

are selected randomly in order to produce 

accurate research outcomes. The research 

instrument chosen is questionnaire, which is the 

main technique in quantitative research. In 

questionnaire, generally two types of questions 

are provided open ended and close ended. In this 

study, close ended questions have been designed 

inspired from the existing literature (Iranmanesh 

et al., 2019).The survey questionnaire consists 

of 42 questions. All items were adapted from 

established scales and measured on a 5 point 

Likert type scale (1 = strongly disagree, 5 = 

strongly agree) and (1 = Not at all, 5 = Very 

high extent). The technique of sampling used in 

current study is the ‘random sampling’. The 

sample size of the study was 250 respondents. 

The data was gathered from both the genders 

male and female. The study audience of the 

research was the executive level employees, 

junior, mid-level, and managerial level 

employees from apparel industry of Pakistan. 

In order to gather data for research, the 

researcher contacted with many apparel 

industries focal persons via phone call and 

emails. All participants were explained 

thoroughly about the study objective so that they 

can willingly participate in providing relevant 

data. The data was collected through online 

google docs’ link. In this study, a statistical tool 

namely SPSS (Statistical Package for the Social 

Sciences) has been used for data analysis 

through Pearson Correlation and Multiple 

Regression Analysis tests.  

3.3 Reliability Analysis 

This test is done in order to verify the 

instrument consistency reliability. It defines 

about the internal consistency of the scale taken 

for investigation (Melchers and Beck, 2018). 

The Cronbach Alpha value has been used in 

order to justify the reliability of the research 

data. The alpha values that are greater than > 

0.70 reflect that the data is reliable and 

standardized (Hair et al., 2010). In case of 

current study as reflected in Table 1, the 

Cronbach alpha values are greater than 0.70 for 

all the variables, which depict that the data for 

the current study is reliable.  

Table 1: Reliability Statistics 

Variables Cronbach Alpha 

Process and Equipment 0.752 

competence 0.683 

Product Design 0.759 

supplier Integration 0.785 

Customer Integration 0.755 

continuous Learning and 

Management 

0.852 

Product value 0.740 

Operational Efficiency 0.852 

Financial Performance 0.778 

4. Results and Discussions 

4.1 Regression Analysis   
 

4.1.1 Regression Analysis for 
Operational Efficiency 

In regression analysis, the R square value can be 

identified as one of the key indicator of the 

strength of the relationship between the 

dependent and independent variables. The value 

of R square ranges from 0 to 1. The values of 

the R square tending towards 1 reflect a stronger 

relationship between the dependent and 

independent variable. In the context of the 
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regression analysis conducted in this research as 

reflected in Table 2 the r square values are .520 

which is 52%. This displays that there is 52% 

change predicted in the operational efficiency 

due to the product design, process and 

equipment and competence of the product 

development process.  

Table 2: Model Summary for Regression Analysis 

on Operational Efficiency 

 
The statistical test conducted for the 

study reflected that for the first independent 

variable, that is process and equipment, the 

value of beta is .151. This denotes that there is a 

positive and direct relation among the variables 

and the adaption of process and equipment in 

the product development process will lead to 

create a positive change in the operation 

efficiency of the apparel firms. For competence, 

the value of beta is .118. This illustrates that 

there is a positive relation between competence 

and operational efficiency and it also denotes 

that by adding competence in the form of lot 

size reduction and creating balance in the 

product development process will add value to 

the operational efficiency of the firm. For the 

product design principle, the value of beta is 

.137, which means that there is again a direct 

positive relation among the variables where 

implementing standardization and 

modularization in the product design will add 

value and increase the operational efficiency of 

the firm. The sig values of all three variables 

showed that they are less than the standard P 

value that demonstrates that there is a significant 

impact of process and equipment, competence 

and product design on improving the operational 

efficiency of the firm. For the first, second and 

third hypotheses, which is that process and 

equipment, competence and product 

significantly impacts the financial and 

operational performance, the null hypothesis is 

rejected and alternative is accepted which shows 

that there is a significant impact of process and 

equipment, competence and product design on 

the operational and financial performance of the 

apparel industry. 

For the variable supplier integration, the 

value of beta is .119, which means that 11 

percent change will occur on the operational 

efficiency of the firm and by adapting, the 

practices of directly involving the suppliers and 

locating them in close proximity will allow 

raising the operational efficiency. For the 

customer integration, it has been noted that the 

beta value of customer integration is .087, which 

means that 8% change or positive change will 

occur on the operational efficiency due to the 

customer integration. For the variable 

continuous learning and management, the value 

of beta noted was .198, which means 19% 

positive change will occur in operational 

efficiency due to implementing constant 

learning and management in the firm. The sig 

value of the three variables were noted to 

illustrate that all those values are less than the 

standard P value which reflects that the null 

hypotheses should be rejected and the 

alternative hypothesis should be accepted. It 

further states that there is a significant impact of 

supplier and customer integration and constant 

learning and management on improving the 

operational efficiency of the firm. The 

regression equation for operational performance 

can be reflected in Equation 1:  
Operational Performance = 0.151*Process and 

Equipment + 0.051* Product Value + 0.118* 

Competence + 0.131* product design + 0.119* 

Supplier Integration + 0.087*Customer 

Integration + 0.061*Continuous learning and 

management        (1)  

 

4.1.2 Regression Analysis for 
Improved Financial Performance   

The model summary for the financial 

performance as reflected in Table 5 showed that 

8.4% change is predicted on financial 

performance due to supplier integration, product 

design and process and equipment.  

Table 3: Model Summary for Financial 

Performance 

 
For the first variable process and equipment, it 

has been noted that the value of beta is noted to 

be .192, which means that 19% change and 

positive change will occur in the financial 

performance of the firm due to process and 

equipment like setup reduction use in the 

product development process. For the 
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competence, it is noted that 3.6% change is 

noted on the financial performance of the firm 

due to the competence factor. Moreover, 3.1% 

positive change is noted on the financial 

performance of the firm due to the product 

design of the firm. Lastly, for the supplier 

integration, 20% positive change is noted on the 

financial performance due to the supplier 

integration adaption in the product development 

process. The sig values for all the IVs showed 

that they are less than the standard P value, 

which denotes that the alternative hypotheses 

should be rejected and the alternative should be 

accepted. It can be argued that there is a 

significant impact of customer integration, 

constant learning, and product value in 

improving the financial performance of the 

apparel industry. 

The beta value of customer integration 

show that 15% positive change would occur on 

the financial performance of the company due to 

involving customers and taking timely feedback 

from them about the product development 

system. 14% positive change is noted to occur 

on the financial performance of the firm due to 

the constant learning and management. This 

means that promoting an environment of 

constant learning and improvement in the 

product development process will lead to 

improve the financial performance of the firm. 

27% positive change will be coming on the 

financial performance of the firm due to the 

product value adaption in the product 

development of the apparel firm. The regression 

equation for financial performance can be 

reflected Equation 2:  
Financial Performance = 0.192*Process and 

Equipment + 0.271* Product Value + 0.036* 

Competence + 0.031* product design + 0.209* 

Supplier Integration + 0.159*Customer 

Integration + 0.142*Continuous learning and 

management       (2)  

4.2 Pearson Correlation Analysis 

  The graphical illustration of the results 

of the statistical tests conducted for finding the 

correlation of independent variables with 

financial and operational performance have been 

reflected Figure 3. The impact of these variables 

over financial and operational performance can 

be individually discussed to get a better insight.  

  

 

4.2.1 Process and Equipment’s 

As reflected in Figure 3, correlation analysis of 

process and equipment and its association with 

the operational performance and financial 

performance of the firm. The Pearson (.798) 

value showed that there is a strong correlation 

among the process equipment and operational; 

efficiency of the firm. The other Pearson value 

was noted to be .744, which states that the 

strength of association is strong among the 

process, equipment, and financial performance. 

This also demonstrates that by adapting the 

practices of using ecofriendly process and 

equipment’s in the development process of 

apparel firms, the firms can positively improve 

their operational and financial performance 

largely. The sig value of the Pearson correlation 

also illustrates that it is less than the standard 

alpha value, which draws the conclusion that 

there is a strong and significant correlation of 

process and equipment with operational and 

financial performance of the firm.  

4.2.2 Competence 

 Figure 3 also reflects correlation 

analysis of competence and its association with 

the operational performance and financial 

performance of the firm. The Pearson (.706) 

value showed that there is a strong correlation 

among the process equipment and operational; 

efficiency of the firm. The other Pearson value 

was noted to be .690, which states that the 

strength of association is moderate to strong 

between the competence and financial 

performance. This also demonstrates that by 

adapting the practices of competence in the 

development process of apparel firms, the firms 

can positively improve their operational and 

financial performance largely. The sig value of 

the Pearson correlation also illustrates that it is 

less than the standard alpha value, which draws 

the conclusion that there is a strong and 

Figure 3: Correlation Analysis for 

Operational and Financial performance 
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significant correlation of competence with 

operational and financial performance of the 

firm. 

4.2.3. Product Design 

 As reflected in Figure 3, analysis of 

product design and its association with the 

operational performance and financial 

performance of the firm. The Pearson (.784) 

value showed that there is a strong correlation 

among the process equipment and operational; 

efficiency of the firm. The other Pearson value 

was noted to be .750, which states that the 

strength of association is moderate to strong 

between the product design and financial 

performance. This also demonstrates that by 

working on product design aspect of the lean 

development principle, the firms can positively 

improve their operational and financial 

performance largely. The sig value of the 

Pearson correlation also illustrates that it is less 

than the standard alpha value, which draws the 

conclusion that there is a strong and significant 

correlation of product design with operational 

and financial performance of the firm. 

 
 The computation results in Figure 3 display the 

correlation-analysis of supplier integration and 

its association with the operational performance 

and financial performance of the firm. The 

Pearson (.764) value showed that there is a 

strong correlation among the process equipment 

and operational; efficiency of the firm. The 

other Pearson value was noted to be .760, which 

states that the strength of association is 

moderate to strong among the supplier 

integration and financial performance. The 

positive correlation demonstrates that the more 

effectively the companies in the apparel industry 

will work on the supplier integration factor, the 

more it will turn its operational efficiency better 

and this will directly impact the financials of the 

company as well by making a good image of the 

company in the eyes of suppliers. The sig value 

of the Pearson correlation also illustrates that it 

is less than the standard alpha value that draws 

the conclusion that there is a strong and 

significant correlation of supplier integration 

with operational and financial performance of 

the firm. 

4.2.5 Customer integration 

 Figure 3 highlights correlation analysis 

of customer integration and its association with 

the operational performance and financial 

performance of the firm. The Pearson (.715) 

value showed that there is a strong correlation 

among the process equipment and operational; 

efficiency of the firm. The other Pearson value 

was noted to be .763 that states that the strength 

of association is moderate to strong among the 

customer integration and financial performance. 

The positive correlation demonstrates that the 

more effectively the companies in the apparel 

industry will work on the integration of 

customers in the product development process, 

the more it will turn its operational efficiency 

better and this will directly impact the financials 

of the company as well by making a good image 

of the company in the eyes of suppliers. The sig 

value of the Pearson correlation also illustrates 

that it is less than the standard alpha value that 

draws the conclusion that there is a strong and 

significant correlation of customer integration 

with operational and financial performance of 

the firm. 

4.2.6 Product Value  

Figure 3 further reflects correlation 

analysis of product value and its association 

with the operational performance and financial 

performance of the firm. The Pearson (.716) 

value showed that there is a strong correlation 

among the process equipment and operational; 

efficiency of the firm. The other Pearson value 

was noted to be .778, which states that the 

strength of association is moderate to strong 

between the product value and financial 

performance. This also demonstrates that by 

working on creating value of a product in the 

product development phase, the firms can 

positively improve their operational and 

financial performance largely. The sig value of 

the Pearson correlation also illustrates that it is 

less than the standard alpha value, which draws 

the conclusion that there is a strong and 

significant correlation of product value with 

operational and financial performance of the 

firm. 

4.2.7 Continuous Learning and 
Management 

 Figure 3 also reflects correlation 

analysis of constant learning management and 

its association with the operational performance 

and financial performance of the firm. The 

Pearson (.769) value showed that there is a 

strong correlation among the process equipment 

and operational; efficiency of the firm. The 
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other Pearson value was noted to be .722, which 

states that the strength of association is 

moderate to strong among the continuous 

learning and management and financial 

performance. This illustrates that by working on 

the implementation of constant learning 

environment and by proper management and 

training of the employees working in the 

product development phase, the firms can 

positively improve their operational and 

financial performance largely. The sig value of 

the Pearson correlation also illustrates that it is 

less than the standard alpha value, which draws 

the conclusion that there is a strong and 

significant correlation of product value with 

operational and financial performance of the 

firm. 

 

4.3 Normality Test and Hypothesis 
Summary 

Normality test was done to see the 

skewedness and kurtosis of the research 

variables and to assess that the data is normally 

distributed or not. The values of skewness and 

kurtosis showed that data is normally 

distributed. The Table 6 reflects the data values 

for all the variables and corresponding 

normality tests in terms of skewness and 

kurtosis.  

 
Table 6: Normality Test for the data  

Descriptive Statistics 

 Variables N   

Skewness 

  

Kurtosis Statistic 

Process and 

equipment 

250 0.278 .316 

Competence 250 0.055 .643 

Product design 250 0.461 1.010 

Supplier 

integration 

250 0.63 1.210 

Customer 

integration 

250 0.2 1.280 

Continuous 

learning and 

management 

250 0.53 1.330 

Product value 250 0.56 1.020 

Operational 

efficiency 

250 0.09 0.778 

Financial 

performance 

250 0.023 0.410 

Valid N (list 

wise) 

250     

 
The Hypotheses summary as reflected in Table 

7 states that for the first hypotheses, which is 

that process and equipment significantly impacts 

the financial and operational performance, the 

null hypothesis is rejected and alternative is 

accepted which shows that there is a significant 

impact of process and equipment on the 

operational and financial performance of the 

apparel industry. For the second hypothesis, 

which was that competent does not affect 

operational, financial performance, the null 

hypothesis is rejected, and the alternative one is 

accepted, showing significant impact of 

competence on operational and financial 

performance. For the third and fourth 

hypotheses that were that supplier customer 

integration has no impact on financial and 

operational performance, the study again rejects 

the null hypotheses and accepts the alternative 

one showing significant impact of customer and 

supplier integration on operational and financial 

performance of apparel firms. For the fifth 

hypothesis (Product design has no impact on 

operational and financial performance) and sixth 

hypothesis (Product value has no impact on 

operational and financial performance). The 

study rejected the null hypothesis and 

demonstrated an essential impact of product 

design and product value on operational and 

financial performance and apparel firms. For the 

last hypothesis, which was that there is no 

significant impact of Continuous learning and 

management on operational and financial 

performance of firm, the study rejected the null 

hypothesis showing a significant impact of 

constant learning on improving the financial and 

operational performance of the firm.  

Table 7: Hypotheses Summary 

Hypo

thesis 

Accept

/Reject 

Impact 

H1 Accept Significan

t 

H2 Accept Significan

t 

H3 Accept Significan

t 

H4 Accept Significan

t 

H5 Accept Significan

t 

H6 Accept Significan

t 

H7 Accept Significan

t 
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5.  Conclusion and 
Recommendations 

The study has investigated the effect of 

lean product development on the operational 

and financial performance of the apparel 

industry of Pakistan. The findings draw the 

conclusion that there is a significant impact of 

LPD on the operational and financial 

performance of the apparel industry. From this 

study, it is concluded that LPD essentially plays 

a major role in improving the operational and 

financial performance of the apparel industry. 

From this study, it can be recommended that 

process and equipment, product design, product 

value, constant learning are the most important 

aspect that have a positive role in improving the 

operational and financial efficiency of the 

apparel industry of Pakistan. The study results 

are consistent with the earlier findings showing 

that applying the lean practices not only allows 

the production department to increase efficiency 

but, it also allows retaining good profits and 

long term customer retention as a whole. 

Linking LPD to the meantime of global 

pandemic, the analysis showed that respondents 

reported to have been highly impacted by the 

global pandemic. They were noted to state that 

supply side has been highly affected due to the 

lockdown and the firms are having great loss 

due to pandemic. Some of the respondents 

responded that LPD could not be applied in this 

mean situation as the plant is running out of 

capacity 

The study results have shown practical 

succors for the managers and product 

developers in the product development 

department. The product developers can 

understand that how important are the lean 

product development principles to improve the 

efficiency of the firm in terms of profits and 

efficiency. The findings are useful in allowing 

the apparel industry managers to modify or 

update their product development model by 

preferring the LPD practices to improve their 

firm efficiency and profitability. The essential 

impact of product value, continuous learning, 

and management suggest that these aspects must 

be integrated in the product development 

performance to raise its efficiency and financial 

performance. In addition, managers should 

focus particularly on the lean practices so that it 

can improve its impacts of procedure and 

equipment’s practice. Seeing from the academic 

lens, the study conclusion has enhanced value to 

pre-existing literature work on the LPD by 

addressing the role of lean principle in LPD 

process to enhance the operational and financial 

efficiency of the apparel firms. Lastly, the study 

has extended the literature by testing the impact 

of interaction among the LPD with Operational 

and financial improvement of the Firms in the 

apparel sector of Pakistan. Though the study 

meets its objectives, there are certain limitations 

that open a room for improvement for the future 

study. Firstly, it is recommended that the study 

should be expanded further in many other 

nation-states, which could help in result 

generalization. Moreover, future research is 

needed to conduct on a larger sample of 

population in order to have in-depth results. 

Lastly, the study should be tested on some 

different sector as well.  
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Abstract  

This study pertaining modeling challenges to implementing artificial intelligence technology in the industrial 

sector of Pakistan. Industries around the world are in a continuous transformation phase to adopt intelligent 

systems. Intelligent manufacturing is the demand of dynamic and integrated customer-driven markets to 

compete for quality or lesser lead time. Artificial intelligence technology implementation facilitates the 

industries to develop systems with real-time capabilities and self-controllability. The implementation of 

artificial intelligence technologies in the industry faced many challenges. Therefore, the current study aims to 

identify the major challenges and to develop an interactional model to show the interdependences. A total 

number of 18 challenges have been identified through detailed literature and survey from industrial experts.  A 

multi-criteria decision-making approach called Interpretive Structural Modeling (ISM) has been used to model 

the interdependences and interpretation of these factors. The most crucial barrier which drives all other 

factors is the lack of resources to invest in innovation management. At the second level, the main drivers are 

lack of clarity related to economic benefits and lack of strategic management to implement the Artificial 

Intelligence technology. This study will facilitate the practitioners in the decision-making process regarding 

the implementation of artificial intelligence in the industry. It will provide an idea to identify which barrier is 

most crucial and which factor drives the other one systematically.       

 

Key Words:  Artificial intelligence technology; industrial sector; continuous transformation; 

interpretive structural modeling

1. Introduction  

Problem: Industry 4.0 has revolutionized the 

manufacturing capacity by efficiently increasing 

the output with the usage of minimal resources. A 

high rise in the use of intelligent manufacturing 

has been observed as the industries worldwide are 

tending to mechanical automation in the traditional 

manufacturing processes [1]. Different forms by 

which industry 4.0 has been efficiently improving 

the manufacturing processes include Physical 

(including cyber-physical systems) process 

integration, storage systems, and systems that 

coordinate, monitor, exchange information 

autonomously [2].  It can be said that the new era 

of the smart manufacturing industry has created a 

network of machines and devices capable of 

interacting with each other. The reduction of 

human intervention has greatly decreased the 

possibility of errors owing to the ability of these 

devices [3]. With the revolution in the 

manufacturing industry, the systems have become 

smarter and more intelligent, creating high 
competition to meet the needs of consumers.   

Solution of the problem: Industry 4.0 based on 

German strategic initiative has been involved in 

creating factories where manufacturing technologies 

are evolved by implementing cyber-physical systems 

(CPSs), the Internet of Things (IoT), and Artificial 

intelligence (AI).The AI is considered one of the 

revolutionary technologies that can revolutionize 

humanity [1]. Manufacturing processes used in the 

smart factories make the processes automated, fast, 

connected, reliable, and closely monitored. All the 

different components of the integrated system such 

as workforce, software, and hardware systems 

communicate and interact with one another 

efficiently using the internet. The data collection, 

processing, and transferring are done using advanced 

digitized networks. The data collected is then further 

used for the optimization of the manufacturing 

processes as well as adaptive production provision 

[4]. According to Forbes (2018), 44% of the 

participants classified AI as an integral component in 

the upcoming years for manufacturing processes and 

49% proposed that it is highly critical for the success 

of the manufacturing industry. AI has come up as an 

essential key component for growth and success in 

the future.  

Global context: However, IoT usage comes with 

the associated barriers that require the attention of 
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the managers in the manufacturing sectors [5].  

The most fundamental requirement is the need to 

identify the barriers/challenges that are being 

faced for the implementation of these innovative 

technologies. The manufacturing industry around 

the world is focusing on smarter and intelligent 

manufacturing systems. The prime examples of 

this concept introduced by different countries 

included such as for China “Made-in-China 2025” 

[6], US “reindustrialization”, and Japan “New 

Robot Strategy”. These concepts all share the 

same goal [7] as well as allow manufacturing 

customized products using the whole supply 

production system and supply chain [8]. 

Problem in the solution: Artificial intelligence 

(AI) is now considered as the future of the 

manufacturing industry and is well involved in 

revolutionizing the future of the industrial 

application. Although it is in an early 

development phase, significant benefits have been 

observed and predicted. The five outcomes of 

implementing AI in the manufacturing industry 

are Product development, Quality control, 

streamlining Manufacturing Processes, Predictive 

maintenance, and inventory management. The 

global GDP is expected to rise by 14 percent 

raising the stake by 15.7 Trillion as reported by 

Price Waterhouse Coopers (2030) by enabling AI 

activities.  Moreover, the business value is 

expected to reach $3.9T by 2022 as stated by 

Gartner.  

Proposed solution: From the literature, the 

information regarding the implementation of AI in 

the manufacturing industry is limited. So, it is 

highly important to identify and investigate the 

potential barriers/challenges in the 

implementation of AI technology in the 

manufacturing industry. The research carried out 

has the following objectives: 

1. Identifying the potential barriers for 

implementation of Artificial Intelligence in 

the manufacturing industry 

2. Finding out the relationship between those 

barriers to recognize the most critical ones 

for implementing AI technology. 

To achieve these objectives, the MCDM 

technique has been used called Interpretive 

Structural Modeling (ISM). This technique has 

made it possible to make a comparative analysis 

between the identified barriers to categorize 

them in terms of their importance for the 

implementation of AI technology. 

Advantage of solution: The proposed model has 

both practical and theoretical implications. It has 

a unique contribution in the form of a practical 

implementation guide for the decision-making 

process to manage the barriers. It will facilitate 

the management for better decision making 

regarding factors interdependences and driving 

force of each other.  

The current study relates to model the main 

barriers in the interpretive way. It pertains to the 

identification of main barriers affecting Artificial 

Intelligence Technologies (AIT) and models the 

interdependences. The multi-criteria decision-

making approach MCDM, interpretive structural 

modeling (ISM) has been used to model the 

interdependences.  

The current study is comprised of the following 

sections: (1) Introduction and motivation of the 

AIT and ISM, (2) systematic literature review, (3) 

research methodology, (4) results and discussion, 

and (5) conclusion.    

2. Literature Review  

The systematic literature review has been 

conducted to get the relevant research papers, 

reports, conference papers, books, and review 

papers. The literature has been downloaded from 

famous online databases like Google Scholar, 

Web of Science, Scopus, and Science Direct. The 

keywords used to search this literature artificial 

intelligence, Industry 4.0, intelligent 

manufacturing & Industry 4.0, smart 

manufacturing, barriers and challenges to 

implement the AI, etc. The following 18 barriers 

have been selected from the list of 44 challenges 

identified during the detailed literature review. 

The description of these barriers is as follow:  

i. Lack of management strategic vision 

impact on the process (C1): Industry 4.0 is not 

just about refining existing products and systems 

through the use of this smart and intelligent 

technology; it is a revolutionary technology to 

build entirely new business. Management vision 

on implementation strategy is essential for success 

[9]. Predominantly lack of knowledge of 

management on AI technology has a significant 

impact on its implementation. 

ii. Lack of Industrial AI implementation 

strategy (C2): In the application of Artificial 

Intelligence technology, organizational culture, 

and processes play an important role in its success 
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[10]. Study shows half of the surveyed companies, 

lack in strategy to implement industry 4.0[9]. 

Therefore, before starting any project, a strategy 

must be formulated to achieve desired results. 

Lack of strategy for implementation will lead to 

the absence of an Industrial AI framework. 

iii. Less investment in innovation 

management (C3): Innovative technologies are 

required to optimize the process and enable goods 

with IT-based add-on functionalities [9]. Mostly 

industrial management is only focused on profit-

making; this hinders their investment in 

innovation and newer technologies. 

iv. Lack of digitization (C4): For the 

implementation of AI technology essential 

prerequisite is the availability of IT equipment 

and infrastructure [5]. To obtain the full potential 

of AI technology modern systems like cloud 

computing, machine learning, and data analysis 

techniques are needed [11]. Lack of IT 

infrastructure poses a great challenge for 

digitalization. 

v. Lack of interoperability (C5): As data 

from drivers and heterogeneous devices is needed 

to be shared, interoperability is an essential 

requirement [11, 12]. Interoperability between 

different networks and technologies is one of the 

important characteristics for the adoption of smart 

and intelligent systems [13]. One can say 

interoperability is a prerequisite for the 

development of AI technology implementation. 

vi. Lack of interaction and data collection 

(C6): AI technology can only be beneficial when 

synchronized interaction of production machinery, 

information systems and humans (workers and 

end-users) exist. Data is an essential requirement 

for AI technology. The quality of data that we 

collect depends on many factors e.g., process 

parameters, sensing equipment, data transmitting, 

and receiving system [11]. The data collection 

may be done in an agile method to make it 

beneficial [14].  

vii. Lack of system integrated information 

sharing (C7): Seamless integrated information 

sharing between different devices and machines is 

essential in smart and intelligent system 

implementation [5, 13, 15]. The establishment of 

system integration and interoperability between 

equipment and network is one of the potential 

barriers to implement of AI technology. Without 

integrated information sharing system, AI 

technology cannot produce desired results. 

viii. Lack of automation and autonomisation 

(C8): Automated machines and autonomous 

systems allow machines to connect themselves 

and move jobs from one station to another. One of 

the grand visions of this technology is self-guided 

production: jobs move to the next workstations, 

planning, scheduling movement routes, and 

communicating requirements to the workstations 

[9]. 

ix. Lack of add-functionalities in products 

(C9): With innovative technologies and 

equipment add-on functionalities now products 

have become the smart product. Using add-

functionalities in product development enables 

companies to fine-tune their products to the exact 

needs of the customer. This also offers better 

delivery time prediction to customers [9]. So, AI 

technology has improved product development 

and production technology. 

x. Lack of data-driven sources (C10): 

Organizations have opportunities to revolutionize 

their existing business and develop new ones 

utilizing the power of digitalization, by using data 

collection and analysis [9]. Devices and 

equipment used in AI technology require data 

input to operate and interact. 

xi. Lack of adequate skill set of employees 

(C11): Lack of skills and expertise of employees 

can create a hurdle in managing highly intelligent 

and smart systems [11]. Having proper education 

and skilled professionals can help in the 

successful implementation of AI technology [16]. 

xii. Lack of clarity about economic benefits 

(C12): Creating a network for AI technology, 

which includes sensors, screens, data sharing 

infrastructure requires a significant investment 

and a suitable technology partner [11]. Lack of 

certainty exists about the cost benefits that may be 

achieved through the implementation of IoT [17]. 

Economics benefits must be considered in long-

term production runs and must be acknowledged. 

xiii. Lack of standardization (C13): As AI is 

in its initial phases, there are no defined standards 

for AI systems and data collection, creating low 

network flexibility [11, 18]. For example 

implementation of the internet of things on the 

supply chain involves an object, network, data 

services, and application layers being accounted 

as a barrier [19]. Development and unification of 

technical standards must be initiated at the 

government level. Implementation of such a 

system would require standard infrastructure 

facilities to assist and operate the interconnected 

devices efficiently. 
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xiv. Management hesitancy and lack of clarity 

(C14): Implementation of any new system or 

technology requires the support of management. 

Management needs to be responsible for all the 

data ownership, processing, and usage that is 

happening in different phases [11, 20]. For this 

management needs to have a vivid idea of these 

intelligent systems and their benefits in the 

industry. 

xv. Data privacy and security issues (C15): 

Data privacy and security play an important role 

in the successful distribution of networks at small 

and large scales. After AI implementation all the 

organizational data will be collected by the system 

either public or private data, which can pose a 

great threat. Data protection and secure 

information sharing is essential requirement [11]. 

Cyber-security threats are commonly related to, 

privacy; authorization of access to the system, 

network, and data is potential barriers that are 

faced by organizations [21]. 

xvi. Lack of resources to investment (C16): It 

is important to understand that resource 

management is essential in the industry to 

implement these smart and intelligent systems 

[11]. Skilled manpower and equipment required 

for the intended function are not cheap to engage 

[22]. So, high operational and maintenance costs 

are associated with it [19]. 

xvii. Reluctance of labor to open digitization 

(C17): Labor is usually hesitant towards new 

technologies due to a lack of education and 

training [23]. As a result of digitalization, most of 

the manual jobs will be automated and will result 

in employment disruption and job losses [19]. The 

jobs left will require technical knowledge and 

expertise [24]. 

xviii. Lack of flexibility and stability (C18): 

Successful Implementation of AI technology will 

require flexibility and stability. Current 

manufacturing industry systems are quite complex 

and old, making them less flexible [25]. Replacing 

them with new equipment can be a very 

complicated process [11]. So, it has become 

important to develop IoT solutions that can be 

merged with existing infrastructure [26].  Stability 

is an essential requirement for the system to work, 

otherwise, system breakdowns will be faced, 

causing loss of production and finance. 

3. Research Methodology  

Several multi-criteria decision-making (MSDM) 

techniques are present in the literature for the 

identification of relationships, ranking, and 

priority between the identified barriers. For this 

study, the interpretive structural modeling (ISM) 

technique is selected to find the relationship and 

rank the identified barriers. In 1973, Warfield was 

the pioneer to introduce ISM as the computer-

aided approach to assist in solving complex 

approaches and problems and to align them in 

words and graphics to increase understanding. It is 

a methodology that transforms poorly developed 

mental models into distinct and articulated models 

that are easy to understand and evaluate [27].  

The basic idea behind this whole process involves 

the decomposition of the highly complex into 

several small components (subsystems) and the 

construction of a multilevel structural model 

(Warfield, 1974a, b). Sage (1977) and Kannan 

[28] defined it as a planning technique that helps 

in recognizing and generating a relationship 

between unique different variables involved in a 

complex application. The ISM process is overall 

being regarded as one of the most efficient 

decision-making methods being proposed. 

Motivation to use ISM technique [29-31] 

● The graphical model of ISM makes the 

interrelationships highly effective and 

easy to understand 

● It involves an expert’s opinion along with 

the verbal judgment 

● Complex relationships between variables 

can be clarified by computational, 

conceptual, and theoretical data. 

● Continuous observation, questioning, and 

modification of relationships of variables 

are possible. 

Following is the stepwise procedure for the 

development of ISM methodology 

Step 1: A Structural Self-Iteration Matrix (SSIM) 

is created for the identified variables by using 

experts’ opinions, showing the relationship 

between variables that are under analysis. 

Step 2: SSIM is then utilized to develop a 

Reachability matrix, and it’s checked for 

transitivity. 

Step 3: Level partitioning is then performed on the 

data obtained after transitivity analysis 

Step 4: Determinants from the previous step are 

classified 

Step 5: A graph is drawn representing the ISM 

model. Showing the relationship between the 

variable and their dependencies on each other 

The flow chart of this study is shown in Figure 1 

below: 
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Table 1. Initial Reachability Matrix 

4. Data collection and analysis 

Initially, literature has been reviewed; potential 

barriers have been searched and identified for the 

successful implementation of Artificial 

intelligence technology in the manufacturing 

industry. From the related literature, eighteen 

barriers have been identified. Moreover, these 

identified barriers were discussed with industrial 

experts for validation as this study focuses on the 

manufacturing sector of Pakistan. In this study, a 

total of 9 industrial experts have participated in the 

development of the initial reachability matrix. All 

the experts possess working experience in the 

manufacturing industry. Experts from different 

sectors of the Pakistan manufacturing industry have 

been enabled to have a non-biased opinion. The 

experts made a relationship between the validated 

barriers for the initial reachability matrix. Table 1 is 

showing the initial reachability matrix and the final 

reachability matrix is shown in Table 2.   

5. Results and discussion  
According to the results achieved by ISM 
methodology analysis for potential barrier 

identification for successful implementation of 

Identification of Factors/Barrier from literature 

and Expert Opinions 

Development of Initial reachability matrix using 

ISM Technique 

Level Partitioning of Factors using ISM 

Technique 

Result Evaluation and Conclusion 

Table 3. Level participation of Barriers 

Figure 1. Methodology Flow Chart 

Table 2. Final Reachability Matrix 
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Artificial intelligence technology in the 

manufacturing sector of Pakistan. The ISM 

developed model in Figure-2 has been divided into 

three levels; bottom level, intermediate level, and 

top level. The bottom level is usually the main 

driver of factors in the upper levels. The bottom 

level is attributed as the most crucial level and 

major considerations of top management to 

manage these barriers. In this model “Lack of 

resources to invest for AIT”, “lack of clarity about 

economic benefits” and “lack of management 

strategic vision” are categorized in the bottom 

level.  Similarly, the barriers categorized in the 

intermediate level are all interdependencies of 

“lack of flexibility and scalability”. The level 

partition is shown in Table-3. Based on the 

interdependences, all barriers are grouped in four 

distinct clusters.  

1)  Autonomous barriers: These have a low 

dependency and driving power. The autonomous 

barriers are easy to handle, having less influence 

on the other factors and being least influenced. In 

the current model the “lack of investment”, lack of 

automation” and “data privacy and security issue” 

are attributed as autonomous barriers. 

2)  Dependent barriers: These are related to 

the factors having weak driving power but are 

highly dependent. These factors are usually found 

in the top-level grouping. In the current scenario 

the “lack of add-functionality” can be considered 

in this category.    

3) Linkage barriers: These have strong 

driving power and dependence. These factors are 

the most sensitive and unstable. The variation in 

the interdependency factors of this factor may 

cause a major impact. The factors like “lack of 

adequate skill set of employees”, “Lack of 

flexibility and scalability” and “lack of 

interoperability” fall in this category. These factors 

have a feedback impact and need careful 

consideration during the implementation of AIT.   

4) Independent barriers: They have high 

driving power and comparatively least 

dependence. These factors are major 

considerations of decision-makers. The driving 

power is demanding to implement the desired 

system. In the developed model “lack of 

investment resources” for AIT is considered as the 

most independent barrier.  

Therefore, it is clear from the developed model 

“lack of resources to investment” comes out to be 

the first and vital barrier that needs to be 

addressed. As we all know implementing these 

new technologies in the industry are quite 

expensive to implement. Not only the equipment 

for AI technology is expensive, but the skilled 

manpower that is required to operate and maintain 

this highly advanced system demand high salaries. 

“Lack of clarity about economic benefits” and 

“lack of management strategic vision impact on 

the process” comes on the second position. This 

reveals that if adequate resources are available to 

invest in AI technology, then management vision 

and strategy comes into action for its 

implementation. This also indicates that benefits of 

AI technology must be communicated to 

manufacturing sector, as lack of knowledge will 

result emergence of these barriers. 

The “lack of adequate skill set” has an impact on 

the “lack of digitization”, “lack of labor openness 

to digitization”, “lack of management clarity” and 

“lack of technology implementation strategy”. The 

focus of top management should be on the training 

of labor to create the dynamic capabilities. The 

enterprise management must evaluate the 

economic benefits to adopt the AIT in the 

manufacturing processes. The lack of digitization, 

labor reluctance, clarity of management and 

strategy implementation impact the flexibility of 

system. The lack of flexibility and scalability 

make the system rigid. The flexibility is a most 

crucial and critical barrier to implement AI 

technologies. The “lack of flexibility” has high 

dependence and driving power with maximum 

interdependences. The “lack of flexibility” may 

lead to impact the other factors like “less invest on 

innovation management”, “lack of interaction and 

data collection”, “lack of interoperability” and 

“lack of system integration”. The management 

should handle this barrier with extreme careful 

consideration. Enhancing and evaluating the 

flexibility can be a test case for enterprise 

management. The flexibility can be enhanced by 

using strategic innovation management, and 

enable the systematic integration through useful 

data collection. The attribute like standardization 

and interoperability must be enhanced using data-

driven services and system integration. These 

capabilities make the system more flexible and 

scalable. For instance, the lack of interoperability 

limits the automation, data security & reliability 

and add-on functionality. In the ear of industry 4.0 

the customer integration and product with add-on 

functions is market need. So, the data-driven 

system integration, enable the automation and 

standardization are the basic attribute to survive in 

current era.  

Hence, to survive in the market, reliable, lean and 

green production is needed. The companies must  

generate resources, government incentivize the 

innovation and industrial bodies formulate the 

mechanism to fix profit portion for AI 
technologies adoption.  
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Figure 2.ISM Model of Challenges faced in implementing the AIT

6. Conclusion  

With the rise of Artificial intelligence technology, 

the manufacturing industry overall is revolutionizing 

its manufacturing processes. This change of global 

strategy has created the market competitive, and to 

compete smart and intelligent technologies must be 

adopted. This study has explored literature and 

identified eighteen potential barriers for 

implementation of Artificial intelligence technology 

in the manufacturing industry of Pakistan. ISM 

methodology has been used to analyze these 

identified barriers, and a hierarchical model has 

been developed. From the results it has been 

observed that the first three most crucial prerequisite 

barriers are related to management mindset, proper 

strategy, and vision for the implementation of these 

smart and intelligent systems. These barrier 

challenges must be addressed by policymakers to 

globally compete with growing competition. 

This study is preliminarily focused to evaluate 

challenges and barriers affecting the implementation 

of Artificial intelligence technology in the 

manufacturing industry of Pakistan. These barriers 

are being identified from the literature and validated 

by experts working in the industry; therefore they 

may not be the only barriers that exist in the 

implementation of AI technology. This research 

used ISM methodology to investigate the 

relationship and rank between identified barriers, 

ISM possesses some limitations. Another limitation 

can be linked to the domain of the selected 

experts, as each one of them has a specific domain 

of work that can influence the results. In the 

future, different factors can be identified and 

validated. Furthermore, different MCDM 

techniques can be used to evaluate the barriers. 

Moreover, the developed model can be statistically 

validated using Structural Equation Modeling 

(SEM). 

7.   References 

1. Zhong, R.Y., et al., Intelligent 

manufacturing in the context of industry 

4.0: a review. Engineering, 2017. 3(5): 

p. 616-630. 

2. Colombo, A.W., et al., Industrial cyber-

physical systems: A backbone of the 

fourth industrial revolution. IEEE 

Industrial Electronics Magazine, 2017. 

11(1): p. 6-16. 

3. Haleem, A., et al., 3D scanning of a 

carburetor body using COMET 3D 

scanner supported by COLIN 3D 

software: Issues and solutions. 

Materials Today: Proceedings, 2021. 

39: p. 331-337. 

4. Bakon, A.S.-T.H.-K. and B.M.-S. Jaskó, 

Industry 4.0-Challenges in Industrial 

Artificial Intelligence. 2018. 

5. Kamble, S.S., A. Gunasekaran, and R. 

596



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

Sharma, Analysis of the driving and 

dependence power of barriers to adopt 

industry 4.0 in Indian manufacturing 

industry. Computers in Industry, 2018. 

101: p. 107-119. 

6. Shubin, T. and P. Zhi, “Made in China 

2025” and “industrie 4.0”—In motion 

together, in The internet of things. 2018, 

Springer. p. 87-113. 

7. Aijie, C., et al., Nanoscaffolds in 

promoting regeneration of the peripheral 

nervous system. Nanomedicine, 2018. 

13(9): p. 1067-1085. 

8. Ford, S. and M. Despeisse, Additive 

manufacturing and sustainability: an 

exploratory study of the advantages and 

challenges. Journal of cleaner Production, 

2016. 137: p. 1573-1587. 

9. Lichtblau, K., Industrie 4.0 - Readiness. 

Impuls-Stiftung (2015). 2015. 

10. Keding, C., Understanding the interplay 

of artificial intelligence and strategic 

management: four decades of research in 

review. Management Review Quarterly, 

2021. 71(1): p. 91-134. 

11. Janssen, M., et al., Challenges for 

adopting and implementing IoT in smart 

cities: An integrated MICMAC-ISM 

approach. Internet Research, 2019. 

12. Zhang, Y., et al., A big data analytics 

architecture for cleaner manufacturing 

and maintenance processes of complex 

products. Journal of cleaner production, 

2017. 142: p. 626-641. 

13. Hussain, M.I., Internet of Things: 

challenges and research opportunities. 

CSI transactions on ICT, 2017. 5(1): p. 

87-95. 

14. Kobusińska, A., et al., Emerging trends, 

issues and challenges in Internet of 

Things, Big Data and cloud computing. 

2018, Elsevier. 

15. Valmohammadi, C., Examining the 

perception of Iranian organizations on 

Internet of Things solutions and 

applications. Industrial and Commercial 

Training, 2016. 

16. Benešová, A. and J. Tupa, Requirements 

for education and qualification of people 

in Industry 4.0. Procedia manufacturing, 

2017. 11: p. 2195-2202. 

17. Ryan, P.J. and R.B. Watson, Research 

challenges for the internet of things: what 

role can or play? Systems, 2017. 5(1): p. 

24. 

18. Mueller, E., X.-L. Chen, and R. Riedel, 

Challenges and requirements for the 

application of industry 4.0: a special 

insight with the usage of cyber-physical 

system. Chinese Journal of Mechanical 

Engineering, 2017. 30(5): p. 1050-1057. 

19. Haddud, A., et al., Examining potential 

benefits and challenges associated with 

the Internet of Things integration in 

supply chains. Journal of Manufacturing 

Technology Management, 2017. 

20. Bennett, D., D. Pérez-Bustamante, and 

M.-L. Medrano, Challenges for Smart 

Cities in the UK, in Sustainable Smart 

Cities. 2017, Springer. p. 1-14. 

21. Qin, Y., et al., When things matter: A 

survey on data-centric internet of 

things. Journal of Network and 

Computer Applications, 2016. 64: p. 

137-153. 

22. Singh, R. and N. Bhanot, An integrated 

DEMATEL-MMDE-ISM based 

approach for analysing the barriers of 

IoT implementation in the 

manufacturing industry. International 

Journal of Production Research, 2020. 

58(8): p. 2454-2476. 

23. Brock, J.K.-U. and F. Von 

Wangenheim, Demystifying AI: What 

digital transformation leaders can teach 

you about realistic artificial 

intelligence. California Management 

Review, 2019. 61(4): p. 110-134. 

24. Rao, S.K. and R. Prasad, Impact of 5G 

technologies on industry 4.0. Wireless 

personal communications, 2018. 100(1): 

p. 145-159. 

25. Sfar, A.R., et al., A roadmap for 

security challenges in the Internet of 

Things. Digital Communications and 

Networks, 2018. 4(2): p. 118-137. 

26. Talavera, J.M., et al., Review of IoT 

applications in agro-industrial and 

environmental fields. Computers and 

Electronics in Agriculture, 2017. 142: p. 

283-297. 

27. Attri, R., N. Dev, and V. Sharma, 

Interpretive structural modelling (ISM) 

approach: an overview. Research 

Journal of Management Sciences, 2013. 

2319(2): p. 1171. 

28. Kannan, G., S. Pokharel, and P.S. 

Kumar, A hybrid approach using ISM 

and fuzzy TOPSIS for the selection of 

reverse logistics provider. Resources, 

597



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

conservation and recycling, 2009. 54(1): 

p. 28-36. 

29. Kamble, S.S., A. Gunasekaran, and R.D. 

Raut, Analysing the implementation 

barriers of dual cycling in port container 

terminal using interpretive structural 

modeling-Indian context. International 

Journal of Logistics Research and 

Applications, 2019. 22(2): p. 119-137. 

30. Kapse, C.P., et al., Developing textile 

entrepreneurial inclination model by 

integrating experts mining and ISM-

MICMAC. International Journal of 

Production Research, 2018. 56(14): p. 

4709-4728. 

31. Thirupathi, R. and S. Vinodh, Application 

of interpretive structural modelling and 

structural equation modelling for analysis 

of sustainable manufacturing factors in 

Indian automotive component sector. 

International Journal of Production 

Research, 2016. 54(22): p. 6661-6682. 

 

598



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

 

Design Aspects of Two-Wheeler Hybrid Bike 
Technology for Sustainable Environment  

Iqra Ramzan1, Asim Amjad2, Adeel Hassan khan3, Mifrah Ali1 

1. Mechanical Engineering Department, University of Management and Technology, Lahore 54000, Pakistan  

2. Department of Industrial Engineering and Management, University of Punjab, Lahore 54000, Pakistan 

3. University of Engineering and Technology, Lahore, 54000, Pakistan 
* Corresponding Author:   Email: asim.diem@pu.edu.pk 
 
Abstract  

Two wheelers’ motorbikes are developed using Spark Ignition air cooled engines based on 4 strokes. The source 

for power is burning of petrol which causes emission of CO in the environment. In Pakistan this cost more as 

compared to other countries in the world and do not give great mileage. This work is about to build a two 

wheeled hybrid bike based on electric motor powered by batteries and an SI engine. This process will ensure 

that wasted energy from the 4-stroke cycle of the engine is utilized. Different certain checks are being made in 

Arduino through coding on liquid crystal. Results are being evaluated on the experimental data as well on 

Operating expenses and Capital expenditures. The conventional SI engine bike is giving 37km/liter than hybrid 

bike is giving 51km/liter adding 14 km/liter at 30 km/hr.  

 

Key Words: Internal combustion; Hybrid electric vehicle; Parallel hybrid electric vehicle; Spark 

ignition; Battery management system  

1. Introduction  

Ideally motorbikes in Pakistan are developed using 

SI (Spark ignition) engines based on 4 stroke Air 

cooled petrol engine, dependent on only one input 

power source which is basically the burning of fuel 

in combustion chamber to fulfill the power 

requirement for traction. The motorbikes in Pakistan 

are costly as compared to other countries in the world 

and do not give great mileage. The fuel prices are on 

the rise and it is getting expensive to travel from one 

point to another using the motorbikes. To build a two 

wheeled hybrid bike based on electric motor powered 

by batteries and an SI engine. To integrate a battery 

and an electric motor that best serve the purpose of 

traction with SI engine to Provide alternate source of 

power, and integrate a shifting mechanism which 

will convert mode of power from one form to other 

at given speed and introduce a self-starting system 

into the bike to ease up starting of the bike and an 

alternate method for starting. The system will use 

less fuel as compared to other conventional 

motorbikes.  

Hybrid bike will improve the mileage significantly 

because it will not be entirely dependent on a single 

source of power; Electric motor and SI engine. This 

will help reduce the cost of travelling on the bike 

because when the batteries are fully charged and 

electric motors have enough power to supply for 

driving needs the SI engine can be turned off. Electric 

motors and batteries by themselves do not provide 

enough power but that may change in the future as cell 

technology advances but for existing technology a 

motorbike powered by external batteries and an SI 

engine will give enough power to drive under steady 

conditions. A smaller engine can be optimized using 

this system of Batteries and electric motors such as 

that of a 70cc bike which has merely 7 Horse power 

therefore it will have diversity of application to 

different sizes of engines 

2. Literature Review  

A system has been designed having heat engine on 

front wheel and batteries on rear wheel and possess 

batteries and an electric motor. It can run either 

manually or automatically controlled with the 

common throttle based on operator choice.  For 

intermittent movement of car slow speed, electric 

motor was used [1]. Designing method for electric 

car and hybrid electric car propulsion arrangement 

set on the dynamics of the vehicle to find optimal 

profile for the torque-speed for electrical powertrain. 

The study display that long invariant power activity 

is essential for some the first throttle and cruising 

that is separation of the operation. Induction motor 

was efficient then brush-less dc motor that possess 

high speeds [2].A series type hybrid vehicle consists 

of a generator powered through the help of an IC, the 

battery is connected to the generator for charging, 

electrical which uses power through the battery 

charge by the generator and sometimes directly form 

generator.  Parallel type hybrid vehicle consists of a 

battery selected according to an electric motor and 

selective activity an IC engine and the electric setup 
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as power source for moving vehicle wheels. The 

output of generator connected to the IC engine is 

controlled according to every sensor SOC and the 

difference of SOC[3]. Simulation software V-Elph 

designed on the MATLAB provide results of 

simulation such as emissions from vehicle, fuel that 

the vehicle consumes and complexity of each vehicle 

is compared and discussed for better results[4]. A 

fueling system is developed for hybrid vehicle 

having sensor to sense the velocity of the vehicle and 

pressure of braking which provides guising signal to 

the microprocessor which is programmable which 

provides input to the fuel controlling system 

operating it cut off the fuel supply to heat engine or 

gasoline engine in accordance with the braking of 

vehicle at high speeds predetermining maximal 

hysteresis speed[5]. Novel propulsion methos used in 

hybrid vehicles by using high power to density ratio. 

Using simulation concluded that it was best 

design[6].  

Efficient power source usage of the battery energy 

and projected an incorporated organization setup for 

electrical motor. The interconnected system 

management method considers the controller that 

will be power efficient or saving, the branch system 

of management of energy and the protection 

strategies of hardware. The remaining capacity of 

battery, the activities of regenerative braking system 

or we can assay every event of battery energy is 

controlled by the electrical management system[7]. 

Hybrid vehicle which is plug-in has the tendency to 

reduce demand of petroleum in the sector of 

transportation. Different design possibilities for 

power, energy and the strategies of operating will 

reduce cost greatly due to the spreading of SOC 

window but the requirements of battery life will 

control it. With the increase in energy capacity from 

20-40 miles will reduce the amount of fuel used from 

an extra 15 percent but it will also increase the 

incremental cost almost doubles[8].  

A comparison was provided between costs of 

conventional, hybrid electrical and parallel hybrid 

electrical vehicles. According to the survey results, 

both HEV as well as PHEV designs have vast range 

of benefits and costs. Especially the cost of fuel and 

the cost of battery, the performance of the vehicle 

and the way of driving has direct impact on the worth 

of PHEVs. [9].Increased decreased mass, develop 

and improve engine efficiency, improve 

aerodynamics, effects of roller resistance on design 

and efficiency, Simulations carried to determine 

impact of platform technology on conventional, 

hybrid and PHEV power train, The application of 

PHEVs reduced energy storage system and their 

widespread use in in energy battery supply limited. 

Result of platform technology basing cost-

effectiveness and its effect on petroleum 

consumption[10].A short review which describes 

tendency of current, function of power electronic 

subsystems and future vehicular strategies. It also 

describes power electronic element requirements and 

electric motor drives needed for successful 

development of hybrid vehicles[11]. The bike used is 

solar powered which has solar panel on it which will 

charge when there are sunrays directly in contact 

with it. The battery then charges an electric motor to 

drive the wheels. It also lowers the resistance of 

pedaling to make it easy to drive on hilly areas. 

However, when there is no sunlight, we can charge 

the bike we can drive the bike using electrical energy 

stored this hybrid bicycle formulation works in 

normal as well as cloudy days we designed an 

electric hybrid bike using minimal amount of extra 

weight, integrated control method which is entirely 

based on decision making of micro controller and 

rider this in turns provide greater efficiency than a 

typical hybrid bike by using a regenerative motor and 

action control mechanism[12]. Engine efficiency and 

economical factor of hybrid bike as compared to a 

simple bike SI engine bike. The future of hybrid bike 

and its role in cutting fuel prices and the eco-

friendliness of hybrid bike by causing less pollution 

as compared to other bikes[13].  

Internal combustion engine built for hybrid electric 

vehicle provides propulsion of the vehicle from rest 

as throttle is provided the electric motor is integrated 

with the engine for creating motion in the body. The 

concept of this project on a clean aspect of economic 

system the energy output using hub motor mounted 

on front wheel of Luna moped. Hence engine seizer 

at low distance and high speed, is eliminated as the 

vehicle can continue to run on electrical power 

supply. These types of vehicles are very profitable 

for the future and also solve the issues regarding 

natural resources like fossil fuel consumption and 

they provide an eco-friendly vehicle. These types of 

vehicles are very cost-effective for middle class 

families. As it involves Dynamo assembly driven by 

exhaust emission the speed and the throttling of main 

engine can have direct impact on fan which can drive 

the Dynamo for electrical hub motor[14].  

Conversion of conventional vehicle to hybrid 

resulted in greater efficiency. Greater torque was at 

dispose due to available power of batteries and 

engine combined. The only disadvantage is engine 

had to be started manually.it is a subject of future 

studies and these types of vehicles are eco-friendly 

since they are not entirely dependent on petrol and 

cause less pollution in the environment. The 

effecincy can also enhanced by addition of renewable 

energy resouces like solar panels. This will not only 

increase the life span but also reduce the charging 

time[15]. As smog level increase in populated areas 

of Pakistan. Two wheeler hybrid bikes are solution to 

reduce pollution[16]. 
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3. Methodology 

The fundamental of part of starting the project is the 

bike on which the experiment is to be performed. In 

Pakistan the bikes that are available are of Japanese 

bike design commonly known as Honda, metro, road 

prince, Dhoom, etc. and a lot more.  

Table 1 Bike specification 

Engine 
4-Stroke Single Cylinder 

Air Cooled 

Bore & Stroke 47.0 x 41.4 mm 

Clutch Wet Type Multi-Plate 

Starting Kick Starter 

Dimension (Lxwxh) 1885 

Petrol Capacity 9 L 

Tyre at Back 2.50 – 17 

Displacement 72 cc 

Compression Ratio 8.8:1 

Transmission 4-speed 

Frame Backbone Type 

Ground Clearance 135 mm 

Tyre at Front 2.25 – 17 

Dry Weight G 

3.1 Motor Selection 

Electrical motor provides the specification of the 

vehicle in accordance of torque required, power 

required, speed required, etc. The electric motor to be 

choosen for moving a vehicle should have the 

tendency to overcome drag and load. (T.Porselvi1, 

2017). The best optimal  choice is Brushless DC 

motor, as it has possessses good characteristics 

needed for moving purposes when we do  

comparison of it with  DC series and AC Induction 

motor. As we know that the body which possess 

greater, or many parts are more vulnerable to wear 

and tear so that is also one of the main reasons that 

why are we using brushless DC motor as it does not 

have brushes that can lead to failure instead of that it 

has commutator which changes the direction of 

current. Moreover, they are overall powerful because 

the winding configuration is s outside the motor 

which provide more space for making it larger. As 

there are no brushes therefore the friction losses are 

also minimal.  

3.2 Power Rating Based on Vehicle 
Dynamics 

For making decision about power rating for any 

vehicle, the dynamic parameters of the vehicle like 

rolling resistance, aerodynamic drag and gradient 

resistance should be known. For motor rating 

selection in hybrid bike project, consider a weight of 

250 kg because as it mentioned that the dry weight if 

bike is 82 kg and the fuel tank is of 8-9 liters in total 

the weight of the bike is 91 kg almost after 

conversion, and if at most 2 person of 75 kg sit on 

bike it becomes 250 kg. The required for moving the 

bike is calculated using equation 1:   

Total force = Rolling force + Gradient force + 

Aerodynamic force Rolling force 

𝑇𝑜𝑡𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 =   𝐶𝑟𝑟 ∗ 𝑚 ∗ 𝑔             
Crr= rolling friction coefficient                              (1)      

 

Table 2 Rolling resistance coefficient 

Rolling Resistance Coefficient (Crr) 

0.01 - 0.015 

ordinary car tires on 

concrete, new asphalt, 

cobbles small new 

0.02 car tires on tar or asphalt 

0.02 
car tires on gravel - rolled 

new 

0.03 
car tires on cobbles - large 

worn 

0.04 - 0.08 

car tire on solid sand, gravel 

loose worn, soil medium 

hard 

0.2 - 0.4 car tire on loose sand 

 

m= mass (kg) 

g= gravitational acceleration which is 9.81 m/s2 

 

For 250 kg mass and Crr is 0.01. The rolling force 

would become 24.525N. The power which is needed 

to overcome the rolling resistance is calculate using 

equation 2 and is about 272.5W.  

Rolling power = 𝒓𝒐𝒍𝒍𝒊𝒏𝒈 𝒇𝒐𝒓𝒄𝒆 ∗
𝑽

𝟑𝟔𝟎𝟎
                (2) 

(Where, V= velocity in kph.) 

3.3 Gradient Power 

As the trajectory followed by vehicle is horizontal 

and angle between surface and tires will be zero then 

the gradient force will become zero and calculated 

using equation 3.        

Gradient force =  𝑚 ∗ 𝑔 ∗ 𝑠𝑖𝑛 𝛼                              

(3) 

3.4 Aerodynamic Resistance  

The aerodynamic drag depends on frontal area shape. 

It depends on drag coefficient and velocity of bike. 

Following is the equation 4 for determining of the 

aerodynamic resistance: 

Aerodynamic force = 0.5 ∗ 𝐶𝑑 ∗ 𝐴𝑓 ∗ 𝜌 ∗ 𝑉2       (4)    

Assume that the flow is laminar and the frontal area 

of bike = 1m2  
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Table 3 Drag coefficient 

Bike position Drag coefficient 

Upright commuter 1.1 

Racing  0.88 

Drafting  0.50 

Streamlined 0.12 

 

Coefficient of drag for bike = 1.1  

Density of air = 1.2 kg/m3 

Velocity of bike = 30 km/h 

The aerodynamic force calculated is 41.66 N and 

power required to overcome this drag is 347.1 W.  

Now the overall required power by the vehicle is 

calculated as below using equation 5:  

Total power = 𝑃𝑟 +  𝑃𝑔 + 𝑃𝑎                                

(5) 

                     = 272.1+0+347.1 

                     = 619.5 W 

Since there would be losses so an electric motor of 

above rated power should not be selected. If consider 

the efficiency 0.85 for the transmission gear system 

the required power for vehicle traction can be given 

by the following equation 6:  

Power required = M = 𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 / 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦   

(6) 

                              = 729 W 

This should be rated power of electric motor which is 

to be selected for driving a vehicle of collective mass 

of 250kg. 

3.5 Battery Selection 

750-watt DC motor is selected with 48V rating. 

Therefore, 48V battery must be selected with current 

rating 𝐼 = 750/48= 15.625 A. Battery capacity is 

now to be measured using Power of the battery 

therefore to run Hybrid vehicle for 1 hour then we 

would need 750 W x 1 hr.= 750Whr. Efficiency of 

cells used must be 80% efficient to avoid damage to 

the battery cells. Therefore, power calculated using 

better efficiency of battery; 750x1.2= 900Whr. 

Battery capacity = Q= 900/48 =18.75 AH 

For driving the Hybrid bike at average speed of 30 

km/hr., 18.75Ah battery will be required. If to 

increase the speed of bike up to 70km/hr similarly 

battery of 37.5Ah would be required. Since Ah is 

directly proportional to speed and time required by 

the specimen. 

3.6 Electrical Simulation 

The electrical simulation is done on Proteus 

software. The controller works in a way that 

according to the code the controller turns on the 

system by default on battery. The system will start 

with the well come note on the screen than the rpm 

will be counted if the rpms increase from the set limit 

in the code the controller will give command to the 

relay1 to turn on and start the ignition and the self-

start system for 4 seconds after that the system will 

reset to avoid noise. Now when the rpms decrease 

from high to low and drops below the set limit the 

controller will send command to the second relay to 

turn on which will ground the ignition system and the 

ignition will turn off. And the controller again 

converts the bike to battery and when the bike starts 

the LCD will show that the bike is on battery 

according to the code and when rpms increase, and 

the bike is shifted on petrol through relay module the 

display will show that the bike is on petrol according 

to the code. 

4. Experimentation 

The tank of the bike was made empty using a one 

liter/1000mililiter container at starting position and 

then 1 liter petrol was put into the bike at the starting 

position and then the bike is driven until petrol 

finishes. Noting the starting point and the finishing 

the distance being covered is measured through the 

meter reading in kilometer. That reading which 

comes out is the mileage of hybrid bike. 

When the rpm is set to be at 300 rpm and wheel 

radius r is 8.5 inches. The velocity would become as 

𝑽 = 𝒓𝒘=24.4 km/hr. without any drag and loading 

losses. After adding weight of person, it becomes 18-

20km/hr. When the bike is driven to consume one 

liter of petrol on hybrid bike on the route of Kahna 

Kacha Lahore in morning the mileage that came was 

40-41 km/liter. The traffic was normal not too much 

under the driving condition and the throttle was 

given normally. Similarly, for 400rpm and 500rpm 

was set to check the mileage.  

Table 4 Experiment at different RPM 

RPM Theoretical 

velocity 

(km/hr.) 

Actual 

velocity 

(km/hr.) 

Environment Driver’s 

weight 

(kg) 

Mileage 

Km/liter 

Traffic 

density 

300 24.40 18-20 Dry 70 40-41 Normal 

400 34.5 28-30 Little hazy 70 50-51 Normal 

500 47.80 38-41 Windy 70 44-45 Normal 
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5. Results  

When the rpms set to be 300 the bike went on the 

speed of bike of around 20 km/hr. The contribution 

to the mechanical output of battery power source 

was very little although the mileage increased from 

37 km/liter to 41 km/liter and the battery got fully 

charged because most of the time the bike 

remained on petrol and the generator got enough 

time of around 43 min to charge the batteries. 

When the rpms set to be 400 the bike went on the 

speed of bike of around 30 km/hr. The contribution 

to the mechanical output of battery power source 

was good so that the mileage increased from 37 

km/liter to around 51 km/liter and the battery got 

fully charged because most of the time the bike 

remained on petrol and the generator got enough 

time of around 32 min to charge the batteries. 

When the rpms set to be 500 the bike went on the 

speed of bike of around 40 km/hr. The mileage did 

increase little more i-e from 37 km/liter to around 

44 km/liter but the battery did not get fully charged 

because when the bike got on the top speed it had 

already consumed a lot of battery power to reach at 

that speed and because of high speed the drag force 

increases which increased load on the motor and it 

consumed most power. The batteries did not get 

enough time to get fully charged because of high-

speed shifting limit. So, for that we had to shut 

down the hybrid circuit and converted it into petrol 

bike and then drove it to charge the batteries. 

Table 5 Results at different RPMs 

RPM Charging 

time 

available 

(min) 

Charged or not 

charged 

Added 

kilometers 

per liter 

300 Around 43-45 
Got fully 

charged 
4 

400 Around 30-35 
Got fully 

charged 
14 

500 Around 18-22 Not charged 7 

 
 
 

5.1 OPEX and EPEX analysis 

If do operation expenditure analysis on the 

outcomes of different speed limits to analyze which 

limit is the best. For 300 rpm, SI engine had the 

mileage of 37 km/liter. The price of 1 liter petrol in 

Pakistan’s petrol pumps is around 105Pkr on 

average. Using the relation mathematical 

technique, the cost per kilometers came out about 

2.83Pkr. Same analysis has been done for hybrid 

bike and cost per kilometer is about 2.56pkr 

The cost reduction per kilometer at 300 rpms= 

2.83-2.56 = 0.27 rupees/km  

According, to OPEX and EPEX analysis the 

savings of hybrid engine at different speeds limits 

comparing with the SI engine is presented in Table 

6 and 7 respectively. 

6. Conclusion 

It can be clearly identified that optimum speed 

limit for bike will be 400rpm or 30Km/hr. Increase 

in milage expected to be 37.83% compared with 

petrol engine bike. In perspective of cost 

effectiveness there will be saving of 28.26% by 

saving Rs.0.80 per km. As per experimentation 

hybrid bike can run for 51 km in 1 liter and SI 

engine bike can run for 37 KM. Thereby hybrid 

bike is a better option than SI engine bike because 

it is more value for money.  

The conversion cost for the conventional bike to 

hybrid analyzed using Epex Analysis. This cost is 

around 45000-50000 Pkr that includes electric 

motor, controller components, sensor, self-start 

components, batteries and labor. But this is single 

time cost and it not only reduce the emissions for 

sustainable environment but also promote simple 

design of bike. As in Pakistan, now a days fuel 

prices gone very high. Also addition of solar panels 

reduce battery charging time. This make system 

more cost effective.  

 

 

 

 

Table 6 OPEX analysis at RPMs 

RPM SI engine 

mileage 

(km/liter) 

Hybrid bike 

mileage 

(km/liter) 

SI engine 

cost per 

kilometer 

Hybrid 

engine cost 

per km 

Savings per 

kilometer 
% Saving per 

km 
Conversion 

cost on existing 

bike (pkr) 

400 37 51 2.83 2.05 0.80 28.26 50000 

 

Table 7 OPEX and Epex Analyses 

RPM SI engine 

mileage 

(km/liter) 

Hybrid bike 

mileage (km/liter) 

SI engine cost 

per kilometer 

Hybrid engine 

cost per km 

Savings per 

kilometer 

% Saving 

per km 
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Figure 1 3D model and isometric views of Hybrid Bike 

 

 

 

 

 

 

 

 

 

 

Figure 2 Electric simulation flow chart 
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Abstract 

Biomass characterization is essential to determine the physical and chemical properties of biomass before the 

conversion process. This study focusing on characterization of date palm seed (DS), rice husk (RH) and their 

equivalent blend (50% RH+50% DS). DS and RH were collected from the date fruits factory and the rice mill 

respectively. DS as received were washed with purified water to take away impurities attached with the surface. 

RH and DS were placed in open space under sunlight for three days to reduce initial moisture content. After 

that RH and DS were passed through hammer milling machine to reduce the size then grinded into powdered 

form and sieved to a size of 250𝜇𝑚. The biomass characterization was carried out according to ASTM 

standards. Proximate analysis includes estimation of moisture % (M), volatiles (VM), fixed carbon (FC), and 

ash content. Elemental analysis was determined by Carbon Sulphur Analyzer SC832. It was found that RH has 

more M (5.86%), ash (22.77%), and lower VM (67.69%) compared to DS and equivalent blend.  Calorific value 

of DS found higher than RH and equivalent blend. Therefore, it is concluded addition of RH in the blend 

decreases the VM and heating value, and increases the ash content. Moreover, alone DS have higher energy 

potential and suitable for the production of bio oil by condensing volatiles in the pyrolysis reactor. 

Key Words: Rice husk, date seeds, volatile matter, ash content, moisture, calorific value. 

 

1. Introduction 

Biomass is clean, renewable and sustainable 

source of electricity generation which offers 

many environmental benefits such as lower 

greenhouse gases, acid rain, and air and water 

pollution while improving sustainability, energy 

security and job opportunities [1]. Biomass can 

be converted to energy in three different ways, 

these are; combustion, pyrolysis and gasification 

[2]. Combustion is the exothermic process in 

which biomass is completely oxidized and 

converted into heat [3]. Gasification is partial 

oxidation process in which biomass is 

transformed into syn gas, while pyrolysis is 

initiated prior to the combustion and gasification 

processes [4]. Pyrolysis is the thermal 

decomposition of biomass in the inert 

environment which can be converted into 

various products in the form of solids (char) 

liquids (bio-oil) and gases (pyrolytic gas) [5]. 

Biomass feedstocks are characterized by 

different physical and chemical properties. 

These properties affect the reactivity and 

thermal characteristics of biomass samples and 

products formed and due to synergistic effects 

the properties of pyrolysis products improved. 

Hence, co-pyrolysis is proposed as the potential 

technology which improves the overall 

performance of biomass pyrolysis process by 

adding other biomass feedstocks [6]. Biomass 

feedstock composition, blending ratios, and their 

extent of contact are crucial in establishing 

synergistic effect. The composition determines 

the characteristics of pyrolysis products. The 

blending ratio is significant in co-pyrolysis as it 

affect the solid, liquid and gas distribution [7].  

Rice is known as the one of the major crops 

which produces huge amount of agricultural 

wastes in the world. According to information 

statistics, every 1kg of paddy rice produces 

about 0.20–0.25 kg of rice husk [8]. Rice husk 

(RH) is agricultural byproduct produced after 

milling process of rice paddy [9]. It is known as 

renewable source of energy and “CO₂ free” as 

the carbon dioxide produced from the process of 

combustion and gasification of biomass is 

captured during photosynthesis, hence net CO₂ 

emissions become zero [10]. Thermochemical 

conversion process such as combustion, 

pyrolysis, and gasification are the efficient 
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method for the conversion of RH into energy or 

chemicals. Combustion of RH for the power 

generation produces ash and soot which causes 

serious environmental threats. 

Pyrolysis of RH has been attaining more 

importance due to its various products in the 

form of bio-char, bio-oil and bio-gas [11].  

 
Figure 1: Rice husk used in brick manufacturing 

industries [12]. 

RH is supplied to brick manufacturing industries 

where it is being burned, which causes release 

of gases such as CO₂ and methane into 

atmosphere which takes part in greenhouse 

effect and poor air quality. The quantity of CO₂ 

released from burning depends upon the amount 

of RH burned and carbon fraction of RH.  

Date palm tree is cultivated in arid and semi-

arid regions which are categorized by long and 

hot summers with very low relative humidity 

and rainfall [13]. It is known as one of the 

largest cultivated crops in the world particularly 

in the Gulf region of west Asia. Dates are 

popular edible products which are highly 

nutritious and known as one of the healthiest 

fruits in the world. Every 100g of dates contains 

282 calories, and are excellent source of 

carbohydrates, fiber, and potassium, with 

smaller amount of calcium and iron along with 

other vitamins and minerals. Hence, large 

amount of dates are consumed as a diet [14]. 

Date seed is the by-product of date fruit and is 

known as hardest part of the fruit. The dates 

factories produces huge amount of date seeds 

which is conventionally used as animal food or 

thrown in landfills [15].  

 
Figure 2: Dates fruit (A), Date palm seeds (B), 

and Date palm tree [16] 

During the processing date palm fruits, vast 

quantity of date palm biomass waste is 

produced. Dates fruit contains one third of its 

weight to date seeds. These date seeds can be 

efficiently utilized to produce bio-oil and other 

value added chemical products [14].  

1.1 Characterization of Biomass 

Prior to the biomass conversion process, 

Characterization of biomass is an important step 

to determine the proximate and ultimate analysis 

of biomass. The biomass characterization 

includes the proximate and ultimate analysis on 

dry biomass. The composition of biomass is 

generally referred as proximate analysis. The 

conversion process also depends upon moisture 

content of biomass feedstock [17]. Babiker et 

al., [18] have determined proximate analysis of 

six date seed samples of various varieties by 

using thermogravimetric analysis (TGA).  

Elmay et al., [19][20] have studied the 

proximate and ultimate analysis of date seed. 

Elnajjar et al., [21] have conducted pyrolysis of 

date seed by using microwave for the production 

of syn gas. Effect of major parameters such as 

size of particle, moisture content, and 

microwave power on the pyrolysis end product 

biogas yield have been studied. Sait et al. [14] 

have carried out the Proximate and ultimate 

analysis of the date palm biomass by using 

TGA. They noted that date seeds and leaf have 

higher heating values and high volatile content 

biomass materials as compared to the leaf stem. 

Mahdi et al., [22] have conducted 

characterization of dry date seed under slow 

pyrolysis for bio char production at various 

pyrolysis temperatures and a residence time of 2 

h. May et al., [20] have determined the 

characterization of four samples of date palm 

wastes. They resulted that the date seeds have 

higher volatiles and carbon contents and lower 

ash content compared to other date palm wastes. 

Combustion of date seeds produces the lowest 

content of particulate matters, resulting lower 

emission factors of aerosols and generates fewer 

tars. Babiker et al., [18] have studied the 

pyrolysis behaviour of different date palm seeds 

samples by using TGA. The have determined 

characterization. Makkawi et al., [23] have 

conducted experimental investigations on the 

fast pyrolysis in terms of proximate, ultimate 

analysis of date palm wastes by using bubbling 

fluidized bed reactor at 525 °C. Islam et al., [24] 

have conducted experimental study on date seed 

fixed bed pyrolysis for the bio oil production. 
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The pyrolysis of solid-state reaction can be 

expressed as follows [25];  

Solid Fuel            Volatile matter (Tars + 

Gases) + Chars 

Literature shows that prior studies have been 

conducted on the characterization of biomass 

such as DS and RH conversion to biochar, bio-

oil and bio-gas through pyrolysis, combustion 

and gasification processes. This study focuses 

on the characterization, and energy potential of 

DS, RH and their equivalent blend 

(50%RH+50%DS). 

2. Methods and Materials 

 

2.1 Samples collection and 
Pretreatment 
DS and RH were collected from the date fruits 

factory Khairpur Mirs and the rice mill Larkana 

respectively. DS as received were washed with 

distilled water to remove impurities attached 

with the surface. RH and DS were placed in 

open space under sunlight for three days to 

reduce initial moisture content.  

 
Figure 3: Process Flow Diagram 

Figure 4: (a) Rice husk (b) Grinded rice husk (c) 

Date palm seeds in open space (d) Grinded date 

seeds After that RH and DS were passed through 

crushing and hammer milling to reduce the size 

then grinded into powdered form.  After that the 

powdered form is sieved to a size of 250𝜇𝑚. 

Sieved powder of rice husk and date seed was 

used for preparation of samples. 

2.2 Characterization 
The biomass characterization was carried out 

according to ASTM standards by determining 

proximate and ultimate analysis of RH, DS, and 

their equivalent blend. Each test was performed 

twice and average values have been considered. 

Proximate analysis include moisture content 

(M), volatile matter (VM), fixed carbon (FC), 

and ash content. Ultimate analysis was carried 

out by Carbon Sulphur Analyzer SC832. The 

moisture content was determined according to 

ASTM standard E-1756-08. Each sample was 

heated in the electric muffle furnace at 105 °C 

for 4h. The ash content was measured by putting 

the dried samples into muffle furnace by 

following ASTM standard E1755-01 at 575°C 

for 3h. VM is determined by putting the samples 

in the furnace at 950°C for 7min. Calorific value 

was determined by the calorific value analyzer 

AC-500. Ultimate analysis was carried out by 

Carbon Sulphur Analyzer SC-832. FC is 

calculated by the following relation. 

FC% = 100−M%−VM%−Ash% 

 
Figure 5: RH and DS Samples placed in muffle 

furnace 
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1. Results and Discussions 
Proximate analysis determined by following 

ASTM standards include M%, ash content, 

VM% and FC% for RH and DS and their 

equivalent as presented in Table 1. Moisture 

content of RH is found 5.86% which is higher 

than alone DS moisture and equivalent blend. 

Higher M% content significantly affects the 

chemical properties of biomass which can be 

observed during igniting the biomass. Also the 

moisture presence reduces the heating value. 

Calorific value of alone DS was experimentally 

found 18.31 MJ/kg higher than alone RH and 

equivalent blend. Many researchers reported 

that DS alone has higher heating value. Sohu 

[12] determined heating values of ten RH 

samples of different varieties and found the 

values 12-15.1MJ/kg with the average of 14.41 

MJ/kg. Fakayode [26] reported heating value of 

RH 15.38Mj/kg. Fadhil [15], Bharath [27], 

Elmay [19], and Sait [14] have found the 

heating value of DS alone as 17.36, 20.27, 17.4, 

and 18.97MJ/kg respectively.  This show the DS 

contains higher energy potential compared to 

RH 

Table 1: Proximate, Ultimate Analysis, and HHV 

of Samples By ASTM Standards 

Parameters RH DS 50%RH+ 

50% DS 

Moisture % 5.86 5.56 5.32 

Volatile 

Matter % 

67.69 85.23 76.69 

Fixed 

Carbon % 

3.68 7.72 6.18 

Ash content 

% 

22.77 1.49 11.81 

HHV 

(MJ/kg) 

13.82 18.31 15.33 

Ultimate Analysis 

Elements RH DS 50%RH+ 

50% DS 

Carbon % 42.70 61.90 55.80 

Sulfur % 0.20 0.11 0.14 

 
The volatile matter of DS alone found 85.23% 

which is higher than alone RH 67.69% and 

equivalent blend.  Fakayode [26] reported VM 

of RH 61.99%. Fadhil [15] and Bharath [27] 

also found VM of DS 83.98%, and 81.13% 

respectively. This shows that due to higher 

volatility, reactivity, DS are more suitable for 

bio-oil production by condensing volatiles in the 

pyrolysis reactor. The ash content of RH is 

found higher 22.77% which is higher than DS 

1.49%. Fadhil [15] and May [20] also reported 

ash content of DS as 1.58% and 1.2% 

respectively. Higher ash content decreases the 

bio oil yield and resulting higher yield of bio 

char and non-condensable gases. 

 
Figure 6: Proximate analysis and Calorific values 

of RH and DS and equivalent blend 

As the addition of RH in the blend significantly 

affects the volatile matter and heating value, 

while the ash content of the blend is found 

higher than alone DS and RH. Ultimate analysis 

was carried out by Carbon Sulphur Analyzer 

SC-832. The C% of RH is found 42.70% and 

DS 61.90%. The Sulfur of RH alone and DS 

alone is 0.20% and 0.11% respectively. The C% 

and S% of equivalent blend found 55.80 and 

0.14% respectively.  

2. Conclusion 
This study focuses on experimental study on the 

characterization of DS, RH, and their equivalent 

blend by using ASTM standards. On the basis of 

experimental study following conclusion has 

been drawn; 

DS alone have comparatively higher volatile 

matter and calorific value and lower ash content 

compared to RH alone and their equivalent 

blend. Addition of RH in the blend decreases the 

VM and heating value, and increases the ash 

content. Therefore, DS can be regarded as 

higher energy source and can be efficiently 

utilized to produce bio-oil by condensing 

volatiles through pyrolysis reactor. 
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Abstract 

Failure modes and effects analysis is a methodology used by many sectors to identify potential failures and their 
consequences in a process, design, or system. In this study, conventional FMEA is utilized to generate the 
conventional risk priority number (RPN) for the case example and grey relational analysis is used to determine 
the grey coefficient.  In conventional FMEA, the risk factors for failure occurrence, detection, and severity were 
evaluated using the same relative weights, whereas in grey theory, the risk factors were reviewed using linguistic 
terms with their relative weights evaluated in a linguistic approach. Both conventional FMEA and grey relational 
theory were used to rank failure. The accuracy and effectiveness of both are verified in this way, and the results 
of the evaluation revealed that the rankings of failures by conventional FMEA and grey relational analysis 
alternate sometimes. Conventional FMEA and GRA are applied in practice to increase system dependability 
through better failure prediction, which is then utilized to optimize maintenance schedules, resulting in a safe and 
reliable machining process.  

Key Words: FMEA; Risk Analysis; Grey Theory; GRA; Grey Relational Analysis

1. Introduction 

Injection molding is a fully automated and 

continuous production process that can take 

thermoformable reinforcement and create flat 

panels of nearly infinite lengths and complex 

shapes. It's a computer-assisted process that only 

needs one human to work. The injection 

molding technology saves time, resources, and 

ensures that parts are manufactured consistently. 

The (FCS HDD280QV) machine is used for the 

plastic production process.  Extrusion of plastic, 

Melt it for Injection, processing it into a cavity, 

and then molding it into a final form are all part 

of the manufacturing process. 

In the modern manufacturing processes, the use 

of Injection Molding machines is increased 

because of its accuracy, safety, less material 

wastage and high production rate. However, the 

whole production process terminates when a 

single breakdown occurs in the machine and the 

repair process of the machine is very difficult, 

costly and takes too much time. Injection 

molding machines cause problems for users 

because of these failures. Any single failure can 

interrupt the machine's normal production, 

resulting in large loss of productivity and time; 

thus, the machine's reliability is crucial. 

Failures are unavoidable, particularly when it 

comes to Injection Molding machines. Failures 

that occur during service result in not only 

resource of waste but also a decrease in total 

production The detection of any particular failure 

mode of a system part necessitates a detailed 

understanding of its operation. Normal failure 

analysis requires the implementation of various 

analysis techniques. As a result, FMEA-based 

prediction of potential failure modes is needed 

for the machine. 

Both conventional FMEA and grey relational 

analysis are risk analysis methods that are used to 

recognize possible failures and their effects in 

the system, design, or system until they occur, 

then conduct research to determine the 

magnitude of these failures with the goal of 

reducing or eliminating the risk associated with 

these failure modes [1]. Furthermore, risk 

assessment studies are conducted using FMEA, 

whose concept is to list all potential system 

failures, rank them according to their RPN 

number, and then propose corrective measures 

and strategies. Also with FMEA, a more realistic 

and useful outcomes methodology is used called 

the grey theory in which the relative weights of 

occurrence, detection and severity are considered 

and the theory is used for the measurement of 

grey coefficient which is being used in the 

calculation of grey RPN [2].  

In this study, the implementation of 

Conventional FMEA and Grey Relational 
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concept is used to predict injection molding 

machine failures in order to reduce or eliminate 

their impact. In addition, the failure rankings of 

each are matched for the purpose of ensuring 

consistency and efficiency. 

2. Literature Survey 

FMEA is a vital industry method that aims to 

boost device efficiency by forecasting failures 

more accurately[3]. It detects possible defects in 

a system or configuration and performs an 

investigation to assess their severity in order to 

minimise or reduce the risk of failure. 

Kyungmee O.Kim and Ming J.Zuo (2018) [4] 

used FMEA method to interpret all possible 

cause at a specific stage of life and the effect of 

their occurrence by using a systematic 

framework. The risk priority number was used to 

rate severe errors. The clear link between 

occurrence, detection, and severity is based on a 

general structure. Then, using that general model, 

the risk of accidents is linked, and their unique 

function is addressed. 

Carmignani, G. (2009) [5] presented a new 

method in FMEA which is Priority Cost FMEA 

or PC-FMEA, A new form of RPN is measured 

using this process, in which profitability is 

factored into the cost of effective action.  

The same value of occurrence, detection and 

severity is used in conventional FMEA. As a 

result, conventional FMEA is harder to find 

accuracy in the evaluation of failure risk, and thus 

is not always appropriate for real circumstances. 

The risk factors O, S, and D are given relative 

importance in grey relational analysis, making 

the findings more realistic and valuable [6]. 

Ding was the first to establish Grey relational 

theory in 1982 [7], Model construction and 

relational analysis are used to investigate 

conditions with missing data and system 

behavior. Grey analysis is a method that is often 

used to explore the relationship amongst discrete 

qualitative and quantitative sequences.  

Grey theory and fuzzy theory were used by 

Qingji Zhuo and Vinh V.Thai (2016) [8] to 

optimize the performance and reliability of both 

ideas. He used an example of system failures in 

an oil tanker as a test case, and the findings 

revealed that the ranks of failures under both 

ideas were quite close.  

H.-W. Lo and J.J.H. Liou (2018) [9] combined 

grey theory with multiple criteria decision 

making (MCDM). In the RPN, expected costs are 

applied to illustrate real resource constraints. The 

probability-based method of grey relational 

analysis is used to measure RPN, which 

preserves the knowledge of defect modes 

prioritization with interval evaluation. 

L. Chen and Y. Deng (2018) [10] suggested a 

new methodology that incorporates the Grey 

relational projection method (GRPM) with 

Dempster-Shafer evidence theory (DEST). It 

tackles two key issues: uncertainty handling and 

risk preferences. GRPM was used to calculate the 

RPN of known failure modes, with the positive 

and negative alternatives being applied. 

Kuei-Hu Chang et al. (2013) [11] used decision-

making trial and evaluation laboratory 

(DEMATEL) along with grey theory for ranking 

the failures, With the aid of grey theory and the 

ordered weighted law, they adjusted RPN values 

to reduce repetition, and then used DEMATEL to 

examine the direct and indirect relationship 

between failure causes and failure types, and The 

causes of errors that allow failure modes to repeat 

themselves are given more priority.  

Moon et al. (2013) [12] used fuzzy FMEA and 

grey relational theory to determine service 

operation strategy. He used fuzzy FMEA to 

assess degree of relation and grey relational 

theory to determine service reliability. 

Youngjung Geum et al. (2011) [13] proposed 

a two-phase grey relational research method. The 

occurrence, severity, and detection risk scores 

are determined in phase one, and the final risk 

priority is evaluated in phase two. 

Using the FMEA strategy and grey theory, this 

analysis attempts to recognize faults and the risk 

associated with them in terms of downtime, 

repair costs, and dangers to the operator and the 

machine. Both the conventional FMEA 

technique and grey relational analysis were used 

to rate these failure modes. This deficiency rating 

is then used to help make better decisions and to 

prescribe repair and inspection schedules. As a 

result, failure modes and repair time can be 

reduced or eliminated. 

3. Methodology 

3.1 Conventional FMEA 

Conventional FMEA is a step-by-step procedure 

that includes: obtaining design or process details, 

identifying possible failure modes, testing the 
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consequence of each error, identifying the cause 

of that failure, estimating the RPN number by 

multiplying the occurrence, detection, and 

severity, prioritizing the failures based on their 

RPN number, listing the control mechanisms, 

and finally proposing appropriate action. 

In conventional FMEA, each error is ranked 

using an integer value, and the probability 

priority number is determined using the 

following elements: 

1) The severity of the failure's consequences 

2) Probability of incidence of failure modes 

3) And the chance of fault diagnosis 

The failure mode's RPN is then determined by 

combining the occurrence, detection, and 

severity [14].  

RPN = O x S x D                  (1) 

The occurrence, severity, and detection ranks 

vary from 1 (lowest value) to 10 (higher value), 

with higher scores indicating a higher risk 

priority number and, as a result, a higher rating. 

The RPN number varies from 1 to 1000. RPN 

numbers with a high value suggest low results 

and are listed as critical errors. Failure modes 

with a high RPN score are given top priority. 

However, based on the failure evaluation process 

used in an organization, these rating criteria can 

vary.  

Tables I, II, and III display the parameters for 

occurrence, detection, and severity scores, as 

illustrated in “Failure Mode and Effects 

Analysis, Cayman Business System (Rev: Q)” 

[15]. However, the occurrence, detection, and 

severity ratings are adjusted based on the 

procedure conditions.  

 The modified ratings of severity is shown in 

the Table I, This adjustment is made such that 

certain rating criteria are sufficient for an 

injection molding machine. Table II displays the 

improved occurrence rating, which indicate a 

clear distinction between the ranks of 1 to 10. 

Table III displays the modified detection rating, 

with 1 being the less detectable loss and 10 being 

the most detectable. 

Table I. Proposed severity ratings for FMEA of 

injection molding machine 

Effect Severity Criteria Rank 

Maximum 

Severe 

without 

warning 

Unpredictable with hazardous 
effect.  

10 

Maximum 

Severe 

with 

warning 

High severity Affects operator 
/ may endanger machine  

9 

Intense 

Severe 
Breakdown more than 60 mint. 8 

Very High 

Severe 

Breakdown in between 51-60 
mint. 

7 

High 

Severe 
Breakdown in between 41-50 
mint. 

6 

Severe 
Breakdown in between 31-40 
mint. 

5 

Average 
Breakdown in between 21-30 
mint. 

4 

Slight 
Breakdown in between 11-20 
mint. 

3 

Very 

Slight 

Breakdown in between 01-10 
mint. 

2 

None Not effected 1 

Table II. Occurrence ratings for the FMEA of 

injection molding machine describe as frequency of 

failure. 

Occurrence 

probability 
Likely failure rates Rank 

Very high:  
226-250 10 

201-225 9 

High:  

176-200 8 

151-175 7 

Moderate:  

126-150 6 

101-125 5 

76-100 4 

Low:   
51-75 3 

26-50 2 

Remote:  0-25 1 

 

Table III. Proposed detection ratings for FMEA of 

injection molding machine 

Detection Criteria Rank 

Absolute 

uncertain 

The machine controls fail to 

sense failure; no machinery 

control is available. 

10 
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Very Low 

Likelihood 

The chances of the detection 

of the failure is very low. 

Machine/design control are 

very remote. 

9 

Low 

likelihood 

The chances of 

machine/design control 

detecting the failure mode are 

poor. 

8 

Moderately 

Low 

Chance 

Machine/design control has a 

poor chance of detecting. 

Chance of detection by 

Operator Visual/audible. 

7 

Low 

Tiny chance of detection by 

machine controls. Possible 

detect by operator. 

6 

 Medium 

Chance 

Reasonable chance of 

detection of failure by 

machine control. 

5 

Moderately 

high 

High chance of detection by 

machine. Automatic control 

may work to detect through 

gauging. 

4 

High 

Machine has high probability 

to detect. Auto gauge working 

to detect problem. 

3 

Very high 
Prevention of failure by 

automated machine controls. 
2 

Extremely 

likelihood 

Failure didn’t happened due 

to machine control /design. 
1 

The following steps are used to do an injection 

molding machine breakdown analysis: 

 The failure modes of an injection 

molding machine are recognized, and among 

those failures, some possible failures are 

chosen and their probabilities   are estimated. 

 According to the research, some errors are 

common, although others are uncommon. 

 Failures that occur infrequently are regarded 

as minor failures and are ignored. 

 The failure mode's cause is given a severity 

value, and the real cause of the failure is 

given a detection and occurrence value. 

 The failure mode's RPN is then determined 

by multiplying the occurrence, detection and 

severity. 

 Finally, failures are classified based on their 

RPN number, of higher RPN numbers 

receiving higher rankings. 

3.2 Grey Relational Theory 

A grey system is one in which some information 

is identified and other information is unknown. 

In fact, a situation arises between two ideal states: 

white with sufficient data and black with no 

information, with ambiguous information 

interpreted in grey. Grey relational theory's 

results are more practical and versatile in 

real scenarios. The risk factors, such as 

occurrence, severity, and detection are given 

relative weights in grey relational analysis, 

making the findings more realistic, useful, and 

versatile in real circumstances. 

In grey relational analysis, the steps below are 

used [16]: 

1) Linguistic Terms of O, S and D: The 

parameters for ranking the judgement 

factors O, S, and D are listed in Tables I, 

II, and III. 

2) Setting up Comparative Series: Consider 

a comparative sequence consisting of the 

values of Severity Xi(1), Occurrence 

Xi(2), and Detection Xi(3): 

Xi (k) = [Xi (1)   Xi (2)   Xi (3)]          (2) 

The number of risk factors is k, and the number 

of failure modes is ⅈ. 

Organize the comparative sequence into a matrix 

as shown below: 

Xi (k)= 

[
 
 
 
 
𝑋1(𝑘)

𝑋2(𝑘)
.
.

𝑋𝑛(𝑘)]
 
 
 
 

= 

[
 
 
 
 
 
 
𝑋1(1)
𝑋2(1)
𝑋3(1)

     

𝑋1(2)
𝑋2(2)
𝑋3(2)

     

𝑋1(3)
𝑋2(3)
𝑋3(3)

.

.

.

.

.

.

.

.

.
𝑋𝑛(1) 𝑋𝑛(2) 𝑋𝑛(3) ]

 
 
 
 
 
 

 

(3) 

3) Creating the Standard sequence: The 

series with the lowest risk values is called a 

standard series. As a result, the lowest scores 

for the severity X0 (1), Occurrence X0 (2), 

and Detection X0 (3) variables should be 

used: 

X0 (k) = [X0 (1)   X0 (2)   X0 (3)]       (4) 

With lowest risk values:  

X0 (k) = [1 1 1] 

4) Difference Sequence: The magnitude of 

difference within comparative and standard 

series is described as difference sequence: 
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Δ0i (k) = │X0(k) – Xi(k)│              (5) 

Where, i = 1, 2,....n (n denote number of failure 

modes) 

5) Grey Relation Coefficient: Grey relation 

coefficient is determined as below: 

γ [X0(k), Xi(k)] = 
Δ𝑚𝑖𝑛 +𝜁 Δ𝑚𝑎𝑥

Δ𝑖(𝑘)+𝜁 Δ𝑚𝑎𝑥  
         (6) 

Where ζ = [0, 1], ζ = 0.5 

6) Degree of Relation: the degree of 

relationship is defined as the value of the grey 

relation coefficient: 

τi (k) = βk Σ𝑘=1
3 Δ𝑖(𝑘)                        (7) 

Where, k =1, 2 and 3 (total risk factors), βk = the 

weighting coefficient and Σ𝑘=1
3  βk=1 

If we assign equal weight to all variables, the 

formula can be modified as follows: 

τi (k) = 
1

3
 Σ𝑘=1

3 Δ𝑖(𝑘)               (8) 

The greater the degree of relationship, the smaller 

the impact of cause. In the failure analysis of an 

injection molding system, the failure with the 

lower grey relational coefficient is given high 

priority. The Fig. 1 The conventional FMEA and 

grey theory methods used in this literature review 

are depicted in this flowchart.

 

Fig. 1.  Flowchart of Conventional FMEA and Grey Relational Analysis 

 

 

616



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

4. Interpretation of Risk Analysis 
Methods 

For the failure study, failure data of injection 

molding machine is gathered from Continental 

Plastic Industry, Lahore. 14 failures are 

shortlisted from a 12-month failure database and 

are shown in Table IV for the purpose of 

prioritizing them based on the failure probability 

associated with them and their priority is 

determined by the likelihood of their occurrence, 

detectability, and seriousness as a result of those 

failures.  This prioritization is achieved with the 

aim of correcting failures with a high risk factor 

as quickly as possible. 

Table IV. Potential failure modes of injection 

molding machine 

Sr. 

No. 
Failure Mode 

Sr. 

No. 
Failure Mode 

1.  Black Mark 2.  Silver Streak 

3.  
Product Stuck to 

Mold 
4.  Flash 

5.  Weld Line 6.  Sink Mark 

7.  
Product Bend 

and Twist 
8.  

Product Uneven 

Gloss 

9.  Black Streak 10.  
Product 

Breakage 

11.  Short Neck  12.  Flow Marked 

13.  
Sprue Stuck to 

Mold 
14.  

Air Bubble in 

Product 

The risk factors are assessed using the parameters 

outlined in Tables I-III. The risk priority number 

is then estimated and rated using both 

conventional FMEA and grey relational analysis. 

The ranking of failures using both the 

conventional FMEA and grey relational analysis 

approaches is then compared. 

5. Results and discussion 

Table V shows the results of the comparison of 

both approaches for analyzing failures in 

injection molding machines. 

Table V.The comparison of conventional FMEA 

and grey relational analysis yielded the following 

results. 

Sr. 

No. 

Failure 

Modes 

Conventio

nal FMEA 

RPN 
Rank 

GRA 

RPN 
Rank 

1.  Black Mark 336 I 0.6626 II 

2.  
Silver 

Streak 
288 II 0.6443 I 

3.  

Product 

Stuck to 

Mold 

245 III 0.6673 III 

4.  Flash 240 IV 0.6670 IV 

5.  Weld Line 225 V 0.6826 V 

6.  Sink Mark 216 VI 0.684 VI 

7.  

Product 

Bend and 

Twist 

196 VII 0.7013 VII 

8.  

Product 

Uneven 

Gloss 

175 VIII 0.7156 VIII 

9.  
Black 

Streak 
168 IX 0.723 IX 

10.  
Product 

Breakage 
160 X 0.7316 X 

11.  Short Neck 140 XI 0.7496 XI 

12.  
Flow 

Marked 
120 XII 0.7713 XII 

13.  
Sprue Stuck 

to Mold 
112 XIII 0.7836 XIII 

14.  
Air Bubble 

in Product 
75 XIV 0.8426 XIV 

The findings of both conventional FMEA and 

grey relational analysis on the rating of injection 

molding machine failures differ at two stages. 

The rank of the failure “Black mark” is first by 

the conventional FMEA, while it is second by the 

grey relational analysis. Meantime, the rank of 

failure “silver streak” is second by the 

conventional FMEA, while it is first by the grey 

relational analysis. 

Again from the Table IV it can be observed that 

the rank of the failure “Product stuck to mold” is 

third by the conventional FMEA, while it is 

fourth by the grey relational analysis. 

Meanwhile, the rank of failure “Flash” is fourth 

by the conventional FMEA, while it is third by 

the grey relational analysis. 

The rating can be used to make better 

maintenance schedule decisions, properly 

arrange maintenance and examination of 

machine parts, and use this adjustment of 

maintenance schedule to reduce risks in the 

future [17]. 

6. Conclusion 

Failure management is an essential component of 

every company. Using conventional FMEA and 

grey relational analysis, this paper proposes a 

systematic method to reduce the probability of 

future errors or remove them entirely. This paper 
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presents an FMEA analysis of an injection 

molding machine. The aim of this paper is to 

calculate the RPN value in order to identify 

possible failure modes. Firstly the conventional 

FMEA is used with the same weightage of 

Occurrence, Detection and Severity. As a result, 

conventional FMEA makes it difficult to know 

the probability of failure with consistency. 

 As a result, in this paper, the grey FMEA 

approach is proposed. Grey relational analysis 

assigns proportional weights to risk factors i.e. 

occurrence, severity and detection enhancing the 

findings' practicality, utility, and adaptability to 

real circumstances. By comparing the results of 

conventional FMEA with grey relational 

analysis, the accuracy and effectiveness of 

conventional FMEA can be determined. The 

findings of this study are being used to improve 

injection molding machine device reliability, 

which will benefit both consumers and 

manufacturers of injection molding machines. 

From the standpoint of working and system 

reliability, this research work has established 

possible failure modes in parts or machines, and 

machine reliability can be increased with an 

integrated maintenance plan or some design 

changes. The results show that grey relational 

analysis is a better alternative than conventional 

FMEA because it shows consistency in the RPN 

values of failure modes and has the lowest error 

rate. To avoid failure risks in injection molding 

machines, the industry should optimize the 

maintenance schedule based on the findings of 

this study. 
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Abstract 

For sustainability and continued manufacturing competitiveness, a country needs to have strong technological 

capabilities base. The paper discusses methodology adopted for technological capabilities upgrading followed 

by newly industrialised countries and factors underpinning upgrading efforts. The paper then takes stock of 

existing technological capabilities of Pakistan and gives recommendations for upgrading technological 

capabilities of Pakistani manufacturing firms.  
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1. Introduction 
Practically, our world is divided into a R&D-

based based economy, production economy, and 

import-based economy [1]. Highly industrialised 

nations have R&D based economies, 

underpinned by highly advanced technological 

capabilities, generating ever new processes and 

products. A production economy manufactures 

products based upon technological capabilities 

derived from abroad, while an import-based 

economy imports its products and at the best 

assembles things not requiring technological 

sophistication. However, an import-based 

economy is not sustainable and efforts need to 

be made to move to R&D based economy for 

sustainability and competitiveness.  

In the remaining paper, section 2 presents 

introduction to technological capabilities (TCs), 

and then discusses a three step model followed 

by newly industrialised countries (NICs) to 

move from import-based economy to R&D 

economy. Section 3 discusses literature on TCs 

in Pakistan and the recent initiatives taken by 

the government of Pakistan to improve TCs of 

Pakistan’s manufacturing sector.  Section 4 

gives conclusions and recommendations for TCs 

upgrading, and their exploitation to move away 

from an import-based economy to a knowledge-

based economy. 

2. Literature Review 

Recently, due to the shifting of manufacturing to 

developing countries, there has been an 

increased interest in understanding the process 

of TCs upgrading[2]. TCs literature associated 

with manufacturing has moved from improving 

operational efficiency to technological 

capabilities (TCs) upgrading for improved or 

new processes and products for sustained 

competitiveness[3, 4]. TCs upgrading has been 

described as increasing (deepening) the skill 

content of existing TCs and/ or adopting new 

TCs for improved or new processes and 

products to target better value-added markets 

[5].2.1 TCs in NICs 

The 60s and 70s decades of the twentieth 

century were the times when Western countries 

rapidly industrialsed and a large middle-class 

was created. However, over time, skilled labor 

became costly in these countries. Therefore, to 

offset costs, Western countries slowly 

transferred low-skilled jobs to developing 

countries, which helped these countries to 

industrialise. With what started as doing low-

skilled jobs, many developing countries, such as 

South Korea, Hong Kong, and Singapore, 

moved to manufacture high value-added 

products and came to be known as NICs.  

Lall [6]conducted seminal study on the rise of 

NICs from import-based economy to R&D 

economy. He proposed that the industrial 

sector(s) -while moving towards a R&D based 

economy, generally go through a three-stage 
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model of acquisition, assimilation, and 

improvement (or innovation) of technological 

capability.  

Acquisition: At the acquisition stage, the 

process engineering is involved with debugging 

the production line, improving productivity and 

quality through liaison with its customers and 

suppliers. While product engineering involve 

assimilation and improvement of product 

design.   

Assimilation: The assimilation stage requires 

adapting the acquired technologies for improved 

processes [7]and products, and assimilating new 

technology. This stage is assisted by linkages to 

technology transfer, cooperation with local S&T 

linkages. 

Innovation: The innovation stage requires in-

house R&D for new TCs resulting in new 

products and processes. 

His work was followed by Kim[8] who mapped 

it on South Korea transformation to NIC. He 

extensively studied the various industrial 

sectors, especially electronics, and pointed out 

the factors which helped influence the 

transformation from technology acquisition to 

innovation stage- knowledge generation. For 

instance, to help technological upgrade and 

move towards knowledge economy, students in 

1960s were sent out to the developed world to 

study in preferred fields, and firms went into 

technology-transfer and collaboration with 

western firms, which helped technology transfer 

and train the local manpower. Students sent 

abroad for higher studies worked in hi-tech 

fields in the western countries and later came 

back to help the South Korean industry in 

learning, exploiting and customizing  the latest 

technologies licensed/ transferred from the 

western world. These countries are exporting to 

the developing and the Western countries, and 

are now moving to R&D economy,deriving rent 

from new knowledge created through R&D.   

Lall and Kim’s work has been followed by 

others to study technological upgrading in 

various countries. Jin an d Von  Zedtwitz [7] 

studied the development of TCs in China’s 

telecom sector based on TCs upgrading steps of 

acquisition, assimilation and exploitation, and 

identified that government policies, academic 

cooperation and ToT from western countries 

played a key role in various  upgrading steps.  

2.2. TCs upgrading literature in South 
Asia 

Following Lall’s and Kim’s work, Malik and 

Wickramasinghe [9] studied ToT in a 

developing country context- Srilanka. They 

studies prerequisites required to make ToT 

successful in two large technology based firms, 

telecommunication and cable manufacturing. 

They found that skilled engineers, trained staff 

were necessary to absorb and make effective use 

of technology, and make a wider impact on 

innovation capabilities development of the 

recipient firms. In another paper, Malik and 

Wickramasinghe [10] also highlight the role of 

university-industry collaboration in knowledge 

generation and TCs upgrading.  

Thus, the literature review shows that for the 

host countries in developing countries their TCs, 

they have to ensure transfer of ToT, associated 

knowledge to maintain, and change and 

customise the adopted technology. In parallel, 

highly trained manpower needs to be generated 

to absorb and exploit next phase of transition. 

Alongside, academia needs to be brought into 

the loop from the start so that it understands the 

industrial needs, and develops and moulds its 

research according to industrial needs. Finally, 

an over-arching government policies are 

required which integrate and facilities all the 

factors to move collectively towards a R&D 

based economy. 

3. Literature Review on TCs 
upgrading in Pakistan 

A number of studies have been conducted to 

analyse the current level and role of TCs in the 

competitive edge of Pakistani firms, both at 

local and foreign level[11]. These studies have 

high-lighted the lack of TCs of firms which 

affect the manufacturing processes and 

products.  

Nazeer and Rasiah [12]have discussed 

Pakistan’s stagnation in manufacturing over the 

period 1960-2013 against the rapid 

industrialisation of South Korea, Taiwan and 

Malaysia. The paper argues that Pakistan 

required a dynamic industrial policy that focuses 

for sustained, long-term economic growth. In 

another paper, researchers have studied the 

university-industry collaborations in Pakistan 

and found that stringent policy interventions 

from government entities, industrial 
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representatives’ presence on the Board of 

Governors of universities will help to develop 

industry-specific research, which would help 

booster TCs upgrading efforts in the country.  

There is evidence in various industrial sectors, 

where local and foreign investors were 

facilitated through trade barriers, tax breaks, but 

these investors have not been able to upgrade 

their TCs to locally manufacture critical items of 

their products. The prime instance, among 

others, is auto sector. -The auto policy was 

liberalized in the 1980s, which allowed auto 

manufacturers such as TOYOTA, SUZUKI, and 

HONDA to set up assembly plants. However, 

more than three decades down the road, we are 

still assembling automobiles with core 

technological products being imported. Khan, 

Lew and Akhter [13] investigated the 

exploratory and exploitative technological 

capabilities of auto-industry. They found that 

industrial policy has been weak due to which 

requisite ToT has not been transferred to create 

a robust local vendors base. Further, R&D 

institutions have not be involved to bolster local 

vendors capabilities. Another paper [14] has 

also stressed the importance of human resource 

development for establishing a competitive 

auto-sector in Pakistan. 

Similarly, with a big consumer society, FMCGs 

industry has grown in last couple of decades, 

which is assembling consumer goods such as 

fridges, TVs, air conditioners, in Pakistan with 

investment intensive technologies such as 

compressors, imported from abroad [15] . Thus, 

more than seven decades since independence we 

are still an import-based economy. 

3.1 Local Initiatives towards 
upgrading technological capabilities 

To support human resource development for 

industrialisation, Higher Education Commission 

(https://hec.gov.pk/english/pages/home.aspx) 

(HEC) was created by the Government of 

Pakistan in early 2000s, and generous funds 

were allocated to the HEC to send competent 

students abroad for higher studies. 

Consequently, Pakistan, over time, developed a 

repository of highly trained manpower. 

Similarly, Lahore Knowledge Park Company 

(LKPC) (https://lkpc.com.pk/) was established 

in October 2014, as a separate corporate entity 

by the Government of Punjab to strategize, plan, 

undertake and oversee the development of 

knowledge & growth parks. Further, realising 

the technological lag, recently a Knowledge 

Economy Task Force (KETF) has been 

established to develop a knowledge economy. 

Industrial clusters of hit-tech fields such as 

biotechnology, engineering goods, electronics, 

and pharmaceuticals among others have been 

identified to undertake R&D and generate new 

knowledge and products, thus improving the 

quality of existing products and enhancing 

exports.  

Presently, Pakistan is heavily engaged in China-

Pakistan Economic Corridor (CPEC) initiative, 

an investment of more than $60 billon USDs 

with diverse portfolio (http://cpec.gov.pk/). 

Thus, trained available manpower is now being 

employed in various project of CPEC, which, 

among others, include,: building roads through 

arduous topographic terrains, digging tunnels 

through mountains, constructing bridges, 

expanding and upgrading existing railway 

networks, building large and small dams, 

generating power through thermal energy and 

renewable energy sources. 

Further, Special Economic Zones (SEZs) 

(http://cpec.gov.pk/special-economic-zones-

projects) are planned along CPEC, and special 

economic packages have been provided for 

investors in these SEZs. Ground work for four 

SEZs has already been completed; while 

inauguration of Rashakai SEZ has already taken 

place. Government is now conducting road 

shows for Chinese investors  to setup industries 

in SEZs. A major portfolio of CPEC is Gawadar 

seaport, which upon completion would be the 

largest deep sea port in the world, and Pakistani 

and Chinese engineers are working tirelessly to 

make it a success. Thus, working on CPEC, 

SEZs and the development and 

operationalisation of largest deep sea port in the 

World is giving Pakistani human resource a 

broad experience. 

4. Conclusionsand 
Recommendations 

Thus, NICs went through a three-stage model to 

reach a R&D stage. This involved interacting 

with foreign firms for learning, and at later stage 

facilitating ToT along with associated 

knowledge for operation, maintenance and 

improvement in assimilated technology. In 
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tandem, students were sent abroad for higher 

studies, which after working in industrialised 

nations then came back to work in these 

organisations and facilitated ToT and 

understanding the knowledge associated with 

these technologies. And all of the 

aforementioned factors where integrated and 

facilitated by government policies which 

intervened at regular intervals to create a crisis 

like situation forcing firms to upgrade their TCs 

for sustained competitiveness. 

Accordingly, Pakistani firms need to upgrade 

their technological capabilities and a sure way to 

TCs upgrading, among others, is facilitating 

ToT through training of human resource, and 

academic collaboration. Accordingly, 

government needs to implement policies which 

should ensure ToT and training of HR in the 

long run in various industrial sectors. Tax 

breaks and incentives should be offered to the 

level of core technologies indiginised, while 

taxes may be imposed on those sectors which 

fail to meet indiginisation targets. Similarly, 

academia should be involved in policy making 

and encourage to stay in continuous contact with 

industry, which would help the academia to 

attune to the needs of industry, gain its 

confidence and tailor its syllabus and research 

accordingly. 

CPEC and its SEZs offer a unique opportunity 

for Pakistan to upgrade its TCs at national level. 

Different types of heavy and light industries 

would be set up by investors in SEZs, where 

generous tax exemptions and incentives are 

being provided. Therefore, the government 

should ensure that industries new to Pakistan 

may be setup in theses SEZs and necessary ToT 

along with requisite knowledge and training of 

human resources happens. Further, local 

industries may be made a part of foreign firms 

in SEZs as industrial linkages also help firms to 

upgrade. 

In conclusion, frameworks need to be developed 

for individual industrial sectors, the pre-

requisites and role of various actors need to be 

defined for achieving TCs upgrading. Further, 

milestones need to be mentioned, which should 

be revisited at regular intervals to monitor the 

progress, correct any skew in frameworks, and 

incorporate any new developments. 
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Abstract 

In the wake of covid 19 most of the industries are at their survival stage. Organizations are facing several issues 

and are trying to find out ways to tackle them. This research aims at analyzing the four major factors i.e. Human 

Resource Management, Supplier Relationship Management, Technological Management and customer 

relationship management and their impact on Supply Chain. Research data was collected from respondents by 

using an online social platform. After the data was gathered, SPSS  Amos was used to analyze the data. Research 

findings indicated that whenever issues arise in the following factors i.e. human resource management, supplier 

relationship management, technology and customer relations, then it negatively influences the supply chain 

performance. Findings also reflect that human resource management issues represent a significant driver for 

improving performance of the food industries. Supplier Relation Management proved to be the least critical factor 

among the others . This research study offers insight regarding barriers and drivers influencing the operations of 

food processing industries and what measures should be taken accordingly. 

Keywords: Supply Chain Management Problems; Business Performance; Food Processing Industry;

Supplier Relationship Management. 

1. Introduction 

In the modern era, where everything is 

connected, food is key to consumer confidence 

and personal sustenance. Therefore, it is essential 

to maintain food's movement without any 

hindrance to sustain life. It is a crucial challenge 

for all the food and beverages manufacturing 

industries to survive in this time of crisis. As the 

Food sector provides the essential food service, 

many businesses remained open in Pakistan 

during the lockdown period. However, the 

production and distribution of food seemed to be 

impacted because of disruptions in the local and 

global supply chain. The lockdown measures had 

a universal impact. However, it is important to 

note that the Government has never ordered a 

complete national closure. Instead, important 

sectors such as food, agricultural, 

pharmaceutical, or those with emergency export 

orders were granted special permission to 

continue operating. It meant that some of the 

related industries remained active because the 

food industry depended on it. Food organizations 

are different from other organizations because 

food organizations produce products that are a 

need for daily life. If the industry closes, a certain 

number of people working in these markets may 

starve; however, if distributors and processors 

are disrupted the whole country is at risk[1]. Food 

organizations are facing challenges to meet 

growing market demand and due to declining 

revenues. Some organizations have temporarily 

closed their businesses, indicating that different 

industries are closely linked. 

Uncertainty and volatility are created in customer 

demand due to pandemics, making it difficult to 

maintain food industries. It is mentioned in a 

research that managerial time is already short in 

lean, mean and margin-pressured sectors like 

food and drink, logistics or packaging [2]; 

furthermore, Managers do not always recognize 

the best strategies and guidelines for business 

improvement. Therefore, they need a specific 

approach for new managers in the food and 

beverage industry[3]. In addition, the most likely 

cause of the epidemic is staff shortages, traffic 

disruptions and border closures[4]. For example, 

during the Ebola outbreak in 2014, West African 

countries faced food shortages due to the 

shortage of staff members and declining 

production and trade . Maintaining strategic food 

chain strategies with a supply chain management 

system is also important to meet customer needs. 

3. Literature Review 

 3.1 Supply Chain 

The term supply chain is now widely used 

internationally - to make every endeavor to 

produce and deliver service or a final product 

from supplier to customer. Flow of materials 

from one place to the desired destination is the 

primary focus in supply chains[5].Supply chains 

encircle companies and business operations 
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required to plan, manufacture, deliver, and 

deploy a product or service. The business's 

confidence in the supply chain is growing 

because it provides them with the tools to 

compete in the market. Almost all businesses are 

distributed among one or more supply chains and 

have an important function to play in each of 

them.  

3.2 Covid-19 

The intensity of this type of pandemic is on a 

large scale and was not anticipated by the 

common society. Many researchers are focusing 

on various fields and areas that have been 

affected by this deadly pandemic and trying to 

figure out a feasible solution. It is important to 

note in the field of ongoing pandemic the 

literature review is selective because of the 

tremendous progress in the transformation phase 

due to covid’s mutation. In terms of procurement 

management, the corona outbreak represents one 

of the biggest disruptions and "binds most of the 

global supply chain”. Regarding supply chain 

management, the current outbreak represents one 

of the major disruption and is "shackling most of 

the global supply chains" [6], [7, 8]. 

A researcher introduced a framework for Supply 

Chain Management during the coronavirus 

pandemic by conducting thorough research on 

the impact of sudden pandemic outbreaks on the 

supply chain and considers supply chain 

sustainability a critical element. In addition, 

while focusing on sustainability, it seems 

essential to use technological and digital methods 

such as digital production or data analysis 

methods to improve supply chain management 

and operations under pandemic outbreaks. The 

ability of an organization to be prepared for 

unexpected disasters should be the main aspect of 

the supply chain and must be integrated into its 

business plans. Firms must have a plan for 

preparedness, adaption and recovery if such 

calamities arise [8].Regarding resilience, most of 

the researchers focus on the transparency and 

variety of suppliers, so if an area has come under 

a crisis, one can quickly switch to other sources 

of supply [9]; [10]; [11]. 

3.3 Supply Chain Management: 

In the food industry, Supply Chain Management 

mainly facilitates the successful flow of 

important information and materials, and the 

transportation of final product from remote 

industries to local consumer markets [12]. SCM 

includes marketing, materials and distribution 

management, logistics and transportation  and 

operations management [13]. In addition, 

according to a research study suggestion, it is 

vital to handle demand and supply correlation 

with all business parties [14]. Nowadays, 

customers demand variety of products with high 

quality and high service levels at low prices [15]. 

On that account, [16] . The origination of these 

risks may be caused by the internal environment, 

suppliers, or from customers; It can be political 

and economic development, natural disasters, 

technological advances, changes in law and 

regulation, and the capability of organization to 

respond to human behaviour [5, 16]. 

3.4 Human Resource Management 
Problems: 

Human Resource Management indicates the 

effective control of the employees in a firm. It is 

an approach that helps provide a strategic 

advantage in a competitive market. The purpose 

of managing human resources optimally is to 

ensure that the company achieves great success 

with its employees. Establishing appropriate 

recruitment and training strategies, developing 

staff skills, and selecting the right person for the 

job can improve the performance of a firm [17]. 

There is a strong interdependency in managing 

human resources and the supply chain. COVID-

19 has challenged organizations to change their 

traditional practices and opt for modern 

technologies and innovations to tackle 

unexpected scenarios.  

Carnevale mentioned in his research that 

employers main attention should be to readjust 

the working behaviors of employees and pay 

special heed to their well-being during COVID-

19.Increased job insecurity caused by the 

pandemic is a potential indicator of high 

withdrawal intentions. Research shows to tackle 

the challenges invoked by the corona virus in 

managing human resource, is in recruiting new 

employees and coping with changing work 

conditions, switching to remote workplaces or 

using favourable new workplace policies and 

implement procedures to ease social distancing is 

one way deal with the pandemic [18].  

3.5 Technology Management 
Problems 

Technology helps businesses to control market 

access, experiment with new ideas and become 
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more competitive. During the pandemic, food 

safety is gaining more attention to supply safer 

foods to consumers. The industries are 

introducing new technologies which includes 

temperature guns, intelligent sensors, and 

interactive inventories to provide a safe route 

from product planning to production. According 

to a new research, digital technology in China has 

increased since the pandemic. New opportunities 

became known as a result of new demands, new 

customer preferences, and emerging 

technologies [19]. The use of digital technology 

in detection of pandemics has been found very 

effective in the unexpected situations like 

COVID-19. For maintaining and expanding the 

Supply Chains, these technologies reflect 

promising developments. Policymakers should 

ponder over incentivizing technology 

expansion in the food industry as it pursues 

to hold the promise of making supply processes 

and production safer, more productive and more 

resource-efficient. It will result in lower food 

prices and other positive spillovers to society. 

Due to technological advancements, businesses 

are attracting new demands , interacting with new 

markets and helps in production activities [20]. A 

poor facility also represents significant issues 

impacting the supply chain performance. 

Generally, Supply Chain Performance declines 

due to a lack of quality institutions and it can 

cause delay in supply and procurement 

processes. [21]. In addition, facilities with poor 

structural design can lead to an increase in safety 

and health risks for employees in this pandemic  

[22].  

While policy and technology changes in this 

pandemic have been major, information 

management systems and related technologies 

have also evolved rapidly and have had a 

significant impact on job creation and skills 

needs. In addition, firms are continually updating 

their technology to improve efficiency increase 

their capability to keep pace with technological 

change. 

3.6 Supplier Relationship 
Management 

Supplier Relationship Management is a way of 

evaluating suppliers who supply goods, materials 

and services to an organization, measuring the 

contribution of each supplier to success and 

developing strategies to improve their 

performance has made supply chain management 

become a major challenge in the wake of 

COVID-19. The SRM discipline helps regulate 

each supplier's value and the ones which are most 

important for business performance and 

continuity. 

It also provides organizations to foster profitable 

and better relationships with suppliers according 

to their priorities. Improving the supplier and 

buyer relationship has become more apparent to 

survive in the world of business [23]. 

Supplier development is defined as any attempt 

by a procurement company to increase the 

performance of its suppliers and the skills to meet 

the needs of the procurement 

company[24].Within the literature, the quality of 

relationships has emerged as an important factor 

to improve the performance of suppliers[25], 

[26]; [27] ; [28] . The study looked at the level of 

customer-supplier relationships and how this 

could improve the supplier's performance, 

enabling them to meet the needs of the 

purchasing firm. 

3.7 Customer Relationship 
Management 

Customer Relationship Management (CRM) 

aims to improve and simplify processes between 

the its customers and business. Successful 

customer management relationships play a key 

role in business competition. Businesses tend to 

want more data about their customers and their 

needs [29, 30]. Customer relationship 

management's effectiveness relies on the 

usefulness of integrating the knowledge 

management process.The legal aspects that affect 

a business include all laws and regulatory 

guidelines that may adversely affect or have a 

positive effect on consumers and corporate 

governance decisions in a particular 

country.[31].  

In light of the aforementioned literature review 

and the affect of these potential factors on supply 

chain management, the following research model 

is proposed in figure 1: 
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Fig  1 Research  Framework 

 

4. Research Method: 

For data collection for this research purpose, an 

email was sent to all the industry employees by a 

fellow colleague working in the food industry to 

obtain their responses regarding fulfilling the 

questionnaire and send it back for analysis. The 

questionnaires were developed and distributed in 

google forms. 

4.1  Data Collection 

A data collection was conducted for the purpose 

of research analysis. In this study, the sample 

have 103 respondents, including managers, 

supervisors and operators. Data collection was 

completed in almost 1.5 month. For the 

preparation of questionnaires Google Form was 

used. The questionnaires are divided into two 

sections. Section A represents the details of the 

respondents ;whereasrespondents; whers Section 

B is based upon the details of the situation in the 

industry after the devastating impacts of covid 

19. The results of Category A are shown in Table 

1. These samples include employees from all 

ages, level of education, position, term of 

employment and job experience It can be 

observed from table 1 that the majority of 

respondents were male. The highest percentage 

of employment was observed between 2-5 years. 

It can also be observed that most responses come 

from administrative positions. Further evaluation 

of the data collected was based on the responses 

received from the respondents. For every 

question in the questionnaire, 5 points Likert 

scale were used (from 1 for strongly disagree to 

5 for strongly agree). 

Table 1 Demographic Details 

Variables Categories 
Total 

(N) 

Percentag

e % 

Gender 
Male 101 0.98 

Female 2 0.019 

Age 

18–25 34 33.4 

26–35 43 42.4 

36–45 20 19.5 

45 or 

above 
6 4.6 

Employment 

period 

Under 2 

years 
27 26.5 

2–5 

years 
34 33.4 

6–10 

years 
25 24.2 

Above 

10 years 
17 15.9 

Occupational 

position 

Supervi

sor 
28 27.5 

Manage

r 
33 31.5 

Junior 

Manage

r 

32 31.1 

Operato

r 
10 9.9 

 

4.2 Reliability: 

The reliability of data is measured by using 

Cronbach's alpha. For the data to be reliable, it 

must be above 0.7.Once the data was analyzed, 

the result varied between .880 and .891 which is 

above the minimum threshold as shown Table 2. 

 

 

Table 2 Reliability of Data Gathered: 

Factors Variance Reliability 

(α) 

HRM 12.250 0.891 

Tech 11.065 0.884 

SRM 11.744 0.88 

CRM  11.810 0.875 
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4.3 Impact Analysis: 

The structural equatorial modelling was used to 

analyze the impact of endogenous and exogenous 

variables. The result showed that all factors are 

statically significance as compared to supply 

chain.  

 

Table 3 Impact analysis 

Factors Estimate 

(β) 

S.E. 

HRM -.481 .424 

CRM -.364 .772 

SRM -.156 .228 

TECH -.159 .483 

 

As the data is analyzed, we observe that all the 

factors are statistically significant and do impact 

the supply chain. Table 3 highlights that while 

predicting the effect on the supply chain, human 

resource management problems showed 

significance in post covid situation(β=-.481). The 

values suggest that whenever the management 

faces difficulties in human resource 

management, the supply chain performance 

decreases up to .481. Clear preference must be 

given to Human Resource to minimize the 

financial losses. 

The analysis suggests that technology-related 

problems were statistically significant in 

predicting the Supply chain. In the post covid 

scenario, the value is -.159, as shown in table 3. 

It means that whenever technological issues in 

the industry rise by 1, S.C. performance 

decreases by .159.  

The supplier relationship management problems 

have a negative relation with the performance of 

the supply chain, the value is -.156, as shown in 

table 3. This suggests that supplier relationship 

management significantly influence the 

performance of the supply chain. Furthermore, 

the values indicate that the supply chain 

performance will decrease whenever the 

administration faces difficulties with the 

suppliers. i.e. When SRM goes up by 1, S.C. goes 

down by .156. 

Table 3 also highlights a negative relationship 

between customer relationship management 

problems and supply chain performance (β = -

.364). This reflects that any increase related to 

customer relationship management issues 

reduces the supply chain performance. In this 

analysis, CRM problems proved significant in 

predicting supply chain performance. 

4.4 Practical Implications: 

To mitigate the impact of Covid 19 some 

recommendations are really necessary. First of 

all, in human Resource Management to counter 

the impact of covid 19 Maintaining a distance of 

6 feet is recommended as mentioned by the 

World Health Organization. Set an impregnable 

barrier between workers, especially if they are 

not able to keep a six feet distance from each 

other. If it is feasible to Shift employees’ position 

to diagonal instead of working parallel to each 

other then it must be applied in the industry. 

Ensure safety measurements and safety lines are 

put in place to avoid any infectious 

contamination. Provide separate changing rooms 

for workers to avoid any spread. Provide an extra 

allowance to those employees that are more 

vulnerable to the disease. Reduce shift duration 

to increase number of shifts to have minimum 

number of workers on one place at a time and 

also arrange the timing of meal breaks to reduce 

the number of people sharing a staff room, 

kitchen or cafeteria etc. Carry out a risk 

assessment involving workers who can work 

from home to reduce number of employees on 

site. Ensure that employees, who are 

teleworking, have the necessary tools and 

applications required to communicate clearly 

without any barriers. To ensure good relationship 

with supplier organizations need to make sure 

that information is accompanied by minimal 

distortions and delays and that they view their 

information as a strategic asset and to avoid any 

mishaps that could affect the supply chain even 

more. 

5. Conclusion: 

This study was intended to investigate the impact 

analysis of factors namely Human Resource 

Management, Supplier Relationship 

Management, Customer Relationship 

Management and Technology Management in 

supply chain management in Pakistan. This study 

has shown that it is important to understand the 

problems of supply chain management and their 

origins in order to develop ways to avoid and 

minimize their negative effects. It is also 

highlighted in the review of previous research 
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literature that although the food processing 

industry has made a significant contribution to 

the country's economy. It is also facing multiple 

problems which is further more aggravated by the 

pandemic. The results obtained from Amos' 

software show that all four factors show 

compliance with supply chain performance 

indicating that an increase in these problems, will 

reduce Supply Chain performance.  

After using the analysis software Amos, in the 

post-covid context it has been shown that human 

resource management problems have a strong 

relationship and are considered very important 

compared to the other four factors. In 

comparison, relationship with suppliers has 

presented weak link with supply chain 

performance and is considered to be the least 

important and in between there is technology 

management and customer relationship 

management. In order to reduce this issue of 

human resource management, it is important to 

employ competent professionals in the supply 

chain. Once hired, there should be regular 

training to improve their knowledge, skills and 

outcomes. Cross-train workers to perform 

important tasks so that the workplace can 

function even when senior staff are absent. To 

solve technical problems, rapid implementation 

of non-disruptive technology is required. In order 

to be competitive in the general market, 

application of useful technology and technology 

integration in all business activities must be done. 

ISO standards, sustainability or raw material 

supply control systems can be used to combat the 

problems associated with institutional 

management. The problem facing institutional 

management can be solved by applying 

international standards and philosophies such as 

ISO standards, durability and raw Supply Chain 

Management. 
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Abstract 

This study provides important perceptions to the policy makers in Pakistan to introduce a new mode of 

transportation for the consumer. In this particular case, the consumers in Pakistan are still showing their 

interest in buying Internal combustion engine (ICE’s) over Electrical vehicles (EV’s) due to non-awareness of 

merits and demerits of EV’s. Therefore to evaluate consumer’s preferences towards two wheeler electric 

vehicles a survey was conducted by distributing questionnaire among the people of country in different regions. 

Among peoples almost 317 respondents living in Pakistan participated. Eleven different factors related to 

consumer’s preference has been observed for the purchase of E-bikes. After analyzing these 11 factors, top 

three factors like awareness about E-bike, design and aesthetic and health and safety issues have found their 

preference. Similarly, three other bottom factors i.e. availability of charging facilities, mileage per charging 

and price factors has found main causes of low purchase of EV’s by consumers. After conducting survey it has 

revealed that awareness about electric vehicles should be developed among the students and other users, 

maximum dealership should be given to the experts, distribution network should be strong and also prices of E-

bikes should be decreased in order to increase the sale. The study also had revealed that Govt. of Pakistan with 

the consultation/coordination of manufacturers within the country could prepare a policy for the installation of 

plants/factories of E-bikes wherein with the support of Govt. for the provision of necessary infrastructure and 

subsidy to the consumer. 

Key Words: Global warming; Transportation Sector; Green Agenda; Harmful Pollutants; Electric 

Vehicles; Influencing Factors; Govt. Policy 

1. Introduction 

Pakistan is confronting numerous multi-

faceted problems in various sectors. So to solve 

these problems solutions are required that effect 

these sectors in a positive manner. In this 

section, we present arguments that EVs in 

Pakistan can solve problems of various areas 

including environment, transportation, power 

and economy. The term EV covers all of 

transportation including bikes, cars, trucks and 

buses. The transportation section has been 

increased two times in Pakistan.  High 

consumption of non-renewable energy sources, 

including oil may just disintegrate the further 

circumstance. As indicated by the National 

Economic and Environment Development Study 

(NEEDS) report, Pakistan is required twofold its 

emission by 2020 and further multiplying it by 

2030 (Andrew, R. M. 2018).Carbon outflows 

will increase as well as other different risky 

mixture of gases, for example Sulfur Dioxide 

(SO2), Nitrogen Dioxide (NO2) will also take 

part in atmospheric environment due to increase 

of consumption of non-renewable energy 

sources day by day. Due to the effectiveness of 

battery based power storage, EVs can give a 

similar mileage with 33% of the expense 

contrasted with their FFV rivals. Moreover, EVs 

as compared to FFVs require minimum 

maintenance, repair and does not require the 

change of oil and other oily lubricants. It is 

estimated that in future Pakistan will be able to 

produce the 37% renewable energy source of 

electric power. Comparatively efficacy of EVs 

brings about 70 to 80 percent less environmental 

emissions when contrasted with FFVs (Ullah, 

N. 2019). EVs include Hybrid Vehicles (HVs), 

Plug-in Hybrid Electric Vehicles (PHEVs) and 

Battery Electric Vehicles are called EVs. The 

objective of all EVs isn't a usual objective. 

Accordingly, it may not be accomplished until 

several decades for even the most advanced 

nations on the globe. In this way, efforts are 

being made by some developed countries to 

convert the fuel vehicles into electric vehicles. 
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Similarly, Norway planned to sale all EVs up to 

2025. Netherlands is also making efforts to 

introduce the same up to 2030 whereas western 

countries has also focused the same up to  2040 

(Shove, E. 2018). Contrary to these objectives, 

many automakers have additionally set to 

eliminate fuel based vehicles (FFV) from their 

vehicles line up. Shortly, an uprising is 

occurring in the transportation division and a 

move towards electric charge of the vehicle is 

unavoidable. In any case, the quantity of EVs 

and charging foundation is a 'chicken and egg' 

issue but with careful planning and 

arrangements this issue could be solved. With 

successful policies and procedures, EVs is 

considered more suitable for both types of 

usage; public and private. Greater recognition of 

EVs would decrease hazards for savings in E-

transport and inspire car manufacturers to raise 

construction. Different categories of EVs could 

give various environmental friendly benefits.  

2. Objectives of study 

Present study had performed to 

investigate the decision making process of 

Electric Bike owners and to determine the 

purpose of electric bike purchasing. To examine 

the profile of the Electric Bike owners on the 

basis of demographic factors like age, gender, 

income level, education level and profession 

and to identify and analyze the factors 

influencing the purchase of Electric Bikes. 

The focus of this survey is to find out the 

influencing factors that impacts on buying 

Electric Bikes by consumers. The significance 

of this study is that the findings of this research 

work can be useful for the marketer's to 

formulate marketing strategy. It can benefit both 

the consumers for making buying decision 

easily and the marketer for manufacturing their 

products as per need of consumers. 

3. Research Methodologies and 

Data Collection 

This methodology applied to carry out the 

proposed research work is divided into five 

different phases, which are explained one by 

one. In first step literature review is made to 

explore the research gap. In second phase 

extensive literature review is carried out for 

variable identification to select construct as well 

as measurement components. Research 

questions related to consumer preference for 

adoption of Electric Vehicles in Pakistan are 

developed in third phase. Beside the 

questionnaire is design for data collection in 

third phase. The data collection from different 

cities of educated people of Pakistan through 

questionnaire and screening of data is made in 

this step. In fourth phase different simple 

statistics techniques are implemented for data 

analysis and results are analyzed. In fifth phase, 

results are discussed and conclusions are made 

for future work. A complete diagram of research 

methodology is also given for better 

understanding. In this chapter steps and phases 

are discussed and factor identification of 

consumer preference for adoption of Electric 

vehicles is studied in detail. The research 

methodology flow diagram is shown in 

following figure 3.1. 

3.1 Research Design 

 Way of planning and conducting 

research work to find answers of required 

questions of research is named as research 

design. Different types of research designs are 

used to conduct research work including 

descriptive design which is key design to find 

the answers of problems particularly in 

marketing. It explains a particular occurrence 

involving attributes of consumers like age, 

income and life style etc (Kerlinger, F.N. 

1986). 
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Figure 3.1 Research Methodology Flow Chart 

 

3.2 Methods of data collection 

The data was collected from the self-

administered well-structured questionnaires 

from different places of Pakistan cities such as 

Islamabad, Rawalpindi, Taxila, Wah Cantt, 

Haripur, Sargodha, Lahore, Khushab, Sialkot, 

Jhurabad, Mianwali, Sheikhupura, Jhang, 

Hyderabad and Karachi, as source of primary 

data. The questionnaire is designed to make it 

simple, clear, understandable and short but 

efficient. The questionnaires were distributed in 

such a manner that the study can cover the 

respondents from various races, traditions, 

cultures, religions, geography, economic groups, 

age groups, professions, gender, and education 

levels in order to reflect realistic result of 

Electric Bike buying behavior of consumers. 

A sample data is the selection of certain 

number of random respondents from population. 

The size of the sample is 317 respondents 

selected randomly from Pakistan district. For 

the sampling 350 set of questionnaires were 

prepared, and distributed to different places of 

Pakistan district. Out of 350 questionnaires, 317 

questionnaires are returned with correctly filling 

and remaining 33 set are not returned. 

4. Results and Discussion 

A questionnaire method of analysis is selected 

to examine the data. Data about descriptive and 

inferential statistics of whole study is presented 

in this chapter. Frequencies, means square, 

percentages and graphs and table are included in 

this chapter.Multiple correspondence analyses 

are used to deal with categorical data. 
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4.1 Demographic Features Affecting 

For Adoption of Electric Bike 

It is imperative to study Demographics features 

of consumer Preference for adoption of an 

Electric Bike. The studied demographic features 

are; Gender, Age Group, Profession, Income 

level and Education level. In order to attain 

results the demographic profile of the 

consumers are presented and analyzed with 

tabular form and graphical representation. 

 

Table 4.1 Profile of Questionnaire Respondents 

Sample Category Number 

 

Percentage % 

 

Gender 

· Male 

· Female 

· 265 

· 52 

· 83.6 

· 16.6 

Age (Years) 

· 16-20 

· 21-30 

· 31-40 

· Above 40 

· 16 

· 155 

· 94 

· 52 

· 5 

· 48.9 

· 29.7 

· 16.4 

Monthly Income 

· Below 15000 

· 15000-30,000 

· 31000-50,000 

· 51000-100,000 

· Above 100,000 

· 29 

· 52 

· 90 

· 96 

· 50 

· 9.1 

· 16.4 

· 28.4 

· 30.3 

· 15.8 

Education 

· Intermediate 

· Graduation 

· Master Degree 

· Ph. D 

· 43 

· 145 

· 108 

· 21 

· 13.6 

· 45.7 

· 34.1 

· 6.6 

Occupation 

(Profession) 

· Student 

· Govt. Job 

· Private Job 

· Business 

· 57 

· 78 

· 142 

· 40 

· 18 

· 24.6 

· 44.8 

· 12.6 

 

As mentioned above, 317 samples are randomly 

collected from different 317 respondents of 

different places in Pakistan Cities. According to 

the Table 4.1, which is given below, 83.6% 

were male and 16.6% were female out of 317 

respondents. The majority of respondents aged 

between 21-30 contributing 48.9% of the total 

respondents followed by 31-40 age group 

29.7%, Above 40 age group 16.4% and 16-20 

age group 5%. In the terms of monthly income 

level, the respondents belong to below Rs. 

15000 level contributing 9.1%. Similarly, Rs. 

15000-30,0000 income level has16.4%, Rs. 

310000-50000 income level has 28.4%, Rs. 

51000-100,0000 income level has30.3%, and 

above Rs. 100,000 income level has15.8%.  

Regarding education level of the respondents, 

13.6% were completed intermediate, 45.7% 

were completed Graduate, 34.1% were has 

Master Degree, 6.6% hasPh. D degree. 

Referring to profession, 18% respondents are 
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Figure 4.1 Gender-wise Distribution of 

Respondents                                                             Figure 4.2 Age Groups of the Respondents 

 

Figure 4.3 Monthly Income Levels of 

Respondents in ‘000    Figure 4.4 Education Levels of Respondents 
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Figure 4.6 Bike Preferences 

 

                                     Figure  4.7 Strongest Motivation to Purchase an Electric-Bike. 
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Figure 4.8 Use of Bike 

Mean and Standard Deviation of respondents for variable influencing purchase 

of Electric Bike. 

Table 4.9 Descriptive Statistics 

 

 

N Mean Std. Deviation Skewness 

Statistic Statistic Statistic Statistic Std. Error 

Importance of Price Factor 317 4.61 .782 -2.433 .137 

Importance of Maintance 

Cost Factor 
317 4.44 .763 -1.833 .137 

Importance of Resale 

Value Factor 
317 4.20 .895 -1.235 .137 

Helpful to Create Job 317 4.43 .693 -1.554 .137 

Health and Safety Issue 

Factor 
317 4.27 .861 -1.325 .137 

Design and Aesthetics 

Factor 
317 4.25 .797 -1.226 .137 

Availability of Charging 

Facility Factor 
317 4.50 .664 -1.835 .137 

Minimum Charging Time 

for full charging 
317 4.51 .639 -1.820 .137 

Battery Life Guarantee 317 4.52 .609 -1.574 .137 

Mileage Per Charging 

Factor 
317 4.54 .608 -1.740 .137 

Awareness about E-Bike 317 3.14 1.321 -.451 .137 

Valid N (Listwise) 317     
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The data mentioned in above table indicates 

statistics in the form of description for 

variable purchase of Electric Bike. 

Responding individuals were accessible 

with 11usuallydetectedcauses behind 

purchase of Electric Bike. 

The scale used was a 5-point Likert Scale as   

mentioned below:-  

· Strongly agree =1 

· Agree=2 

· Neutral=3  

· Disagree=4 

· Strongly Disagree=5 
 
Mean and standard deviation values for all 

variables are as follows, it can be concluded that 

Price Factor ( mean=4.6, s.d=0.782), 

Maintenance cost factor (mean=44.4, s.d= 

0.763), Resale value( mean=4.20, s.d=0.895) 

,are thr top three reason to purchase Electric 

Bike, whereas helpful to create job (mean=4.43, 

s.d= 0.693), Health and safety issue 

(mean=4.27, s.d= 0.861), Design and Aesthetics 

Factor (mean=4.25, s.d= 0.797),Availability of 

Charging Facility Factor (mean=4.50, 

s.d=0.664),  Minimum Charging Time for full 

charging (mean=4.51, s.d=.639), Battery Life 

Guarantee (mean=4.52, s.d=0.609), Mileage Per 

Charging Factor ( mean=4.54, s.d=0.608), 

Awareness about E-Bike ( mean=3.14, 

s.d=1.321), are the bottom three reasons for 

purchasing Electric Bike. 

5. Conclusion 

Based on the mean and standard deviation 

values it can be concluded that importance of 

price, Maintenance cost and resale value are the 

three top reasons for purchasing Electric-Bike 

and Battery Life Guarantee, Mileage Per 

Charging Factor, Awareness about Electric-Bike 

are the bottom three reasons for purchasing 

Electric Bike. 
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Abstract 

This paper presents the main highlights of the outcomes-based accreditation for Mechatronics Engineering 

Undergraduate program at Atilim University, Turkey. This perspective resulted in the granting of five years full 

accreditation with international validity twice, since 2015. Assessment of educational objectives and program 

outcomes, as both general and discipline-specific, are explained. The purpose of this paper is to share a successful 

experience regarding the positive results of the output-based quality and accreditation approach in mechatronics 

engineering education, which is a relatively new engineering discipline. 

Key Words: Engineering education, accreditation, mechatronics engineering, outcomes

1. Introduction 
The evolution of mechatronics as a formal 

engineering program dates back to 1980s, when the 

word “mechatronics” received broad acceptance in 

industry and academia after its free use was allowed 

[1]. Based on the developments of mechatronics 

engineering education all over the word and with 

the introduction of the term “mechatronics”, related 

formal education mechanisms were also established 

in Turkey in late 1990s [2]. Considering the level of 

technology that realizes the concept of Industry 4.0 

today, the importance of mechatronics engineering 

and mechatronics engineering education is better 

understood. Output-based program accreditation is 

of great importance in terms of educating graduates 

of mechatronics engineering who have both the 

technical knowledge and skills and soft skills of the 

21st century. Program accreditation for engineering 

education is defined as the evaluation and external 

quality assurance process conducted to determine 

whether educational programs meet defined quality 

standards. [4-6]. Objectives of accreditation are 

public accountability, quality guarantee, academic 

reputation (local and international), professional 

recognition and registration, international mobility, 

academic development, educational marketing and 

competitiveness. Accreditation is not permanent 

and it is renewed periodically to ensure that the 

quality of the education program is maintained. [5] 

Accreditation or external evaluation is a powerful 

tool for the registration of quality assurance at the 

national and international level. [6] An accredited 

engineering program is judged to provide 

satisfactory preparation for graduates to first enter 

the profession as registered engineers and then 
develop their skills to the level of professional 

engineers. [7] 

As the history of engineering accreditation is 

considered, we see that the United States was the 

pioneering country. In this context, the Engineers' 

Council for Professional Development (ECPD) was 

established in 1932. ECPD was renamed as ABET-

Accreditation Board for Engineering and 

Technology in 1980 [5]. In Europe, the 

establishment of the European Federation of 

National Engineering Associations (FEANI) in 

1951 is accepted as the beginning of engineering 

accreditation [6]. As an important milestone in 

engineering education the Washington Accord, 

which is the international agreement between the 

bodies responsible for the accreditation of 

engineering programs, was signed in 1989 [8]. With 

globalization in 1990s, concepts of quality 

assurance and internationalization in higher 

education emerged and output-based accreditation 

gained importance. As a result, Engineering 

Criteria 2000 (EC2000) was published by ABET in 

1997 and an output-based approach was adopted in 

accreditation [5]. With all of these US-based 

developments, we see that the accreditation process 

has been institutionalized in Europe with the 

emergence of the Bologna process in Europe in 

1998 and the Bologna Declaration in 1999. In 2004, 

The EUR–ACE Framework Standards and the 

EUR-ACE Label emerged, and in 2006 the 

European Engineering Education Accreditation 

Network (ENAEE) was established [6]. Looking at 

Asia-Pacific, there have been rapid and important 

developments in engineering education in parallel 

with rapid economic growth and industrialization. 

However, quality assurance mechanisms in 

engineering education are developing slowly. 

Uniform accreditation systems for engineering 

education are lacking and there is no mutual 
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cooperation. The general trend is to gather under the 

umbrella of Washington Accord, and some 

countries are in the process of developing new 

systems [9]. 

In Turkey, the authorized institution for 

accreditation of engineering programs is MUDEK 

(an acronym for the Turkish name of “Association 

for Evaluation and Accreditation of Engineering 

Programs”), which is also the first national 

accreditation institution for higher education in the 

country. The institutional history of MUDEK [10, 

11] starts with its establishment as an independent 

platform under the name of “Engineering 

Evaluation Board” by MDK (an acronym for the 

Turkish name of the “Council for the Deans of 

Engineering Faculties”) in 2002. In 2007, MUDEK 

became a legal entity under the name “Association 

for Evaluation and Accreditation of Engineering 

Programs”, using the same abbreviation and it was 

recognized by the General Assembly of the Higher 

Education Council of Turkey as the first national 

accreditation institution. MÜDEK’s program 

evaluation is based on 10 criteria and starting from 

2009, MUDEK has been authorized by ENAEE to 

award EUR-ACE label to engineering programs. 

As one of the first Turkish institutions on 

mechatronics engineering education, Mechatronics 

Engineering Undergraduate Program at Atilim 

University undergone outcomes-based 

accreditation process of MUDEK twice, receiving 

5 years of full accreditation in both processes. This 

paper aims at introducing the basic approach and 

perspective for this successful result. 

The paper is organized as follows: Section 2 

explains MUDEK’s outcomes-based accreditation. 

Section 3 describes educational objectives, program 

outcomes and discipline-specific outcomes for 

mechatronic engineering as a case study in Atilim 

University. Section 4 highlights the continuous 

improvement process applied to achieve the 

outcomes given in Section 3. Finally, discussion 

and conclusions are given in Section 5. 

2. Outcomes based accreditation 
for engineering education 

The criteria used in program evaluations by 

MUDEK determine the minimum conditions that 

must be satisfied for the accreditation of 

engineering undergraduate programs under 10 

topics given below [10-13]: 

1. Students 

2. Program Educational Objectives 

3. Program Outcomes  

4. Continuous Improvement 

5. Curriculum 

6. Faculty Members  

7. Facilities 

8. Institutional Support and Financial Resources 

9. Organization and Decision-Making Processes 

10. Discipline-Specific Criteria 

Criteria 1 and 5-9 from the above list are inputs for 

the program. On the other hand, criteria 2, 3 and 10 

are the outputs of the program and in order to show 

that these criteria are met, outcomes-based 

assessment techniques should be used. Criterion 4, 

on the other hand, requires continuous 

improvement in the program, especially with 

feedback on criteria 2, 3 and 10.  

Educational Objectives-EOs (Criterion 2), are 

expected to define the professional positions of the 

program graduates within 3-5 years after 

graduation. The infrastructure to achieve these 

defined career goals is provided by the Program 

Outcomes specified in Criterion 3. Program 

Outcomes are statements defining the knowledge, 

skills and attitudes that students must acquire by the 

time they graduate [13]. In outcomes-based 

accreditation, program outcomes constitute the key 

elements due to two main reasons; the first one is 

the relative ease of demonstrating compliance or 

noncompliance, and the second being the ease of 

formulation and close ties with professional 

qualifications. Achievement of program outcomes 

is directly related with the continuous improvement 

process. 

Program-Specific Criteria (Criteria 10), on the 

other hand, define additional criteria for the 

education plan in a particular engineering 

discipline. For Mechatronics Engineering and 

similar-named engineering disciplines, program-

specific criteria are given below [10]; knowledge 

on calculus-based physics; knowledge on 

mathematics, covering multivariable calculus, 

differential equations, differential and integral 

calculus and complex variables; familiarity with 

statistics, optimization and linear algebra; 

knowledge on sensor technologies, computer and 

engineering sciences; ability to work in the fields of 

electronics, mechanical and computer systems; 

knowledge required for the design and analysis of 

complex electromechanical devices and software 

and of systems which contain hardware and 

software and which can interact with dynamic 

systems. 

In outcomes-based accreditation, the main 

philosophy is to determine program outcomes (both 

general and discipline specific) to achieve the 

educational objectives and to demonstrate with 

evidence that program graduates gain the 
knowledge and skills defined by POs with the 

contribution of input criteria. This perspective was 
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successfully implemented for mechatronics 

engineering education at Atilim University, Turkey 

as it was done for some other departments [14]. As 

a result, Mechatronics Engineering Undergraduate 

Program received 5-years of full accreditation 

twice, since 2015. 

3. A Case Study for Mechatronics 
Engineering Undergraduate 
Program 

Mechatronics Engineering Department of 

Atılım University, established in 2002, was the first 

institution among foundation universities in Turkey 

giving formal mechatronics engineering education 

within a departmental organization. The 

Department had its first B.S. graduates in 2007. The 

undergraduate mechatronics engineering program 

was first evaluated by MUDEK in the 2014-2015 

evaluation period, and as a result, full accreditation 

(5 years) was given from the date 01.05.2015 until 

30.09.2020. Thus, the Department became the first 

Mechatronics Engineering Department with full 

MUDEK accreditation in Turkey. Towards the end 

of accreditation period, the Department applied for 

a general evaluation again for the 2019-2020 

period. But the evaluation visit could not be made 

in the specified period due to the COVID 19 

pandemic, which has affected the whole world 

since 2020. Thus, MUDEK extended the validity of 

the existing accreditation to September 2021. 

Afterwards, remote evaluation has been conducted 

in 2020-2021 period resulted in receiving full 

accreditation for the second time until September 

2026. 

Assessment of Educational Objectives 
During these accreditation processes, as for 

outcomes-based accreditation perspective is 

considered for mechatronics engineering, the 

Department has determined Program Educational 

Objectives (EOs) by the involvement of its 

stakeholders such as Industrial Advisory Board 

(IAB), students and alumni. Program Educational 

Objectives are updated at 3–5-year intervals with 

the decision of the Department Board based on the 

requirements and suggestions from stakeholders 

(alumni, students, IAB). The systematic process 

used for updating EOs is represented as part of the 

continuous improvement cycle shown in Figure 4.1. 

The following concrete data are used in updating 

the Educational Objectives; 

1. Alumni Questionnaire - data about the work areas 

of our graduates are collected. In addition, their 

suggestions regarding potential updates for the EOs 

are obtained. 
2. Suggestions from the Industry Advisory Board. 

3. New Student Questionnaire - data about the 

career goals and expectations of students just 

enrolled the department are obtained. 

These data are used to determine the validity of EOs 

as well as their degree of achievement and 

necessary revisions are made accordingly. 

Following the above-mentioned process, the most 

recent update was made in 2019 and the following 

EOs are decided and formally announced on the 

Department’s Web page [15]. 

Graduates of Department of Mechatronics 

Engineering, Atilim University: 

EO1: Work individually and/or in teams for 

research and development (R&D), product 

development (P&D), design, production, testing, 

system integration and project management areas in 

the field of mechatronics engineering. 

EO2: Continue their academic and/or continuing 

education programs for their professional career 

development, 

EO3: Engage in commercial entrepreneurship 

based on technological development. 

Feedback from Department’s graduates in the form 

of alumni survey is used to determine and document 

the extent to which program educational goals have 

been achieved. According to the results of alumni 

survey the work areas of the majority of our 

graduates are compatible with EO1 as research-

development (R&D) (74.1%), product 

development (P&D) (44.4%), design (37%) and 

production (44.4%).  

The survey also shows that 37% of the graduates 

have done or are still doing postgraduate study. It 

has been evaluated that these results are compatible 

with the career goal expressed in EO2.  

As the level of achievement for EO3 is considered 

14.8% of the graduates work in their own 

companies. Although this ratio is low as compared 

to achievement level for EO1 and EO2, it is still 

compatible with “engagement in technology 

development through entrepreneurship”. 

Assessment of Program Outcomes 

Program Outcomes (POs) for mechatronics 

engineering undergraduate program are determined 

so as to include MUDEK’s suggestions which are 

general statements for all engineering disciplines. 

11 program outcomes suggested by MUDEK were 

slightly modified based on departmental 

requirements and 2 additional outcomes are also 

included to obtain 13 POs which are announced on 

the related Department’s Web page [16]: 

 

645



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

  

 

Figure 1: Continuous improvement process for mechatronics engineering undergraduate program 

Program outcomes support achieving educational 

objectives via their relationships shown in Table 1.  

The first educational objective (EO1) specify that 

the graduates take part in research and development 

(R&D), product development (P&D), design, 

production, testing, system integration and project 

management individually and/or in a team. In PO1, 

it is aimed to gain basic knowledge in mathematics, 

science and mechatronics engineering in 

accordance with the study areas specified in EO1 

and therefore, PO1 plays an important role for EO1. 

In the same way, EO1 also requires the following 

program outcomes; to be able to define and solve 

complex mechatronics engineering problems 

(PO2), design (PO3), selecting and using necessary 

modern techniques and tools (PO4), designing and 

conducting experiments (PO5), to be able to work 

individually or as a team member in 

interdisciplinary and multi-disciplinary teams 

(PO6), to use written and verbal communication 

techniques (PO7), to develop professional 

awareness (PO9), to have knowledge about project 

management (PO10), to use databases to get 

necessary information (PO12) and to have the 

awareness of being an individual in the society 

(PO13). 

The second educational objective (EO2) is about 

self-development of graduates throughout their 

careers, following innovations, and reaching the 

level of technology required by the industry. In 

order to achieve this educational objective, 

graduates are required to acquire basic knowledge 

on mathematics, science and mechatronics 

engineering during the undergraduate program 

period (PO1). Graduates should have the ability to 

use modern techniques and tools required in 

applications related to information and 

communication technologies and mechatronics 

engineering (PO4). In addition, being able to take 

part in mechatronics engineering and other 

engineering studies individually and/or as a team 

member (PO6), being able to communicate using 

verbal, written and technical drawing (PO7), ability 

to information, critical thinking, awareness of 

lifelong learning (PO8), ability to use databases and 

to transfer this information quantitatively and 

qualitatively (PO12) are program outputs related to 

EO2. 

The third educational objective (EO3) is defined as 

engagement in commercial entrepreneurship based 

on technological development. Emphasizing 

technology development and entrepreneurship, this 

educational objective is met by many program 

outcomes of the department. These are ability to 

identify, formulate and solve mechatronics 

engineering problems (PO2), design system 

processes, devices and products under realistic 

constraints and conditions (PO3), develop/select 

modern techniques and tools and use information 

and communication technologies (PO4), the ability 

to take an active part in interdisciplinary teams 

(PO6), the ability to communicate effectively and 

express creative and original concepts (PO7), the 

awareness of entrepreneurship, innovation and 

sustainable development and the ability to 

constantly renew himself/herself (PO8) 

contribution to the profession (PO9), knowledge 

and leadership competence in applications related 
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to project management in business life (PO10), 

knowledge and engineering awareness about 

cultural values and the problems of the age (PO11), 

to be able to identify problems in mechatronics 

engineering and develop solutions (PO12), 

development and implantation of projects for the 

society (PO13). 

 

In the Department of Mechatronics Engineering, a 

systematic measurement-evaluation process is 

applied to periodically determine and document the 

level of achievement of the program outcomes. This 

process is mainly based on student work and 

concrete data, allowing the use of direct 

measurement methods. The survey results are 

included in the process as supporting data, although 

they are not determinative. Accordingly, the extent 

to which the program outputs are achieved is 

measured and evaluated by the 2 methods listed 

below. 

Method 1: Measuring the Degree of 

Achievement of Course Learning Outcomes 

(COs) and Program Outcomes (POs) 

Achieving Educational Objectives (EOs) through 

Program Outcomes (POs) is mainly provided by the 

courses in the curriculum and the practices 

(laboratory hours, project sessions etc.) in these 

courses. Each course in the curriculum is designed 

to support one or more of the program outcomes, 

and these supporting elements are defined in the 

course information documents as Course Learning 

Outcomes (COs). Instructors make assessments and 

evaluations to determine how much COs have been 

achieved for all the courses they teach each 

semester. The instructor performs two different 

types of measurements as direct and indirect, in 

order to determine how much COs of the course 

he/she teaches have been achieved. The details of 

these two sub-methods are described below. 

Sub-Method 1(A). Direct Measurement of Course 
Learning Outcomes (Measurements based on in-

class student work) 

In the direct measurement method, degree of 

achievement for COs is measured based on the 

students’ work such as exams, homeworks, quizess, 

projects (report, performance measurement, oral 

presentation), case studies, and the like. A four-

stage methodology described below is used to 

directly measure course learning outcomes in 

departmental courses of the curriculum. 

a) Stage 1: In the course information documents, 

course learning outcomes and program outcomes 

are matched according to a relationship matrix. At 
the beginning of the semester, each lecturer plans 

how the learning outcomes of that course will be 

measured (using exam, quiz, homework, project, 

project report, laboratory test report, oral 

presentation, etc.) and when each measurement will 

be done (during the semester, in the first three 

weeks of the semester, during the sixth week, at the 

end of the semester, etc.). The instructor prepares 

the Course Learning Outcomes-Program Outcomes 

Relationships Document for the relevant semester 

by using this plan and the Learning Outcomes-

Program Outcomes relations table in the course 

introduction document of the relevant course.  

b) Stage 2: During the semester, the instructor 

covers the subjects written in the course document, 

measures and evaluates each learning outcome as 

written in the Course Learning Outcomes-

Programme Outcomes Relationships Document. It 

keeps the student grades obtained at the end of this 

assessment and evaluation as a transcript according 

to the course learning outcomes. At the end of the 

term, it evaluates the level of achievement of each 

learning outcome over 5 points according to the 

grades in this chart.  

c) Stage 3: At the end of the semester, the instructor 

creates the Course Learning Outcomes Evaluation 

Document to be included in the Course File which 

is prepared for each course he/she has given that 

semester. This document contains information 

about the course and an assessment table.  

d) Stage 4: The instructor prepares the Program 

Outcomes Evaluation Document of the relevant 

course to be included in the Course File given at the 

end of the semester. This document contains 

information about the course and an assessment 

table.  

As a result of these assessments and evaluations 

made by each instructor regarding their courses, 

they also write suggestions for improvement that 

require curriculum change for the semester in 

which that course will be given again. It is expected 

that these improvement suggestions will increase 

the degree of achievement of the Program 

Outcomes through that course. These 

recommendations are evaluated together with other 

data by the Department Board. Improvements that 

require curriculum changes are implemented after 

the decision of the Faculty Board and the approval 

of the Senate, following the decision of the 

Department Board. 

In order to perform course evaluations on more 

detailed data, an Excel-based software was 

developed within the Faculty and has been used 

since May 2019. This software gives the 

opportunity to evaluate the learning outcomes of 
each course quickly. The course outcomes are also 

related to the program outcomes and thus enable the 
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collective evaluation of Program Outcomes in the 

Department Board. The developed "Course 

Evaluation Software" provides the following 

abilities; 

a) Relates the exam questions to the course 

outcomes for each exam of a course 

b) It shows the extent to which each student has 

achieved a lesson outcome. 

c) It also does this for homework, laboratory work 

and projects. 

d) It shows the position of the student in the class 

according to the success criteria determined by the 

instructor. 

e) Determines the extent to which the student 

achieves each course output according to the class 

as high medium low. 

f) It shows the status of the class in each success 

criterion and how many students achieve the output 

of the program with low, medium and high success. 

g) Indicates the extent to which each of the lesson 

outcomes from the answers given to the survey 

results has been provided. 

h) By making use of the course outcomes matrix, to 

what extent each student achieves the program 

outcomes from these results. 

i) To what extent the class provides each program 

output 

j) By revealing the situation in the unsuccessful 

program outputs; gives healthy information to the 

lecturer about how to improve the course teaching 

and content. 

 

Sub-Method 1(B) Indirect Measurement of Course 

Learning Outcomes (Measurements made with 

Course Learning Outcomes Questionnaires) 
 

In indirect measurement, the students who take the 

course are asked to what extent they achieve Course 

Outcomes by applying the “Course Outcomes 

Questionnaires”. The data obtained from these 

surveys are written in the relevant part of the Course 

Learning Outcomes Evaluation Document prepared 

in the 3rd phase of the method for direct 

measurement. 

Method 2: Other Measurements and 

Evaluations done Outside the Courses: 

The methods used outside of the courses to measure 

and evaluate the degree of achievement of the 

Program Outcomes of the Department are as 

follows: 

a. New Graduates Survey 

b. Employer Surveys 

c. Student Satisfaction Surveys 

Achieving Educational Objectives (EOs) via 

Program Outcomes (POs) is mainly provided by the 

courses in the curriculum and the practices in these 

courses. Each course in the curriculum is designed 

to support one or more of the program outcomes, 

and these supporting elements are defined in the 

course information document as Course Learning 

Outcomes (COs) for each course. Faculty members 

evaluate the achievement level of COs for each 

course they teach, using both direct and indirect 

measures. Direct measures include evaluating the 

level of achievement for COs, using student 

performance in terms of exams, home works, 

projects, laboratory works and the like. Indirect 

measures are student surveys. Results of these 

measures are used to determine whether or not 

related POs are achieved using the general success 

criteria given in Table 2.

Table 1. Relationships between educational objectives and program outcomes 

Educational 

Objectives 

Program Outcomes  

1 2 3 4 5 6 7 8 9 10 11 12 13 

1 X X X X X X X  X X  X X 

2 X   X  X X X    X X 

3  X X X  X X X X X X X X 

Table 2. Average values for PO evaluation measurement and corresponding actions 

Average PO value range Action 

0,0 - 2,5 Improvement is necessary. 

2,5 - 4,0 
The current situation is sufficient, but measures can be taken for 

further improvement. 

4,0 - 5,0 The current situation is well sufficient and should be continued. 

4. Continuous Improvement 

In the Mechatronics Engineering Department of 

Atilim University, an assessment and continuous 

improvement process is used as shown in Figure 1. 

The process is based on the systems approach in 

education and its aim is to improve the quality of 

education by using feedback from various 

stakeholders. Industry Advisory Board (IAB), 
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Student Advisory Board (SAB), faculty members, 

students and Department Board play active roles in 

the continuous improvement process. 

The main inputs for this process are the Educational 

Objectives (EOs). Then Program Outcomes (POs) 

to achieve EOs are determined. Direct and indirect 

measures are used for evaluation. Results of these 

evaluations are discussed together with the 

suggestions from IAB and SAB in the Department 

Board and necessary improvements are decided 

accordingly. If such an improvement requires a 

change in the curriculum, the process continues in 

the Faculty Board and University Senate. If 

curriculum change is not necessary, other 

improvements in the courses are carried out by 

faculty members. 

All assessments and evaluations made by the 

instructors regarding the courses are included in the 

Course Files. For each course given in the Fall, 

Spring or Summer semesters, the relevant instructor 

prepares a Course File at the end of the semester 

and these files are kept in the Department Archive. 

The content of the Course File is expected to 

include the documents listed below: 

1. Course Document (Syllabus) 

2. Course Learning Outcomes-Program Outcomes 

Relationship Document 

3. Questions and solutions of quizzes, midterms and 

final exams 

4. Assignments, projects, etc. and solutions, if any 

5. Questions and solutions of the performed 

laboratories (if any) 

6. An example for students who get the best, middle 

and lowest grades in the exams. 

7. Course Learning Outcomes Evaluation Form 

8. Program Outcomes Evaluation (via Course 

Learning Outcomes) Form 

9. Survey Results of Course Learning Outcomes 

10. Course Improvement Request Form (if any) 

11. Other documents deemed necessary by the 

instructor 

12. Grade chart showing the grades received by all 

students during the semester 

5. Discussion and Conclusions 
Standardization and accreditation in Engineering 

Education has a history of approximately 90 years 

at the international level and approximately 20 

years in Turkey. Formal mechatronics engineering 

education in Turkey has been developed for about 

20 years at the undergraduate level, as parallel to 

the developments in accreditation processes and 

today, it is a well-known engineering discipline in 

the country than it was 10-15 years ago. It should 

continue its development with current experience 
and a new vision. It is important to restructure 

Mechatronics Engineering education in Turkey and 

in the world in accordance with 21st century 

requirements, with the dynamics of international 

standards and accreditation processes. For this 

purpose, issues such as inter-institutional 

cooperation at national and international level, 

better explaining Mechatronics Engineering to the 

public, and specialization should be carried out in 

coordination with the accreditation processes. The 

internalization of standards and accreditation 

studies by all stakeholders in Mechatronics 

Engineering education is important. Integration of 

these studies into education and research activities 

in universities should be assured. Methods to 

encourage companies for concrete contribution to 

the engineering accreditation processes should be 

developed and implemented. 

6. References 

[1] Ali, S., & Sabir, S. (2018). Developments in 

Mechatronics Engineering Education and Its Current 

Status in Pakistan. In 2018 IEEE 10th International 

Conference on Engineering Education (ICEED), pp. 

69-74.  

[2] Akpinar, B. (2006). Mechatronics education in 

Turkey. Mechatronics. 16(3-4), pp.185–192. 

[4] https://yokak.gov.tr/ 

[5] https://www.abet.org/ 

[6] https://www.enaee.eu/ 

[7] Patil, A., and Codner, G. (2007). Accreditation of 

engineering education: review, observations and 

proposal for global accreditation. European Journal 

of Engineering Education. 32(6), 639-651. 

[8]https://www.ieagreements.org/accords/ 

washington/signatories/ 

[9] Memon, J. A., Demirdogen, R. E., and Chowdhry, 

B. S. (2009). Achievements, outcomes and proposal 

for global accreditation of engineering education in 

developing countries. Procedia-Social and 

Behavioural Sciences. 1(1), 2557-2561. 

[10] https://www.mudek.org.tr/ 

[11] Tantekin-Ersolmaz, B. (2018). MÜDEK: 

Yükseköğretimde İlk Ulusal Akreditasyon 

Kuruluşu, İTÜ Vakfı Dergisi, Sayı 79, Ocak-Şubat 

2018, sayfa 76-79 (In Turkish). 

[12] Platin, B. E. (2011). MÜDEK Akreditasyon 

Ölçütleri: Önemi ve En Sık Rastlanan 

Yetersizlikler. Mühendis ve Makina, TMMOB 

Makina Mühendisleri Odası, Cilt 52, Sayı 621, sayfa 

61-72 (In Turkish). 

[13] Özgüler, A. B., Erçil, M. Y., Payzın, A. E., and 

Platin, B. E. (2013). Program outcomes: the core of 

program accreditation. AEER (Association for 

Engineering Education of Russia) online 

Journal,(12), 26-33. 

[14] Turhan, C., Sengul, G. and Koyuncu, M. (2015). 

A comprehensive assessment plan for accreditation in 

engineering education: a case study in 

Turkey. International Journal of Engineering 

Education, 31(5), 1270-1281. 

649

https://www.abet.org/
https://www.ieagreements.org/accords/
https://www.mudek.org.tr/
http://aeer.ru/en/index.htm


Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

[15] https://www.atilim.edu.tr/en/mechatronics/ 

page/4671/educational-objectives 

[16] https://www.atilim.edu.tr/en/mechatronics/ 

page/4672/program-outputs 

 

650

http://www.atilim.edu.tr/en/mechatronics/%20page/
http://www.atilim.edu.tr/en/mechatronics/%20page/
https://www.atilim.edu.tr/en/mechatronics/%20page/4672/program-outputs
https://www.atilim.edu.tr/en/mechatronics/%20page/4672/program-outputs


Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

Ripe Orange Detection for Fruit Harvesting Using 

Image Processing 
Sadaf Zeeshan1* and Tauseef Aized2 

1. Department of  Mechanical Engineering, Assistant Professor ,UCP, Lahore.  

2. Department of Mechanical Engineering, Professor, UET, Lahore. 

* Corresponding Author: E-mail: sadaf.zeeshan@ucp.edu.pk 

Abstract 

With increasing population, improved automation techniques and technology, there is great scope and 

need to enhance agricultural practices and methods for improved and increased productivity. Computer vision 

using image processing is one area which is used in agricultural application for detection of crop diseases, 

pests and various produce. This paper aims at using image processing technique using MATLAB for detection 

of ripe orange fruit for assisting in quality fruit picking. Various samples of fruit are used to differentiate 

between ripe, unripe and rotten orange. Camera is used as input to capture the image and send to MATLAB. 

Color detection is used to differentiate between ripe, unripe and rotten orange. Ripe oranges are located and 

the nearest location of ripe orange is sent via microcontroller to robot to pick the ripe orange. Machine 

learning algorithm K nearest neighbor is preferred for classification of ripe oranges based on colour and size of 

orange to enhance accuracy. The image processing was tested on MATLAB for various samples of oranges and 

the success rate of ripe orange detection was above 85% at 100% illumination. Hence, it is proved that this 

technique can be easily adopted for assisting orange picking of export quality fruit.  
 

Key Words: image processing, computer vision, MATLAB, orange harvesting  

1. Introduction 

With the fourth industrial revolution, 

artificial intelligence has played a vital role in 

fusing automation, machinery and data. Computer 

vision is also one such area that uses images and 

videos to derive analysis and automate various 

tasks. In agricultural sector, where robots and 

automated machines are greatly being studied, 

image processing is also one application that has 

great scope in bringing revolution in the 

agricultural sector. Pakistan being an agricultural 

country has great scope in automation in various 

aspects of its applications. Fruit harvesting is one 

such application that is widely being explored. 

Image processing can be used by fruit harvesting 

robots to detect and pick ripe fruits. Use of a 

computer vision friendly software can ease the 

task of communication and a suitable sensor can 

be used to collect proper input. 

In fruit harvesting, Dameshwari et al used image 

processing method to detect mango fruit with 

defects[1]. Harpaneet Kaur et al did image 

processing of plum fruit[2]. Also, image 

processing was used to detect ripeness of bananas 

by Kipli[3]. Ian Kevin et al suggested image 

processing as a successful method for collecting 

fruit with accuracy ranging from 70% to 100%[4]. 

Out of the various methods of object detection, 

using colour detection to tract the object has been 

used for various applications. Suraksha Bhat used 

a robot to track object based on colour[5]. 

Similarly, Chaitanya et al designed  a pick and 

place robot that used detected object based on 

colour[6]. Also, Dharmannagri et al sorted objects 

on a conveyer belt based on color[7]. Other studies 

that used colour for object detection include an 

object moving robot arm[8], a live video 

recognition that detected various colors using 

MATLAB[9], object tracking using adaptive 

colour threshold[10] and many more.  

The RGB image captured by an input 

device or sensor needs to be interpreted using a 

viable software. One of the popular software used 

for image processing is MATLAB. Muhammad 

Umar Masood et al used MATLAB for the 

feasibility study of robotic harvesting for chile 

pepper[11]. L S. Alandkar et al also used the 

MATLAB for object detection implementation 

and trackin[12], whereas, Vikas Kumar et al used 

MATLAB integrated with Arduino 

microcontroller assisted by robotic arm for picking 

objects[13]. Furthermore, Razvan Cazau used 

MATLAB for image processing and feature 

extraction [14], whereas, M.A.M Nong et al did a 

histogram analysis using image processing in 

MATLAB[15].  

651



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

This paper focuses on detection of ripe 

orange that is good for export using image 

processing on MATLAB. Through a MATLAB 

program, location of nearest ripe orange will be 

estimated which would be sent to the 

microcontroller that will command the robotic arm 

to pick that fruit. The study also ensures that the 

robot only picks ripe orange with the correct RGB 

range and does not pick unripe or rotten orange. 

The first part of paper emphases on the image 

processing methodology and experimental 

technique. It also discusses he K nearest neighbor 

(KNN) method of machine learning to detect 

oranges based on color and size. The latter part 

discusses the results and analyzes the success rate 

of the process.  

2. Methodology 

One of the main tasks for picking fruit 

using a robot is to be able to recognize the fruit 

correctly and to be able to segregate between 

unripe, ripe and rotten fruit. In this study, the 

segregation is done based on color. The first step 

in image processing is to capture image from a 

RGB depth camera that is linked to MATLAB. 

The captured image is read as RGB image on 

MATLAB. Next, orange component is extracted 

from the original snapshot. Then, the image is 

converted to new grey image.  

Next, noise from grey image is removed by 

filtering. The converted filtered  image is then 

converted to binary image. The bright orange part 

is highlighted by putting a box on around it and 

marking the center. This helps to locate the exact 

position of ripe fruit. The signals are then sent to 

Arduino that commands the robotic arm to move 

towards the fruit and pick it up.   

2.1. Image Acquirement 

In order to locate the ripe fruit a number of 

images need to be captured by a camera device. 

The video captured by RGB depth camera is 

installed above the end effector of the robotic arm. 

The video is converted into a number of snapshots. 

The RGB depth camera device is connected to 

MATLAB using graphical user interface. 

Resolution is set to optimum level so that the real 

time processing is done fast.There needs to be a 

proper optical system for light to be thrown on the 

tree to avoid shadows and for proper detection of 

orange colour.     

2.2. Preprocessing 

The image captured is read as RGB image 

on MATLAB. The RGB of ripe orange is defined 

by decimal code (R G B ) as (255, 140-165, 0). 

Limits of upper and lower threshold for RGB are 

the defining factor for detecting a particular color 

as they are used for calibration. The orange colour 

based on code is extracted from the snap shots. 

Next, the image is converted to grey image. Then, 

the background is subtracted from the 

preprocessed image.  

Filter is done to remove noise from the 

image and improve object detection quality. This 

is done to remove unwanted regions from the 

image. Image is segmented to differentiate the ripe 

orange from others. The filtered image is then 

converted to binary image using proper threshold 

value.  

2.3. Fruit Identification 

Based on the bright orange colour with no 

deformities, ripe orange is detected by marking a 

centroid with its x and y axis location and by 

marking a box around the fruit. The location of 

each ripe fruit is marked and shown on the image 

(Figure 2). The center of object is determined 

using horizontal mean and vertical mean for the 

object. This also helps tract the nearest fruit 

detected from the fruit picking robot.  

Hence, the robot would know to pick the 

nearest ripe fruit as opposed to a ripe fruit detected 

but far apart. Quality ratio is applied for detection 

of best oranges. The fruit detected is shown by a 

box drawn around it. The centroid of fruit detected 

is marked by a + sign with x and y coordinates 

mentioned.  

2.4. Fruit Tracking 

The centroid located of the fruit shows its 

location. This location of each fruit shows its x 

and y coordinates. The fruit nearest to the camera 

is noted. The location of that fruit that is sent to 

the Arduino microcontroller. The microcontroller 

instructs the actuator to move towards the selected 

location and picks up the ripe orange. The process 

is then repeated for next nearest rip orange.  

3. Machine Learning Algorithms 

Image classification accuracy is enhanced 

by supervised learning methods. Machine learning 

algorithms are used for this purpose. Theses 

algorithms are used as classifiers and making 
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decisions. Main machine learning algorithms used 

in agricultural sector are K nearest neighbor 

(KNN), Support Vector Machine (SVM), 

Bayesian Classifier, Artificial Neural Network 

(ANN) and Convolutional Neural Network 

(CNN).  

 

The advantage on incorporating machine 

learning algorithms is that output can be predicted 

based on prior learning. The training data set is 

used to gather and label the fruit type and 

category. Suitable machine learning algorithm is 

chosen and executed on the training data set. 

Validation data set and test data set are used to 

predict the category in which the output falls.  

3.1. K nearest neighbor (KNN) 

KNN algorithm relies on the distance 

between feature vectors. It classifies unknown data 

points by finding which class is the most common 

among k closest examples. To apply k nearest 

neighbor classification, distance metric is 

measured. This is found by Euclidean distance 

calculated as: 

𝑑(𝑠, 𝑡) =  √∑ (𝑠𝑖 − 𝑡𝑖) 
𝑛
𝑖=1

2
           (1) 

Here s and t are two given elements for 

which the distance between them is calculated. 

The training data is sorted according to distance 

based on k nearest sample. Then the class with 

greatest number of neighbors is given to input 

data. KNN classifiers can be used to distinguish 

images based on their feature of fruits such as its 

color, size, shape or even a combination of two 

features. 

4. Experimentation 

Image processing was tested on different 

types of oranges ranging from ripe, unripe and 

rotten oranges. Occultation of oranges was also 

tested to see the behavior of fruit detection. 

Testing of image processing was done of 

individual fruit as well as collective fruit on a tree. 

Images of various scenarios for various cases were 

combined into a single figure to analyze the 

results. 

 

 

Fig 1. Samples of ripe, unripe, rotten and clustered orange fruit 
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Fig 2. Image processing result of ripe fruit detection with their location

Fig 3.  Image Processing steps on MATLAB 
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5. Results and Discussion 

The results clearly shows that image 

processing by color was able to detect ripe fruit 

with their location and position. As seen in 

Figure 2, the unripe and rotten fruit was not 

selected. Furthermore, ripe orange hidden in

between leaves like in second row was also 

detected. However, the overlapping of  two or 

more fruit was considered as a single fruit and 

was not selected individually as in the last 

image. The results show that in the presence of 

100% brightness, above 85% detection of ripe 

fruit is possible. 

The Figure 7 above shows the various 

steps of image processing and it clearly shows 

that after removal of noise the detected object is 

distinctively bright and visible.  

The results show that image processing 

for detection of ripe orange based on color is a 

suitable process provided proper optical system 

for lighting is available. The ripe orange is easily 

detected even if hidden between leaves or 

overlapped by the other orange. However, the 

overlapped orange is considered as a single 

image instead of being detected as two different 

oranges. Overall, this process has a good scope 

to be adopted in agricultural robots for fruit 

harvest.  For further accuracy, KNN classifier 

shall be able to detect ripe orange fruit based on 

colour and size of orange fruit both.  

6. Conclusion 

Computer vision is a widely used artificial 

intelligence technology. One of its applications 

is object detection. With advancements in robots 

and its technology using different sensors and 

end effectors, they are being used in various 

fields ranging from agriculture, manufacturing 

industries, service sector and many more. In 

agricultural robots, fruit harvesting is one such 

application that is evolving. One feature of fruit 

harvesting robot involves proper fruit detection 

of ripe fruit while leaving rotten and unripe fruit 

behind. Image processing method is used for 

detection of ripe orange fruit based on colour. A 

ripe orange has a distinct colour that 

differentiates from unripe orange. This feature is 

made use of in image processing and ripe fruit is 

picked based on its bright orange colour. In-

depth camera is used as sensor for input and the 

processing is done on MATLAB. The results are 

analyzed and it is found that the success rate of 

the process is above 85%. KNN algorithm is 

suggested for supervised classification of fruit 

based on color and size of the fruit. The image 

processing can hence be successfully used to 

detect ripe orange and can be used as an 

important tool for assisting in improving orange 

picking process.  
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Abstract  

This work presents the idea of Radio Frequency Identification (RFID) based smart shopping by developing a 

smart shopping cart, which enables the shoppers to perform shopping without queuing for checkout lines. This 

smart cart allows the users to scan their desired items in the mall themselves by RFID and ultimately saves 

waiting time of the customers at the checkout counters. Meanwhile, the purchased items data is also 

simultaneously updated on the vendor side through a developed web application. This proposed cart also 

triggers the safety alarm in order to ensure the scanning of each purchased item and to ensure theft free shopping 

experience. In addition to that, this cart provides flexibility to shoppers by allowing the addition, deletion of 

items and easy checkouts without waiting in long queues. On top of that, it also provides economic benefits to 

the vendor and reduces the required manpower in shopping malls at checkout counters and for other security 

purposes. Overall, it may be concluded that our proposed smart cart provides saving of time, money and human 

resources in an efficient manner.  

 

Key Words:  Radio Frequency Identification (RFID); Shopping Cart; Web Application; Shopper; 

Rasberry Pi Controller  

 

1. Introduction 
Shopping is an essential part of our daily life and 

making it more convenient, smart and less time 

consuming is the need of time. The idea of large-

scale supermarkets and shopping malls is on the rise 

all over the world, so we need to implement quicker 

and more convenient ways for customers to shop 

and provide convenience. Currently in Pakistan, the 

shopping malls use the bar code scanners for 

scanning of items[1][2] and after shopping, each of 

the purchased item is scanned at the checkout 

counter.  The items scanning and bill payments at 

checkout counters cause the long queues and make 

the shopping experience tiring. Thus, the current 

shopping trend is terrible waste of time and the 

customers may become bored or irritated by such 

extensive and time-consuming shopping. 

Moreover, the bar code scanning is an out-of-date 

method due to disadvantages associated with this 

technique[3][4]. Recently, RFID[5][6][7][8][9] 

based items scanning is considered more safe and 

secure method and it is replacing barcode 

methodology across the globe for the said purpose. 

Overall, it can be deduced from above mentioned 

that there is utmost need to look up for a fast and 

quick shopping method in order to provide comfort 

to the customers. 

It is worth mentioning here that the shopping 

malls need man force in order to ensure security to 

avoid theft scenarios within the malls along with 

the billing services. Thus, the crew members are 

required at the checkout counters for the items 

scanning and generating invoices and as well as for 

the security purposes. Therefore, it is evident from 

the above discussion that the mall owners have to 

hire a large human resource in order to ensure 

safety and billing services for the customers, which 

will definitely impact the profit margins of the 

vendors and puts financial burden on the mall 

owners. Therefore, it can be concluded that the 

current shopping methodology is (i) waste of 

human resources, (ii) waste of time and also (iii) 

waste of money from the vendor perspective as a 

lot of money is required for ensuring the daily and 

essential operations of the malls.  

 

In the proposed work, we have come up with a 

feasible and functional solution of the all above 

mentioned issues associated with the shopping; i.e., 

waste of time, waste of human resources, and large 

operational costs of the shopping malls. This work 

presents an idea of the smart shopping trolly which 

enables the shoppers to scan and purchase the items 

themselves along with notifying the sellers about 
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the items sale and thus reducing the man force at 

the checkout counters. This shopping cart provides 

the customers an experience of advanced digital 

shopping without waiting in the billing queues and 

with option to checkout smartly by depositing the 

amount directly to the vendor’s account through a 

developed web application. This method not only 

reduces the shopping time of shoppers but also 

lowers the waste of human resources efficiently and  

can increase the profit margins of the sellers 

drastically by cutting down the operational costs of 

the malls. 

 

 
 

Figure 1: Figure presents the complete schematic diagram of the smart shopping cart in order to explain 
the working principle. 

 

2. Experimental Setup  
 

The working principle of the proposed smart trolly 

has been explained through the schematic figure 

provided in the Figure 1. It is apparent from the 

figure that, Initially, the items purchased will be 

scanned by the shopper themselves through RFID 

(assigned to each item) before putting them in the 

shopping cart.  RFID scanners installed on the 

shopping cart will identify each item and will 

update the purchase list on the visible Liquid 

crystal display (LCD), attached on the trolly. The 

whole system of RFID scanner and 20 X 4 LCD 

has been controlled through a Raspberry Pi 

controller. Moreover, the controller installed on 

each trolly is connected with centralized system 

through a Wi-Fi powered web application, which 

updates the centralized database on the seller side 

with the complete details of the items sale.  

Furthermore, the proposed trolly control system 

also ensures the scanning of each item to avoid theft 

by including load cells at the base of the trolly. For 

instance, to purchase an item, the RFID card 

installed on the product is scanned and the 

information displayed on the screen is compared to 

the load cell value. If the product is placed without 

being scanned, the security buzzer will sound and 

the message "please scan the product" will appear 

on LCD. It is worth noting that, when a product is 

scanned, the purchase list is also updated with the 

item and price.  

The programming of the raspberry Pi has been 

proposed in such a way that, the cart provides 

flexibility to shoppers by allowing the addition, 

deletion of items with just a single button. This 

provides flexibility to customers and provides the 

experience of easy and user-friendly shopping to 

the shoppers.  The purchase list along with price is 

visible to the customers at the LCD, installed on the 

trolly, which helps customers in verifying their 

budget and spending requirements. At the end of 

the shopping, the customer is well aware of the final 

price of whole shopping, which saves the customer 

time effectively. Finally, the customer can check 

out with payment of the final bill without queuing 

for the items scanning at the checkout counters. It 

is worth noting that each purchased product 

information is delivered to the seller in real-time 
through a developed web application as shown in 

the schematic figure 1. The Raspberry Pi controller 
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installed on the trolly is connected to the internet 

through Wi-Fi and the web application logged on 

the server transmits the complete purchased product 

data in real-time to seller. Therefore, each purchase 

information is updated on both the buyer and seller 

side. This also helps in the smart management of 

the shopping store by updating the store records and 

alerting the sellers about the quantity of existing 

items in the warehouse. This feature can be further 

enhanced by including technologies such as 

artificial intelligence, Bluetooth [10] and internet of 

things [11][12] etc.  

 

 

 
Figure 2: The working flow diagram of the smart 

shopping cart.  

 

The flow diagram of the working principle of 

our proposed shopping cart is provided in the 

Figure 2. The workflow explains the complete 

steps involved from scanning of the item to the end 

of shopping. When a product is added to the system 

without being scanned by an RFID reader, the 

system displays the message "Please scan the 

product." The product will be added to the purchase 

list after scanning with an RFID reader and this will 

be displayed as well on an LCD screen. The product 

information is also transmitted to the seller in real 

time via the online application. At the end of the 

shopping, the bill will be then printed and the user 

will pay it through the payment management 

system.  However, if the user wishes to remove an 

item, the item may be deleted using RFID 
technology, and the product is not only removed 

from the cart but also from the web application in 

real time. If a user wants to delete all items, the user 

must also remove all the items from the purchase 

list. 

 

3. Hardware and Software 
Requirements 

 

For the operation of the Rasberry Pi, a Raspbian 

operating system is used and the programming 

language used in this proposed work is Python. 

Python is advanced programming language and is 

effective as compared to other programming 

languages [13].   

 As mentioned earlier a web application has 

been developed in this proposed work for updating 

the user and seller with the purchase. The manager 

on the server side controls the web application and 

remains updated with the all activity of the shoppers 

remotely. The web application also provides the list 

of products, along with their weight and price. In a 

supermarket, this application is particularly useful 

in assisting the manager in efficiently managing the 

store's activities and updating the storage records of 

items. Figure 3 provides the screenshot of the 

developed Web application.  

 

 
Figure 3: The figure presents the developed web 

application. 
 

A. Hardware Requirement 

The list of hardware components involved in 

this proposed work is provided below.  

 
 Shopping Trolly 

 Raspberry Pi B+ 
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 20 X 4 LCD Screen 

 RFID reader 

 Load Cell 

 Battery 

 7HX711 Analog-to-Digital Sensor 

 

The complete designed hardware model has been 

presented in the Figure 4. The figure presents the 

smart shopping cart equipped with all the hardware 

and software components. The figure provides the 

view of the smart cart from different viewpoints.  

The complete system has been installed on a 

conventional low-cost shopping cart in order to 

ensure mobility and round about across the mall for 

picking and placing the items. The LCD interface 

with the Raspberry Pi is controlled by the 

Raspberry Pi's built-in library. The contrast is 

controlled by pin 3, while the LCD is controlled by 

pins 4, 5, and 6. Pins 7 to 14 are all data pins, while 

pins 15 and 16 are a 5- volt supply and ground for 

turning on and off the LCD screen's backlight. The 

RFID reader will be connected to the Raspberry Pi 

via the system's install library.  

The load cell is a weight-detecting component 

that responds to applied power with an electrically 

controlled response. Depending on the type of load 

cell used, the electronic signal may change in 

frequency, voltage, or current. It is highly 

recommended for applications in which minor 

weight changes must be accurately measured. It is 

done in such a way that the force of the applied 

weight deforms the shape of the load cell's 

structure, and this shift in shape is electrically 

detected by the Wheatstone bridge. The battery 

has been used for powering the whole system. 

The analogue-to-digital converter of 7HX711 

sensor that converts analogue values into 

electronic signals is used as a switch between 

analogue and digital systems in residential and 

commercial settings. Most weight scales, like 

load cells, can be used with it easily. Depending 

on the clock input cycles given to the module, 

variable gains of 32, 64, or 128 can be achieved 

with the HX711.The variable gain of an ADC can 

be changed by changing the clock cycles so that 

gains of 128, 32, and 64 are achieved with 25, 26, 

and 27 cycles, respectively. 

 

 

Figure 4: The figure presents the image of the smart shopping cart equipped with all the hardware 

components. 

 

4. Conclusions 
 

This work presents a smart shopping methodology 

by including RFID readers and Rasberry Pi 

controller along with a web application. The 

proposed method allows for accurate, secure and 

faster bill payments along with provision of quick 

and time saving shopping experience to the 
shoppers. The proposed system can effectively 

replace the existing old fashioned barcode scanning 

methodology, being practiced in shopping malls of 

Pakistan and can efficiently cut down waste of 

human resources in shopping malls to a larger 

extent. In addition to that, the web application 

feature included in the proposed system keeps the 

owner and customers updated with the sale along 

with updating of the inventory list of store 

accordingly. Thus, the users and administrators can 

communicate with the prototype system using a 
simple web application. On top of that, the 

customer can use the smart cart system to figure out 
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anytime how much they have spent on shopping by 

looking up the total price of items showing up on 

the LCD screen. Overall, the proposed smart 

shopping cart provides the (i) fast and secure 

shopping, (ii) reduction of required manpower in 

the shopping malls and (iii) cuts down the 

operational costs of the shopping malls. 
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Abstract 

The driving cycle is a speed-time curve, critical to accomplish an accurate depiction of an automobile’s driving 

traits. The objective of this paper is to monitor light-duty vehicle driving cycle patterns, using a low-cost data 

logging device for automotive testing and emission control applications. For this purpose, an 8-bit 

microcontroller-based data logging device is developed which is capable to analyze road conditions, road traffic 

detection, vehicle collision and monitoring of the driving cycle. This low-cost data logging device has a three-

axis accelerometer installed on the vehicle body which provides the acceleration data for the vertical, lateral and 

longitudinal axis on the motion of the vehicle. The speed of the vehicle is determined by the motion of the equation 

using acceleration and deceleration data received by the accelerometer installed. Road map development is one 

of the key features of this designed device which gathers data to mark the location of the vehicle. Testing Phase 

of the device comprised of installation on two vehicles; a light-duty passenger vehicle (Suzuki-Cultus-2021) and 

a light-duty public vehicle (Sazgar-Rickshaw-2010) with testing performed on all types of roads in the locality of 

Lahore, Pakistan. The experimental results of this research conclude that this device is utilizable for the 

automobile industry to monitor the driving cycle, road map and vibration analysis of the vehicle through its low-

cost model. 

Key Words: Data logging device; Drive cycle; Accelerometer, Vehicle Usage 

1. Introduction 

The importance of drive cycle development 

and usage can be inferred from the fact that a variety 

of models have been developed by automotive 

engineering researchers and experts to better 

understand the effects of all the resistance forces 

acting on the vehicle, as well as their direct 

relationships with vehicle parameters such as 

vehicle mass, frontal area, air density, drag 

coefficient, rolling resistance coefficient, and road 

angle. This leads to the standardization of vehicle 

parameters and emissions for commercial usage. 

The verification of these models can only be done 

by developing the driving cycles to investigate the 

performance and design of the vehicle. 

Additionally, the drive cycles of vehicles on the 

road can be used to assess road conditions in 

addition to other criteria such as driving activity, 

traffic presence, vehicle accident detection, vehicle 

suspension health tracking etc. In this scenario, it is 

vital to observe the drive cycles of commercially 

available vehicles to accomplish such requirements. 

For this purpose, a low-cost data logging device 

(DLD) is required to be designed and integrated into 

the vehicle to monitor the drive cycle and acquire 

the road map. This paper presents a vehicle 

integrated data logging system that has been 

developed with the main components consisting of 

an 8-bit Arduino Mega platform, a development 

board, a 3-axis accelerometer, GPS sensor and Data 

Storage Shield. 

The vehicle driving cycle may be seen as part 

of the systematic protocol for the evaluations and 

comparisons of vehicle output under-managed or 

experimental conditions in a reproducible manner, 

such as the simulation setting, dynamometer, 

testbed and often road track. A time-vehicle speed 

signal must be used as the main input information in 

the driving cycle, but large boundary conditions 

may also be described, including dynamometer 

settings, gear shifts, atmospheric reference 

conditions, conditions of vehicle (tire pressure, 

lighting, viscosity of oil) and any other parameter 

influencing the performances of the product under 

test [1]. Driving cycles are different in particular 

areas and districts since they are somewhat different 

in terms of road structure, road sizes, traffic 

patterns, ownership of vehicles, communities, 

geography, economic levels and towns [2]. It is 

crucial that each area and district has a 
representative driving period [3, 4]. Therefore, 

Lahore has been taken as a sample for exploring the 
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urban driving cycle in this paper. The attained 

driving cycle reflects well the overall real-world 

driving data in the city. The cost-effective nature 

and easy installation of the designed data logging 

device is a feature of the designed module.  

This paper can prove to be a contribution to 

support researchers who require studies on vehicle 

drive cycles within the locality of Lahore City. It 

will also be constructive in future exploration of the 

performance parameters of vehicles in a dynamic 

environment. 

The paper is structured as follows: Section II 

offers a brief literature review on data logger 

devices and drive cycles, Section III discusses the 

standard driving cycle, its importance and describes 

the configuration of the developed data logging 

system based on an 8-bit Arduino board. In section 

IV experimental results and verification of the 

device are presented. In section V, a discussion on 

cost analysis of the data logging device is given.  

The final section provides the conclusion of the 

research conducted. 

2.  Literature survey  

In recent years, there has been a growing 

interest in designing a data logger device (an 

electronic device that records data over time) or else 

analyzing the vehicle spatially using either built-in 

instrumentation, sensors or through external 

instruments. Researchers work on different models 

of data loggers is provided. The review of literature 

presented herein encompasses the work on the 

development of data logging devices (DLD), 

vehicle drive cycle behavior and also provides a 

brief analysis of vehicle performance attributes.  

In this regard, J.F Coloma et al. focused on 

‘Eco-driving’ via developed driving cycles. 

Recently a growing interest in fuel-economic 

driving behavior has developed, also known as 

‘Eco-driving’[5]. The emphasis here is on reducing 

greenhouse gas pollution while taking advantage of 

the beneficial effect of a healthier mode of driving 

on road protection [6]. The vehicle design and 

specification focuses entirely on local road 

conditions. The road conditions and driving 

performance can be analysed using driving cycles. 

H.P. Singh (2021) describes manual as well as 

automatic approaches for road maintenance to 

verify road conditions and irregularities [7]. In this 

regard, a manual approach is a time-consuming tool 

that may be skewed by the observer. The automatic 

approach is done by specially developed vehicles 

with some requirements of specially-designed 

applications for machine monitoring and data 

management The driving cycle is a speed series that 

shows the actual driving trend of the true traffic 

situation in a certain city or area [8]. A driving cycle 

may be seen as part of the systematic protocol for 

the evaluations and comparisons of vehicle output 

under-managed or experimental conditions in a 

reproducible manner, such as the simulation setting, 

dynamometer, testbed and often road track. 

K. Veitas in 2018 designed an in-vehicle data 

logging device (IVDLD). IVDLD is an on-board 

device that collect information about vehicle 

movement, control and performance [9]. The first 

application for On-board Data loggers (IVDLD) 

was the Event Data Recorder (EDR), which records 

technically and driver-related data only before and 

after a car crash. EDR technology has been common 

equipment for vehicles over the past couple of years 

and is often introduced as an additional feature of 

the airbag control system.  

Y.Tan gathered information regarding 

engine start date and time, vehicle position, speed 

and engine parameters by using IVDLD technology 

[10]. Henceforth, driving cycles have, over the 

years, been an important tool for evaluating 

vehicles. A traditional area where driving cycles 

have been used is certification test procedures to 

verify that the vehicle manufacturers comply with 

legislation.  

Today, in various regions of the developed 

world, several real-world driving cycles have been 

created by using IVDLD. However, 

underdeveloped countries such as Pakistan lack 

relative studies for the urban cycle. We find Lahore 

to be a significant central city in Pakistan and to be 

considered the heart of the entire country. It has a 

population of thirteen million cars and the data from 

the Motor Registration Authority of the Punjab 

Excise and Taxation Department shows that the 

population has in the last ten years registered 3.99 

million vehicles (2.95 million of them being 2 

wheeler motorcycles –another light-duty vehicle 

which releases a large number of emissions 

requiring standardization) [12]. Lahore has 

therefore been taken as the allocated locality for 

researching the urban driving cycle development. 

This research also emphasizes the development of 

low-cost DLD for driving pattern analysis of the 

vehicle. The designed data logger is the best cost-

efficient solution as compared to other available 

modules in the local market. 

3. Methods used in the working 
mechanism of designed data logging 
device 

A driving period is a collection of data points 

that show the speed of a vehicle as a function of 
time. Different countries and organizations are 

developing driving cycles to test automobile 
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performances in various areas, including fuel usage, 

the autonomy of electric vehicles and polluting 

emissions. There are typical drive cycle 

requirements, including the Urban Dynamometer 

Driving Schedule (UDDS), the United States 

Environmental Protection Agency (US06) and the  

US06-Hwy drive cycles. These drive cycles 

are used to track the vehicle's output during 

acceleration and deceleration for various times. 

TABLE I.  COMPARISON OF THREE DRIVE CYCLES 

Table I provides a comparison of the various 

drive periods. Fig. 1 displays the effects of variable 

speed for vehicles as an entry and distance covered 

by one time for three regular us cycles to verify the 

above drive cycles. These regular drive cycles 

mostly aim to monitor the vehicle's actions at 

different speeds, such as in actual conditions, by the 

use of the acceleration and the braking for the 

vehicle. 

Our proposed data logging system is 

developed with the 8 bit Arduino Mega platform, a 

development board for open-source reading of 

sensor inputs. It consists of I2C connectivity 

capable of connecting numerous sensors. The 

Arduino Mega is a cost-effective, readily available 

platform that can be aptly programmed using 

Arduino IDE. The block diagram of the designed 

data logging device is shown in Fig. 2. 

The programme built for the system must 

have the feature of being adaptable to new 

specifications quickly and should yield incredible 

user-friendliness. Fig. 3 shows the flowchart of the 

algorithm of the programme. It is designed such that 

when the interface is switched on, the machine scans 

to see whether a micro SD card is loaded into the 

system. If this is the case, an a.txt file is generated 

for potential data logging details.  

The serial link to the device is otherwise 

defined at a rate of 250,000 bits per second. The 

system begins detecting the installed modules and 

sensors and communicates them with the I2C 

protocol using serial communication. It then starts 

receiving the raw acceleration data from the 

accelerometer in the GY-80. The raw data is then 

processed and used to calibrate the device. 

 

Fig. 1. Speed variation and distance for standard drive 

cycles, Fig (a) US06 drive cycle, Fig (b) UDDS drive 

cycle, Fig (c) US06.Hwy drive cycle. 

TABLE II.  PIN CONFIGURATION AND DESCRIPTION 

OF UBLOX NEO 6-M GPS MODULE 

Pin Number Pin Name Purpose 

1 VCC +5 Voltage 

2 RX Input Data (Serial) 

3 TX Output Data (Serial) 

4 GND Ground Voltage 

For location marking, the UBlox Neo 6-M 

GPS module is used which is shown in Fig. 4 and a 

pin description of the module is provided in Table 

II. This module offers latitude and longitude data for 

the vehicle's location, which can be combined with 

the acceleration data to identify anomalies on the 

road. The data is provided in NEMA format by the 

GPS receiver. A patch, flat surface, the ceramic 

antenna is included with this GPS receiver. The 

GPS takes 30 seconds to warm up from a cold start. 

It also comes with an inbuilt battery for a speedy 

start-up. GPS data may also be used to monitor 

vehicle speed. 

Drive Cycle Maximum 

Speed 

Average 

Speed 

Distance 

US06 80.30 48.31 8.01 

UDDS 56.70 19.54 7.45 

US06.Hwy 80.30 60.50 6.22 
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Once the device is calibrated on the surface, 

the code is stored and updated. Meanwhile, the 

activation of the GPS module is checked by the 

device. If it is not connected it then waits for the 

connection and if it is connected it gathers data for 

time and location coordinates. The speed and 

distance are then measured using the accelerometer 

and GPS module data. The calculated data is then 

saved in the micro SD card. To have better 

visibility/connection to GPS satellites, this GPS 

receiver must be mounted on the vehicle's 

windscreen. Proper positioning of GPS receiver is 

essential for optimized Signal to Noise Ratio and 

therefore, better efficiency of the receiver. 

The pin configuration interface of the main 

GY-80 Sensor with the Arduino microcontroller is 

shown in Table III and the sensor board is depicted 

in the Fig. 5. The GY-80 comprises of four sensors 

in it as accelerometer, gyroscope, barometer and 

magnetometer. Our focus is to use the accelerometer 

to detect the motion in all the axis.The final part of 

the algorithm, after the monitoring of the drive 

cycle, is to save data for future purposes and 

analysis. For this purpose, a SD card data shield is 

used to store data. The pin configuration of the SD 

shield with the Arduino is shown in Table IV. 

Fig. 2.  Block diagram of data logging device 

 

 

Fig. 3. Flowchart of algorithm 

  

Fig. 4. Components of UBLOX NEO 6-M GPS 

Module Board connected with GPS Patch Shaped 

Antenna  

 

 

 

Start 

Initialize I2C and Serial Bus 

Receive Acceleration Raw Data 

from Accelerometer (ax, ay, az) 

 

Calibrate Acceleration 

Data 

GPS 

Ready
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ait 

o 

es 

Gather GPS 
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Transmit Data for 

Storage 

Speed calculation 

by using equation 

of motion (v=u + 

at) 

IIR filtering 

Y=filter (a, b, x) 

Data log 

END 

I2C Bus  

Serial 

Communication 

 

Data Storage Shield 

(SD Card) 

Arduino Mega 

Microcontroller 

GY-80 3-axis 

Accelerometer 

Ublox Neo 6-M 

GPS Sensor 
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TABLE III.  PIN CONFIGURATION OF GY-80 WITH 

ARDUINO MEGA 2560 

GY-80 Pin Arduino 

Pin 

SCL (I2C Clock) 21 

SDA (I2C Data) 20 

VCC-IN 5V 

GND GND 

 

Fig. 5. GY-80 Module Comprising of Four Sensors 

4. EXPERIMENTAL RESULTS AND 
OBSERVATIONS  

For the validation of the device, the 

experiments were carried out on two types of 

vehicles; a light-duty passenger vehicle (Suzuki-

Cultus-2021) and a light-duty public vehicle 

(Sazgar-Rickshaw-2010). 

TABLE IV.  PIN CONFIGURATION OF SD SHIELD 

WITH ARDUINO MEGA   2560 

SD Card Shield Arduino Mega 2560 

MOSI 51 

MISO 50 

SCK 52 

CS 53 

 

A. Experiments on Suzuki Cultus (2021) 

Firstly, the device was installed on the 

vehicle dashboard and different traffic cases were 

analyzed to check the validity and authenticity of 

the device. The resultant Drive cycle and a road map 

was extracted from DLD for short trips. The 

analysis for different cases is presented below. 

 Case: Plain Surface Road, least traffic 

These are the roads used during the least 

traffic, whereas the road surface is plain as they are 

of the central part of the main city of Lahore, 

Pakistan. The results from this case are given below 

in subsequent Figures 6-7 

Fig. 6. The drive cycle for Suzuki-Cultus-2021 on the 

plain road with least traffic   

The statistics of the vehicle performance are 

represented in Table V. It can be observed that a 

distance of 2000m was covered by the Suzuki 

Vehicle for this experiment. 

 Case: Plain Surface Road, Moderate Traffic 
and Road Turns 

Next experimentation was performed for the 

case of city of Lahore plain Roads, but with 

moderate traffic condition. Road twists and turns 

were a part of the driving route in this case. Fig. 8 

and Fig. 9 depict the vehicle drive pattern and route. 

It can be observed and inferred from the graph that, 

due to traffic, the vehicle has frequent stops and a 

periodic pattern The road map for Suzuki-Cultus-

2021 on the plain road with least traffic of 

acceleration and deceleration is observed. 

Meanwhile, comparing with the least traffic 

condition, the vehicle is either crusing or 

accelerating in full power mode. 

Fig. 7. The road map for Suzuki-Cultus-2021 on the 

plain road with least traffic   

The Table VI provides the statistics of this 

case experimentation. 
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TABLE V.  STATISTICS FOR SUZUKI-CULTUS-
2021 ON THE PLAIN ROAD WITH LEAST TRAFFIC  

Fig. 8. Drive cycle for Suzuki-Cultus-2021 on plain 

road with moderate traffic and road turns. 

 

Fig. 9. The road map for Suzuki-Cultus-2021 on the 

plain road with some traffic and road turn. 

TABLE VI.  STATISTICS FOR SUZUKI-CULTUS-2021 

ON THE PLAIN ROAD WITH MODERATE TRAFFIC AND 

ROAD TURNS  

Maximum Speed 

(mps) 

Average Speed 

(mps) 

Distance (m) 

13.98 6.55 2500 

 

The results of speed and distance were 

checked once again and validated via the 

speedometer of the car and as well as a GPS based 

mobile app. The driving cycle on car as shown in 

the above figures have an error of approximate 4 

kmh-1 to 7 kmh-1 which is within the acceptable 

limit. Meanwhile the road map was very accurate 

and the results were satisfactory. 

B.  Experiments on Three Wheeler Rickshaw 

The second set of experiments was performed on 
the three-wheeler public vehicle (Sazgar-Rickshaw-
2010). For this test, the device was installed on the 
rickshaw’s back seat and then different cases were 

analyzed to check the validity and authenticity of the 
device. The drive cycle and road map extracted is 
presented from DLD for short trips. Analysis for 
three different cases was performed. The results are 
given below in subsequent figures 10-13. 

 Case: Rough Road with least traffic  

These are the rough roads used during the 

least traffic. The results from this case are given 

below in subsequent Figures 10-11 

Fig. 10. The drive cycle for Sazgar-Rickshaw-2010 

on a rough road with the least traffic 

Fig. 11. The Road map for Sazgar-Rickshaw 2010 on 

rough road with least traffic  

The statistics of these experiments are 

represented in Table VII. 

TABLE VII.  TATISTICS FOR SAZGAR-RICKSHAW-
2010 ON ROUGH ROAD WITH LEAST TRAFFIC 

 

 Case: Plain Road with least traffic  

The next set of experiments included testing 

on least traffic roads with the plain surface on the 

three-wheeler vehicle. Graphical results and 

Maximum Speed 

(mps) 

Average Speed 

(mps) 

Distance (m) 

13.98 6.55 2000 

Maximum Speed 

(mps) 

Average Speed 

(mps) 

Distance (m) 

17.45 7.262 500 
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satellite imagery road map are shown in subsequent 

Figures 12-13 

Fig. 12.  The drive cycle for Sazgar-Rickshaw-2010 

on the plain road with least traffic   

 

Fig. 13. The road map for Sazgar-Rickshaw-2010 on 

the plain road with least traffic   

Table VIII comprehensively portrays the 

statistics of the three-wheeler usage for this case. 

Again, after comparison of graphs in Figures 11 and 

12, we observe that the difference in condition leads 

to variation in driving patterns. For this case of the 

three-wheeler rickshaw, the road surface is varying. 

When we observe the plain surface, the rickshaw is 

pervading a periodic pattern, while in the case of a 

rough surface, the rickshaw shows a rough 

exponential speed pattern. 

TABLE VIII.  STATISTICS FOR SAZGAR-RICKSHAW-
2010 ON THE PLAIN ROAD WITH LEAST TRAFFIC  

Maximum Speed 

(mps) 

Average Speed 

(mps) 

Distance (m) 

22.13 5.60 3740 

 

 Case: Random speed variations on Sazgar 
Rickshaw 

Experimentation was also performed on 

comprising of random speed variation of Sazgar 

Rickshaw. The results are shown in the Fig. 14 and 

the statistics of this case are given in Table IX. 

This experiment was performed in order to 

observe the extent of variation in the observed 

pattern when compared to vehicle modes of cruising 

or acceleration. The random case shows that the 

vehicle usage still performs in a relatively periodic 

manner of acceleration and deceleration. Future 

large-scale experiments can further validate the 

results of this research. 

Fig. 14. The drive cycle for Sazgar-Rickshaw-2010 

with random speed variation  

TABLE IX.  STATISTICS FOR SAZGAR-RICKSHAW-
2010 WITH RANDOM SPEED VARIATION  

Maximum Speed 

(mps) 

Average Speed 

(mps) 

Distance (m) 

24.6 10 7900 

 

5. Discussion on cost analysis 

From the market perspective, the utmost 

interest lies in the designing of low-cost data 

logging devices. Therefore, to make the review 

possible, a comparison of a few DLD models is 

done in Table X. 

TABLE X.  COST ANALYSIS OF DIFFERENT DATA 

LOGGER MODULES  

Data logger modules Price 

ReXgen 2 IMU $ 1,195 

ReXgen 2 $745 - $945 

Car Data Logger AIM EVO4 $1,558 

MXS 1.2 Dash Logger $1,118-$1,350 

Duionopeak $86.9 

Designed data logger $78.74 

The ReXgen 2 IMU, ReXgen 2, AIM EVO4, 

MXS 1.2, and Duionopeak [11-15] are all current 

data loggers that gather information from the 

Engine Control Unit (ECU) through CAN protocol, 

which can be accessed using the vehicle's OBDII 

port. These data loggers also include accelerometer 

and GPS modules, which capture acceleration 

patterns and speed. These devices also contain an 

LCD display unit, digital and analogue channels, 

and the ability to add a camera and other 
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temperature sensors. The new capabilities in the 

current data loggers raise the cost of the device, 

which is limited to automobiles with modern 

features such as an OBDII connection. These data 

loggers are unable to record the data cycle of the 

most often utilized public three-wheeler transport in 

Pakistan that lacks modern characteristics. Except 

for these new capabilities, the design approach of 

these data loggers is identical to that of our designed 

data logger which is made up of merely a GPS 

sensor, a three-axis accelerometer, and an SD card 

shield that is combined with the Arduino and has a 

fine piece of code that helps to compute the speed 

using the fundamental equation of motion. This 

designed data logger is suitable for the modern as 

well as traditional transport of Pakistan. 

Table X illustrates that the designed data 

logger is the most cost-efficient and reliable to use 

in low economic countries to gain driving pattern of 

vehicles. 

6. Conclusion 

In recent times, an emerging need of vehicle 

driving cycles has been identified to detect road 

profiles, tracking traffic, and detecting driver 

actions via a designed and customized data logger 

device. This research comprised of hardware design 

and road testing of a low cost data logging device 

which can measure vehicle acceleration in a 3-axis 

coordinate system and construct a drive cycle. The 

proposed system's prototype was successfully 

developed and tested on private (Suzuki-Cultus-

2021) and public transportation (Sazgar-Rickshaw-

2010). The vehicle's acceleration data was collected 

in the 3-axis plane, and the vehicle's speed was 

determined using the motion of equation. The 

findings of the research indicate that the frequency 

of data collection could be easily changed and the 

system could be calibrated to the vehicle's profile. 

As a result, it could be applied to a variety of 

vehicles. Road officials, road users, car 

manufacturers, and public administrative agencies 

may use this information to plan or schedule future 

events. In future, it is aimed to implement advance 

techniques for data filtration to further improve the 

device. Additionally, to minimize GPS error and  

accurately mark the position, improvements in 

capturing GPS coordinates can be made. 
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ABSTRACT 

Robots are conceived in such a way to evict human involvement from extensive exertion and hazardous work area. 
Most of the time robots are used to work in inaccessible workspaces that are usually not accessible by an inspector 
feasibly. Pipe inspection also lies in the same class. This paper presents the design and fabrication of a pipe 
inspection robot capable of adjusting its size according to the diameter of the pipe. The mobile robot utilizes 
machine vision techniques to detect defects. The adapting mechanism of the robot is a five-bar slider crack 
mechanism. The robot mobilizes using a belt. The robot internally adapts its size according to the diameter when 
deployed in the pipeline. PID is implemented on the dc gear motor to control the motion, and the stepper motor 
is embedded at the center rod for the opening and closing mechanisms. 

Key Words: Pipe inspection robot, Image processing, Parallelogram mechanism, PID, Bevel gears 

1.  INTRODUCTION 

This paper presents the design of the robot 
that can adjust its size and the robot is studded 
with inspection technique. As the pipeline is a 
very and basic part of industries and supply line 
for supplying and conveying fluids since the very 
beginning of the industrial revolution. Pipeline 
inspection is mandatory as they deteriorate and 
corrode with the passage of time causing threats 
to human life as well as an industry if not 
inspected efficiently and regularly. For this 
purpose, different in-pipe robots have been 
designed according to the working environment. 
Active caterpillar mechanism for the mobility of 
robot using belts instead of the wheel have a 
benefit to go rough surface designed for the inline 
pipeline inspection. Robots with wall press 
mechanisms are benefited to climb on the inclined 
surface using a compressive mechanism[1]–[3]. 
Robots need the precise location of nearby objects 
to locate themselves in the working environment. 
Optic sensors, sound locators, and 
electromagnetic are widely taken into count for 
that purpose but it highly depends on the working 
environment which will be the right choice. 
Ultrasonic perception is most suitable for closely 
located objects [4]. MRINSPECT IV has been 
designed for urban gas pipeline inspection using 
a differential derive mechanism, for steering and 
excellent mobility for navigation arranged three-
dimensionally [5] Pipes used in industries ranging 
from 25 to 1500 mm in diameter but humans 
cannot enter the inner side of the pipe with a 
diameter less than 800 mm [6] that’s why an 
adaptable crawling pipe inspection robot has been 
designed and fabricated whose diameter ranges 

from 230 mm to 300 mm. The robot is driven by 
using a coreless DC geared motor in crawlers [7] 
and a stepper motor is used for closing and 
opening the robot. Image processing is the term 
used for quantizing the image into a matrix and 
can manipulate and detect some particular subject 
of interest like rusting. Anomalies are detected by 
tunning parameters of an algorithm like edge 
detection, noise suppression, segmentation, and 
threshold values of other parameters. Some 
advantages of Image processing are accuracy, 
speed, consistency, objective, and cost [8]. Some 
developed leakage detection methods are acoustic 
emission, pressure point analysis, fiber optic 
sensor, digital signal processing, etc. Two main 
categories are hardware and software-based 
techniques. Further, these techniques are 
categorized into three sub-groups, exterior, visual 
and computational. Remote monitoring can be 
accomplished by employing a camera to 
designated locations by Unmanned Aerial 
Vehicles (UAV), Autonomous Underwater 
Vehicles (AUVs), or using sensor networks [9] as 
shown in Fig. 2. Robot with wall press and 
caterpillar mechanism is designed for the 
inspection of pipe through inside where the 
surface is unknown and have an ability to climb 
the inclined surfaces. Section 2 describes the 
methodology, section 3 design, and section 4 
discusses the results of the project. 

 

Figure 1: Different configurations 
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Figure 2: Detection techniques 
 

2. METHODOLOGY 

2.1 Adjustment of robot in pipe 

There is different self–adapting 
mechanisms but the mechanism being used in this 
study is five-bar crank slider along with a 
parallelogram mechanism. Generally, robots are 
versatile as compared to the conventional linkage 
but they can bear the small load and operate at low 
speed. Parallel manipulators are seemed like the 
real middle ground which provides (properties of 
both of them) versatility, precision with good 
operational speed, and high load-bearing 
capacity. The mechanism involved here is a five-
bar crank slider mechanism consisting of four 
revolute joints and one prismatic joint as 
depicted.[10] 

 

 

Figure 3: Four bar slider-crank mechanism 

Parallelogram mechanism is used aside from 
five-bar linkages to add a constraint to the 
movement of a crawler that always provides the 
planner motion and control over the size 
transformation of the robot is also attained by this 
process.  
 

 

Figure 4: Parallelogram mechanism 
 
 

A bevel gear mechanism is used inside the 
crawler to transfer the motion at the right angle 
to move a belt with help of spur gears. The 
movement of all three belts defines the overall 
motion of the robot. 

Table I: Properties of bevel gear 

Straight bevel 
pinion 

Straight bevel 
gear 

0.8M 0.8M 

20T 40T 

120 RPM 60 RPM 

 

 

Figure 5: Assembly of gear train 

To transfer motion from the motor to the belt 
Straight teeth bevel gears are used. The pinion 
part is attached to the motor shaft which is 
engaged to the spur gear of bevel gear train. This 
coincides with the larger spur gear which moves 
the belt around the crawler to move the robot 
forward or reverse direction.  HC - SR04 
ultrasonic ranging module is used to measure the 
diameter of the pipe by the non-contact method. 
It measures the distance by using time delay 
between sending and receiving the sound waves 
of frequency 40 kHz. 

 
Distance = ((time of high-level pulse) × (Sound        
                   wave velocity (340m/s)) / (2)      (1)              

  
Block diagram of the opening mechanism is 
given below. 

671



Proceedings of International Conference on Mechanical Engineering -2022 (ICME-22) 

Faculty of Mechanical Engineering, UET, Lahore, Pakistan 

 

Start

Values from 
sensor

Average distance 
and find diameter 

Movement of 
Stepper motor 

accordingly

Pipe and 
Robot 

diameter 
equal

Stop stepper 
motor

End

Yes

NO

 

Figure 6: Flow chart of embedded system 
 

2.2 Control algorithm and actuator 

Namiki 12V Dc gear encoded motor is 
used in each crawler for the motion of the robot 
[5]. The maximum RPM of this motor at 14V and 
1.7A is approx. 150. It is calculated with Arduino 
as a controller using a built-in encoder with an 
external electronic circuit. Namiki motors have 
built-in quadrature photoelectric encoders which 
give 316-pulses at the output by one rotation of 
the motor shaft. Non-feedback control system 
(open loop) is the technique in which the output 
of the system does not take part in the control 
action of the process. The control signal is 
completely dependent on the input of the system. 

Arduino Uno L298N

Namiki 

encoded gear 

motor

Speed (RPM)
Set Speed 

(RPM)

Input Controller
Motor 

Driver OutputPlant

Figure 7: Block diagram of an open-loop system 

Proportional, integral, derivative control is an 
algorithm used in a closed-loop system to get the 
output of the system with desired properties like 
rising time, overshoot, steady-state error, etc. 

𝐾𝑝. 𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝑡) +  𝐾𝑑 
𝑑𝑒

𝑑𝑡

𝑡

0
    (2)           

Where “e” is the error and “t” is the time period. 
Arduino Ide is used to program the controller to 

measure the speed and apply the PID control on 
the dc motor. 

 

Figure 8: Flow chart of PID control system 

2.3 Image processing 

There are different destructive and non-

destructive techniques to detect anomalies inside 

the pipe. Due to technological advancements, 

non-destructive inspection methods such as 

image processing, acoustic sensing, 

accelerometer, infrared thermography are most 

commonly used. Visual methods are the 

traditional methods for detecting leakages in 

pipelines employing drones and experienced 

personnel. Trained personnel walk along the 

pipelines and search for anomalous conditions in 

the pipeline environment. Trained observers can 

recognize the leaks through visual observation, 

smelling the outdoor, vibrations coming out from 

the crack point. But humans cannot visually 

inspect the pipes like areas where we cannot 

reach personally i.e., underwater, underground 

areas, and fatigue due to continuous inspection. 

Visual sensor embedded into the robots is a 

solution to all these problems that take the place 

of an experienced inspector. To make inspection 

Start

Set Speed

(RPM)

Convert RPM into 

PWM

Measure actual 

Speed(RPM)

Convert RPM into 

PWM

Apply PID control

Output PWM to 

motor driver

End
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more efficient processing into images is the best 

way to find the anomalies more efficiently even 

than humans. Image processing uses DSP and 

manipulation techniques exclusive for images to 

sample and transform the image into a matrix of 

numbers to process it digitally. Image can be 

represented as function x and y variables. 

Following are some classes of Image processing 

i.e., compression, restoration, enhancement, etc. 

Quantization is a necessary procedure to 

represent images in digital form. The Canny edge 

detection method of image processing is being 

used in this study for the inspection of cracks, 

holes, and rusting. Computation much complex 

algorithm but it gives a finer result than the Sobel 

edge detector. The approximate canny method 

uses two thresholds to detect strong and weak 

edges and includes the weak edges in the output 

only if they are connected to strong edges. Canny 

edge can detect the edges and suppress the noise 

simultaneously. The steps involved are noise 

removal using Gaussian filter, computation of 

gradient i.e., directional change in intensity or 

color, suppression of non-maxima pixels, and 

setting of two thresholds to get two images for 

segmentation of output. Fig.9. depicts the steps 

Canny Edge Detection algorithm steps. Fig. 10 

practical implementation of the detection 

procedure. 

 

Figure 10: Canny edge detection  

3. DESIGN 

3.1 Mechanical design 

The robot shown in the figure has links that 
are all equal in length. Posterior two links always 
remain parallel. As a result, it leads to a parallel 
crank mechanism and it is assembled to the front 
link that keeps the crawler parallel to the center 
rod. When the front movable central triangle 
moves horizontally in either direction within the 
range then the front movable link moves only 
hence restricting the crawler to move parallel. The 
moving link is called “track unit” and the link 
behind are called “arms”. 

 

Figure 11: Assembly of robot in SOLIDWORKS 

The lead screw turns (fix with back chassis and 
have lead screw mechanism with the front 
chassis) to expand and retract the linkage pair and 
hence raising and lowering the tracked unit. This 
is the adjusting motor that provides each track 
unit with sufficient torque and pressure to provide 
the contact surface to the interior of the pipe's 
wall. So, in order to make the robot grip from the 
interior, the forces and torques need to be 
calculated. 

3.2 Force analysis of robot 

For the force analysis, a few variables are 
being used for ease of calculations. 𝜶𝟏  denotes 
the angle between the fixed link i.e. links that are 
not translating. 𝜶𝟐 denotes the angle between the 
movable links. 𝑭𝟏 denotes the force on fixed links 
and 𝑭𝟐  denotes the force on movable links 
whereas N is the normal force between the belt 
and pipe wall and this is also called the normal 
force. 𝑭𝒕 denotes the tractive forces necessary to 
be provided by the frictional force between each 
crawler and the wall. Normal tractive forces are 
calculated using the formula; 

N =  
𝐹𝑡

3×𝜇
                                  (3) 

Force on each link (front and rear links) can be 
found using the following formulas. 

 

Output 
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Figure 9: Canny edge methodology 
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         𝐹1 =  
𝑁𝑐𝑜𝑠𝛼2+(𝜇𝑁−𝑀1𝑔)𝑠𝑖𝑛𝛼2

4𝑠𝑖𝑛(𝛼1+𝛼2)
        (4)      

               𝐹2 =  
𝑁𝑐𝑜𝑠𝛼1+(𝜇𝑁−𝑀1𝑔)𝑠𝑖𝑛𝛼1

2𝑠𝑖𝑛(𝛼1+𝛼2)
      (5) 

Assume that the robot can contract to a minimum 
angle of 35 degrees and can open up to the 
maximum angle of 80 degrees. For the extreme 
angles the forces on the front and rear links are: 

For minimum angle 𝜶𝟏 = 𝜶𝟐 = 𝟑𝟓 

𝐹2 =34.02 

For maximum angle 𝜶𝟏 = 𝜶𝟐 = 𝟖𝟎 

𝐹2 =5.430 

Hence it shows that when the link is in closed 
form force is maximum on a movable link and it 
is minimum when fully open. 

3.3 Torque analysis 

As we know that tractive force is provided by the 
adjusting motor, the output torque necessary for 
the adjusting motor is calculated according to the 
required tractive force. 

𝐹𝑠 = 𝐹2 ×  𝒄𝒐𝒔𝜶𝟐                 (6)               

The required output torque of adjusting motor 
can be written as  

𝑇 = 𝐹𝑠𝑑𝑚 × [
𝑃+𝜋 𝜇𝑆𝑑𝑚

𝜋𝑑𝑚− 𝜇𝑆𝑃
]        (7)   

For minimum angle 𝜶𝟏 = 𝜶𝟐 = 𝟑𝟓 

         𝑇 =0.1188Nm 
For maximum angle 𝜶𝟏 = 𝜶𝟐 = 𝟖𝟎 

         𝑇 = 0.004𝑁𝑚 

Hence this shows that the motor requires 
maximum power when the robot is in closed 
form. 
 

3.4 Bevel gear design 

This Gear is used to make the robot compact and 
to transfer the motion at an angle of 90 degrees. 
Moreover, the motive is to reduce the speed of 
gears in order to make the robot move smoothly 
and have a good and reasonable inspection. For 
this purpose, 90-degree transmission bevel gears 
are designed and the reduction ratio of two is 
used to reduce speed from 120 rpm to 60 rpm. 
These gears are fabricated with Teflon material. 

𝑁1 = 120 rpm    𝑍1 =20     𝑍2 = 40 

𝑁1

𝑁2
 = 

𝑍2

𝑍1
                 𝑁2= 

𝑍2

𝑍1∗𝑁1
                 (8) 

𝑁2 = 60 rpm 

3.5 Control system (PID) 

A non-feedback control system is a 
technique in which the output of the system does 
not take part in the control action of the process. 
The control signal is dependent on the input of 
the system. Arduino Ide is used for the 
programming of the control system applied on 
DC motors and output data taken from a serial 
monitor is plotted in Microsoft Excel. 

Table II: RPM of the motor  

Time (second) Speed (RPM) 

0.000052 0 

0.100008 123.47 

0.2 146.21 

0.3 146.2 

0.400025 146.16 

0.500024 144.31 

0.600028 148.1 

0.700012 146.23 

0.800024 144.29 

0.900028 148.1 

1.000032 148.1 

Arduino Ide is used to program the controller to 
measure the speed and apply the PID control on 
the dc motor. 

 

Figure 12: Output of open-loop system 
 

Table III: RPM of motor with PID 

Time 
(sec) 

Speed (RPM) Time 
(sec) 

Speed 
(RPM) 

Time 
(sec) 

Speed 
(RPM) 

0 
0 1 96.83 2 104.43 

0.1 
112.09 1.1 102.55 2.1 98.74 

0.2 
125.3 1.2 102.52 2.2 94.93 

0.3 
91.14 1.3 98.73 2.3 100.62 

0.4 
89.25 1.4 89.25 2.4 98.75 

0.5 
104.42 1.5 100.64 2.5 98.71 
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0.6 

110.15 1.6 102.53 2.6 100.64 

0.7 
96.83 1.7 100.64 2.7 98.73 

0.8 
87.35 1.8 96.84 2.8 100.63 

0.9 94.93 1.9 98.73 2.9 102.53 

 

 

Figure 13: PID on DC motor 

Pre-filter is used before the summation of input 
and output of a system to overcome the undesired 
overshoot at the output. 

Table IV: RPM of motor using Pre-filter 

Time 
(sec) 

Speed 
 (RPM) 

Time 
(sec) 

Speed 
(RPM) 

Time 
(sec) 

Speed 
(RPM) 

0 0 
1 91.15 2 93.05 

0.1 32.3 
1.1 91.14 2.1 93.03 

0.2 49.37 
1.2 96.83 2.2 96.84 

0.3 36.07 
1.3 93.05 2.3 102.53 

0.4 74.06 
1.4 91.14 2.4 98.75 

0.5 94.93 
1.5 96.84 2.5 93.02 

0.6 75.96 
1.6 94.92 2.6 93.05 

0.7 85.45 
1.7 96.84 2.7 98.74 

0.8 96.83 
1.8 98.75 2.8 102.53 

0.9 94.93 1.9 98.72 2.9 100.63 

 

`  

Figure 14: Graph of PID using Pre-filter 

Actual graphs taken from the serial plotter by 

implementing the PID control on crawler motors 

are given below. 

 

Figure 15: Graph of PID of actual motor 

4. RESULTS 

4.1 Stress analysis 

An idealized rigid body is an object that 

does not deform under an external force and it is 

useful when analyzing mechanical systems. 

Physical properties from which the material is 

made decide to which extent it can uphold its 

shape and restrain any deformation. 

Stress is the quantity that causes the deformation 

in the body and the quantity that defines the 

deformation is known as strain. SOLIDWORKS 

simulation tool is utilized for the stress-strain 

analysis of all basic parts of the robot and to 

estimate the CAD model behavior in the real 

world. The structure of the robot is made using 

acrylic material.  Following examinations are 

carried out using static stress analysis; 

• Stress  

• Strain  

• Displacement  

• Factor of Safety 

The material starts to deform when the value of 

FoS is equal to 1. There are many criteria 

available to check the yielding stress and the von 

Mises criterion is being used in this study. 

Fix link 

Fix link is one of the most important parts of the 

project that attaches the base to the crawler and is 

responsible for the adjusting size of robot. There 

is total six links for each crawler and a maximum 

force act upon these especially at front-sided 

links. Front links are simulated with 50% approx. 

higher forces to in count the factor of safety. 

Figure 16 shows the study results of the stress test 

and FoS and their legend values are changed 

manually to get meaningful results. 
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Triangular base 

There are three triangular-shaped parts joined 

with a lead screw and this joint structure is 

considered as the base of robot. Two of these are 

stationary and control the parallel motion of the 

crawler to the plane. Front sided triangular shape 

is actively moveable and responsible to regulate 

the size of the robot with the rotation of the screw 

that is directly coupled with the stepper motor. 

For simulation, the center where the lead screw is 

attached is considered as the base, and external 

forces acted from the three sides. The values of 

legends are changed for better observation of 

results and are shown below. All areas where 

moveable links and lead screws are attached lie 

in the safe region. Figure 17 display the results 

and the values of legends are changed for better 

observation of results and are shown below. 

    

Acrylic part

Stress analysis

Factor of safety                        

Acrylic part

Stress analysis

Factor of safety  

Figure 16: Fix links      Figure 17:Triangular base 

Side bar 
The side bar is the exterior face of the crawler. 

Two sidebars attached with screw make one 

crawler with pulleys at outer edges and motor 

inside them as shown in Fig.18. Pulleys rotate the 

belt and this is the part where the force (such as 

tractive force) from the ground required for 

driving the robot directly acts upon. Maximum 

tractive force is required in the climbing position 

so, this scenario is simulated to get an idea about 

the actual strength of a material. Stress and FoS 

legend values are 8.54 to 1.413e05 and 3.0e02 to 

1.0e03 respectively. 

As shown in the figure the red area is not 

significant to describe the weakness of material 

or any unsafe range in that part. 

 

Figure 18: Simulation of the sidebar 

4.2 Discussion 

Links that attached the base (triangles) to 

the crawler bear the highest forces on it and 

probably can break in extreme cases. For our 

simulation, we applied up to 50% higher forces 

on those parts to get results on how they will 

behave in the hardware. The yield strength of the 

material is 4.5e07 and the following are the results 

that came out by static stress analysis. 

Table V: Type of analysis 

Analysis Type 

Mesh Solid Mesh 

Stress Von Mises Stress 

Strain Equivalent Strain 

Displacement Resultant Displacement 

Factor of safety Max von Mises Stress 

 

Table VI: Results of analysis 

Name Fix link Side bar Triangle 

Stress 

(N/m^2) 

6.51e+05 1.40e+05 8.47e+05 

Displacement 0 0 0 

Strain 1.70e-04 2.86e-08 1.39e-04 

Factor of 

safety 

6.92e+01 3.18e+02 2.30e+01 

Forces on links and diameter 

The relationship between the size of the robot in 

diameter with the forces on the links is inversely 

proportional to climbing in a vertical pipe. As we 

take an extreme case in vertical pipes higher 

forces exerted on links in smaller diameter shown 

in fig.19. 
. 
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Torque for adjusting size 

Higher torque is required for the motor to 

increase the size of the robot from its minimum 

position. As size increases motor can change the 

dimension with less effort as shown in fig.20. 

 

Multibody simulation 

The Solid-works model is imported to the 

MATLAB multibody simulation to analyze the 

force required for the size adjustment of a robot.  

Moreover, the relation between linear movement 

and the size (radius) of the robot is also analyzed. 

The actual hardware model is a successful 

implementation of simulation. Diameter and 

angles values are completely verified w.r.t the 

theoretical model. 

 

Figure 21: Multibody Simulink model 

The weight of crawlers (load) that screw has to 

move up and down is simulated to verify the pre-

calculations for motors. Force exerted on the 

moving triangle is about 35N and the calculated 

force required to move the screw is about 30N. 

 

Figure 22: Input force vs Required force 

A screw is attached to the motor directly and it 

moves the links to elevate the crawler. Change in 

position of the joint between link and crawler 

body w.r.t change in diameter is depicted below. 

Movements in hardware are aligned with the 

following simulation results. 

 

Figure 23: Diameter vs angle 

4.3 Canny-edge detection 

The anomalies present in the subject 

(captured using a camera) are below: 

 

       Figure 24: Image of defects 

 

Figure 20: Torque w.r.t robot size 

 

Figure 19: Forces on links vs size 
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The anomalies detected by the robot using the 

canny edge detection algorithm are given below: 

 

 

Figure 25: Detection of defects 

4.4 Prototype 

Right hand side of figure below is the prototype 

and left-hand side shows the deployment of robot in 

pipeline. 

 

Figure 26: Hardware prototype 

5. CONCLUSION 

Cracks in pipelines can appear at any stage 

of manufacturing, installing, or any time of 

operational life. Corrosive environment and other 

mechanical factors lead to initialize crack. 

Nonmetallic inclusion in the edges can cause 

hook cracks and be partially fused using welds. 

Holes in the pipelines can appear due to rusting, 

external mechanical impact, or malfunction of 

welding. Leakages can cause disaster. Internal 

corrosion can lead to loss of metal on the interior 

surface resulting in a reduction of pipelines wall 

thickness. It can occur in isolated spots or entire 

areas. Heavy rusting on material appears as juts 

on the surface that can cause leakage, cracking, 

and splitting of pipelines so it is necessary to 

repair, change or cut the pressure of pipelines. 

Any of these anomalies can be detected by the 

robot using the image processing technique. 

The robot presented in this study has an 

adjustable size and the measurement of the 

internal diameter of the pipe prompts the size 

adjustment. The five-bar slider-crank mechanism 

of the robot ensures the parallel movement of the 

crawler to the pipe surface. The movement of the 

robot at desired speed is achieved by 

implementing a PID control system on the 

motors of crawlers. This also ensures smooth 

movement over rough surfaces of pipes. The 

results of the anomalies detection lead to the 

conclusion that this robot can be deployed in any 

industry to save time, effort, and most 

importantly lives that may be lost due to manual 

inspection in vulnerable areas or due to lack of 

inspection of damaged pipelines. 

The scope of this project is very diverse, from 

transmission lines across countries, anomalies 

detection in industries to the inspection of vents 

in centralized cooling systems. The adaptable 

size of this robot makes it conceivable in any kind 

of industry. Above all, it serves humanity as it 

gets to the territories where human access is 

hazardous. The authors of this study aim to apply 

deep learning algorithms in the future for the 

classification of different anomalies. 
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Abstract 

In this article, we suggest an economical approach of implementing a ball and plate system as an instructional 

set and introduce the use of fuzzy controls to improve the control performance. The most successful approach to 

better understanding students in the field of mechatronics and control engineering is to provide experimentation 

to enhance their understanding of the control system through realistic learning. There is no module for 

experimentation in our control laboratory. For this aim, there are various methods to create a training platform. 

Ball Balancing Stewart Platform visualizes the impact of closed loop control extremely efficiently. We employ the 

touch plate as a sensor to achieve an elevated sample rate of positioning and compactness in the system. To 

control the plate, we choose a Stewart platform with rotating actuators. The Arduino UNO board, which is a 

compact device, is the primary control unit. We will demonstrate a mathematical ball- and plate-system model 

for controller synthesis & discuss kinematics analysis of Stewart Platform. We have designed a fuzzy controller 

which comprises fuzzification, defining membership functions of input and output, defining interface and proper 

rules to map input fuzzy sets to output fuzzy sets, and at last define a defuzzification method to get crisp output 

which makes the system robust where no precise inputs are required. The outcomes of the experiments and 

simulations are described, and the advantages of the employed fuzzy control are shown. The system presented is 

economical, can be installed simply, performs well in monitoring, and takes up a tiny area. Because of these 

factors, we predict the system will be utilized as an instructional instrument efficiently. 

 

Key Words: 6-DOF Stewart platform; Fuzzy control; Servo system 

 

1. INTRODUCTION  
 

For educators it has always been an essential 

subject in the area of control education to motivate 

learners and to improve their understanding. The 

most efficient approach to improve comprehension 

of pupils is to offer them the chance to study so that 

the controlling scheme may be understood by 

practical experience. There are numerous methods to 

the development of instructional platforms & kits for 

control engineering courses for these reasons [1]. In 

general, systems like inverted pendulum systems 

or ball and plate systems can enable students to 

comprehend the impact of closed loop control since 

control can make things impossible without control 

feasible. Such methods are therefore frequently more 

fascinating and likely to motivate students to study. 

But the inverted pendulum method is regrettably not 

easily employed for mass educational purposes. 

Rail-length pendulum system with cart can be 

harmed if the controller is not adequately 

constructed.[2] 
 

Moreover, a lengthy rail requires a lot of 

experimental room. These problems can be solved 

using a rotary inverted pendulum, however when the 

system is not well regulated the spinning pendulum 

might be deadly. Merely a tiny area is required for 

ball and plate systems compared to the pendulum 

system, an uncontrolled mechanism does not inflict 

serious harm, but instead just delivers the ball to the 

ground. The ball and plate system, an extended 

variant of the Stewart system is also beneficial for 

controller verification since scholars may use other 

concepts like Linear Quadratic control [3], sliding 

mode control [4], fuzzy control [5], & PID neural 

network [6]. The control's overall goal is to steady 

the ball's position and follow paths. Most current ball 

and plate systems use 2-DOF hardware that can only 

spin along the x and y axes and requires a view 

camera to identify ball placement. They have some 

of the following inconveniences: 1) Additional 

computers and other Vision Processing Micro 

Control Units (MCU) are required. 2) Most low-cost 

vision cameras can only record at 60 frames/s, 

limiting their ability to run quickly. 3) Vision 

processing in the testing environment is quite poor. 

Fuzzy Control is employed in a ball & plate system, 

a representative robust non-linear system. It is easy 

and common, these systems are flexible, the rules 

can be adjusted, the structure is basic and can be 

simply created. [7] 
 

Stewart platform can be built with either rotational 

or prismatic actuators. To create a low-cost platform, 
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we use six servo engines as rotational actuators. To 

determine the location of the ball, a touch pad is 

employed. This system might be seen as a major 

obstacle in testing different nonlinear methods. [8]. 

Control education should include both academic and 

practical components. [9]. The suggested approach 

may meet the demands of the educators and the 

students such that 1) In the laboratory, the system is 

cost-effective., 2) the students can use various 

control theories without having to worry about the 

system's design, and 3) tests can be performed in a 

small area, anyplace. This technique can help 

teachers and learners suffering from lack of excellent 

experimental platforms successfully.  

2. METHODOLOGY 

 

Serial Manipulator Parallel Manipulator 

In production lines 

robotic manipulators 

are mostly 

manufactured with 

serially linked 

mechanisms on. A 

mechanism that 

alternates links & joints 

in a lengthy chain.  

In parallel mechanism 

the links & the joints 

function from two or 

more anchor points in 

parallel. The 

connectors & the joints 

link the manipulator's 

base to the end effector. 

 
Fig. 1: Serial 

manipulator [10] 

 
Fig. 2: Parallel 

manipulator [10] 

The algorithm design 

of a serially linked 

manipulator is 

extremely straight 

forward, but the 

execution of specific 

control frequently 

demands more physical 

space. [11] 

a parallel manipulator 

is very difficult in 

algorithm design yet 

capable of performing 

the complex moves 

within physically 

constrained limits. [11] 

 

The employment of a serial and parallel linked 

handlers in advanced robots is a frequent practice. 

Hunt discussed combined serial and parallel robotic 

manipulators [12]. Using the "rotary Stewart-Gough 

mechanism," six sets of serially coupled 

manipulators work in tandem to perform a certain 

motion. Stewart developed the fundamental 

framework for this mechanism, which was presented 

in his renowned research article in 1965, in which he 

suggested a structure very similar to the typical 

Stewart-Gough platform for an aviation motion 

simulator basis. There is a blend of serial & parallel 
manipulators for the six degree (6-DoF) robotic 

manipulator under study. Parallel to a certain 

movement employing "rotary Stewart-Gough 

mechanism" are six serial linked manipulators. 

Stewart is the person behind this mechanism's main 

construction and his research report released in 1965 

suggested a very similar structure for a motion 

simulator basis in an aero plane, a Stewart-Gough 

standard platform[13]. Gough utilized analogue 

mechanism before Stewart in 1956 Another 

scientist[14]. Combining the two research projects 

led to the notion of the Stewart-Gough standard 

platform, consisting of six parallel linear actuators. 

Changes in linear actuator lengths create desirable 

handling while the Rotary Stewart platform is 

another change of the Stewart standard platform. 

Linear actuators are replaced by crank mechanism 

on six legs in rotating Stewart platform.  
 

 

Fig. 3: (a) Standard Stewart platform [4] (b) Rotary 

Stewart platform  

In this article, we suggest a methodology of 

implementing the control system for balls and plates 

as a toolkit for practice. We employ the contact panel 

to detecting the location of the ball compared to the 

conventional ball and plate system, and the process 

of sensing takes place each millisecond to enable the 

sensor to offer a high-frequency response.  

The platform is supported by a servo motor 

system comprising six separate connection rods that 

offer maximum flexibility of six degrees; X, Y, and 

Z translations, Pitch, Roll and Yaw (rotations about 

the X, Y, and Z axes respectively). For 6 DOF 

Stewart platforms, the difficulty to control increases 

[8]. The suggested system can deal with more 

difficult movements and control issues compared to 

conventional ball and plate systems.  

The system is controlled by Arduino. When 

the ball is placed on the Stewart Platform flat touch 

screen, which would be stabilized. The closed 

feedback loop started initially when a ball is located 

on a flat touch screen that fed the balls back 

immediately. This position is then transmitted to a 

controller coded inside the Arduino. The controller 

returns the ball to referred position successfully, 

even when it was disturbed. 
 

681



 

 

 
Fig. 4: Block diagram of methodology 

3. MATHEMATICAL MODELING 
 

A. Dynamics 
 

The mechanism includes four free degrees; 

two for the ball movement and two degrees for 

the plate tilt. We supposed x and y (ball location 

on the plate) and α and β are system co-ordinates 

(rotations of plate). The ball's kinetic energy 

comprises of both its rotational and translational 

power centers. [8]. The Kinetic energy of plate & 

ball is represented as 

 𝐾1=1
2⁄  𝐽𝑝(�̇�2 +  �̇�2)                             (1) 

 

𝐾2= 1
2⁄  𝑚(�̇�2 +  �̇�2)                             (2)  

 

Kinetic energy of a ball around its core is 

expressed as 

𝐾3=1
2⁄  (

𝐽
𝑅2⁄ )( �̇�2 +  �̇�2)                     (3) 

 

The ball's kinetic energy as it moved compared to 

inertial system with  𝐽𝑏 = 𝐽 + 𝑚𝑟𝑝
2 is written as 

𝐾4 = 1
2⁄ (𝐽 + 𝑚𝑟𝑝

2) (�̇�2 + �̇�2)            (4) 
 

The plate's kinetic energy (assuming no spin 

along the z axis) incorporates its rotational kinetic 

energy as well as the rotational kinetic energy of 

the ball and may be represented as: 
 

        𝐾 = 𝐾1 + 𝐾2 + 𝐾3 + 𝐾4 
 

𝐾 = 1
2⁄  (𝐽𝑝 + 𝐽)(�̇�2 +  �̇�2)+ 1

2⁄  (𝑚 +

 
𝐽

𝑅2⁄ ) (�̇�2 +  �̇�2) +  1
2⁄ 𝑚(𝑥�̇� + 𝑥�̇�)2      (5) 

 

 
Fig. 5: Representation of Ball coordinates on the 

plate [3] 

The relative potential energy of the ball to the 

horizontal plane as it passes through the center of 

the slanted plate. 

 𝑈𝑥 = 𝑚𝑔𝑥𝑠𝑖𝑛𝛼 , 𝑈𝑦 = 𝑚𝑔𝑦𝑠𝑖𝑛𝛽 

By Lagrange equation 
 

       
𝑑

𝑑𝑡
(

𝛿𝐾

𝛿�̇�
) −  (

𝛿𝐾

𝛿𝑞
) ± (

𝛿𝑈

𝛿𝑞
) = 0                  (6) 

 

The plate should be horizontal in the steady state, 

and the two angles α and β must be equal to zero. 

We obtain the linearized model of the system in 

the region of this operating state by assuming that 

the range of the plate's rotating angles is [5, +5]. 

As a result, we may utilise the sine function's 

approximation, i.e., sin α ≈ α, sin & β ≈ β  

For x and y Lagrange equation becomes 

(𝑚 +
𝐽

𝑅2⁄ ) �̈� + 𝑚𝑔𝛼 = 0                            (7) 

 

(𝑚 +
𝐽

𝑅2⁄ ) �̈� − 𝑚𝑔𝛽 = 0                         (8) 

 

State space representation of the system is such 

as: 𝑋 = (𝑥, �̇�, 𝑦, �̇� ) are state variable, the 

derivative of X1, X2, X3 and X4 by taking  

𝑚 +
𝐽

𝑅2⁄ = 1, Where α and β are inputs of this 

system, 

�̇� = 𝐴𝑋 + 𝐵𝑈 
 

�̇� = [

0 1 0 0
0 0 0 0
0 0 0 1
0 0 0 0

] [

𝑋1

𝑋2

𝑋3

𝑋4

] + [

0 0
−𝑚𝑔 0

0 0
0 𝑚𝑔

] [
𝛼
𝛽]   (9) 

 

𝑌 = 𝐶𝑋 + 𝐷𝑈 

       𝑌 =  [
1 0 0 0
0 0 1 0

] [

𝑋1

𝑋2

𝑋3

𝑋4

]                   (10) 

 

B. Inverse Kinematics 
 

Prismatic actuators are frequently utilized for the 

Stewart platform. But making a compact 

platform with prismatic actuators is either 

difficult or expensive. We utilize rotational 

actuators; thus, we may use servo motors with 

horns to build the actuation portion. The input of 

system is the plate angle, that’s why 

reverse kinematics analysis must be conducted 

[15] 

                       𝐿𝑖  = 𝑃𝑖 −  𝐵𝑖                           (12) 

 

𝐿𝑖 = 𝑅𝑝
𝐵 𝑝𝑖    + 𝑇𝑏 −  𝑏𝑖 
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Fig. 6 Representation of plate & the base 

Coordinate system 
 

𝐵𝑖
𝑏  = 𝐵𝑖 =

[𝑏𝑖𝑥 𝑏𝑖𝑦 𝑏𝑖𝑧]𝑇=[𝑟𝑏 cos 𝑟𝑖 𝑟𝑏 sin 𝑟𝑖 0]𝑇   
 

 𝑃𝑖 =  𝑃𝑖
𝑝
= 

[𝑝𝑖𝑥 𝑝𝑖𝑦 𝑝𝑖𝑧]𝑇=[𝑟𝑝 cos 𝑟𝑖
𝑝

𝑟𝑝 sin 𝑟𝑖
𝑝

0]
𝑇
 

 

 
Fig. 7: Bi vector & the angles [15] 

 

 
Fig. 8: Plate & the representation of Pi vector [15] 

 

Table 1: List of variables 

 

Variable Definition 

𝐿𝑖 Virtual Length of 𝑖𝑡ℎleg  

𝑃𝑖 Any point on plate where link is 

attached  

𝐵𝑖 Any point on base where servo is 

attached  

𝑇 The translation matrix varies 

according to the angle and position 

of the plate. 

𝑝𝑖 Position vector of point 𝑃𝑖 from the 

frame attached to base center 

𝑏𝑖 Position vector of point 𝐵𝑖 from the 

frame connected to base center 

𝑟𝑏 Radius of the base circle 

𝑟𝑖 The angle formed by the x-axis & 
the line connecting the origin & the 

point where the end of the base joins 

the centerline of the servo motor. 

𝑟𝑝 The distance between the centre of a 

joint and the plate's origin. 

𝑟𝑖
𝑝
 Angle of joints connected to plate 

𝑅𝑝
𝐵 The rotation matrix varies according 

to the angle & position of plate. 
 

Roll-Pitch-Yaw transformation using desired 

platform orientation (α, β, γ) specified in base 

frame:   𝑅𝑝
𝐵  = 𝑅𝑥,𝛼  𝑅𝑦,𝛽  𝑅𝑧,𝛾 .   And Li is the 

length produced by the prismatic actuators. But, 

as we employ rotational actuators, the rotation 

angle of the servo motors should be determined 

from Li. Here is a vector position Mi of 

connections connected to the horns. [15] The 

equation is then indicated by:  

𝑀𝑖= [

𝑥𝑖

𝑦𝑖

𝑧𝑖

] + 𝑅𝑧( 𝑟𝑡) 𝑅𝑦( ∓ △𝑖) [
∓𝑅𝑚

0
0

]  

[

∓ cos△𝑖 cos 𝑟𝑡 𝑅𝑚  + 𝑥𝑖

∓ cos△𝑖 sin 𝑟𝑡  𝑅𝑚  + 𝑦𝑖

∓ sin△𝑖  𝑅𝑚  + 𝑧𝑖

] =  𝑀𝑖 (△𝑖)          (13) 

 

Table 2: List of variables for motor 
 

Variable Definition 

𝑀𝑖 The position vector of joints 

connected to the horns 

 𝑅𝑚 The horn length 

△𝑖 The angle of the 𝑖𝑡ℎ servo motor 

𝑟𝑡 The angle of the 𝑖𝑡ℎservo motor, 

Where, D is the leg length of servo.  

 

𝑅𝑚
2  = (𝑀𝑖(△𝑖)  − 𝐵𝑖) 𝑇 ( 𝑀𝑖(△𝑖) − 𝐵𝑖)  

 

𝐷2=  (𝑃𝑖 − 𝑀𝑖(△𝑖))𝑇 (𝑃𝑖 − 𝑀𝑖(△𝑖)) 
 

|𝐿𝑖|2=   (𝑃𝑖 − 𝐵𝑖)𝑇 (𝑃𝑖 − 𝐵𝑖) 
 

We can simply express the equation as 

△𝑖=   𝑠𝑖𝑛−1 (
±𝑐𝑖

√𝑎𝑖
2+𝑏𝑖

2
) – 𝑡𝑎𝑛−1 (

𝑏𝑖

𝑎𝑖
)              (14) 

Where,   𝑎𝑖 = 2 𝑅𝑚 (𝑧𝑖
𝑝
 −  𝑧𝑖)  

 

𝑏𝑖 = 2 𝑅𝑚 ((𝑥𝑖
𝑝
 −  𝑥𝑖) cos 𝑟𝑡𝑖+ (𝑦𝑖

𝑝
 −  𝑦𝑖) sin 𝑟𝑡𝑖) 

 

𝑐𝑖 =  |𝐿𝑖|2 −  𝐷2 + 𝑅𝑚
2  

 

 △𝑖   is given to the ith servo motor at every 

sampling time. 

4. SYSTEM DESIGN 
 

Hardware design consists of following parts: 

 Electrical & Electronics Design 

 Solid Work & Mechanical Design 
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1. Electrical Design  
 

In electrical design we have servo motor, 4 wire 

Touch screen, Arduino, and power supply. 
 

1) Servo Motor:  
 

Servomotor is a rotary actuator  that allows for 

perfect control of angular, speed & acceleration. 
 

  

Fig. 9: Servo motor (Hardware & Cad model) 

 

2) Touch screen sensor plate  
We used a 4-wire resistive touch screen for 

sensing purpose. When ball is placed at the screen 

the pressure and voltage at that point changes. 

When voltage is given to X terminals the Y 

terminals provide the Y position & vice versa. 

The wires senses X & Y position in milli seconds 

the voltage is provided to the wires using 

Arduino. 
 

 

Fig. 10: Touch Screen  

3) Arduino UNO 
We used 2 Arduino Uno to control the whole 

system. First Arduino to control touch screen and 

2nd Arduino to control the servo motors. 
 

 

Fig. 11: Arduino UNO. 

 

4) Circuit Diagram 

 

Fig.12: Circuit diagram of Arduino 1 

 

 

Fig.13: Circuit diagram of Arduino 2 

2. Solid Work & Mechanical Design 
 

The hardware and Simulink model consists of 6 

servo motors, 6 rod links, 12 Heim Joints, 2 Base 

plates, and 1 top plate.  

  

Fig.14: Heim joints (Hardware and CAD model) 
 

 

Fig. 15: Hardware parts with their dimensions 
 

 

Fig. 16: CAD model of connecting rod 

We assembled all the part & developed a 3D cad 

model for the system in Solid Works. 
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Fig. 17: 3D Solid Works Model 

In hardware the base and top plates are made up of 

acrylic sheet using CNC Machine. We used links 

made up of steel with weight 10g for structural 

support of platform. We used 3 DOF Heim joints 

threaded rod with a circular top to accommodate 

smooth movement of the links. We used steel & 

rubber balls with different mass for testing platform. 

 

 

Fig. 18: Mechanical Model 

5. SIMULINK MODEL 
 

We imported cad model in MATLAB, made its 

subsystem and declared joint values in its editor. 

 

 

Fig. 19: Simulink Model 
 

This Simulink model contains 6 subsystems of 

motors and links, 2 subsystems of base plates and 1 

subsystem of top plate with some transformation 

subsystems. 

 

 

Fig. 20: Subsystem of a servo and a link 

This subsystem contains servo joints and revolute 

joints with link lengths connected to base and top 

plate with the help of revolute joints. 

 

 

Fig. 21: Model with 45-degree angle rotation  

6. CONTROLLER 
 

The X-direction and Y-direction may be 

decentralized in the ball balance control problem. 

The controller is fuzzy controller supervisors. By 

changing the platform's pitch X-direction position is 

handled. By changing the platform roll, the Y-

direction position is adjusted. The position and 

speed of ball are the inputs of the fuzzy supervisors; 

the position is derived from these. The "Position" 

and "Velocity" input linguistic variables of the two 

supervisors. "Pitch Gain" and "Roll Gain" 

respectively are the output language variables of the 

supervisors. "Centroid" is the method of 

defuzzification. Every Linguistic input and output 

have a set of membership functions. The 

membership functions inputs and outputs of the 

system are given below: 
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Table 3: Linguistic Variables  
 

 

 

Fig. 22:  Fuzzy controller 

 

Fig. 23: Membership functions of X-Position input 

 

Fig. 24: Membership functions of X-velocity input 

 

Fig. 25:  Membership functions of Roll output 

 

Rules for X axis are shown in Table 4. Same rules 

were used for Y-axis. 

Table 4: Rules for single X/Y axis 

Surface for X-axis inputs (position & velocity) and 

output (Y-axis rotation, Roll angle) is shown in Fig 

26. Same surface was for Y-axis. 
 

 

  Fig. 26:  Surface between x-input and Roll output 

7. RESULTS 
 

     We read the input of the touch plate (x and y 

position) and read the output of the fuzzifier. Inverse 

kinematics of the result is carried out and servos are 

provided with the required angles. We have tried to 

balance the ball at three locations (the center of 

plate, center of x axis and center of y axis). We 

plotted different parameters for all these cases that 

has be discussed below. 

a) Stabling Ball Along X-axis only:    
 

     Fig. 27 shows the trajectory of the ball on the 

touch screen to make the ball stable along x-axis 

from the initial position of the ball is X=0 & Y 

=0 to final position X=-1 & Y= -90. 
 

 

Fig. 27: Ball Path with Start point (X=0 &  

Y=0) and End point (X= -1 & Y= -90) 
 

Fig. 28 shows ball position vs time graph of xy-

axis and Fig. 29 shows ball velocity vs time 

graph of xy-axis. It can be observed from the 

both graphs that the ball stated to move in xy-

axis at t=0 and system became unstable and after 

few seconds the ball was balanced at the center 

of x-axis, indicated by straight line after t=11s. 
 

Inputs (X / Y) Output 

Position Velocity  Roll & Pitch 

Negative 

Large (NL) 

Negative 

Large (NL) 

Negative 

Large (NL) 

Negative 

Medium (NM) 

Negative 

Small (NS) 

Negative 

Small (NS) Negative 

Small (NS) 

Zero Zero Zero 

Positive 

Small (PS) 

Positive 

Small (PS) 

Positive Small 

(PS) 

Positive 

Medium (PM) 

Positive 

Large (PL) 

Positive 

Large (PL) Positive Large 

(PL) 

OUTPUT 

(Roll/Pitch) 

X/Y Position 

NL NS Z PS PL 

 

X/Y 

Velocity 

NL NL NL NM NS Z 

NS NL NM NS Z PS 

Z NM NS Z PS PM 

PS NS Z PS PM PL 

PL Z PS PM PL PL 
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Fig. 28: Ball position (input) vs time graph 

 

Fig. 29: Ball Velocity (input) vs time graph 

 

Fig. 30 shows angle vs time graph of top plate. It 

can be observed from the graph that when the 

ball moved in x-axis, top plate rotate about Y-

axis performing rolling action and indicated the 

zero pitch and roll rotation after t=11s. 

 

Fig. 30: Output in the form of Top plate rotation 

(Roll about Y-axis) 

b) Stabling Ball Along Y-axis only: 
 

    Fig. 31 shows the trajectory of the ball on the 

touch screen to make the ball stable along x-axis  

 

Fig. 31: Ball Path with Start point (X=0 & Y =0) 

and End point (X= -112 & Y= 0) 

 Fig. 32 shows ball position vs time graph of xy-

axis and Fig. 33 shows the ball velocity vs time 

graph of xy-axis. It can be observed from the 

both graphs that the ball stated to move in xy-

axis at t=0 and system became unstable and after 

few seconds the ball was balanced at the center 

of y-axis, indicated by straight line after t=23s.  
 

 

Fig. 32: Ball position (input) vs time graph 

 

Fig. 33: Ball Velocity (input) vs time graph 

     Fig. 34 shows the angle vs time graph of top 

plate. It can be observed from the graph that 

when the ball moved along y-axis, top plate 

rotate about x-axis performing pitch action, and 

indicated the zero roll and pitch rotation after 

t=23s. 

 

Fig. 34: Output in the form of Top plate rotation 

(Pitch about X-axis) 
 

c) Stabling Ball Along XY-axis: 
 

      Fig. 35 shows the trajectory of the ball on 

the touch screen to make the ball stable along 

in the center of the plate between range of 25 

to -25 of both axes. 
 

 

Fig. 35: Ball Path in X & Y axis 
 

     Fig. 36 shows the ball position vs time 

graph of xy-axis and Fig.37 shows the ball 

velocity vs time graph of xy-axis. The ball 

stabled in between 25 to 30 seconds. 
 

687



 

 

 

Fig. 36: Ball position (input) vs time graph 

  

Fig. 37: Ball Velocity (input) vs time graph 

      Fig. 38 shows the angle vs time graph of 

top plate. It can be observed from the graph 

that when the ball moved in xy-axis, top plate 

rotate about x-axis (Pitch action) and y-axis 

(rolling action. After few seconds the ball was 

balanced at the center of xy- axis in the range 

of 25 to 30 sec, indicated the zero roll and pitch 

rotation. 
 

 

Fig.  38: Output in the form of Top plate rotation 

(Roll & Pitch) 

8.  SAFETY & COMPLIANCE 
 

As the designed Stewart platform is contained due to 

parallel structure the system inherent compliance & 

interacts with its environment with compliant motion. 

Here are the constraints of our system 
 

1. Translation about X-axis (Sway)= ±25mm 

2. Translation about Y-axis (Surge)= ±25mm 

3. Translation about Z-axis (Heave)= ± 15mm 

4. Rotation about X-axis (Pitch)= ± 13º 

5. Rotation about Y-axis (Roll)= ± 13º 

6. Rotation about Z-axis (Yaw)= ± 40º 

7. The plate can bear maximum Ball mass = 1kg 
 

The designed system can't afford rotation more than 

these parameters. Moreover, the system can be 

disassembled easily and every its parts can be changed 

easily if required. 

The aim of used control scheme is to fulfill a desired 

compliant behavior while following the target position 

trajectory during robot-environment interaction. The 

system is environment friendly & offer benefits in 

medical, research & robotic fields. The system can be 

tested with the balls of different material and masses 

under 1kg due to the robustness. So, the sustainability, 

robustness, compliment structure and control of the 

system makes it completely safe & beneficial for 

human use. 

 

9. CONCLUSION 
 

A control laboratory project has been conceived, 

constructed, developed, and tested based on the 

core notion of the Stewart-Gough mechanism. 

Simulink is used to create a software simulation of 

the system, which is then illustrated using a block 

diagram. Students usually face challenges in 

balancing projects. In our project, the ball does not 

settle at a fixed point (in both X & Y axis at the 

same time) but steady in a certain defined area (or 

in single X/Y axis) further fine tuning of 

construction, improving rules and membership 

functions of Fuzzy controller can improve the 

results. 

The results indicate that the updated Fuzzy 

controller has a faster tracking rate, higher steady-

state accuracy, compared to the traditional 

technique. The updated methodology results in 

stronger anti-disturbance ability and superior 

control precision. 

 

10. RECOMMENDATIONS 
 

System performance can be improved by: 

 Changing the joint type (instead of Heim 

joints) so that the unwanted vibrations can be 

damped. 

 Using linear (hydraulic) actuators instead of 

servo motors for smooth movement. 

 Using PID controller with Fuzzy controller will 

have better effect on the system because by 

doing this we can make the response faster for 

our system. 

 Model reference adaptive control (MRAC) can 

be a better option to be used as a controller 

because it gives fast and better response by 

using the mathematical model of a system. 
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Abstract 

 This research is related to analyzing floating platform position control systems with thrusters to minimize drift 

and deviation. Different techniques to control the position and heading of floating platforms and vessels are 

currently in use. The main problem in maintaining the position of a platform is environmental forces acting on 

the platform, such as wind, current, and waves. A control system should measure disturbing forces with sufficient 

accuracy and precision to counteract these forces for maintaining a fixed position. Sensors measure the disturbing 

forces, such as the platform's position can be monitored continuously with the help of the Global Positioning 

System (GPS). When disturbing forces strike the vessel or platform, the control system measures the disturbing 

forces and then counteracts accordingly to maintain the desired position. Position can also be maintained using 

wind sensors and GPS rather than calculating disturbing forces acting on the platform. After in-depth analysis, 

it is determined that there are three best position control systems, Weather Optimal Position Control system, 

Fuzzy Control system, and Thruster assisted system. Floating platforms can be used to station ships in deep 

seawater, station oil rigs, and transport supplies to the oil rigs by statically positioning the ship.  

Key Words Wind sensor, GPS, Floating platform, Position control, Disturbing forces 

1. Introduction 
A floating platform is a marine structure that floats on 

water. Floating platforms are used for various 

purposes, such as stationing ships in deep seawater, 

extracting minerals from deep-sea waters, and 

extracting oil from the sea. The most critical and 

advanced use of the floating platform is to design 

floating oil rigs because previously fixed oil rigs are 

in use which is very large, and it is almost impossible 

to shift them from one place to another. It is also not 

feasible to use fixed oil rigs in such places where less 

amount of oil is present.  

 

The main emphasis of this research is to analyze 

various existing platform position control. 

Maintaining a static position is much needed for 

vessels and floating oil rigs because if a vessel is 

stationed in deep seawater to provide supplies and to 

load or unload oil from oil rigs, it has to maintain the 

static position for days until it completes its job. 

Floating oil rigs have to maintain a static position in 

harsh sea weather conditions for years to perform 

jobs. Some promising approaches include Weather 

Optimal Position Control (WOPC) approach, Neural 

Net computation approach, fuzzy logic control 

approach, and Thruster assisted position control 

approach. These approaches provide good results 

with sufficient accuracy, and their efficiency can be 

increased by using more advanced sensors and GPS. 

WOPC approach uses wind sensors and GPS to 

control the position and heading of vessels and 

floating rigs. The superiority of this approach is that 

it does not measure environmental forces, but it 

measures wind direction and speed by using wind 

sensors and GPS. This approach is simple and easy to 

implement. 

The neural net approach works similar to the human 

brain, and it responds to disturbances by calculating 

them, but it is comparatively complex. The fuzzy 

logic control approach uses Fuzzy Associate Memory 

(FAM) to calculate and respond to disturbances. It 

works on if-then logic to control position. Thruster 

assisted approach uses thrusters to dampen the 

Figure 1. Floating Oil Rig [11] 
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disturbances. It also uses a mooring system to absorb 

load and keep the position of the vessel.        

2. Literature review 
In [1], fuzzy logic controller is presented. Its main 

working principle is based on Fuzzy Associated 

Memory rules. It works on an if-then type statement. 

When system is disturbed, it counteracts that 

disturbance accordingly [1]. 

In [2], Nonlinear Weather Optimal Position Control 

(WOPC) system is proposed. This control is unique it 

do not measures disturbing forces it measure wind 

direction. New sensors will give good accuracy [2]. 

In [3], multivariable control approach is proposed. 

This controller is based on a modified LQG feedback 

control design. For some marine structures having 

coupling characteristics in the dynamics between the 

horizontal and vertical planes, the presented 

multivariable controller reduces the coupling effect 

[3]. 

Research [4] presents the design of dynamic 

positioning of semisubmersible platforms. Two 

control laws are compared in this research. One is the 

optimal control law of Linear Quadratic Gaussian 

(LQG), and the second is an adaptive control 

procedure. The adaptive control is more efficient and 

accurate than the  control [4]. 

In [5], two non-linear control laws for the ship are 

presented. he emergency is considered where 

modelled ship follows a trajectory that varies with 

time using propellers and thrusters for actuation. 

Theorem for Global Uniform Asymptotic Stability 

(GUAS) has been proven for over actuated vessel 

tracking control [5]. 

In [6], a computer based Dynamic Positioning 

System is devised. The devised system uses a Kalman 

filter to estimate the vessel motion. The simulation 

results show that in 5 minutes, the Seaway Eagle type 

vessel drifts less than 10m [6]. 

In [7], Dynamic positioning system of a vessel is 

proposed. This approach uses lateral thruster and 

propulsors mounted on a vessel to counteract the 

disturbing forces. A neural-net model is utilized that 

measures wave motion and gives estimates of 

disturbing forces. Drift and deviations are 

significantly reduced by neural approach [7]. 

In research [8], the physical model of a 

“semisubmersible floating platform in a stochastic 

environment” is demonstrated. This model contains 

six DOF actuators for dynamic positioning and 

levelling, allowing for the global control of the 

platform. The resultant state-space model is non-

linear because of the change of ballast and the fluid-

structure interaction dynamic [8].  

In [9], “Globally Uniformly Asymptotically Stable 

(GUAS) non-linear control law,” in presented. This 

law is verified by implementing the Backstepping 

design technique and Lyapunov stability theory. This 

control technique is applied on a thruster-based 

controlled vessel [9]. 

In [10], a sliding mode control approach for the 

Dynamic Positioning of a turret moored FPSO is 

presented. The devised controller is robust by 

modelling errors, disturbing forces’ magnitude, and 

direction changes. Tests were performed on the 

designed controller to determine performance. There 

was a small tracking error [10]. 

In [11], an adaptive filtering technique is devised for 

systems that are disturbed by environmental forces. 

The state estimations are utilized in a quadratic 

technique-based closed-loop feedback control 

system. In this research, a non-adaptive Kalman 

filter-based system is extended to the self-tuning 

Kalman filter approach. Self-Tuning Kalman Filter is 

utilized to change fixed high frequency [11]. 

In [12], the H∞ approach is utilized to design a 

controller for dynamic positioning. Simulations were 

performed with various environmental disturbances. 

Devised controller is a multilayer. Layer one deals 

with disturbing forces, and the second layer is related 

to robust control the devised controller has good 

stability and performance [12]. 

In [13], the inverse Linear Matrix Inequality (LMI) 

control algorithm is devised to control the position of 

floating platforms. Simulations confirmed that this 

control model is much effective. This 

technique solves the problem of nonlinearity and 

robust control. This technique is applied to various 

mechanical systems [13]. 

Research [14] presents the design of a robust control 

system for station keeping of a ship. The controller is 

based on the H∞ control design approach. The 

controller was installed on a tank model, and its 

performance was monitored in real-time. The results 

show that the controller's higher performance than 

traditional DSP control systems [14]. 

Research [15] is a look at the ambiguous controls 

used inside the Dynamic Positioning device (DPS) 

for underwater structures. Thrusters generate the 

necessary force and momentum to combat the 

pressure of the environment and maintain position. 
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The controller controls the platform's position to keep 

it in the safe zone [15]. 

In [16], a qualitative design manner (QFT) is utilized 

to design a robust floating position machine.  Several 

techniques had been analyzed to combine plant 

situation control. The solid QFT structure based 

approach is primarily dependent on machine 

assessment [16]. 

In [17], role control of a floating offshore WTS using 

the aerodynamic thrust force is presented. The 

devised system is good at achieving actual-time 

offshore wind farm design optimization to maximize 

strength. The performance of the developed 

controllers under the identical function transfer 

project was determined with the help of simulations. 

[17]. 

In [18], the Dynamic Positioning device (DP) 

computational simulator is developed using an R&D 

project using USP and Petrobras. Control algorithms 

had been used, namely three-axis integrated PID and 

Linear Quadratic (LQ) controller. The simulator 

additionally seems for consistent and azimuth-

unfastened modelling [18]. 

In [19], control of a floating Production Storage and 

Offloading (FPSO) system is devised to reduce these 

limitations. The proposed controller introduces 

exceptional capabilities for translation and 

circulation channels. The primary disturbance of 

sliding controllers is chattering, related to the 

oscillatory control averted via the definition of a 

boundary layer on the sliding floor. The overall 

performance of the controller is changed into very 

first-rate, with only a few monitoring errors and a 

good discount of 2d order ship [19]. 

In [20] a new algorithm is devised to chase with the 

attention of riser angles and mooring line stiffness to 

decide the safer place in the area. A combination of 

improved angles and constructing reliability 

indicators are used to evaluate “very last potential” to 

failure occasions. The rate comparison suggests that 

the performance of the proposed set of rules is 

suitable [20]. 

Research [21] introduces a role monitoring control 

method that meets the capability of tracking a vessel. 

A new controller is devised named “Nominal 

Characteristic Trajectory Following” (NCTF) to 

govern the vehicle's location. The performance of the 

devised NCTF controller is determined by comparing 

it with the Proportional-velocity (PV) controller. 

[21]. 

In [22], a conceptual controller for the suspension of 

thruster assistance is proposed. The proposed 

controller protects the necessary swimming device 

from severe weather disturbances. The invention of 

the controller gives good results [22]. 

In [23], implementation of a self-sustaining, dynamic 

positioning system is proposed. The devised 

controller vibrates with greater amplitude because 

control inputs are more than degrees of freedom. This 

scheme is supported by the pseudo-inversion of the 

transformation matrix related to the jet's control 

forces and thrust [23]. 

In [24], a new vibration management machine 

replaces the high-quality characteristic comments 

controller. The new controller operates on pressure-

based overall pressures. and appreciably in piezo 

electrically managed structures [24]. 

In [25], the implementation of a modern-day PPF 

response control check for "vibration and brief-circuit 

coupling tube scanner for business atomic pressure 

microscope AFM" is proposed [25]. 

In [26], a position control of a pneumatic levitation 

system is proposed. The control device using visual 

feedback, which a variable-speed air blower can 

modify, computes the object function [26]. 

Research [27] analyses the controllers to enhance the 

general control of an antenna azimuth role. The PID 

controller in the system uses frequency ranges, and 

the Ziegler-Nichols technique tracks the PID 

parameter gains. The system's step response 

consisting of a PID controller is compared to the 

system's step response [27]. 

In [28], The implementation of dynamic propulsion 

is included in the dynamic positioning 

systems (DPS). Adaptive filtering technique is 

utilized to estimate parameters. This research 

represents the utilization of the reference adaptive 

manage method for DPS’s [28]. 

In [29], a neural controller is devised using the vector 

lower back-stepping approach for ships disturbed by 

environmental forces. Simulations show that a 

delivery ship performed well with the devised control 

system [29]. 

Research [30] discusses the highest first-rate climate 

vanning control of a vessel's dynamic positioning 

(DP). A non-linear returned-stepping approach is 

used for designing a weather ultimate station-keeping 

controller. Results of simulations were satisfactory 

[30]. 
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In [31], the Actual-time feedback convergence 

management method is proposed to control the 

position and heading of a floating vessel. The tension 

in cables is calculated by using a balanced equation 

of six DOF [31]. 

Research [32] is related to the faults such as line 

breakage. A structural reliability index is specified to 

overcome it. [32]. 

In [33], a back-stepping controller is utilized that uses 

a Barrier Lyapunov Feature (BLF) for dynamic 

positioning (DP) of a vessel. BLF regulates control, 

and a gain-stepping technique is devised to control 

the position of the system [33]. 

In [34], a methodology for determining the Set Point 

(SP) is recommended to lessen the anxiety on all the 

mooring traces. The Set Point is chosen mechanically 

as a function that satisfies the criterion for 

minimizing the overall tension [34]. 

Research [35] targets fault-tolerant control structures 

for positioning moored commute tankers. A top-

quality role algorithm is proposed. The recommended 

methodology controls the influence of outside 

environment forces on mooring line tension [35].  

In [36], the control approach for the dynamic 

positioning of a Remote Operated Vehicle (ROV) is 

presented. The suggested control system is a non-

linear PD-kind controller in aggregate with feed-

forward of estimated dynamics and disturbances. 

[36]. 

Research [3] recommends a method to decide the 

reference stated position and a required management 

model to save mooring cables. The protection of each 

cable is measured with the aid of implying a structural 

reliability index [37]. 

 

 

 

 

 

 

 

 

 

 

 

 

In [38], a form of dynamic positioning (DP) managed 

device for structural reliability is suggested for the 

single-point turret-moored FPSOs. The simulations 

prove that the designed controllers successfully 

stored the moored FPSO inside the preferred role and 

stored the reliability index [38]. 

Research [39] introduces the PBD method and 

simulates the consequences of a mooring line in a 

ship mooring simulation system. This research 

suggests a stepped forward PBD method to simulate 

the flexible mooring cables. The applied PBD 

methodology is more efficient than Newton’s 

technique [39]. 

In [40], the Thruster-Assisted Position Mooring 

(TAPM) system includes exclusive control 

procedures and strategies for station keeping. The 

thrusters are intended to control the vessel's 

movement and offer some restoring force within the 

case of mooring cable failure [40]. 
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3. Detailed analysis of approaches under consideration: 

After analyzing various approaches in detail, the 

Controller and sensors used in each approach 

demonstrate each approach. Results, limitations, and 

remarks on each approach are also mentioned to 

simplify current research for readers. Approaches 

under consideration are explained in the 

Comparative analysis table.  

Table 1. Comparative Analysis 

R- 

No. 

Controller Approach Software 

Used 

Sensor 

Used 

Results Errors / 

Limitations 

Remarks 

[1] 

 

Fuzzy 

Logic 

Controller 

The fuzzy logic 

controller works 

on FAM  rules. 

Not used Position 

sensor 

The displacement 

of the vessel from 

its mean position is 

0.06 ship length.  

Heading error 

of 0.25 % ship 

length 

appears. 

A FL 

controller 

gives good 

accuracy.    

[2] WOPC 

Controller  

It control position 

by measuring 

weather 

conditions. 

Not used DGPS, 

wind 

sensors  

WOPC maintained 

the position an 

reduced fuel 

consumption.  

Small heading 

error appears.  

WOPC 

controller is 

a unique 

controller.  

[3] Multi-

Variable 

Controller 

A MV controller 

with roll and pitch 

damping is 

developed.  

Not used  DGPS It suppressed the 

coupling effect 

without reducing 

the positioning.  

A slight 

inaccuracy in 

positioning. 

FL and 

WOPC 

gives better 

results. 

[4] LQG and 

Adaptive 

controller. 

LQG technique is 

compared to the 

Adaptive 

technique.  

PE 

Software  

Displaceme

-nt sensors. 

An adaptive 

controller is more 

efficient than an 

LQG controller.  

A large 

displacement 

offset is 

observed. 

Adaptive is 

a better 

than LQG 

controller. 

[5]  Adaptive 

Back-

stepping. 

Adaptive 

Backstepping 

control technique 

is used.   

Not used Gyroscope, 

Accelero-

meter.  

GUAS is proven for 

fully actuating 

vessel by using a 

theorem for GUAS.  

6 DOF system 

is reduced to 3 

DOF motions. 

It is not 

better than 

WOPC 

controller. 

[6] Kalman 

filtering 

optimal 

controller 

Kalman filtering 

optimal control-

based system is 

developed. 

FORTR-

AN IV 

language.  

Radio 

navigator, 

gyro-

compass. 

Large vessel gives 

better results as 

compared to 

smaller.  

It involves 

modelling 

errors. 

It is 

complex 

system. 

 [7] 

 

NNC 

Controller 

Neural Net 

control technique 

is utilized.   

Not used Sonar 

sensor 

It controls drift and 

deviation accurately 

by countering them 

using propeller. 

The results do 

not confirm 

effectiveness 

of the system.  

It is a good 

system but 

it is much 

complex.  

[8] Embedded 

actuators-

based 

control 

A controlable 

model platform 

having actuators 

is devised. 

Not used Gyroscopes, 

Accelero-

meter. 

For heave motion, 

It vibrates with 

more substantial 

damping. 

Water flow is 

assumed 

laminar. 

Many 

assumption

are 

considered. 

[9] GUAS 

control 

based 

controller 

GUAS is proven 

using the 

Lyapunov 

stability theory.  

Not used Gyro-

compass, 

GPS. 

A nonlinear 

observer is used to 

measure noise's 

position. 

Linearization 

and gain 

scheduling 

techniques are 

avoided.  

It is not a 

suitable 

controller. 

[10] Sliding 

Mode 

Controller 

Sliding mode 

technique is used 

for dynamic 

positoning FPSO. 

Not used Not 

mentioned 

The controller gives 

good performance 

and reduces second-

order oscillations. 

The errors, ec 

= eR = eMLD 

=0.2. 

It is also a 

good 

system. 

[11] Adaptive 

Self-tuning 

filter based 

Controller 

A Self-tuning 

Kalman filter is 

used for dynamic 

positioning. 

Not used Not 

mentioned 

The low-frequency 

disturbances are 

minimized under 

closed-loop control. 

Incorrect 

modelling for 

noise signals 

causes errors.  

It is not a 

suitable 

controller. 

[12] H∞ 

Controller 

H∞ methodology 

is used. 

Not used Position 

sensors 

It counteracts static 

offsets that are 

caused by quasi-

constant loads.  

A linear model 

is used for 

devising the 

controller.  

It is a good 

technique 

but is 

complex. 
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R- 

No. 

Controller Approach Software 

Used 

Sensor 

Used 

Results Errors / 

Limitations 

Remarks 

[13] Inverse 

LMI 

controller 

An Inverse LMI 

control algorithm 

is devised. 

Matlab Not 

mentioned 

It is an effective 

method to control 

position.  

Few errors 

appear in 

trials.  

It is a good 

control 

technique.  

[14] H∞ 

controller 

The H∞ control 

approach.  

Matlab 

Mu 

toolbox. 

Position 

sensor 

H∞ controller has 

superior regulating 

properties.  

Not mentioned It is an 

efficient 

controller.  

[15] FC, PID 

controllers 

Fuzzy and PID 

control 

approaches are 

utilized.  

Simulink 

MS-

Office 

DGPS  FC is tuned easily 

and implements a 

feedforward control 

principle. 

Adjustment of 

the KP, KI, 

and KD gains 

is difficult. 

 Better 

system for 

implementa

-tion. 

[16] 

 

PID 

Controller 

PID control 

approach is used 

to devise 

controller. 

Ansys. 

Simulink 

Not 

mentioned 

It is suitable to 

implement, and it 

performs 

efficiently. 

It is not for 

multi-degree 

of freedom. 

It is a fair 

technique 

but it is not 

advanced. 

[17] 

 

PID, 

LQI 

Controllers 

PID and LQI 

control approach 

is utilized. 

Ansys. 

Simulink 

Weather 

optimal 

sensor 

The designed 

controller 

successfully moved 

the WTS to the 

required location. 

LQI does not 

improve the 

wave 

disturbance 

rejection. 

Fair to use. 

[18] 

 

PID, LQ 

controllers 

Wave filtering is 

done with a notch 

filter or Kalman 

filter. 

Ansys 

Simulink 

MS-

Office 

Not 

mentioned 

The thrust 

allocation algorithm 

minimizes fuel 

consumption.  

Not mentioned It uses both 

controllers 

relatively. 

[19] PPF, 

H∞,  

 PI 

Controllers 

PPF, H∞ and PI 

control apporachs 

are utilized. 

Ansys 

Simulink 

MS-

Office 

Piezo-

electric 

sensor 

Implementation of 

these approaches 

was successful.  

These control 

approaches 

implementati-

on is complex.  

 

It is an 

advanced 

efficient 

system.  

[20] 

 

PID 

Controller 

The reliability 

index is used to 

assess savings 

capacity. 

Simulink 

MS- 

Office 

Not 

mentioned 

The value of the 

cost function is 

lowered to obtain 

an ideal set-point. 

Not 

mentioned 

This 

research is 

related to 

reliability. 

[21] 

 

PV, NCTF 

Controllers 

Position, velocity, 

and torque control 

loop are joined. 

Simulink 

Proteus 

Not 

mentioned 

The NCTF controls 

lservo motors with 

more accuracy than 

the PV controller.  

Research is 

not about the 

controller 

design. 

It is a 

comparison 

research.  

[22] Position 

Mooring 

(PM) 

Mooring line 

failure is set 

below pre-set 

values. 

MS- 

Office 

Not 

mentioned 

There is an 

excessive 

utilization of 

thrusters. 

Various 

parameters 

were high 

wavelengths. 

It is an 

effective 

system. 

[23] Two RTK 

GPS 

At the corners of 

the platform, three 

cylinders are 

positioned. 

C++, 

Matlab 

GPS  The technique gives 

the best algorithm, 

which is fast, 

reliable. 

Not 

mentioned. 

It is an 

accurate 

and stable 

system. 

[24] 

 

MPPF 

controller 

This technique 

requires two 

parallel 

Compensators. 

MS 

Excel, 

Proteus, 

Matlab 

Piezo-

electric  

sensors 

Results show that 

vibration at the 

plate's centre is 

reduced by 90 %. 

10% error 

related to the 

amplitude. 

DEvised 

system 

works 

accurately. 

[25]  PID and 

fuzzy 

controller 

Traditional PID is 

used for 

performance 

comparison. 

Proteus, 

Simulink 

 

Not 

mentioned 

Implemented fuzzy 

control technique 

improves the PID 

controller's 

performance. 

It gives poor 

performance 

for 

disturbance 

rejection. 

It is a good 

system, it 

compares 

the results 

controllers. 

[26] Self-tuning 

fuzzy logic 

controller 

The state-space 

equation was used 

to develop a state 

feedback control. 

Matlab Not 

mentioned 

Minor overshoot, 

and zero steady 

state error are 

gained. 

The system 

response is 

unstable. 

It is a good 

system with 

minor 

overshoot. 
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R- 

No. 

Controller Approach Software 

Used 

Sensor 

Used 

Results Errors / 

Limitations 

Remarks 

[27]  MRAC 

Controller 

The filtered low-

frequency vessel 

dynamics are used 

to construct this 

feedback control. 

Matlab Fixed-gain 

PD control 

sensors 

The reference 

model of the ship is 

tracked with 

reasonable 

accuracy. 

System  is 

disturbed by 

changes in the 

properties of 

vessel. 

This system 

has good 

accuracy. 

[28] RANN 

Controller 

Robust adaptive 

control approach 

is developed.  

Matlab Not 

mentioned 

The ship  moves to 

desired position by 

good accuracy. 

Little error in 

positioning. 

It has good 

position 

control. 

[29] Back-

stepping 

Controller 

A nonlinear 

Backstepping 

technique is 

utilized.  

Simulink

, Matlab 

Not used Devised controller 

works efficiently 

and safely. 

It does not 

measure 

disturbing 

forces directly.  

It gives 

good fuel 

consumpti-

on. 

[30] Feedback 

Converge-

nce 

Controller 

The Feedback 

convergence 

control approach 

is utilized.  

Matlab GPS  The tension 

produced in cables 

return to 49000 N. 

 

It is a costly. 

 

It improved 

control 

accuracy. 

[31] MV PID 

Controller 

The set-point-

chasing algorithm 

is devised. 

Matlab, 

Simulink 

Not 

mentioned 

Devised technique 

deals efficiently 

with the faults.  

Small 

residuals. 

It has good 

accuracy. 

[32] Back-

stepping 

Controller  

Backstepping 

control approach 

is used. 

Matlab Not 

mentioned 

Position of the 

vessel is 

maintained.  

Small 

oscillations 

are produced. 

It gives 

good 

results. 

[33] Self-tuning 

Neuro-

fuzzy 

Controller  

A self-tuning 

control system 

utilizes neuro-

fuzzy algorithm. 

Matlab Not 

mentioned 

The motion of a 

barge model with a 

portable DP system 

was calculated.  

Small 

fluctuations. 

It is a 

suitable 

system. 

[34] TAPM 

controller, 

SPC 

Controller 

 TAPM system 

controls the 

position using  

Algorithm. 

Matlab, 

Simulink 

Setpoint 

chasing 

sensors 

This devised model 

control is easy, and 

it can be operated 

with a little effort. 

Deviations in 

the position 

appear. 

It gives 

reasonable 

accuracy.  

[35] FL 

systems 

NN based 

controller 

Filtering and data 

fusion technology 

is used. 

Matlab 

simulate-

ons 

Various 

sensors 

depending 

on method. 

PID controllers 

achieves success in 

Dynamic position 

control.  

It is difficult 

to select PID 

parameters. 

This 

technique 

gives better 

results. 

[36]  PID 

Controller, 

PMR 

Controller 

The optimal set-

point chasing 

algorithm is 

devised. 

Marine 

Systems 

Simulat-

or (MSS) 

Sensors 

using PID 

and PMR 

Control 

The model is much 

accurate and it 

gives good results. 

The system 

requires more 

control 

energy. 

It is 

suitable 

system.  

[37] Noth filter,  

EKF 

controller 

A computational 

system is devised 

for disturbances.  

Control 

Software 

Position 

control 

sensors 

The controller's 

performance is 

satisfactory.  

The variation 

of the forces 

appear. 

This is a 

suitable 

controller.  

[38] PBD and 

CCD 

Method 

PBD method is 

introduced.  

Visual 

Studio 
Distance 

and bending 

sensors 

The PBD method 

has sufficient visual 

plausibility. 

The relative 

error is 9.02 × 

10-3. 

This system 

gives good 

results.  

[39]  SOCP and 

SDP based 

controller. 

 A newstate-space 

model is 

proposed. 

MSS  GPS, 

Hydro-

acoustic 

sensors 

The results obtained 

are satisfactory. 

Significant 

variance in the 

tension cells is 

assumed.  

It is a cost-

efficient 

system. 

 

[41] Hybrid 

controller, 

Restoring 

Controller 

In this research a 

scaled model of a 

drillship is 

developed. 

CSAD 

model 

Simulink 

Luenberger, 

Kalman 

filter 

The Control system 

appears to be stable 

theoretically.  

Errors appear 

at low 

frequency. 

 

It gives 

good 

results. 
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4. Summary of findings 

Three approaches appear best after a detailed 

analysis of various control approaches, depending 

on results and accuracy. 

 Non-Linear Weather Optimal Position Control 

WOPC systems concept is based on the nonlinear 

control approach that the vessel heading and 

position should be adjusted according to the 

environmental disturbances. The WOPC system is 

used for dynamic positioning of supply vessels 

required to maintain their specific position for a 

more extended period. It measures wind direction to 

maintain position and heading using wind sensors 

and GPS. This controller was tested for the short-

term disturbances, and for long-term disturbance.  

For short-term disturbance: 

𝑀𝑒 = {
0.01(1 − cos(𝑡))/2 , 𝑖𝑓  0 ≤ 𝑡 ≤ 2𝜋

0.0                     𝑖𝑓  𝑡 ≥ 2𝜋
 

The disturbance lasts for the duration of 2π. 

For long term oscillatory disturbance: 

{
 
 
 
 

 
 
 
 𝑋𝑒 =∑𝑋𝑗

𝑒 sin(𝜔𝑗𝑡 + 𝛽𝑗
(𝑋))

𝑁𝑒

𝑗=1

                   

𝑌𝑒 =∑𝑌𝑗
𝑒 sin(𝜔𝑗𝑡 + 𝛽𝑗

(𝑦)
)

𝑁𝑒

𝑗=1

       𝑡 ≥ 0 

𝑀𝑒 =∑𝑀𝑗
𝑒 sin(𝜔𝑗𝑡 + 𝑀𝑗

(𝑋))

𝑁𝑒

𝑗=1

                 

 

 

Here amplitude of forces and moment is Xe
j, Ye

j, and 

Me
j, having the frequency 𝜔𝑗 , β

(x)
j, β(y)

j and β(M)
j are 

the random phases distributed over (0, 2π ). 

Experimental results, 

The ship maintains the position with the accuracy of 

±1 m. The resulting deviation of the ship after 

applying the WOPC technique is shown below in 

graphical form; 

 

 

Experimental results show that modelled ships 

counteracted disturbing forces efficiently caused by 

wind or waves. 

 Fuzzy control 

The DPS control system controls platform 

displacement in three degrees of freedom. This 

system consists of thrusters, sensors, and a 

controller. The controller gives instructions to the 

thrusters to counteract the disturbing forces. This 

controller keeps the platform within a limited radius 

of 2% to 6% of the water depth. A DPS is sub-

divided into four sub-systems: Sensor system, 

controller, thruster system and energy system. 

Here, 

Cd = drag coefficient 

A = total frontal area 

ρ = air/water density 

ωI = i-th wave frequency 

x. = velocity 

V = wind/fluid particle velocity 

ζ = wave elevation at time 

t = time 

Ec = command signal 

u = control signal 

e = error signal, dimensionless 

Ki = integral gain, dimensionless 

Kp = proportional gain, dimensionless 

Kd = derivative gain, dimensionless 

For environmental forces: 

𝐹𝑐/𝑤 =
1

2
𝜌𝐶𝐷𝐴|𝑉 − ẋ|(𝑉 − ẋ) 

For waves: 

Figure 3. Position Deviation in East direction Graph 

 

Figure 2. Positon Deviation in North Direction Graph 
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𝜁(𝑡) = 𝜁1 cos(𝜔1𝑡) 

For thrusters: 

𝐸𝑐(𝑡) = 𝐸(𝑡) + 𝜏
𝑑𝐸(𝑡)

𝑑𝑡
 

For PID control: 

𝑢(𝑡) = 𝑘𝑝𝑒(𝑡) + 𝑘𝑡∫ 𝑒(𝑡)𝑑𝑡 + 𝐾𝑑
𝑑𝑒(𝑡)

𝑑𝑡
 

1

0

 

Experimental Results, 

This semi-submersible platform comprises two 

pontoons, measuring 115 metres in length, 15 metres 

in breadth, and 8 metres in height. It contains eight 

columns, four of which have a diameter of 10 metres 

and four of which have a diameter of 8 metres. 

 

The above graph compares the previous work done 

by the Vendaro and the present work using a fuzzy 

controller. 

 Thruster Assisted Position Mooring System 

TAPM system includes advanced management 

functions for station keeping and motion damping 

for a moored offshore vessel using thrusters. The 

thrusters dampen and restore the vessel's motion, as 

well as compensate for line breakage. The primary 

hundreds are absorbed by the mooring mechanism, 

which keeps the vessel in place. The LF version for 

a moored vessel is given with the aid of: 

𝑀𝑅𝐵𝑣 . +𝑀𝐴𝑣 . + 𝐶𝑅𝐵(𝑣)𝑣 + 𝐶𝐴(𝑣𝑟)𝑣𝑟 +

𝐷(𝑣𝑟)𝑣𝑟 =  𝜏𝑒𝑛𝑣 + 𝜏𝑚𝑜𝑜𝑟 + 𝜏𝑡ℎ𝑟                  

Experimental Results, 

The vessel shows a minor heading deviation of 0.5°. 

It takes place while the vessel first encounters the 

waves and is regular. There were few spikes in the 

heading in the remaining test case. The graph below 

shows how the switching system detects the wave 

frequency the vessel is experiencing is. The results 

suggest that there are a few errors in the low-

frequency range. The filter becomes more 

instantaneous as the frequency range improves. The 

surge, sway damping and restoring controller 

functions as expected in both models and trials. The 

simulation and experiment findings are compared, it 

is clear that they behave very differently. 

 

Figure 5. Frequency vs Time Graph 

5. ADVANTAGES AND 

DISADVANTAGES 

The approaches, which were finalized after a 

detailed analysis of various approaches, have some 

advantages and disadvantages that are mentioned 

below in the table:  

Table 2 Comparative Analysis of best approaches 

Ref. Advantages Disadvantages 

 [2] It gives good 

positional accuracy 

up to ±1 meter. 

DGPS increases the 

positional accuracy 

of the ship.  

It is a complex and 

expansive approach. 

The heading control 

of the vessel was not 

satisfactory as 

heading values were 

not precomputed.  

[18] PID with the fuzzy 

controller tunes the 

controller without 

much effort and 

implements the 

feed-forward 

control principle.  

A significant 

disadvantage is that it 

is difficult to find or 

change three gains: 

KP, KI, and KD.  

[56] 

 
It is good at set 

point chasing.  

Setting the non-

negative filter gain 

matrix better requires 

improvements and 

enhancements in the 

set-point chasing.  

 

Figure 4. Displacement vs Time Graph 
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6. Conclusion 

WOPC, Fuzzy, and Thruster Assisted Position 

control approaches are best for designing a 

controller. These control approaches can be 

implemented as they give satisfactory results with 

sufficient accuracy in position control. Their 

accuracy can be further enhanced by using more 

efficient sensors and advanced thrusters. 
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Abstract 

One of the major issues with the Photovoltaic (PV) modules is the increase of their 

temperature at higher solar flux and consequently decrease of their efficiency. Particularly, in the 

regions of higher solar flux like Pakistan, this is a major concern and should be addressed properly. 

To stabilize the PV module efficiency at higher solar flux, effective cooling system is required. This 

work focused on this issue and thermal enhancement of the PV module is proposed using passive 

cooling system consists of extended finned based heat sink at the back of the PV module. For such 

kind of heat sink, the selection of appropriate number, sizing and shape of the extended fins is an 

important concern. In this study, detailed numerical thermal analysis has been carried out 

considering varying fins geometrical parameters. The simulations have performed considering a 50W 

solar panel using commercial code of Ansys Fluent R3. The heat loss for the different geometrical 

parameters has been calculated and discussed in detail. The results show considerable change in the 

total heat loss from the solar panel with different fins dimensions and shapes. The result of this study 

presents the optimum extended finned passive cooling structure for the PV system. 

Keywords: Photovoltaic modules, extended fins heat sink, CFD analysis, Heat losses 
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Preparation of Sodium Bentonite Clay/Polyvinyl 

Alcohol Nanocomposites via Solution Casting Method 

and their Characterization 
Abstract: 

Polyvinyl alcohol (PVA)/sodium bentonite clay (SBC) nanocomposites were prepared via solution 

casting method in which different concentrations of sodium bentonite clay were dispersed in a 

polyvinyl alcohol matrix. The resultant synthesized PVA/SBC nanocomposites were characterized by 

FTIR, SEM, TGA, DSC. FTIR results show the clear hydrogen bonding exists between sodium 

bentonite clay and polyvinyl alcohol. SEM analysis shows that sodium bentonite clay fully is 

dispersed in the polymer matrix at low clay loading. Furthermore, surface fractured and tactoids 

appears when clay loading increased up to 10 wt.%. Mechanical properties of nanocomposites were 

determined by the ultimate tensile testing machine (UTM). The thermal stability of nanocomposites 

increased and degradation occurs at 494 °C with 40% residue remaining due to the incorporation of 

sodium bentonite clay. DSC results show that the glass transition temperature of nanocomposites 

increased by the addition of clay. UTM analysis show that value of tensile strength and young’s 

modulus increased 100 MPa & 57MPa respectively for 7 wt.% clay loading clay loading in a polymer 

matrix. So overall study shows that mechanical and thermal properties of polyvinyl alcohol matrix 

increased using Pakistani sodium bentonite clay as a nanofiller in a polymer matrix. 

Keywords: Nanocomposites, Polyvinyl alcohol, sodium bentonite, thermal properties, mechanical properties 
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Abstract: 
In this study, compression and power stroke of a 4-stroke, spark ignition IC engine is simulated and 

used to analyze the effect of supercharger and bore to stroke ratio on engine’s performance. The 

analysis is done by thermodynamic simulation on MATLAB. The data values of one of the practical 

engines are used for the simulation. The simulation model assumes the air-fuel mixture as an ideal 

gas where compression increases the internal energy of the air-fuel mixture. The combustion of air-

fuel mixture further adds energy to the system. Heat loss by the cylinder walls is considered using 

Fourier heat loss relation while frictional losses due to sliding motion of piston are only considered. 

Wiebe combustion model is applied for the burning of air-fuel mixture and analysis is performed by 

approximation of Riemann sum. The simulation runs with an increment of very small interval of time 

dt for a small change in volume, temperature and pressure which ends up as the cycle is completed. 
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Abstract 
This work attempts to clarify conflicting results of HHO by determining a limiting flowrate which will 

have no effect on engine performance. HHO gas is produced by the electrolysis of water. At 3.78 lpm 

flowrate, engine torque and power output improved by 11.8% while the efficiency increased by average 

of 8%. No adverse effects were observed. At 1.89 lpm, the engine toque and power initially improved 

but gradually began to decrease with engine speed until 2300 rpm, at which speed, they become equal 

to plain diesel. After this speed, the torque and power output dropped below diesel by 5%. This turning 

point was obtained when HHO volume share was less than 0.5%. The efficiency remained higher than 

diesel for all test points. Instead of a constant flowrate of HHO, a limiting volumetric share of 0.5% is 

observed. 

Key Words: HHO; limiting flowrate; renewable energy; engine performance; compression ignition 
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Abstract 
Global energy demand is increasing rapidly worldwide along with energy resources depletion that 

became a cause of the energy crisis from the past few decades. Thus, the solution of this problem has 

become a great concern on global level.  This has led us toward the usage of water resources for the 

production of energy along with less environmental hazards. The clean water renewable energy 

method utilized here is Salinity Gradient Power. It is the method that is used for the energy as well as 

environmental stability. One of the technologies of SGP is reverse electro dialysis which is our main 

concern. the objective of our research is to optimize the operating parameters of reverse electro 

dialysis and to study their relationship for the improvement of energy production. This is also a used 

method for water cleaning process. Different objective functions are defined and Genetic Algorithm 

(MATLAB) is used to optimize the parameters based on corresponding boundary conditions. There 

are different types of relations to be defined between objective function and its parameters using 

artificial neural network. This will optimize different dependent parameters to maximize the working 

capability of reverse electro dialysis. There are only two pilot plants which are based on reverse 

electro dialysis. Different researches are done on it to commercialize this technique as it is a 

renewable energy resource as well as environmental friendly 
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Abstract 

The purpose of this project is to investigate the optimal parameters of 3D scanner for 3D printing. The 

main highlights of the projects involves improving the quality of scanning using 3D scanner, solid works 

and 3D printer. The objectives of our projects are; to optimize the parameters of 3D scanner for getting 

error free scanned object that is ready for 3D printing. 3D scanning is the technology that is 

continuously changing manufacturing and engineering processes in every industry. Highly intricate 

objects can conveniently be scanned through 3D scanning. Very limited work is reported in this field. 

3D scanning is the best candidate for industry 4.0 due to its applications in Medical Industry, Quality 

control, Reverse Engineering, Computer Aided Designing (CAD), Computational Fluid Dynamics, 

Finite Element Analysis, Prototyping and 3D/4D printing and many more.  
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Abstract 

Large vibration values of high-speed rotating equipment cause unsafe operations, reduced 

availability, and a complete shutdown of production. Therefore, it is essential to keep the vibrations of 

running machines components within the safe operating limits to ensure the continuous operation of 

industrial operations. This project analyses the vibration of multi-stage steam turbine bearing of a 

660 MW power plant through Artificial Neural Network (ANN) tool. The model predicts an average 

4% reduction in relative vibration of the bearing over the complete load range of the power plant, 

which is from 353 MW to 660 MW 
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Abstract 

Joint quality evolution during friction stir welding (FSW) of brass and corresponding mechanical 

properties will investigated in this study. For this purpose, 5 mm thick brass plate was friction stir 

welded at a rotational speed in rpm and traverse speed in mm/min  to study their effect on the 

microstructure of the joint using optical microscopy, scanning electron microscopy equipped with 

electron back scattered diffraction system, and scanning transmission electron microscopy. The 

mechanical properties will be measured using hardness and tensile tests. The different strengthening 

mechanisms, which caused the higher strength of the joint, will be discussed. FSW of current cu-zn 

alloy 405-2 was never reported before 
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Abstract  

CO2 emission is the main problem in vechicles. Our purpose was to reduce CO2 emissions. In this 

regard we made HHO gas and after that it will be used in engine to analyze  its emission and cost 

with respect  to gasoline. Fisrt of all a HHO generator is manufactured and after that this gas is used 

in engine to do analysis. Emission analysis is also evaluated with chemkin. It is concludid that 

emission of co2 can be reduced to about 90 % with respect to gasoline by using HHO in engine. 
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