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Abstract 

The present study aims to investigate technical, economic and environmental aspects of integrating a Parabolic Trough 

Collector with existing feed-water heating system in an old “33 MW unit” in Al-Hussein Thermal Power Plant in Jordan. 

Such integration should improve the performance of the existing power plant and reduce the rate of fuel consumption, 

consequently the resultant pollutants’, including Greenhouse Gases (GHG), emissions will be reduced. System Advisor 

Model software was used as a simulation tool in this study to optimize the required solar field aperture area and to predict 

the performance of employed solar system. Thermodynamic basic relations, energy and mass balances, are used to simulate 

various main components of the existing standard steam, Rankine, cycle. Different scenarios of feed-water heating 

arrangement with solar-replacement are presented and discussed. It was found that efficiency of the existing power unit 

could be increased by 3% due to higher turbine’s output as a result of increased steam flow rate at later stages of the turbine. 

The estimated avoided GHG emissions exceed 10,000 ton CO2 annually. But economics of such system may not be very 

attractive due to decreasing oil prices: at present the estimated payback period is more than 10 years. 

 

© 2016 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 

 

Keywords: Repowering, CSP, Solar Energy, Thermal Power Plants, Jordan.

1. Background  

Concerns of security of energy supplies, fossil fuels 

prices and resultant negative environmental impacts are 

main drivers behind moving towards utilizing indigenous 

energy resources including renewables. This is typically 

the case in Jordan, which is a non-oil producing country 

with limited natural resources and totally dependent on 

imported energy from Gulf States and Egypt. Recently the 

regional political upheaval which caused instability in the 

whole MENA region had impacted Jordan economically 

through: 

 The sharp drop in natural gas supplies from Egypt 

which led to a surge in Jordan’s current account and 

fiscal deficits; and 

 The large influx of refugees, especially from Syria, 

which increased the population by more than 25% and 

further straining Jordan’s difficult fiscal position.  

Thus, the Government of Jordan (GOJ) has taken few 

actions aiming to develop the energy sector to and promote 

energy efficiency in all sectors of the economy in order to 

reduce dependence on imported oil and gas. It is aimed to 

cut the current level of approximately 97%, while 

increasing the share of renewable energy meeting to 10% 

(i.e., 600-100 MW wind, 300-600 MW solar and 30-50 

MW biomass) of energy demand by 2020 as reported by 

the Minister of Energy and Mineral Resources at different 

occasions. However, in the past few years (2011-2014) 

electricity produced from renewable sources was less than 

0.5% [1]. 

Among all renewable sources, solar and wind energy 

are most promising and could be used in green electricity 

generation. The annual solar intensity (2000-2500 

kWh/m2) in Jordan is among the highest in the world 

which supports the development of solar based central 

power plants either by using PV or CSP technologies. At 

present there is a long list of PV projects, as central power 

plants, either connected to the grid or in the pipeline and 

soon will be completed. But CSP technology is still not 

deployed due to the fact that the required capital 

investment is very high compared with other renewable or 

non-renewable technologies. In this study, repowering of 

an old 33 MW steam unit at Al-Hussein Thermal Power 

Plant (HTPP), in Jordan is presented. The repowering is 

achieved by integrating a Parabolic Trough Collector 

(PTC) system with the Feed-Water Heaters (FWHs) to 

substitute for steam extractions from the steam turbine. 

Such integration of a new technology will lead to improve 

the performance of the existing power plant and reduce its 

fuel consumption; consequently, the resultant pollutant 

emissions will be reduced. The paper is organized as 

follows: the next section presents the literature review 

related to the research subject; section 3 describes the 

adopted methodology in this research; the results and 

* Corresponding author e-mail: jojaber@gmail.com. 
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discussion are then introduced in section 4; and section 5 

presents some concluding remarks. 

2. Introduction 

The early works about hybridization of Rankine cycle 

with solar thermal energy started in 1975 with Zoschak 

and Wu studying seven alternatives of absorbing solar 

energy as direct input to 800 MW fossil-fuelled steam 

power plant [2]. It was reported that combined evaporation 

and superheating is the preferred option for hybridization. 

Gupta and Kaushik [3,4] analyzed exergy characteristics 

for different components of a proposed conceptual solar 

thermal power plant and they concluded that heating feed-

water using solar energy is more advantageous than using 

the same solar energy in a stand-alone solar thermal power 

plant. Hu et al. [5] studied the advantages of the Solar 

Aided Power Generation (SAPG) concept using 

THERMOSOLV software. They proved that energy and 

exergy efficiencies of a power station can be improved by 

using solar energy to replace the extracted steam for 

heating feed-water. Qin Yan et al. [6] studied the overall 

efficiencies of the SAPG with different solar systems to 

substitute partially for steam extraction in the regenerative 

cycle. It was found that solar integration assisted the 

existing power plant in reducing coal consumption and 

pollution emissions due to increased net power output. 

Suresh et al. [7] analyzed energy, exergy, economic, and 

environmental impacts of hybrid solar-coal-fired power 

plants, in India, by using the Cycle Tempo software. It was 

shown that there is an instantaneous fuel conservation of 

about 5-6% with the substitution of turbine bleed streams 

to the feed-water heaters. Popov [8] modeled three options 

to repower an existing 130 MW steam power plant with 

solar heating using THERMOFLEX software. The off-

design calculations indicated that the most attractive 

option, especially for existing power plants, is the 

replacement of High Pressure (HP) heaters with an 

adequate solar field to raise boiler feed-water temperature 

up to the desired approach temperature. 

Xiuyan et al. [9] proposed using solar steam as an 

auxiliary thermal source of a 600 MW coal-fired 

supercritical unit, by integrating solar system with the de-

aerator. Yang et al. [10] demonstrated SAPG through a 

case study of a 200 MW coal-fired power plant, and 

discussed different replacement schemes. Reddy et al. [11] 

carried out a comparative energetic and exergetic analysis 

of a solar aided coal-fired supercritical thermal power 

plant. It was reported that there was an instantaneous 

increase in power generation capacity up to 20% when 

substituting turbine bleed streams for all the LP- and HP-

FWHs. Yan et al. [12] developed a model to evaluate 

SAPG, studying energy and economic benefits if 

integrating solar system to preheat feed-water in the range 

from 90°C to 260°C. Their results indicated that the 

benefits of SAPG vary for different steam extraction 

positions and power plant configuration: in general, the 

larger the power plant, the higher the benefit for the same 

level of integrated solar power. 

 

There are various options for integrating CSP 

technologies with a steam cycle. In the current 

investigation, the boiler and feed-water heaters are the 

only sources of thermal energy in the cycle; however, all 

steam is generated in the boiler. Integrating solar system 

with the boiler requires a high-temperature solar 

technology like solar tower or advanced parabolic trough 

collectors, in addition to controls complexity. But the 

integration with feed-water heaters to replace steam 

extraction from the steam turbine appears to be a more 

practical option due to relatively medium temperature 

required in this case. Benefits of solar-aided power plant, 

i.e., hybridization or solar repowering, are nemours but the 

most important are: 

 Reduce consumption of fossil fuel(s) and resultant 

emissions 

 Improve cycle efficiency 

 Lower capital cost than solar-only plants 

 Guarantee full capacity plant operation 

In the market, there are four CSP technologies 

available and used; these are (i) Stirling-dish engine, (ii) 

Central Receiver System (CRS), (iii) Parabolic Trough 

Collectors (PTC) and (iv) Linear Fresnel reflectors (LFR). 

In the present study the PTC has been considered as 

preferred technology for producing the required heat for 

FWHs due to the followings: 

1. Proven technology in commercial projects 

2. Low cost 

3. Low relative area required (m2/kW) 

In future research, LFR system will be considered and 

final results should be compared with findings of the study 

in hand. PTC could work with Heat Transfer Fluid (HTF) 

such as thermal oils where oil transfers thermal energy to 

the water to produce saturated or superheated steam, or 

water can be used as a heat transfer fluid with direct steam 

flashing (below 100 bar steam). As the objective here is 

simply to heat FWHs with steam outlet conditions below 

100 bar, then a Direct Steam Generation (DSG) option, 

without any type of thermal storage, was considered due to 

the following advantages [13]: 

1. No need for additional heat exchangers 

2. Reduced size of the solar field 

3. Low investment cost as well as O&M costs 

4. No danger of pollution or fire  

The present investigation is the 1st attempt in Jordan to 

study the integration of CSP with an existing thermal 

power plant. For this purpose, researchers have developed 

a tailor-made simulation of an old steam unit of 33 MWe, 

which was installed in the second half of 1970s at HTPP 

near Zarqa in Jordan, based on principles of 

thermodynamics and energy conversion. This model was 

used to evaluate the performance (energy balance, 

consumption, power output, efficiency, etc.) of this power 

station. Then a Concentrated Solar Power system (CSP) is 

introduced to preheat boiler feed-water instead of live-

steam extraction from the steam turbine and compared to 

the base case scenario. But it should be remembered that it 

is not the aim of this research work to redesign the steam 

cycle or its components, rather providing a techno-

economic and environmental assessment of such hybrid 

systems. 
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3. Methodology 

The HTPP is an old power plant, located nearby Zarqa, 

approximately 30 km northeast of the Capital Amman. The 

plant site is situated at 560 m above sea level. It consists of 

seven generating units and split into two groups: old 3×33 

MW and new 4×66 MW steam units. The nominal design 

efficiency of old 33 MW units was 33%. Such low 

efficiency is due to the fact that air-cooled condensers are 

used because of lack of fresh water supplies. The plant was 

connected to the grid and came on commercial operation 

in 1977, and after 38 years of operation the real efficiency 

dropped to 26%, as reported by the Central Power 

Generation Company [14]. In this study, one of these 33 

MW units has been selected and analyzed. The employed 

thermal cycle is a standard regenerative Rankine cycle, in 

which the boiler feed-water heating system consists of four 

closed and single open feedwater heaters. Fig.1 shows the 

original heat and mass balance and flow diagram for this 

unit, with heavy fuel oil being the prime fuel. The blocks 

in red dashed-line are main components: fuel-fired boiler, 

multi-stage steam turbine, condenser, water pumps, feed-

water heaters and other accessories. 

The design point energy and mass balances are 

presented for each component; which represent the base 

case in the current study, i.e., before integrating the 

proposed CSP system. Based on this diagram, a detailed 

thermodynamic analysis was carried using a tailor-made 

simulation program, which enabled calculating all 

properties such as temperature, pressure, enthalpy, and 

flow rate, etc., at each point of the cycle and for each 

component. Followed by discussing different scenarios for 

integrating the selected CSP technology with the existing 

cycle, the simulation of CSP technology is conducted by 

using the System Advisor Model (SAM) software, which 

is developed by the National Renewable Energy 

Laboratory (NREL) of USA, to study and analyze the 

performance of the CSP system as part of the hybrid Solar-

Rankine cycle. 

SAM software, which is used to evaluate the CSP 

system, requires a resource data file describing the solar 

energy source and weather conditions on site such as 

hourly values of solar radiation and weather data. These 

include but not limited to solar and weather parameters 

(GHI, DNI and DHI) and dry/wet ambient temperatures, 

relative humidity, atmospheric pressure, wind speed, 

direction and albedo, in addition to latitude, longitude and 

elevation as summarized in Table 1. The reference solar 

parameter, DNI, employed in this study is shown in Fig. 2. 

The basic assumptions used in this study are (i) average 

DNI 950 W/m2, (ii) ambient temperature 20°C, and (iii) 

wind velocity 10 m/s. 

The input parameters, for simulation with SAM, for all 

proposed options are summarized in Table 2, each option 

is taken as a separate case in order to calculate the optimal 

area required for the PTC solar field. This enabled the 

determination of best and optimal performance with 

feasible initial/capital costs. But it should be remembered 

here that the land area depends on different factors such as 

the distance between the PTC rows and aperture area. The 

latter depends on required thermal capacity, DNI, ambient 

temperature, wind velocity and Solar Multiple (SM), etc. 

 

 

Figure 1. Heat balance and flow diagram for the 33 MW steam-unit 
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Table 1. Solar and weather data for plant location 

State, City Zarqa, Al-Hashemyyeh 

Country Jordan 

Time Zone GMT 2 

Elevation (m) 560 

Data Source TMY3 

Latitude (  ̊) 32.07 N 

Longitude ( ̊ ) 36.07 E 

GHI (kWh/m2/day) 5.13 

DNI (kWh/m2/day) 6.39 

DHI (kWh/m2/day) 1.04 

Avg. Temperature (̊C) 18.6 

Avg. Wind Speed (m/s) 10.4 

Table 2. Parameters for different FWHs replacement options 

Replacement Option 
Mass Flow Rate  

(ton/h) 

Thermal 
Energy Rate 

(kcal/h) 

Thermal 
Energy  

(MW) 

Water/Steam Inlet 

Temp. (°C ) 

Water/Steam 
Outlet Temp.  

(°C ) 

Water/Steam Inlet 

Pressure (bar) 

FWH #1 6.88 4,939,152 5.74 281.0 161.9 12.07 

FWH #1+2 
#1 6.88 

13.09 9,220,947 10.72 
281.0 161.9 12.07 

#2 6.21 218.0 136.3 6.66 

FWH #1+2+3 

#1 6.88 

19.81 13,627,923 15.85 

281.0 161.9 12.07 

#2 6.21 218.0 136.3 6.66 

#3 6.72 142.6 130.9 2.92 

FWH 
#1+2+3+4 

#1 6.88 

25.31 17,046,173 19.82 

281.0 161.9 12.07 

#2 6.21 218.0 136.3 6.66 

#3 6.72 142.6 130.9 2.92 

#4 5.50 102.1 76.8 1.11 

FWH 

#1+2+3+5 

#1 6.88 

21.19 14,442,123 16.79 

281.0 161.9 12.07 

#2 6.21 218.0 136.3 6.66 

#3 6.72 142.6 130.9 2.92 

#5 1.38 76.3 69.6 0.42 

FWH #4+5 
#4 5.50 

6.88 4,232,450 4.92 
102.1 76.8 1.11 

#5 1.38 76.3 69.6 0.42 

FWH #5 1.38 814,200 0.95 76.3 69.6 0.42 

All FWHs 26.69 17,860,373 20.77 281.0 69.6 0.42 - 12.07 

 

 

 
Figure 2. Resource beam normal irradiance (DNI) in Zarqa around the year 
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In the present study, integration of CSP system with 

feed-water heaters is considered and eight different options 

of replacing feed-water heaters are presented and 

discussed, as follows: 

1. Feedwater heater No.1 (one high pressure FWH). 

2. Feedwater heaters No.1 and No.2 (two high pressure 

FWHs). 

3. Feedwater heaters No.1 to No. 3 (two high pressure 

FWHs and one open FWH). 

4. Feedwater heaters No.1 to No. 4 (two high pressure 

FWHs, one open FWH and one low pressure FWH). 

5. Feedwater heaters No.3 to No. 5 (one open FWH and 

two low pressure FWHs). 

6. Feedwater heaters No.4 and No.5 (two low pressure 

FWHs). 

7. Feedwater heater No.5 (one low pressure FWH). 

8. All feedwater heaters (five FWHs). 

In all of these scenarios, there will be no water/steam 

mixing between the solar system and the steam unit due to 

using a closed-loops system which should provide FWHs 

with adequate steam/water flow rate at the specified 

conditions. The obtained results are presented and 

discussed in the following section, with the basic 

assumption applying for all these scenarios is that the plant 

running at full load in order to simplify calculations. 

Bearing in mind that the aim of this research is to 

demonstrate the impacts of integrating the proposed CSP 

system with an existing steam unit, and not to redesign the 

power plant or its components. 

4. Results and Discussion 

4.1. Energy and Mass Balance 

In this study, all engineering calculations for supplying 

the required heat as steam, generated by the PTC to the 

FWH No.1, was taken as a sample for the rest of FWHs 

(see Fig. 1). Such solar add-on would eliminate steam 

extraction from the steam turbine, consequently more 

steam mass flow expand in later stages of the turbine. 

Finally, this will produce more network output to the 

generator. 

The effect of first replacement (i.e., FWH No.1) on the 

T-s diagram is shown in Fig. 3. It is clear that steam at 

point 1 is no longer extracted from the turbine, since the 

required heat load is supplied by the PTC system. Based 

on thermodynamic principles and analysis, after 

establishing mass and energy balances, the predicted effect 

on different cycle parameters (Q̇in@Boiler, ẆTurbine, ẆPumps, 

Q̇out@condenser, etc.) is determined and the final efficiency (η) 

of the steam cycle can be estimated. 

This replacement of source of steam, to FWH No.1, 

showed positive effect on turbine’s output, which is 

reflected on the cycle efficiency: increased cycle’s 

efficiency by about 1.04%. Similar procedure was 

followed for the rest of proposed options (see Figs. 4 & 5). 

Close look at these two figures clearly confirms that 

substitution for FWH No. 5 would result in least 

improvement on the cycle due to the fact that needed 

steam here is at low pressure and mass-flow rate, which 

has insignificant influence on the work produced by the 

turbine. While supplying all FWHs with steam generated 

by the PTC system would increase the final efficiency by 

approximately 3%. Main performance indicators of the 

cycle for all studied options are summarized in Table 3. It 

is clear that replacing all FWHs, or high (1&2) and low 

(3&4) pressure, is the best option. Since the steam will 

continue expansion in the turbine resulting in more output 

instead of being extracted for feedwater heaters. 

 

Figure 3. Replacement of FWH No.1on T-s diagram 
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Figure 4: Saved thermal energy and turbine work output for various replacement options of FWHs 

 

Figure 5: Steam turbine work output and cycle efficiency for various replacement options of FWHs 

Table 3: Main performance indicators for all studied options 

Replacement 

Option 

Saved 

Steam (ton/h) 

FWH(s) Thermal 

Energy (kcal/h) 
ẆTurbine (MW) �̇�Condenser (MW) 

ẆCond.Pump 

(kcal/h) 

η 

(%) 

Base Case 0 --- 33.92 67.21 2.6 x 10-3 33.63% 

FWH #1 6.88 4,939,152 34.97 71.38 2.7 x 10-3 34.67% 

FWH #1+2 13.09 9,220,947 35.72 75.14 2.9 x 10-3 35.41% 

FWH #1+2+3 19.81 13,627,923 36.26 79.22 3.0 x 10-3 35.94% 

FWH #1+2+3+4 25.31 17,046,173 36.41 82.55 3.0 x 10-3 36.09% 

FWH #1+2+3+5 21.19 14,442,123 36.26 80.05 3.0 x 10-3 35.95% 

FWH #4+5 6.88 4,232,450 34.14 71.38 2.6 x 10-3 33.84% 

FWH #5 1.38 814,200 33.93 68.05 2.6 x 10-3 33.63% 

All FWHs 26.69 17,860,373 36.41 83.39 3.0 x 10-3 36.10% 
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4.2. Required Solar Field  

Optimization of required solar field aperture area and 

performance prediction of the proposed PTC system was 

achieved by employing SAM, as a simulation tool, as 

illustrated previously. Fig. 6 shows the schematic-flow 

diagram of the steam-unit after integrating the PTC system 

with FWH No.1 and simulation results are summarized in 

Table 4. The minimum value of solar multiple is assumed 

to be 1.5 to ensure that the system will work all over the 

year at its rated capacity. The field thermal energy 

produced by the PTC system over the year is shown in Fig. 

7. 

Table 4: Simulation data of PTC for FWH No.1 

 Input Parameters Output of PTC 

Replacement 

Option 

Solar 

Multiple 

(SM) 

Required 

Thermal 

Power 

Output 

(MWth) 

Steam 

Output/Input 

Temperatures 

(°C) 

Solar 

Field 

Aperture 

(m
2
) 

Active 

Hours
1
 

(hour) 

Out of 

Service 

Days
2
 

FWH#1 1.50 5.74 300/160 13,160 2,043 91 

1: Active hours (out of 8,760 hours) 

2: Out of service days (out of 365 days) 

 
Figure 6: Schematic diagram with PTC system to supply FWH No.1 

 
Figure 7. Field thermal power produced for FWH No.1 with SM = 1.5 over a year 
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In order to meet the minimum required thermal energy 

demand all around working days, i.e. during winter season 

and cloudy days, and to increase active hours of the 

proposed PTC system, the SM factor should be enlarged to 

satisfy the demand. In this study, to calculate the optimal 

solar field aperture area, different trials were carried out, 

for FWH No. 1, by changing the SM value between 1.50 

and 2.75 with a step of o.25. Same procedure applied for 

all FWHs replacement options and sample of results of 

FWH No.1 option are summarized in Table 5. 

Table 5: Simulation results of FWH No.1 with variant SM values 

Input Parameters Output of PTC 

Solar 

Multiple 

(SM) 

Required 

Thermal 

Power 

Output 

(MWth) 

Steam 

Output/Input 

Temperatures 

(°C) 

Solar 

Field 

Aperture 

(m2) 

Active 

Hours1 

(hour) 

Out of 

Service2 

(Days) 

1.50 

5.74 300/160 

13,160 2,043 91 

1.75 15,275 2,426 55 

2.00 17,390 2,703 26 

2.25 19,505 2,911 8 

2.50 21,855 3,080 7 

2.75 23,970 3,168 3 

1: Active hours (out of 8,760 hours) 

2: Out of service days (out of 365 days) 

It is clear from the tabulated figures in Table 5 that 

solar field aperture area for any replacement option is 

directly proportional to solar multiple as well as PTC 

system’s active hours. Doubling SM factor would lead to a 

sharp drop in the out of service days, i.e., from 91 to 3, but 

the aperture area almost doubled which will increase the 

required capital investment and O&M costs. This direct 

proportional relationship between SM value and aperture 

area is shown in Fig. 8, for all replacement options. 

Configuration of PTC system and number of collectors 

in each of preheating, evaporation and superheating 

sections of the solar field are not part of this work. Only 

models of each collector and receiver are mentioned here. 

So a commercially available system “SCHOTT PTR 70” is 

selected as receiver and “Luz LS-2” as collector. 

Characteristics of receiver and collector are shown in 

Table 6 [15] and Table 7 [13].  

Table 6: Characteristics of “SCHOTT PTR 70” receiver   

Absorber steel pipe outer/inner diameter (m) 0.070 / 0.066 

Glass envelope outer/inner diameter (m) 0.120 / 0.115 

Inner roughness of steel absorber pipes (m) 4.5×10-5 

Absorber absorption 0.96 

Absorber emittance 0.095 

Glass envelope transmittance 0.97 

Selective coating Black Cr 

Heat losses (W/m) 58.29 

Thermal losses (W/m and W/m2) 77.03 / 15.40 

Optical efficiency  0.75 

Table 7: Characteristics of “Luz LS-2” collector 

Solar collector assembly (SCA) length (m) 50 

SCA aperture (m) 5 

SCA aperture reflective area (m2) 235 

Distance between SCAs in row (m) 1 

Row spacing; center to center (m) 15 

Number of SCAs per Row 4 

Deploy angle (o) 10 

Stow angle (o) 170 

Average focal length (m) 1.8 

Solar tracking accuracy (o) 0.10 

Maximum wind velocity to operate (km/h) 56 

Mirror reflectivity 0.935 

Aperture angle  80 

Geometric accuracy 0.98 

Dust on envelope 0.98 

 

Figure 8: Relationship between solar multiple and solar field aperture area 
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4.3. Economic Analysis 

In open literature there is limited information about 

cost breakdown of CSP systems. In addition to lack of 

local experience in such new systems from EPC point of 

view which prevents making reasonable assumptions. The 

only dependable available sources are the World Bank 

report, 2011, which included the investment cost of 

different subsystems of Andasol-1 plant in Spain [16] and 

the cost model developed by the National Renewable 

Energy Laboratory (NREL) with assistance from Worley 

Parsons Group Inc., for use with NREL’s System Advisor 

Model (SAM) [17]. Based on these reports, estimates of 

capital and running costs factors of the proposed PTC 

system are summarized in Table 8. 

Table 8: Estimated capital and annual running cost factors for the 

proposed PTC system 

Parameter 
Cost 

Factor 

Direct Capital Cost 

Site Improvement (US$/m2) 10.0 

Solar Field (US$/m2) 400.0 

HTF System (US$/m2) 5.0 

Contingency (% of total direct cost) 3% 

Indirect Capital Cost 

Engineering, procurement and construction (% of 

total direct cost) 
10% 

Annual Running Cost 

O&M (labor and material) (US$/kW-year) 12.0 

Based on basic assumptions provided in Table 8 and 

previous calculations, the total capital cost of PTC system 

needed to replace FWH No.1 (with SM = 1.5 and aperture 

area of 13,160 m2) are assessed as shown in Table 9. This 

could provide an initial projection of costs related to 

integrating a CSP system with an existing steam power 

unit. The share of each of main components of the 

proposed PTC system in the total capital cost is shown in 

Fig. 9. 

Table 9: Total capital cost of PTC for FWH No.1 (SM = 1.5) 

Parameter Cost (US$) 

Direct Capital Cost 

Site Improvement 131,600.0 

Solar Field 5,264,000.0 

HTF System 65,800.0 

Contingency 163,850.0 

Indirect Capital Cost 

EPC Contract  562,530.0 

Total 6,187,780.0 

It is clear that solar field cost is the major one with 

sharing ratio of 85%, while all other items represent less 

than 15%. Table 10 summarizes total capital costs and cost 

per energy unit produced by the new system (US$/kWth) 

for replacing FWH No.1, with variable SM values as 

discussed previously. Based on previous calculations and 

assumptions, the projected simple payback period for this 

project is not very attractive since it exceeded 11-12 years. 

But with prevailing low oil prices in the international 

market, in 2016, the payback period is much longer. In 

Fig. 10 which illustrates the relation between SM, capital 

cost and SPBP for FWH No.1 replacement option, it is 

obvious that the optimal SM values is around 1.75 and 

estimated SPBP not less than eleven years. 

 
Figure 9: Cost share of main components of proposed PTC 

system to replace FWH No.1 

 

Table 10: Cost analysis for replacement FWH No.1 option 

SM 

Aperture 

Area 

(m2) 

Capital Cost 

(106 US$) 

Unit Energy 

Cost 

(US$/kWth) 

Actual 

Active 

Hours 

(hour) 

Thermal Energy 

Saved* 

(kcal×109/yr.) 

Fuel Saving** 

(US$/yr.) 

Simple 

Payback 

Period 

(year) 

1.50 13,160 6.188 1,077 2,002 11.237 541,046 11.44 

1.75 15,275 7.182 1,251 2,377 13.344 642,476 11.18 

2.00 17,390 8.177 1,424 2,649 14.868 715,834 11.42 

2.25 19,505 9.171 1,597 2,853 16.012 770,918 11.90 

2.50 21,855 10.276 1,789 3,018 16.941 815,674 12.60 

2.75 23,970 11.271 1,962 3,105 17.425 838,979 13.43 

*Calorific value of HFO (fuel used in 33 MW unit of HTPP) = 10,139 kcal/kg [18] 

**HFO price used for power generation based on fuel prices in Jordan considered as US$ 488.2/ton as in March 2015 [19] 
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Figure 10: Relation between SM, capital cost and SPBP for FWH No.1 replacement option 

 
Same procedure was applied for all studied options, 

taking also different SM values. It was found that SPBPs 

for any replacement option range between 10 and 14 years 

and the optimum SM between 1.75 and 2.0. 

For such long-term project, calculating SPBP is enough 

to judge on its economics and thus the cash flow over the 

lifetime of the proposed PTC system should be considered. 

The long-term investment analysis presented by cash-flow 

diagram and Net Present Value (NPV) of money were 

simulated for all cases of FWHs replacement, with various 

financial parameters as shown in Table 11. The results of 

such simulation are presented in Figs. 11 and 12 which 

show annual net cash flow and cumulative cash flow, 

respectively. 

Based on net yearly values cash flow diagram (Fig. 11); 

NPV at a discount rate of 7% was about +191,503 US$. 

While PBP based on cumulative cash flow diagram (Fig. 

12) was about 12 years and 6 months. But since the NPV 

has a positive value, then project is acceptable and may 

prove to be feasible in the future. 

 

 

 

Table 11. Financial parameters and assumptions for investment 

analysis 

Financial Parameter Value Notes 

Project lifetime 

(investment period) 
20 years --- 

Inflation rate 5% 

Average value for years 

(2010-2014) in Jordan 
[20] 

Discount rate 7% --- 

Net salvage value 10% 

% of total capital cost 

(Conservative 

assumption for the value 

of the project at the end 
of the lifetime) 

Income tax rate 14% 
Income tax rate in Jordan 

due to date 2015 [21] 

Insurance 0.3% % of total capital cost 

Debt ratio 70% % of total capital cost 

Loan term 10 years --- 

Loan rate 6% --- 
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Figure 11: Net values cash flow diagram for FWH No.1 (SM = 2) 

 

 Figure 12: Cumulative cash flow diagram for FWH No.1 (SM = 2) 

But, any change in the proposed financial parameters 

and basic assumptions would have a significant change on 

NPV and PBP calculations, e.g. increasing debt fraction to 

100% of total capital cost will reduce NPV to only 

+52,011 US$ and increase PBP by 3 months or more. 

Since such economic analysis was conducted based on 

variables and assumptions that are uncertain, then 

sensitivity analysis was carried out in order to test 

the robustness of obtained results and understand better the 

relationships between most influential input and output 

variables. As shown in Fig. 13 that most important two 

variables are capital cost, represented by the cost of 

required solar field and fuel prices. It is followed by other 

less important factors, such as construction cost.  
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Figure 13: Sensitivity analysis of key parameters and their influence on SPBP 

 

 
Figure 14: Sensitivity analysis of NPV in relation with employed financial parameters 

 

When looking at the financial parameters, as expected 

the most important factor on economics of this project is 

the discount rate (when increased by 1%, the NPV 

decreased to about -610,000 US$ and therefore the project 

is not accepted and invested in such project is not feasible) 

followed by the local inflation rate and other factors as 

illustrated in Fig. 14. 

4.4. GHG Emissions 

As demonstrated earlier that the new CSP integration 

with existing steam plant saved energy, represented by the 

amount of HFO needed to generate steam, consequently 

there will be net reduction of pollutant gases including 

GHG emissions. The amount of avoided GHG emissions, 

represented by CO2 equivalent was calculated using an 

emission factor of 77.4 ton CO2/TJ [22]. Nevertheless, cost 

reduction of such project could be achieved through 

financing from grants and/or CO2 emissions trading. Based 

on the European Union Emissions Trading Scheme (EU 

ETS), each ton of CO2 avoided could be sold in the 

international market for approximately 26 US$ [23]. When 

such cost is taken into consideration and added to fuel 

savings, then the SPBP is reduced significantly, by about 

15%, as shown in Fig. 15.  
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Figure 15:  Calculated SPBP for FWH No.1 before and after considering CO2 emissions 

 

5. Conclusion 

In the present work, the integration of CSP technology 

with an old HFO fired steam (standard Rankine cycle) unit 

of 33 MW is proposed based on a Parabolic Trough 

Collector system (PTC). This will be used to heat boiler’s 

feed water heaters instead of extracting the required steam 

from the steam turbine. Technical, economic and 

environmental analyses were conducted for different 

scenarios for such integration. Each of the studied 

scenarios has different thermal capacity; consequently 

dissimilar solar field aperture areas were required. To 

conduct such analysis, a trailer-made simulation tool was 

developed based on basics of thermo-fluids relations. The 

PTC solar field aperture areas and its performance as well 

optimal solution were conducted by using the System 

Advisor Model (SAM) software. The introduced PTC 

system has increased efficiency by 2.5% due to the net 

increase (of 7.5%) in turbine’s work output and reduced 

rate of fuel consumption. But this value varied as different 

FWHs integration scenarios were assumed. The economics 

of such system under studied circumstances were found 

not encouraging since the SPBP ranged between 10 and 12 

years for different scenarios. The environmental impacts 

are positive since pollutant emissions were reduced 

significantly: about 17,500 ton/year of CO2 could be 

avoided. 
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Abstract 

In the present paper, the three-dimensional Computational Fluid Dynamics (CFD) simulation of heat transfer and fluid 

flow in two types of heat sinks are presented.  The plate fin and circular pin fin heat sinks are simulated for different air 

velocity inlet.  Thermal and hydraulic performances of plate fin and circular pin fin heat sinks are obtained. Numerical 

predictions of thermal resistance and pressure drop in the heat sinks are compared with experimental results from the 

literature and an excellent agreement is found. The results also show that the circular pin fin heat sink has better performance 

than the plate fin heat sink. For the plate fin heat sink, the thermal resistance varied from 2.92 oC/W to 0.99 oC/W, whereas 

the pin fin heat sink varied from 2.69 oC/W to 0.89 oC/W. 
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Nomenclatures 

 specific heat  

 energy  

 generation of turbulence kinetic energy due to 

buoyancy 

  generation of turbulence kinetic energy due to 

mean velocity gradients 

h sensible enthalpy   

 thermal conductivity 
 

 turbulence energy  

inP  inlet pressure (Pa) 

outP  outlet pressure (Pa) 

Q  heat dissipation rate  

Rth thermal resistance ( oC/W ) 

 source terms in Equations 8 and 9, respectively 

 temperature  

velocity components  

 velocity 
 

 

Greek symbols 

k
,   turbulent Prandtl numbers for and , 

respectively 

 dissipation in Equations 8 and 9  

 dynamic viscosity  

 turbulent viscosity  

 density   

 stress tensor  

1. Introduction 

Air cooled heat sink is the most widely used type of 

cooling device because of their many advantages, such as 

easy fabrication, low cost, and easy maintenance. Using 

heat sinks to transfer thermal energy has received 

considerable attention from researchers. 

 

Tuckerman and Pease [1] made a micro-channel heat 

sink which capable of dissipating a heat flux of 790W/cm2. 

Wesberg et al. [2] solved numerically a two-dimensional 

conjugate heat transfer problem which consists of 

calculation of heat conduction in the solid and convective 

heat transfer in the fluid. Temperature distributions, heat 

flux and Nusselt number along a micro-channel heat sink 

cross-section were obtained. Teertstra et al. [3] developed 

pC
1 1( )J kg K 

E  J

bG

kG

1( )J kg

k 1 1( )W m K 

k 2 2( )m s 

 W

, kS S 

T  C

, ,u v w 1( )m s

V
1( )m s

k 

  2 3m s 

 1 1( )kg m s 

t 1 1( )kg m s 

 3( )kg m

 2( )N m
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an analytical model to predict the average heat transfer rate 

for forced convection plate fin heat sinks for electronics 

applications. Jonsson and Moshfegh [4] conducted 

experiments in a wind tunnel with seven types of heat 

sinks including plate fin, strip fin, and pin fin heat sinks. 

They developed an empirical correlation for different fin 

designs and predicted the Nusselt number and the 

dimensionless pressure drop. Duan and Muzychka [5] 

presented a simple semi-empirical model for predicting the 

heat transfer coefficient of plate-fin heat sinks.   Yang and 

Peng [6] presented a numerical computations of the plate-

circular pin-fin heat sink and examined the thermal and 

hydraulic performance of the heat sink. Their results show 

that the performance of the in-line design is better than the 

staggered design. Betz and Attinger [7] designed a 

polycarbonate heat sink consisting of an array of seven 

parallel microchannels each with a square cross-section of 

500 m  wide. They found that the segmented flow 

increases the Nusselt number of laminar flow by more than 

100%.  

Mohammed et al. [8, 9] presented numerical 

simulations to compare the zigzag, curvy, and step heat 

sinks and concluded that the zigzag design has the best 

thermal performance. For the wavy heat sink the 

temperature was always lower than that of plate-fin heat 

sink. Numerical and experimental study for thermal 

performances of plate fin heat sinks for various fin spacing 

were investigated by Chen et al. [10]. Yang et al. [11] 

investigated numerically the turbulent fluid flow and heat 

transfer characteristics of air jet impingement onto the 

rotating and stationary heat sink.  

Hatami and Ganji [12] studied the heat transfer of a fin 

shaped heat sink cooled by Cu- water. Temperature 

distributions in the solid section and fluid section were 

obtained numerically by using the least square method. 

Jeng et al. [13] Experimentally discussed the fluid flow 

and heat transfer characteristic of square pin fin heat sink 

filled with packed brass beads. Zhai et al. [14] conducted 

simulations to investigate flow and heat transfer 

performance of de-ionized water flowing through different 

micro heat sinks with complex structure under a uniform 

heat flux. 

The present article aims at examining the thermal and 

hydraulic performances of plate fin and circular pin fin 

heat sinks by implementing CFD simulation. Numerical 

solutions are obtained for wide velocity ranges and are 

compared with the experimental data of Jonsson and 

Moshfegh [4].  

 

2. 2. Mathematical Model and Simulation 

2.1. Geometrical Parameters of Heat Sinks 

The plate fin and circular pin fin heat sinks are shown 

schematically in Figure 1. The geometrical parameters of 

the models in this paper are based on Jonsson and 

Moshfegh [4], and shown in Table 1. 

 
Figure 1. Schematic diagrams of heat sinks: (a) plate fin heat sink 

and (b) circular pin-fin heat sink 

Table 1. Geometrical parameters of heat sink 

Parameters                                          Dimensions (mm) 

Height of the base Hb                                                               3 

Height of the fin H                                           10 

Length of the fin L                                         52.8 
Fin spacing Sf                                                                                  5 

Fin thickness t                                                 1.5 

Fin number N                                                    9 

Diameter of the pin fin D                               1.5 

2.2. The Governing Equations 

The system is assumed to be a steady state, 

incompressible and turbulent flow. The mass continuity 

equation is [15]:  

      0
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where  is the density and  are the velocity 

components. 
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where is the static pressure, and is the stress 

tensor . 

The conservation equation of energy is [15]: 
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where  represent the energy transfer due to 

conduction. The cases simulated in this paper contain only 

one species and no source terms are used. In Equation 5: 

                                                 (6) 

where h is the sensible enthalpy and can be 

expressed as: 

ref

T

p

T

h C dT 
                                    

                             (7) 

where  is 298.73 K. 

The governing equations for the realizable turbulent 

kinetic energy k and the dissipation rate   are [16] 
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In these equations, kG represents the generation of 

turbulent kinetic energy due to the mean velocity 

gradients. bG is the generation of turbulence kinetic 

energy due to buoyancy. MY  represents the contribution 

of the fluctuating dilatation in compressible turbulence to 

the overall dissipation rate. 2C  and 
1C   are constants. 

The quantities k and   are the turbulent Prandtl 

numbers for k and , respectively. 
kS and S   are user 

define source terms. 

2.3. Computational Domain and Boundary Conditions 

The geometry of the plate fin and circular pin fin heat 

sink models and the boundary conditions are illustrated in 

Figures 2 and 3. Since the fin geometry is periodic in the 

spanwise direction, a single passage of the heat sink is 

selected to be the computational domain. 

The velocity boundary condition and a constant 

temperature are set at the inlet. The velocity at the inlet 

increases from 2 m/s to 12 m/s and the inlet temperature is 

294K. At the outlet of the computational domain, a 

pressure boundary condition is employed. The interface 

between the solid and the fluid is a no-slip wall with no 

thermal resistance. A constant heat flux thermal boundary 

condition is used on the base of heat sink, and the total 

heat applied on the fin base is 10 W. Adiabatic wall 

conditions are provided on all the other walls. Properties of 

the working fluid are the same as those of ambient air at 

294 K, and the material of heat sinks is aluminium with 

thermal conductivity of 202 W/ (m.K). 

 
Figure 1. Computational domain and boundary conditions for 

plate fin heat sink  

 

Figure 2. Computational domain and boundary conditions for 

circular pin fin heat sink 

2.4.  Grid Independence 

Different mesh sizes were performed for plate heat sink 

and pin fin heat sink in order to guarantee the grid 

independence of the results. Figures 4 and 5 show the 
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thermal resistance for different grid sizes. According to 

these figures the results from 700,000 grid size for plate 

heat sink and 500,000 grid size for pin fin heat sink can be 

considered to be grid independence. 

 
Figure 3. Thermal resistance at different grid sizes for plate fin 

heat sink 

 

 

Figure 4. Thermal resistance at different grid sizes for pin fin heat 

sink 

3. Results and Discussion 

A Computational Fluid Dynamics (CFD) program 

FLUENT has been used to predict the heat transfer and 

fluid flow in the two types of heat sinks. In order to verify 

the present simulation, the thermal resistance and the 

pressure drop under the conditions Vin = 2 m/s to 12 m/s 

and Q = 10 W are compared with the available 

experimental results of literature [4]. Figures 6 to 9 show a 

comparison of the experimental data and numerical 

predictions for both the thermal resistance and the pressure 

drop of the plate fin and circular pin fin heat sinks. 

The thermal resistance of the heat sink is calculated by: 

Q

T
Rth


                                                                             (10) 

where T  is the temperature difference between the 

temperature on the fin base and the ambient air 

temperature, and Q is heat dissipation power applied on 

the fin base. 

 

The pressure drop ( P ) from the inlet to the outlet of 

the flow passage, which reflects the hydraulic performance 

of the heat sink, is calculated by: 

outin PPP                                                                  (11) 

Figures 6 and 7 show the comparison between the 

numerical perditions and the experimental data of the plate 

fin heat sink. As can be seen in Figures 6 and 7, when the 

inlet velocity increases, larger pressure drop is acquired, 

while the thermal resistance of the heat sink decreases 

dramatically. It can also be seen that the predicted results 

are found in excellent agreement with the experimental 

data. 

 

Figure 5. Thermal behavior of plate fin heat sink 

 

Figure 6. Hydraulic behavior of plate fin heat sink 

Figures 8 and 9 provide a comparison between the 

simulation results and experimental data of the circular pin 

fin heat sink. The predictions of the simulation correspond 

well to the experimental results. 

 
Figure 7. Thermal behavior of circular pin fin heat sink 
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Figure 8. Hydraulic behavior of circular pin fin heat sink 

Comparison between plate fin and circular pin fin heat 

sinks are plotted in Figures 10 and 11. From Figure 10, it 

is clear that the circular pin fin heat sink has a lower 

thermal resistance than the plate fin heat sink, which 

agrees with the experimental data of Jonsson and 

Moshfegh [4]. As a result, the circular pin fin displayed 

higher heat transfer rate compared to the plate fin. 

However, comparisons of pressure drop are presented in 

Figure 11 and it shows that the circular pin fin heat sink 

has higher pressure drop than the plate fin heat sink. 

The temperature distributions on plate fin and circular 

pin fin heat sinks are shown in Figures 12 and 13. In these 

figures, heat transfer range is identified by colour changes 

on the plate and pin surfaces. 

 

 

Figure 9. Comparison of thermal resistance between plate fin and 

circular pin fin heat sink 

 

Figure 10. Comparison of pressure drop between plate fin and 

circular pin fin heat sink 

 

 
Figure 11. Temperature distributions on plate heat sink 
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Figure 12. Temperature distribution on circular pin fin heat sink 

 

4. Conclusions 

In the present study, the plate fin and circular pin fin 

heat sinks were simulated with inlet velocity varies from 2 

m/s to 12 m/s. Three dimensional computations were 

implemented on a single flow passage with a periodic 

boundary condition. The thermal resistance and pressure 

drop of the heat sinks were predicted. The results show 

that increasing the flow velocity reduces the thermal 

resistance and increases the pressure drop simultaneously. 

The two models of the heat sink were compared with 

experimental data and excellent agreement was found. A 

comparison between the two heat sinks was made and it 

was found that pin fin heat sink has lower thermal 

resistances than plate fin heat sink. Therefore, circular pin 

fin heat sink displayed higher heat transfer rate than the 

plat fin heat sink. Future work has to consider different 

geometrical parameters to achieve efficient performance. 
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Abstract 

The present study focuses on three-dimensional analyses of a thick walled functionally graded material cylinder, 

containing a longitudinal semielliptical internal surface flaw, and is subjected to an internal pressure and a rotational speed. 

The cylinder is assumed to be isotropic with exponentially varying elastic modulus through the thickness. The effect of wall 

thickness on the distribution of stress intensity factor is also studied. The results which are normalized for the advantage of 

non-dimensional analysis show that the material gradation, the crack geometry and wall thickness have a significant 

influence on the amount and distribution of stress intensity factors. Numerical results are given to assess the safety of the 

FGM and homogeneous cracked cylinder. The study is valuable to engineering applications. 
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1. Introduction 

Rotating thick-walled cylinders are common in 

industrial applications, such as shaft of machine, multi-

barrel rotary guns in weapon, engine of aircraft and 

rotating pipeline of petrochemical equipment, etc. Cracks 

are easy to appear in the internal bore of the cylinder 

because of the flaw of production and usage [1]. The 

theory of thick tubes (Lame’s theory) shows that the 

longitudinal cracks located on the internal face of the 

cylinder are most dangerous [2]. The stress intensity factor 

calculation on the crack face is of the most important for 

study of the crack propagation and fatigue life. 

Parallel to new industrial developments, it seems that 

the use of conventional materials in rotating thick-walled 

cylinders is inadequate. Recent developments in the space, 

automobile and many modern industries have placed 

demands on Functionally Graded Material (FGM) 

cylinders suitable for unusual conditions of pressure, 

temperature and environment [3].  

FGMs have attracted much interest primarily as an 

alternative to Thermal Barrier Coatings (TBCs), which are 

used in aerospace and high temperature applications. The 

possibility of tailoring the desired thermo-mechanical 

properties holds a wide range application potential for 

FGMs.  

     

FGMs are multiphase materials in which the volume 

fractions of the constituents vary continuously as a 

function of position. Therefore, the mismatch of thermos-

NOMENCLATURE 

a = depth of the deepest point on the crack front 
c = semi axis of the elliptical crack 

E = elastic modulus 

KI, KII, KIII = conventional SIFs, modes 1, 2 and 3 
Ki,non = non dimensional SIFs where i=I,II,III 

KO  = nominal stress intensity factor 

Pin = inner pressure of cylinder 
Q = shape factor 

Rin = inner radius of cylinder 

Rout = outer radius of cylinder 

β = constant of material non-homogeneity 

δ = small distance  

ζ = non-dimensional normalized coordinates 

η = relative depth of the crack 

μ = shear modulus 

υ = Poisson’s ratio 

ξ = aspect ratio 

σij = stress tensor 

ϕ = parametric angle 

ς, χ, ψ = the local coordinate systems at the crack tip 

ω = constant of thermal non-homogeneity 

∆u = the crack tip opening displacement 

APDL = ANSYS Parametric Design Language 
COD = Crack Opening Displacements 

FGM = Functionally Graded Material 

ID =  Inner Diameter of the cylinder 
OD = Outer Diameter of the cylinder 

SIF = Stress Intensity Factor 

TBC = Thermal Barrier Coating 
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mechanical properties near the bond line is minimized. 

Another application area of FGMs include their use as 

interfacial zone between two different layers, improves the 

bonding strength [4], and reduces the residual stresses, 

interfacial delamination [5] and stress concentration or 

stress intensity factors [6,7]. Because of their outstanding 

advantages over conventional composites and monolithic 

materials, these materials have received a special attention 

from engineers and researchers of various fields of 

interest. Kim and Paulino [8] addressed a wide variety of 

FGMs applications. Tutuncu [9] considered power series 

solution for the stresses and displacements in functionally-

graded cylindrical vessels subjected to internal pressure 

alone using the infinitesimal theory of elasticity. Stress 

analysis of thick-walled tubes, due to the nature of 

functions, are chosen to describe the inhomogeneous 

properties of cylinder material, are studied by Fukui and 

Yamanaka [10].  

So far, the effects of material distribution on the 

characteristics of these materials under various loading 

conditions and for various geometries have been 

investigated from different points of view.  

Although FGM cylinders can be used in these unusual 

working conditions, generation of defects such as holes, 

cavity, and cracks in the material substructures during 

manufacturing or in-service conditions is inevitable. The 

fatigue failure of such components often develops from the 

propagation of surface defects. Therefore, the 

consideration of fracture mechanic criterion in the design 

process of this equipment is essential for reliable 

application in the above mentioned industries. Crack 

analysis of FGMs is an indispensable task in the 

optimization, reliable and durable design of functionally 

graded materials and structures in innovative engineering 

applications. For crack problems in FGMs with general 

geometrical and loading conditions, efficient and accurate 

numerical simulation tools are required due to the high 

mathematical complexity of the arising governing partial 

differential equations. In this regards, there has been 

extensive research focusing on predicting response of 

FGM cylinders containing cracks. Afsar and Anisuzzaman 

[3] considered a thick walled FGM cylinder with two 

diametrically opposed edge cracks emanating from the 

inner surface and solved the problem of the Stress 

Intensity Factor (SIF) by numerical procedures. The FGM 

cylinder was radially divided into layers of infinitesimal 

thickness with constant material properties at each layer. 

Chen [11] determined the SIFs for an internal and an 

external fully circumferential crack in FGM cylinders 

subjected to a longitudinal tension. Nami and Eskandari 

[12] studied three-dimensional investigations of stress 

intensity factors in a thermo-mechanically loaded cracked 

FGM hollow cylinder. The cylinder was assumed to be 

isotropic with exponentially varying elastic modulus 

through the thickness. The effect of non-uniform 

coefficient of thermal expansion on the distribution of 

stress intensity factor was also studied. The problem of the 

stress intensity factor analysis for cracks located at an 

arbitrary position in rotating FGM disks is studied by 

Eskandari [13]. A semi-analytical solution for the purpose 

of thermo-elastic analysis of functionally graded rotating 

thick cylindrical pressure vessels with variable thickness 

subjected to the temperature gradient and internal non-

uniform pressure has been performed by Jabbaria and 

Zamani Nejad [14] by using higher-order shear 

deformation theory and multi-layer method. 

 In the present paper, a longitudinal semielliptical 

internal surface flaw in a rotating thick walled FGM 

cylinder of thickness t and internal radius Rin subjected to 

internal pressure Pin is considered (Fig. 1). The effect of 

wall thickness of the cylinder on the distribution of stress 

intensity factor is also studied. The elliptical-arc defect is 

described by two dimensionless parameters, ξ = a/c and 

η = a/t, the so-called aspect ratio and relative depth of the 

crack, respectively. 

 
Figure 1. Longitudinal internal semi-elliptical surface crack in a rotating thick walled cylinder.  
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2. Stress Intensity Factor of the Functionally Graded 

Cylinder 

2.1. Problem Definition 

A problem which is encountered in three dimensional 

finite element analyses is the large number of elements and 

as a result, a remarkable and time consuming computation. 

Also, because of very rapid changes in the geometrical 

parameters around the crack front region, mesh generation 

of this region must be done with a great care. This may 

lead to increase the run time which makes it difficult to 

reach valid results and conclusion. The sub-modeling 

technique is an advanced numerical tool which solves the 

problem of analyzing the complex finite element models. 

This method is also named as the cut-boundary 

displacement method or the specified boundary 

displacement method [15]. If the boundary of the sub-

model is reasonably selected, and a fine mesh is used in it, 

the high accuracy results can be achieved [15]. Very rapid 

changes in the geometrical parameters cause to employ a 

higher mesh density in the vicinity of the crack front. For 

such a case, a sub-model technique is employed to 

overcome the problem. In this technique, a coarse mesh is 

generated at the first step, and then the region around the 

geometrical discontinuity, i.e., crack region, is cut. Then 

the boundary conditions on this cut boundary are extracted 

from the coarse model and transferred to the cut boundary 

or ‘sub-model’. Finally this sub-model can be analyzed 

using higher mesh density and accuracy [15]. 

The present paper studies the stress intensity factor in a 

rotating thick walled FGM cylinder subjected to the 

internal pressure. Also, the effects of diameter ratio of 

cylinder on the SIF’s are studied. The results obtained by 

the 3-D finite element analysis. The special effort is made 

to condense the SIF data into a compact dimensionless 

form and to study the effect of material gradation, 

Diameter Ratio (RD) and the crack depth on the stress 

intensity factor for points on the crack front.  A cylinder of 

the inside diameter of 45 mm and a total length of 700 mm 

with different diameter ratios, i.e., 
𝐷𝑜𝑢𝑡

𝐷𝑖𝑛
=

𝑅𝑜𝑢𝑡

𝑅𝑖𝑛
= 1.5,

2, 2.5, 3  is considered. The problem has also been 

examined through the commercial software, ANSYS, 

which has been used as a finite element solver. The 

location of a semi-elliptical surface crack is shown in Fig. 

1. The geometry of crack is identified by two 

dimensionless parameters, a/c and a/t which called aspect 

ratio and relative depth of crack, respectively. Any 

arbitrary point on the crack front defined by a non-

dimensional normalized coordinates as follow; ζ =
XP XG⁄  where XP and XG are the x-coordinate of the 

arbitrary point P which generally located on the crack front 

and the corner point G, respectively (Fig. 1).  

2.2. Finite Element Modeling 

The finite element modeling of cylinder is shown in 

Figs. (2a-2b). The  higher order 3-D 20-node isoparametric 

brick elements are used everywhere except near the crack 

front and the singularity elements are applied around the 

crack front (Fig. (2b)). The singularity elements have 

square-root terms in their assumed displacement 

distribution and, therefore, produce a singular stress field 

at the crack front. The mesh around the crack front is 

refined enough (i.e., 0.4 mm) to achieve the stress and 

strain distribution accurately. 

The crack front region has been constructed by 

sweeping an auxiliary area around the crack front line. The 

auxiliary area is meshed using singular elements around 

the crack front node and non-singular elements in the 

remaining part of the area. After this, the half of sub-model 

is constructed. Then, the next half of sub-model is 

generated by reflecting the model about the crack plane. 

By merging the nodes, except those on the crack faces, it 

becomes possible to model the crack in the cylinder. The 

whole finite element model has nearly 60,000 elements for 

the FGM cylinder.  

A finite element code can be used to account for spatial 

variation in material property of FGM cylinder. There are 

different ways of incorporating changes in material 

properties into a finite element program. Walter et al. [16] 

describe two commonly-used methods. An element base 

method where the desired spatial material property of each 

element based on its location is achieved through a finite 

element code. Another way is to compute the material 

property at each integration point for element stiffness 

matrix via the spatially varying in material property 

function. 

 
Figure 2. Finite element model of cylinder: (a) the whole model and the corresponding sub-model, (b) the singular elements near the crack 

front 
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2.3. Functionally Graded Cylinder   

In the present study, a finite element code using the 

ANSYS Parametric Design Language (APDL) is used to 

account the material property changes for each element via 

its location. This section describes the details of the finite 

element formulation for stress and fracture analyses of 

rotating thick walled FGM cylinder. The material is 

assumed to be isotropic with exponentially varying elastic 

modulus through the thickness is as follow: 

 𝐸(𝑟) =  𝐸1 𝑒
𝛽 (𝑟−𝑟𝑖)     (1) 

where, 𝑟𝑖 is the inner radius of cylinder and 𝛽 is the 

constant of material non-homogeneity which is defined as: 

β =
1

W
  ln (

E2

E1
)                        (2) 

where, w denotes the thickness of cylinder, 𝐸1 and 𝐸2 

are the values of elastic modulus at the inner and outer 

radius of cylinder, respectively.  For a simple traceable 

solution, the dependency on the Poisson’s ratio is 

neglected and it is assumed constant throughout the 

cylinder.  

2.4. Crack Tip Fields in FGMs 

Material non-homogeneity has a significant influence 

on SIFs. Eischen [17] established the general form of the 

stress and displacement fields near a crack tip in a 

nonhomogeneous material with a spatially varying 

material property. He solved the problem for materials 

with continuous, bounded, and differentiable property 

variations and showed that the asymptotic fields for a 

crack in a FGM with continuous mechanical properties are 

same as those of a crack embedded in a homogeneous 

material. In addition, the asymptotic displacement 

expressions for the homogeneous materials can be used for 

FGMs on condition that the material properties are 

calculated at the crack-front location.  

Since the nature of the stress singularity for 

continuously non-homogenous, isotropic and linear elastic 

solid is precisely the same as the well-known form 

applicable to homogeneous materials, irrespective of the 

particular form of the Young's modulus variation [17], the 

stress intensity factors can be obtained from Crack-

Opening-Displacements (CODs) as [18]: 

{

KI

KII

KIII

} =  
𝜇𝑡𝑖𝑝 √2𝜋

4(1−𝜈)
 lim𝛿→0

1

√𝛿
{

∆𝑢𝜍(𝛿)

∆𝑢𝜒(𝛿)

(1 − 𝜈)∆𝑢𝜓(𝛿)

}                             

where KI, KII and KIII are opening, sliding and tearing 

modes of SIFs, 𝜇𝑡𝑖𝑝 is the shear modulus at the crack front, 

𝛿 which approaches zero is a small distance between 

specified node at crack-surface and a node at crack-front, 

and  ∆𝑢𝐼  (X) = [𝑢𝐼(X ∈ upper crack surface) −
𝑢𝐼(X ∈ lower crack surface)]  in which 𝐼 = 𝜍, 𝜒 and 𝜓 

are the CODs in the local coordinate systems. 

The stress intensity factor for cylinder is considered in 

the non-dimensional form and is defined as: 

KI,non =  
KI

K0
                                         (3) 

In which KIis the calculated values of the stress 

intensity factors and K0 is the nominal stress intensity 

factor. The nominal stress intensity factor for FGM 

cylinders are used as:  

K0 =
2 Pin (Rout)2

(Rout)2 − (Rin)2 √
πa

Q
 for plane stress     (4) 

where the shape factor, Q, is approximated by 

   

Q = 1 + 1.464 (
a

c
)1.65        (5) 

It should be noted that the nodes near the surface of the 

plate are in the plane stress conditions. Through thickness 

nodes, far from the plate surface are in plane strain 

situations. Plan strain stress intensity factor differs by the 

coefficient of  
1

1−ν
  from the plane stress ones. 

3. Numerical Results  

3.1. The Validation of the Method 

To justify the reliability of the method, a semi-elliptical 

surface crack in a FGM plate under tension is considered. 

Figure 3 shows the configuration and location of the crack 

in the plate. It is assumed that the material gradient is in 

the y-direction, i.e.  𝐸(𝑦) =  𝐸1 𝑒
𝛽(𝑦). The crack 

parameters are supposed as 𝜉 =
1

3
  and  𝜂 = 0.8 and the 

ratio of Young modulus in FGM plate is considered as 

E(y=t) /E(0) = 0.2. The constant value of 0.3 is used for 

Poisson’s ratio throughout the material. The corresponding 

homogenous case is also considered and compared to the 

FGM solution. 

 
Figure 3. Semi-elliptical surface crack in a FGM plate under 

tension 

The distribution of normalized stress intensity factor 

through the semi-elliptical surface crack with a/c = 0.33 

and a/t = 0.8 as a function of the parametric angle for both 

the FGM and homogenous plates under uniform tension 

loading is shown in Figure 4. In this case, it is assumed 

that the FGM plate has the material gradation equal to 0.2. 

The results are compared with those reported by Yildirim 

et al. [19] showing to be in a good agreement for both 

cases. It is noteworthy that, for symmetry, only one-half of 

crack front is considered. 
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Figure 4. Variation of the normalized mode-I stress intensity 

factor on the crack front in a FGM plate with 𝜉 =
1

3
, 𝜂 = 0.8, 

𝜈 = 0.25,  E(ro) /E(ri)= 0.2 and homogeneous material.  

3.2. Results and Discussion  

3.2.1. Pressurized Rotating Thick Walled FGM Cylinder  

In the present study, we considered a semi-elliptical 

surface crack in a rotating thick-walled FGM cylinder 

subjected to the internal pressure of 5 MPa. The constant 

value of 0.30 is used for Poisson’s ratio throughout the 

material. The rotation speed of cylinder with inner 

diameter of 90 mm and different wall thicknesses is 

considered as 1300 rad/s.  

The distributions of mode I stress intensity factors 

along the crack front as a function of the normalized 

coordinate (ζ), for a FGM and corresponding 

homogeneous rotating cylinder are compared in Figs. (5a-

5e). Each curve is plotted for a certain values of relative 

crack depth (𝜂), material gradation (RE=E2/E1), i.e., 

0.2,2,5,10 and for different values of aspect ratio (𝜉). The 

results are compared for corresponding homogeneous 

material (E2/E1=1) in Fig. (5d).  

It can be observed from Fig. 5a that for 𝜂 = 0.1 and RE 

= 0.2, the higher values of aspect ratios (𝜉), the smaller 

values of KI in midpoints of the crack fronts. In other 

words, for corner points of the crack fronts, the higher 

values of aspect ratios, the higher values of KI . The effects 

of material gradation on variation of first mode of the 

stress intensity are studied in Fig. 6. The following results 

can be seen from the figures: 

 It can be seen that the distribution of the KI along the 

crack front is symmetric on both sides of the deepest 

point, and the stress intensity factors at the corner 

points are the same. It may be concluded that, 

regarding the probable crack growth, the corner points 

start to propagate simultaneously. Moreover, the same 

crack growth rates are expected to be seen at both sides 

of the crack. 

 The distribution of the SIF on the crack front tends to a 

parabola like shape and the critical point on the crack 

front in rotating FGM cylinders with  low material 

gradation(RE=E2/E1< 1) depends on the value of aspect 

ratio. 

 For rotating FGM cylinders with small values of 

material gradation (RE=E2/E1<1), as the aspect ratio 

increases, the deepest point of the crack front tends to 

be safer than corners in probable crack growth. In other 

words, in cracks with small aspect ratios the deepest 

point will propagate sooner than corners. Cracks with 

large values of aspect ratio apt to grow in corners 

sooner than others. 

 For large values of material gradation (RE>>1), as the 

aspect ratio decreases, the critical point happens at the 

deepest points and the corner points experiences 

minimum value of the stress intensity factor.  

 The points on the crack fronts in rotating cylinders with 

high material gradation and large values of aspect ratio 

grow simultaneously in same manner.   

 For homogeneous rotating cylinder, the critical point of 

the stress intensity factor depends on the aspect ratio of 

the crack. For small values of the aspect ratio, the 

critical point is always one between the two corner 

points. The maximum stress-intensity factor occurs at 

the deepest point. 

 In a certain value of material gradation, higher the 

aspect ratio, higher the KI at corners. For large values 

of the aspect ratio, KI increases dramatically in corners. 

 The points far from corners on the crack front in a 

homogenous rotating cylinder have the same values of 

SIF and the distribution of KI on the crack front is 

nearly linear. The gradation in material cause to change 

it to a parabola like shape.  

 Higher the material gradation, smaller the stress 

intensity factor in corners. In other words, increasing 

the material gradation will decrease the risk of crack 

propagation on the deepest point.  

The effect of Diameter Ratio (RD) on the distribution 

of the KI along a crack front with constant aspect ratio and 

relative crack depth ( 𝜂 = 𝜉 = 0.4) for different gradation 

of materials, i.e. 0.2,1, 2, 5 and 10 are studied in Fig. (7a-

7e). The effects of internal pressure and rotational speed of 

the cylinder on the distribution of the mode-I stress 

intensity factor along the crack front are depicted in Figs. 

8-9.A general investigation of graphs demonstrates that the 

wall thickness variation causes the following results: 

 Higher the diameter ratio, higher the KI along the crack 

front. In other words, in probable crack growth, 

cylinders with smaller diameter ratios are more reliable 

than others. 

 In a certain value of wall thickness, higher the material 

gradation, smaller the KI at corners. In other words, for 

large gradation of materials (RE>1) with constant 

diameter ratio, smaller the material gradation, smaller 

the KI at the deepest point.  

 Smaller the material gradation, higher the effects of 

diameter ratio on the values of stress intensity factor on 

the crack fronts. It means that in a constant value of 

diameter ratio, the maximum SIF occurs on cylinders 

with smaller gradation of materials. 

 Higher the internal pressure, higher the values of the 

SIFs along the crack front. 

 The rotational speed of the cylinder significantly 

affects on the values of the stress intensity factors along 

the crack fronts. As seen, with increasing the rotational 

speed of the cylinder the stress intensity is increased. 
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Figure 5. Distribution of the first mode stress intensity factor along the crack front in a rotating FGM and homogeneous cylinder with 𝜂 =

0.1, 𝜈 = 0.3, diameter ratio (RD) = 1.5 and for different values of aspect ratios (𝜉) with material gradation of: a) RE=0.2; b) RE=2; c) 

RE=5; d) RE=10 e) RE=1(homogeneous material). 
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Figure 6. Distribution of the normalized KI along the crack front in 
a rotating FGM cylinder with different values of material gradation 

for constant  𝜂 = 𝜉 = 0.4, 𝜈 = 0.30 and diameter ratio (RD) of 1.5 

 

 

 

 

 

 

 

 

 

Figure 7. Distribution of the normalized KI along the crack front in a rotating FGM and homogeneous cylinder for different values of 

diameter ratios (RD) with 𝜂 = 𝜉 = 0.4, 𝜈 = 0.3  and different gradation of materials; a) RE=0.2; b) RE=2; c) RE=5; d) RE=10 e) 

RE=1(homogeneous material). 
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Figure 8. Variation of the KI along the crack front for different 

internal pressure in a rotating FGM cylinder with 𝜂 = 𝜉 = 0.4, 

RE=2, RD=2.  

 

Figure 9. Variation of the normalized KI along the crack front in a 

rotating FGM cylinder for different rotational speed with 𝜂 = 𝜉 =
0.4, RE=2, RD=2. 

4. Summary and Conclusions 

In this study, three dimensional finite element analyses 

of a rotating FGM and homogeneous cylinder containing a 

semi longitudinal elliptical surface crack under internal 

pressure is carried out. At first, only the effect of 

exponentially varying elastic modulus through the 

thickness is studied. Then the effect of diameter ratio on KI 

is also considered.  

In both cases, the distribution of SIF’s along the crack 

front is studied and the effect of aspect ratio of crack (a/c) 

is investigated. It can be seen that the distribution of the 

KI along the crack front is symmetric on both sides of the 

deepest point, and the stress intensity factors at the corner 

points are the same.  

Depends on the material gradation, diameter ratio and 

the crack geometry, the values of the SIF at the corners or 

the deepest point are the critical ones. 
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Abstract 

In the present investigation, SAE 1010 steel sheets are welded by resistance spot welding. The welding current, welding 

cycle and electrode force are the principal variables that are controlled in order to provide the necessary combination of heat 

and pressure to form the weld. Response surface methodology (Box-Behnken Design) is chosen to design the experiments. 

In the range of process parameters, the result shows that as welding current increases shear tensile strength decreases, 

whereas welding time (cycle) and electrode force increase shear tensile strength increase. From the ANOVA table it can be 

concluded that electrode force is contributing more and it is followed by welding time and welding current. Optimum values 

of welding current (6 kA), welding time (25 cycle) and electrode force (4.5 kN) during welding of SAE 1010 steel sheets 

joint to maximize the shear tensile strength (Predicted 8.214 kN) have been find out. There was approximately 6.12 % error 

was found between experimental and modeled result. 
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1. Introduction 

Resistance spot welding (RSW) has an important place 

in manufacturing and it is the simplest and most widely 

used form of the electric resistance welding processes in 

which faying surfaces are joined in one or more spots [1]. 

Spot welds are the dominant joining method in the 

automotive assembly process. As the automated assembly 

process is not perfect, some spot welds may be absent 

when the vehicle leaves the assembly line [2, 3].  

Resistance Spot welding is a process in which 

contacting metal surfaces are joined by the heat obtained 

from resistance to electric current flow. Work-pieces are 

held together under pressure exerted by electrodes. 

Typically the sheets are in the 0.5 to 3 mm thickness 

range. The process uses two shaped copper alloy 

electrodes to concentrate welding current into a small 

"spot" and to simultaneously clamp the sheets together. 

The amount of heat (energy) delivered to the spot is 

determined by the resistance between the electrodes and 

the amperage and duration of the current. The amount of 

energy is chosen to match the sheet's material properties, 

its thickness, and type of electrodes. Applying too little 

energy won't melt the metal or will make a poor weld [4]. 

Applying too much energy will melt too much metal, eject 

molten material, and make a hole rather than a weld. 

Another attractive feature of spot welding is the energy 

delivered to the spot can be controlled to produce reliable 

welds [5,6]. 

M. Pouranvari [7] et al. in 2011 investigated the effect 

of the welding parameters (welding time, welding current 

and electrode force) on the overload failure mode and 

mechanical performance of dissimilar resistance spot 

welds between drawing quality special killed AISI 1008 

low carbon steel and DP600 dual phase steel. Mechanical 

properties of spot welds are described in terms of failure 

mode, peak load and energy absorption during the quasi-

static tensile-shear test. Three distinct failure modes were 

observed during the tensile-shear test: interfacial, pullout 

and partial thickness–partial pullout failure modes. 

Correlations among failure mode, welding parameters, 

weld physical attributes and weld mechanical performance 

are analyzed. Effect of expulsion on mechanical 

performance of welds is also investigated. 

In Sung Hwang [8] et al. in 2011 studied on expulsion 

reduction in resistance spot welding by controlling of 

welding current waveform and discussed on welding 

problem such as expulsion in resistance spot welding of 

high strength steel.  

 

* Corresponding author e-mail: shashi_gla47@rediffmail.com. 
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R.S. Florea [9] et al. in 2012 welded 6061-T6 

aluminum by resistance spot welding and for 

characterization. Electron Back Scatter Diffraction 

(EBSD) scanning, tensile testing, Laser Beam Profilometry 

(LBP) measurements along with optical microscopy (OM) 

images, failure loads and deformation of 6061-T6 

aluminum alloy were experimentally investigated of 

resistance spot welding.  

Hessamoddin Moshayedi [10] et al. in 2012 studied on 

nugget size growth in resistance spot welding of austenitic 

stainless steels and developed A 2D axisymmetric electro-

thermo-mechanical Finite Element (FE) model is to study 

the effect of welding time and current intensity on nugget 

size in resistance spot welding process of AISI type 304L 

austenitic stainless steel sheets using ANSYS commercial 

software package. 

Shear tensile strength plays a key role in determining 

the welding strength of the weld plates SAE1010 steel 

sheets. Shear strength is the strength of a material or 

component against the type of yield or structural failure 

where the material or component fails in shear. A shear 

load is a force that tends to produce a sliding failure on a 

material along a plane that is parallel to the direction of the 

force. Welding of sheets by resistance spot welding is 

dependent on many factors, it is more influenced by 

parameters like welding current, welding time and 

electrode force. In the present investigation, response 

surface methodology (Box-Behnken Design) used to 

determine the welding process parameters with the optimal 

shear tensile strength are investigated [11]. 

 

2. Materials and Methods 

2.1.  Workpiece Material 

The present work was planned to optimize the 

resistance spot welding parameters of SAE 1010 steel 

sheets with constant thicknesses. The specimens were 

prepared by cutting the workpiece material into the 

suitable dimensions and then cleaned and abraded to 

prevent high contact resistance which is created due to an 

oxide layer. The tensile shear test experiments were 

performed on the specimens according to welding 

standards of the Resistance Welders Manufacturer 

Association (RWMA). SAE 1010 steel is used for 

applications such as cold headed fasteners and bolts, 

Tubular Products, Bar Products, Wire Products, Fasteners, 

and Piping Components. The chemical composition 

(percent by weight), and the mechanical properties of the 

SAE 1010 steel sheet are given in Table 1 and Table 2, 

respectively. The dimensions of the specimens used 

throughout the experiment are also given in Table 3 [12]. 

Table 1.  Chemical composition of SAE 1010 steel sheet[13] 

Percent        

Composition 

C Mn Si P S 

0.082 0.62 0.18 0.013 0.016 

 

 
Table 2.  Mechanical properties of SAE 1010 steel sheet[13] 

Mechanical 

Properties 

Yield 

Strength 

Tensile     

Strength 

% Elongation Hardness 

(HB) 

327 418 33.5 78 

Table 3.  Dimensions of the workpieces 

Thickness (t) 

(mm) 

Width (W) 

(mm) 

Length (L) 

(mm) 

Contact Overlap 

(mm) 

2 25.4 101.6 25.4 

2.2. Electrode Material 

Copper was used as an electrode material and it was 

reserved constant during all the seventeen experiments. 

The electrode was changed with a non-used one for each 

experiment run to prevent the effect of electrode damage 

on the nugget formed. Copper electrode dimension, 

electrode before using and after using are shown in Figure 

1 (a), (b) and (c), respectively. 

 

Figure 1. Electrode material (a) Copper electrode dimension (b) electrode before using (c) electrode after using 
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2.3. Experimental Procedure 

A Resistance spot welding machine was used for 

resistance spot welding of SAE 1010 steel sheets with 

constant thickness 2 mm. The required sensors are placed 

in relevant positions for most effective detection as shown 

in Figure 2. The current sensor (not visible) is a Rogowski 

(air cored) coil. This sensor gives a voltage output 

proportional to the current induced through the arms of the 

spot weld machine. The voltage sensor consists of two 

leads connected to each copper electrode. 

 

Figure 2.  Resistance spot welding process 

There are various process parameters of resistance spot 

welding machine affecting the resistance spot welding 

characteristics. On the basis of pilot investigations, the 

following process parameters have been selected for study. 

Their ranges are given in Table 4.  

Table 4.  Resistance spot welding process parameters with their 

ranges 

S.No. Input parameters                         Ranges 

1 Current (kA)                            6 -10 

2 Welding time (Cycle)                    15 -25 

3 Electrode force (KN)                   1.5-4.5 

Welding of SAE 1010 steel sheet was carried out by 

resistance spot welding as per the plan of experiments 

tabulated in Table 5 and measured shear tensile strength 

measured on tensometer tensile testing machine are also 

given in Table 5.  

2.4. Response Surface Methodology 

The response surface methodology is used to design the 

experiment for the given problem. In this study, three 

parameters are used as levels that maximize the yield (y) 

of a process [14]. The process yield is a function of the 

different constituents, say 

y= f(x1, x2, x3) + Є                                                                   (1) 

where Є represents the noise or error observed in the 

response y. if we denote the expected response (tensile 

strength) by E(y) = f(x1, x2, 𝑥3, 𝑥4, 𝑥5) = η, then the 

response represented [15] by 

η = f(x1, x2, x3)                                                                (2) 

is called a response [16]. 

Box-Behnken design is used to further study the 

quadratic effect of factors after identifying the significant 

factors using screening factorial experiments [17-19].  

Table 5.  Design matrix and experimental results 

Standard 

Order 

Current 

(kA) 

Welding 

Time (Cycle) 

Electrode 

Force (kN) 

Shear Tensile 

Strength (MPa) 

1 10 20 1.5 7.3 

2 8 15 4.5 8.1 

3 8 25 1.5 7.5 

4 8 15 1.5 7.2 

5 8 25 4.5 9.4 

6 8 20 3 8.2 

7 10 15 3 7.7 

8 8 20 3 8.15 

9 8 20 3 8.2 

10 6 15 3 8.7 

11 6 25 3 9.4 

12 10 20 4.5 8.3 

13 10 25 3 8.8 

14 6 20 1.5 8 

15 8 20 3 8.27 

16 8 20 3 8.25 

17 6 20 4.5 9.4 

3. Results and Discussion 

3.1. Macrographic View of SAE 1010 Steel Sheet Joint 

Figure 3 shows several macrographic views of the 

nugget of SAE 1010 steel sheet joint, welded by resistance 

spot welding in the range of process parameters. The 

macrographic examinations are carried out to find out the 

shape of the nuggets. Unbalance heat (beyond the range of 

process parameters) causes irregular nugget formation 

(Figure 3 (g)). The weld nugget loses its symmetric form 

because of the uneven heat ensuing from different physical 

properties of the steel sheets (SAE 1010 steel sheets). The 

nugget formation is more active in stainless steel sheet, 

since stainless steel has a higher electrical resistance. Each 

macrographic view shows that SAE 1010 steel sheets are 

fully melted, but sometimes undesired effect is occurred 

when welding is done at high current as shown in Figure 

3(g).  

 

Figure 3: Macrographic views of resistance spot welded joint of SAE 1010 steel sheet at welding current of 6 kA, welding time of 25 cycles 

and electrode force of 4.5 kN   



 © 2016 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 10, Number 2  (ISSN 1995-6665) 

 

118 

3.2. Micrographic View of SAE 1010 Steel Sheet Joint 

Figure 4 presents the micrographic views of the welded 

specimens joined at various welding current, welding time 

and electrode forces (in the range of process parameters). 

It can be seen from Figure 4 that difference in terms of 

color is identified among the grains due to intergranular 

direction. Crack and porosity were also not observed 

around the weld region.  

3.3. Microstructure Analysis of Welded Joint and HAZ 

To examine the microstructure of the weld SAE 1010 

steel sheet and heat affected zones, the microstructure 

analysis was carried out. Figure 5 displays the 

microstructures of the SAE 1010 steel sheet, weld joint 

and heat affected zones. Development of grain was 

observed in SAE 1010 steel sheet and welded joint. 

Columnar structures were identified in weld nugget zone. 

3.4. Analysis of Shear Tensile Strength 

The preferred experimental design is box behnken 

design and the design matrix is exposed in Table 5. The 

analysis of response was done via design expert software.  

Analysis of variance for tensile strength is given in Table 

6. Values of “Prob>F” are less than 0.0500 point out that 

model terms are significant. From the Table 6, linear terms 

welding current, welding time, electrode force, square 

terms of welding current, welding time, electrode force 

and interaction terms between parameters are significant 

model terms. Values greater than 0.10 show that model 

terms are not significant. The final empirical relationship 

was constructed using only these coefficients, and the 

developed final empirical relationship is given below: 

 

Tensile Shear Strength = +15.56200 - 1.58450 *  

Current -0.28380 * Welding Time +0.78533* 

Electrode Force + 1.00000E-002 * Current * 

Welding Time - 0.033333* Current *                              (3) 

Electrode Force +0.033333* Welding Time * 

Electrode Force +0.079500 * Current2 + 

4.72000E-003 * Welding Time2 -0.12533 * 

Electrode Force2  

 

Figure 4: Micrographic views of resistance spot welded joint of SAE 1010 steel sheet at welding current of 6 kA, welding time of 25 cycles 
and electrode force of 4.5 kN 

 

Figure 5: Microstructure of (a) SAE 1010 steel sheet, (b) welded joint, (c) HAZ 
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Table 6:  Analysis of variance (ANOVA) for shear tensile strength 

Source Sum of   Square DF Mean Square F value Prob.>F  

Model 7.38 9 0.82 147.56 < 0.0001 Significant 

A 1.44 1 1.44 259.89 < 0.0001 

B 1.45 1 1.45 259.89 < 0.0001 

C 3.38 1 3.38 607.91 < 0.0001 

AB 0.04 1 0.04 7.19 0.0314 

AC 0.04 1 0.04 7.19 0.0314 

BC 0.25 1 0.25 44.96 0.0003 

A2 0.43 1 0.43 76.58 < 0.0001 

B2 0.059 1 0.059 10.54 0.0141 

C2 0.33 1 0.33 60.22 0.0001 

Residual 0.039 7 5.560E-003   

Lack of Fit 0.030 3 0.010 4.48 0.0906 Not Significant 

Pure Error 8.92E-003 4 2.23E-003  

Cor Total 7.42 16  

Std. Dev. 0.075 R-Squared 0.9948 

Mean 8.29 Adj R-Squared 0.9880 

C.V. % 0.90 Pred R-Squared 0.9335 

PRESS 0.49 Adeq Precision 38.469 

Analysis of variance (ANOVA) method was used to 

check the adequacy of the developed empirical correlation. 

In the present work, the preferred level of confidence was 

measured to be 95%. The model F value of 147.56 reveals 

that the model is significant. There is only a 0.01% 

possibility that a model F value this large could take place 

due to noise. The lack of fit F value of 4.48 indicates that 

the lack of fit is insignificant. There is only a 9.06% 

possibility that a lack of fit F value this large could occur 

due to noise. 

The righteousness of fit of the model was checked by 

the determination coefficient (R2). The coefficient of 

determination (R2) was calculated to be 0.9948 for 

response (shear tensile strength). This indicates that 

99.48% of experimental data confirms the compatibility 

with the data predicted by the model. The R2 value is 

always between 0 and 1, and its value indicates exactness 

of the model. For a good statistical model, R2 value should 

be close to 1.0. The adjusted R2 value reconstructs the 

appearance with the significant terms. 

Figure 6 displays the relationship between the predicted 

and experimental values for shear tensile strength. After 

the regression model of shear tensile strength was 

developed, the model adequacy examination was 

performed in order to validate that the essential assumption 

of regression analysis is not violated. 

Figure 7 shows the normal probability plot of the 

residual which shows no sign of the violation since each 

point in the plot follows a straight line pattern. The normal 

probability plot is used to validate the normality 

assumption. The data are spread approximately along the 

straight line. Hence, it is concluded that the data are 

normally distributed.   

The influence of resistance spot welding process 

parameters like welding current, welding time, electrode 

force, were evaluated against shear tensile strength of 

welded shear tensile pieces SAE1010. Figures 8 to 10 show 

the interaction effect of welding current, welding time and 

electrode force on shear tensile strength. 

 

 
Figure 6: Correlation between the predicted and actual values of 

tensile strength in MPa 

 

Figure 7:  The normal probability of residuals 
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3.4.1. The Effect of Welding Current on Shear Tensile 

Strength 

Figures 8 and 9 show the effect of welding current on 

the shear tensile strength of welds indicating that that 

generally increasing welding current, decreases the shear 

tensile strength. When the current is passed through the 

electrodes to the sheets, heat is generated, resulting in a 

higher electrical resistance produced at the surface contact 

of SAE 1010 steel sheets. Electrical resistance of the 

material produces heat between the work pieces and the 

copper electrodes, the rising heat causes a rising 

temperature, and results in a molten pool contained most 

of the time between the electrodes.  

 

Figure 8: Interaction effect of welding current and welding time on shear tensile strength. (a) 3D interaction (b) the contour plot. 

 
Figure 9: Interaction effect of welding current and electrode force on shear tensile strength. (a) 3D interaction (b) the contour plot 

 

Figure 10: Interaction effect of welding time and electrode force on shear tensile strength. (a) 3D interaction (b) the contour plot 
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3.4.2. The Effect of Welding Time on Shear Tensile 

Strength 

As seen in Figures 8 and 10, welding time (cycle) 

increases from minimum to maximum limit, the shear 

tensile strength also increases. When the heat dissipates 

throughout the workpiece in less time (resistance welding 

time is generally programmed as cycles), the molten or 

plastic state grows to meet the welding tips. When the 

current is stopped, the copper tips cool the spot weld, 

resulting the metal solidified under pressure.  

3.4.3. The Effect of Electrode Force on Shear Tensile 

Strength 

In experimental studies shown in Figures 9 and 10, 

tensile strength increased while electrode force increased 

because if the electrode force between the base materials is 

low, then the molten area may extend to the exterior of the 

work pieces, escaping the containment force of the 

electrodes. This burst of molten metal is called expulsion, 

and when this occurs the metal will be thinner and have 

less shear strength. 

3.5. Confirmation Experiment 

 The optimum parameters that give up the maximum 

shear tensile strength are welding current of 6 kA, welding 

time of 25 cycles and electrode force 4.5 kN. Importance 

of process parameters can be ranked from their F ratio 

which is mentioned in Table 6. . It can be concluded that 

electrode force is contributing more and it is followed by 

welding time and welding current. At the 95% PI low 

value was found 8.020 MPa, while at 95% PI high value 

was found 8.4071 kN. The average achievable predicted 

shear tensile strength is found to be 8.214 MPa. The 

experimental shear tensile strength (average of three test 

samples) corresponding to these parameters (welding 

current of 6 kA, welding time of 25 cycles and electrode 

force 4.5 kN) was found to be 8.75 MPa. This shows that 

there is approximately 6.12 % error in the experimental 

and modeled results. Hence, the developed model can be 

effectively used in the process parameter range to predict 

the shear tensile strength of resistance spot welded joint. 

4. Conclusions 

The following conclusions can be drawn from analysis: 

1. The resistance spot welding process was found to be 

successful to weld SAE 1010 steel sheets. In the range 

of resistance spot welding process parameters, 

macrographic view, micrographic view and 

microstructure of the welded joint showed proper 

fusion of base materials (SAE 1010 steel sheets) and 

very less amount of crack and porosity was observed. 

2. Based on analysis of variance (ANOVA), welding 

current, welding time (cycle), and electrode force were 

found to be significant factors. Interactions of 

parameters were also found significant interactions. 

The response surface methodology was used effectively 

to model the shear tensile strength of resistance spot 

welded joint. Within the resistance spot welding 

process parameters range, the shear tensile strength of 

SAE 1010 steel sheets joint decreases with the increase 

in welding current while shear tensile strength 

increases with the increase in welding time (cycle) and 

electrode force from minimum to maximum limit. 

3. Within the resistance spot welding process parameters 

the optimum parameters for shear tensile strength was 

found to be lower welding current (6 kA), higher 

welding time (25 cycles), and higher electrode force 

(4.5 kN). The predicted value of shear tensile strength 

was found 8.214 MPa at 95% confidence interval. 

There is approximately 6.12 % error in the 

experimental and modeled results. 
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Abstract 

The IPMC bending characteristic depends on the accuracy of the manufacturing process for an IPMC specimen and the 

working conditions such as humidity, temperature, and applied electrical field. So, IPMC behavior is significantly nonlinear 

and uncertain. 

In the present paper, we propose an accurate nonlinear neural Network Black-Box Model (NBBM) to predict the bending 

motion of IPMC taking into consideration the applied electrical voltage characteristics and the working conditions (specimen 

dimensions, temperature and humidity of working environment. 

An experimental setup and testing program is used to test several IPMC specimens and measure the bending motion at 

different working conditions and applying electrical voltage signals. The NBBM for the IPMC is designed with suitable 

input and output parameters to estimate the IPMC specimen tip deflection. The Optimal Brain Surgeon (OBS) pruning 

algorithm is used to capture the optimal network size and to solve the overfitting problem among the training patterns. 

Modeling results show that the optimized NBBM model can best describe the bending behavior of the IPMC specimen 

according to the applied electrical power signal and the working environment without using any measuring sensor and the 

proposed model can be used for modeling and controlling the IPMC bending motion in a single segment form. 
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1. Introduction 

In the interest of finding advanced material for modern 

life, ionic polymer metal composite is an electro-active 

polymer that is gaining great importance as both a sensor 

and actuator. A typical Ionic Polymer Metal Composite 

(IPMC) sheet is a thin ionic polymer membrane (Nafion or 

Flemion) covered on both sides by two metallic layers 

(typically gold or platinum) to form two electrodes. When 

a low electrical field is applied, the transport of hydration 

cations within the IPMC and the associated electrostatic 

interactions lead to bending motions of the IPMC sheet 

toward the anode (+). The cations are initially  bound to 

the anionic groups in the neutral  state,  forming clusters 

with  the solvent molecules that can easily be exchanged  

with other  cation forms [1].  

IPMC has been receiving more and more attention, 

especially for micro-application. Because of the low driven 

voltage, flexible operation, large bending, and low weight, 

IPMC material has been widely applied in many micro-

applications such as snake robots, fish robots, walking 

robots, and micropumps [1-2].  
The IPMC actuation systems exhibit significant 

nonlinearities and uncertainties. The nonlinearities are 

mainly caused by the IPMC characteristics during 

operation. The uncertainties can originate from the 

external working environment including perturbations and 

frequency dependent upon the complex elastic modulus E* 

[3]. These problems cause challenges for modeling the 

IPMC actuators. 

The IPMC characteristic variants depend largely on the 

working conditions which can lead to oscillations and 

instabilities in IPMC system performances, especially in 

applications that require high precision [4-5]. Therefore, it 

is very useful to  investigate the IPMC behaviors for 

building and simulating an IPMC actuator before applying 

to  practice [6-7]. 

There are several models available to describe tip 

displacement of an IPMC. For instance, Newbury and Leo 

[8] proposed a linear model with mechanical terms, 

mechanical impedance and inertia, and two electric terms,  

DC resistance and charge storage. The model was based on 

* Corresponding author e-mail: kazemb@missouri.edu. 
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an equivalent circuit representation that was related to the 

mechanical, electrical and electromechanical properties of 

the material. Expressions for the quasi-static and dynamic 

mechanical impedance were derived from beam theory.  

The electrical impedance was modeled as a series 

combination of resistive and capacitive elements. The 

resulting linear electromechanical model is based on the 

measurement of the effective permittivity, elastic modulus, 

and effective strain coefficient. All input-output 

relationships related to sensing and actuation can be 

derived using these three material parameters and the 

transducer geometry. 
There are more lumped models available.  In those 

models input parameters such as voltage or current are 

converted to the output parameters - tip displacement, 

force, and etc.  For instance, Jung and Choi modeled an 

IPMC as a high pass filter, using series of resistors and 

capacitors in their calculations [9]. The model was an 

equivalent electrical circuit model for the IPMC actuator 

using experimental data. 

Punning proposed a non-linear transmission line model, 

where all the elements of a transmission line had a 

physical meaning [10]. He showed that the IPMC model 

works as a delay line with changing resistors and the 

curvature of the IPMC sample at a given point depends on 

the surface resistance. 

There are few Finite Element models for an IPMC 

available. Some authors, like Nasser et al. [11] and 

Wallmersperger et al.  [12], have already simulated mass 

transfer and electrostatic effects, a similar approach is used 

in this work. Toi and Kang  [13] proposed a Finite Element 

model, where viscosity terms in transportation processes 

were included explicitly. However, the basis of the 

described model was a rectangular beam with 2 pairs of 

electrodes. Instead of using continuum mechanical 

equations for simulating mechanical bending, analytical 

Euler beam theory is more commonly used by authors  like 

Lee [14] and Wallmersperger [15]. 

Linear and nonlinear black-box models have been 

identified from experimental data for Ionic Polymer-

Polymer Composite (IP2C) actuators had been developed 

by Graziani  [16]. The models take into account the 

dependence of IP2C actuators behavior on environmental 

temperature and humidity as relevant modifying inputs.  

In order to avoid difficult problems in control, a 

controller based Adaptive Neuro-Fuzzy Inference System 

(ANFIS) had been proposed by Thinh et al. [17]; it 

combines the merits of fuzzy logic and neural network, is 

used for tracking position of IPMC actuator. The results 

showed that ANFIS algorithm is reliable in controlling 

IPMC actuator. In addition, experimental results show that 

the ANFIS performed better than the Pure Fuzzy 

Controller (PFC). The results show that the proposed 

adaptive neuro-fuzzy controller can be successfully 

applied to the real-time control of the ionic polymer metal 

composite actuator for which the performance degrades 

under long-term actuation. 

Nam & Ahn [18] developed a Nonlinear Black-Box 

Model (NBBM) for IPMC actuators based on a novel 

Preisach type fuzzy Nonlinear Auto Regressive Exogenous 

(NARX) model and modified Particle Swarm Optimization 

(PSO). Firstly, an IPMC actuator is investigated. The 

open-loop input voltage signals are applied to the IPMC in 

order to investigate the IPMC characteristics. Secondly, a 

proper Preisach type fuzzy NARX model is developed 

with one input and one output to estimate the IPMC tip 

displacement. Modeling results proved the ability of 

proposed scheme to estimate the bending behaviors of 

IPMC actuators. 

An accurate Nonlinear Black-Box Model (NBBM) for 

estimating the bending behavior of IPMC actuators had 

been proposed by Truong and Ahn [19]. The model is 

constructed via a General Multilayer Perceptron Neural 

Network (GMLPNN) integrated with a Smart Larning 

Mechanism (SLM) that is based on an extended Kalman 

filter with self-decoupling ability (SDEKF). Here the 

GMLPNN is built with an ability to auto-adjust its 

structure based on its characteristic vector. Furthermore, 

by using the SLM based on the SDEKF, the GMLPNN 

parameters are optimized with small computational effort, 

and the modeling accuracy is improved. The advanced 

NBBM model for the IPMC system is created with the 

proper inputs to estimate IPMC tip displacement. Then the 

model is optimized using the SLM mechanism with the 

training data.  

A Nonlinear Black-Box Model (NBBM) for IPMC 

actuators with self-sensing behavior based on a Recurrent 

Multi-Layer Perceptron Neural Network (RMLPNN) and a 

Self-Adjustable Learning Mechanism (SALM) had been 

proposed by Truing et al.  [20]. 

Firstly, an IPMC actuator is investigated. Driving 

voltage signals are applied to the IPMC in order to identify 

the IPMC characteristics. Secondly, the advanced NBBM 

for the IPMC is built with suitable inputs and output to 

estimate the IPMC tip displacement. Finally, the model 

parameters are optimized by the collected input/output 

training data. 

Modeling results show that the proposed self-sensing 

methodology based on the optimized NBBM model can 

well describe the bending behavior of the IPMC actuator 

corresponding to its applied power without using any 

measuring sensor. 

According to previous researches, understanding IPMC 

(and smart material in general) characterizations and 

solving relevant problems are quite difficult tasks because 

of their complex behavior, which sometimes cannot be 

identified without intelligent, numerical, and analytical 

approaches. Because of that, some prediction technique, 

like Artificial Neural Networks (ANN) can be utilized to 

solve these problems. 

Also, the change in working conditions affects the 

IPMC characteristics, because it changes the Young 

modulus and ions density, hence, their mechanical 

response.  

In this work  we developed a Nonlinear Black-Box 

Model (NBBM) based on a Multi-Layer Perceptron Neural 

Network (MLPNN) to estimate the IPMC tip bending 

deflection, corresponding to input parameters (electrical 

voltage amplitude and frequency, temperature and  

humidity of environment, and dimensions of IPMC 

(length, and width)) without any measuring sensor. 
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2. Experimental Setup 

In this section, the experimental set-up is described to 

show the measurement technique for IPMC strip tip 

motion due to different types of electrical excitation. 

The IPMC specimens used in this research were 

manufactured by Environmental Robots Inc, and can work 

in both wet and dry environments. The specifications 

dimensions of the IPMC specimens are shown in Table 1.  

  Experiments were performed to measure the tip 

motion of the specimen in the atmosphere. The tip 

deflection (displacement) was measured at the strip tip as 

shown in Figure 1. The measurements of displacement 

were performed under 100–250 mv and 0.07-0.25 Hz 

square wave. The tip deflection of the IPMC specimen was 

measured by using a digital camera when the IPMC 

specimen reached a steady state as shown in Figure 1. It 

should be noted that there is an accurate relation between 

each difference in pixels and the real size of difference in 

the real world. This relationship between specimen image 

pixels and the actual value of motion is calibrated each 

time that the recording conditions change. Certainly (as 

expected), the accuracy is related to the resolution of the 

camera and distance of the IPMC actuator from the 

camera. This idea is not new, a similar system has been 

reported by literatures [21-22].    

The environment humidity and temperature were 

measured using digital instruments. For the experimental 

tests, the input voltage and frequency are generated by a 

driving circuit and are measured directly by a digital 

storage oscilloscope. 

The deflections of two different IPMC strips were 

measured under five different DC voltages and four 

frequencies of square wave as shown in Tables 2 and 3.  

The deflections of IPMC strips follow the change of the 

input voltage well. Figure 2 shows the deflections of the 

IPMC strips under a square wave. It is expected that high 

applied voltage and lower frequency results in larger 

deflection.  As the applied voltage increased, the IPMC 

strip bending deflections for the longer specimen case 

clearly increased while that for the shorter specimen case 

slightly increased as expected due to length differences. 

Figure 3 shows the variations of the IPMC tip 

displacement according to the change of applied electrical 

voltage and the nonlinear behavior for bending behavior 

for both IPMC strips can be noticed. 

The IPMC strips were tested under a voltage range 

(100 -250) mv square wave form and a frequencies range 

(0.07-0.25) Hz. Figures 4 and 5  show the maximum 

bending deflection related with applied frequency for the 

tested IPMC specimens. The maximum bending deflection 

becomes larger as the frequency gets smaller and the 

specimen length becomes longer, the tip deflection of the 

IPMC specimen change nonlinearly according to the 

change in frequency of the applied electrical control 

signals. 

3. IPMC Deflection Measurement 

Using MATLAB the specimen tip position is calculated 

for each test setting as listed in Table 2 and 3.  

 

 

Table 1. Specifications of the IPMC Specimens used in this work 

Properties  Ranges  

Electrode and Cations  Platinum and Na+ 

Operation environment  Dry/Wet environment - 

Suitable working 

frequency range  

0.05 – 0.25 Hz 

Thickness, Length, Width  

(mm) 

Specimen 

No.1 

Specimen 

No.2 

0.2,40 ,10 0.2, 30, 5 

 

Figure 1.  The Block Diagram for Experimental for IPMC 
actuator 

 
Figure 2.  The deflections of the IPMC strips under a square 

wave, Specimen No. one 
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Figure 3. Maximum IPMC bending deflection with respect to the 

input voltage

 

Figure 4.  Maximum IPMC Tip Deflection change according to 

the change in applied Electrical Voltage Amplitude and 

Frequency for specimen of length 30 mm 

 

 

Table 3. Data sets generated from IPMC 

specimen No. two 

 

Table 2. Data sets generated from IPMC 

specimen No. one 
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2.94 5 30 22 38 0.07 100 1  4.865 10 40 22 42 0.07 100 1 

1.465 5 30 22 38 0.1 100 2  2.354 10 40 22 42 0.1 100 2 

.5605 5 30 22 38 0.15 100 3  1.4705 10 40 22 42 0.15 100 3 

.294 5 30 22 38 0.25 100 4  1.4565 10 40 22 42 0.25 100 4 

3.167 5 30 22 40 0.07 120 5  5.4411 10 40 20 41 0.07 120 5 

1.473 5 30 22 40 0.1 120 6  3.088 10 40 20 41 0.1 120 6 

.9725 5 30 22 40 0.15 120 7  1.9115 10 40 20 41 0.15 120 7 

.441 5 30 22 40 0.25 120 8  1.764 10 40 20 41 0.25 120 8 

3.821 5 30 21 36 0.07 155 9  6.4705 10 40 21 32 0.07 155 9 

2.2058 5 30 21 36 0.1 155 10  3.821 10 40 21 32 0.1 155 10 

1.3945 5 30 21 36 0.15 155 11  2.352 10 40 21 32 0.15 155 11 

.458 5 30 21 36 0.25 155 12  2.2058 10 40 21 32 0.25 155 12 

4.85 5 30 23 40 0.07 200 13  7.588 10 40 22 39 0.07 200 13 

2.647 5 30 23 40 0.1 200 14  5.578 10 40 22 39 0.1 200 14 

1.4708 5 30 23 40 0.15 200 15  3.382 10 40 22 39 0.15 200 15 

.538 5 30 23 40 0.25 200 16  2.941 10 40 22 39 0.25 200 16 

6.175 5 30 21 40 0.07 250 17  10.882 10 40 21 40 0.07 250 17 

3.088 5 30 21 40 0.1 250 18  7.351 10 40 21 40 0.1 250 18 

1.5961 5 30 21 40 0.15 250 19  5.589 10 40 21 40 0.15 250 19 

1.029 5 30 21 40 0.25 250 20  4.558 10 40 21 40 0.25 250 20 
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Figure 5.  Maximum Tip Deflection change according to the 

change in applied Electrical Voltage Amplitude and Frequency for 

specimen of length 40 mm 

4. A Nonlinear Black-Box Model for IPMC Actuator 

(NBBM) 

A neural network can be defined as a model of 

reasoning based on the human brain. The brain consists of 

a densely interconnected set of nerve cells, or basic 

information processing units, called neurons [23] .  

Neural networks are composed of simple elements 

operating in parallel. As in nature, the network function is 

determined largely by the connections between elements. 

You can train a neural network to perform a particular 

function by adjusting the values of the connections 

(weights) between elements. Commonly neural networks 

are adjusted, or trained, so that a particular input leads to a 

specific target output. Such a situation can be shown as 

follows: there, the network is adjusted, based on a 

comparison of the output and the target, until the network 

output matches the target. Typically many such 

input/target pairs are needed to train a network[24], [25]. 

One of the advantages of neural networks is its ability 

to model nonlinear problems those are hard to solve 

mathematically. Neural network can deal with any 

problems that can be represented as patterns. 

Therefore, to solve the difficulty of IPMC modeling, 

we will use a nonlinear black-box model, which contain 

Multi-Layer Perceptron Neural Network (MLPNN) as a 

nonlinear model, is designed to model highly nonlinear 

systems in general and the IPMC actuator in particular. 

A feed forward neural network distinguishes itself by 

the presence of one or more hidden layers, whose 

computation nodes are correspondingly called hidden 

neurons or hidden units, Figure 6. The function of hidden 

neurons is to intervene between the external input and the 

network output in some useful manner. By adding one or 

more hidden layers, the network is enabling to extract 

higher order statistics. 

Multi-layer feed forward networks commonly referred 

as (MLP) are an important class of neural networks. MLPs 

have been applied successfully to solve some difficult and 

diverse problems in many disciplines of science and 

technology. The main method of training MLPs is the error 

back propagation, which was recognized several groups of 

scientists [26]–[30] 

MLP is supervised network so it requires a desired 

response to be trained. With one or more hidden layers, 

they can approximate virtually any input-output map. 

Figure 6  shows  a typical network  structure 

[ 2 0 ] which contains an input layer (on the  left) with  

n neurons, k hidden  layers (in the middle) of which the 

jth layer contains q 
j neurons, and an output layer (on the 

right) with m neurons   .The input layer is represented by a 

vector of input variables (u1,…,un). the input layer 

distributes these values to each of the neurons in the first 

hidden layer. At each neuron in a hidden layer, the output 

values from its previous layer are multiplied by weights 

(w), and the resulting weight values are added together, 

producing a combined value (shj) as given at Equation 1: 

𝑠ℎ𝑖 = ∑ 𝑤𝑖𝑗𝑢𝑖,   𝑗 = 1, . . , 𝑞1    𝑛
𝑖=1                     (1) 

for each node in the 1st hidden layer 

𝑠ℎ𝑖 = ∑ 𝑤𝑖𝑗𝑜ℎ𝑖 + 𝑤𝑗𝑜𝑜ℎ𝑙−1 ,   𝑗 =, . . , 𝑞1    
𝑞𝑙−1
𝑖=1     

for each node in the lth hidden layer 

where sh is the  weighted sum, also there are a series of 

constants from b0  to bk, which are  called ‘bias’ factors, 

that are fed to the input layer and each of the hidden 

layers.   The weighted sum (sh) is then fed into a transfer 

function, F, to obtain the outputs a value of neuron jth 

(oh). The outputs from the final hidden layer are 

distributed to the output layer.  

At neuron, pth in the output layer, output values from 

the final hidden layer neurons are multiplied by weights 

(W) and added together to produce a combined value (sh).  

This sum is fed into a transfer function, F , to compute the 

outputs value of neuron pth(oh).this value is then gained 

with a suitable factor to a corresponding output ( y


). The 

values y


 are the outputs of the network. 

For hidden as well as output units, sigmoid activation 

functions   are   usually   preferable   to   threshold   

activation functions.  Networks with threshold units are 

difficult to train because the error function is stepwise 

constant. In this work, we used the Levenberg-Marqurad 

training algorithm in addition to Gradient Descent with 

Momentum algorithm and Conjugate Gradient Descent 

algorithm. For sigmoid units, a  small  change  in  the  

weights  usually  produces  a  change in the outputs,  

which makes it possible  to tell whether that change in the 

weights is good or bad. The designed MLPNN structure in 

this research is built with sigmoid activation functions 

given in equation 2.  

Hence, the output of each hidden node can be 

computed using Equation 2: 

jshjj
e

shFoh





1

1
)(                                   (2) 

From Equation 2, it is clear that the output oh closes to 

the boundaries 0 and 1. In the present study, we normalize 

the inputs in the range [+1, -1]. Each of the outputs in the 

output layer can be obtained as Equation 3: 

pp ohky 


                                                        (3) 

where kp is a scaling gain corresponding to output pth 

selected from the output range. 
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pshpp

e
shFoh





1

1
)(                            (4) 

     


qk

j kojjp bWohWsh
1

   p = 1,..,m       (5) 

The NBBM model possessed both the powerful 

universal approximating features from the MLPNN 

structure. Different structures of MLPNN related to 

training algorithm and hidden layers have been 

investigated in order to obtain the optimized neural 

network model for estimate the IPMC tip deflection. 

It is well known that the model structure as well as the 

training algorithm is very important in the selection model 

of a neural network. Since there is a large number of 

training algorithms for feed forward neural network, one 

cannot easily decide which performs better for a specific 

application. Thus the neural network model was trained 

using three different training algorithms: 

1. Gradient Descent with Momentum algorithm  

2. Levenberg – Marquardt algorithm  

3. Conjugate Gradient Descent algorithm  

Also, we used two different activation functions in 

output layer: 

1. Linear activation function  

2. Log sigmoid activation function  

The performances of these three training algorithms 

were tested using different types of activation functions 

and compared with each other to decide best algorithm that 

able to capture IPMC behavior. We randomly selected 

80% of the total patterns to train the networks. Once a 

neural network has been trained successfully using 

MATLAB ®, it can perform the required mappings as a 

sort of black box. To check the ability of the network to 

deal with new patterns which are similar to learned 

patterns (generalization of the network), we used the 

remaining 10% of the patterns for validation and 10% for 

testing of the performance of the network. 

Table 4 shows the correlation values for the results of 

the training, and testing results using different training 

algorithms and different activation functions after 1000 

iterations. The selection of the best network will based on 

which hidden unit gives the lowest testing Error results.  

The network error (Train Error and Test Error) is 

calculated as the sum of the squared differences between 

the actual value (target value) and neural network output. 

After examining the performance of different structures 

with different training algorithms, a network with more 

than 10 hidden neurons trained by Levenberg-Marquardt 

algorithm and log sigmoid activation function for output 

layer showed good performance indices as shown in 

Figure 7.  

Despite many advances, for neural network to find 

general applicability in real world problems, the crucial 

question is to determine the most appropriate network size 

for solving a specific task. The network designer dilemma 

stems from the fact that both large and small networks 

exhibit a number of shortcomings. When the network has 

too many degrees of freedom (network weights and 

biases), more local minima, instead of reaching global 

minima, in addition to the overfitting problem among 

training patterns makes the network fail to generalize its 

knowledge acquired during training phase. To solve the 

problem of choosing the optimal size network, an Optimal 

Brain Surgeon (OBS) pruning algorithm is used. The aim 

of an OBS pruning algorithm is to capture the optimal 

network size by gradually reducing (a large trained) 

network s degrees of freedom. The algorithm is based on 

the idea of iteratively removing a single degree of freedom 

(weight or bias) and then adjusting the remaining weight 

with a view to maintaining the original input – output 

behavior [31]-[33].  

 

Figure 6.  Structure of a Feed Forward MLPNN system [20] 

5. Modeling Results 

The major advantage of neural network predictions is 

that the model can estimate the IPMC tip deflection 

accurately once input variables (voltage, frequency, length 

and width of IPMC, and temperature and humidity of 

environment) are known. 

The developed neural network model is used to 

estimate the IPMC tip deflection of the available training 

patterns which show a reasonable agreement between the 

target and the estimated values as illustrated in Figure 8. 

From this figure, it is clear that the optimized NBBM 

model can estimate the IPMC tip deflection with high 

precision and then be able to be applied to IPMC control 

system as a “virtual tip deflection sensor" for the self-

sensing behavior.  

The neural network model can give insight about the 

effect of each input variables (voltage, frequency, length 

and width of IPMC, temperature and humidity of 

environment) on the estimation of the IPMC tip 

displacement. The effect each of input variable is shown in 

Table 5. Thus, the temperature and humidity show very 

limited effect on the proposed NBBM model predication 

and can be neglected in practical implementation of the 

model. The estimated results for the effectiveness  of each 

working-variable on  the IPMC tip displacement  is highly 

depended on the working variables ranges  and need to 

repeat the training for any new set of  working variables  

and IPMC specimens. 
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Table 4. Correlation between training error and testing error for deferent neural networks training algorithm and activation function type 

N
o

. 
o

f 
h

id
d
en

 n
eu

ro
n

s 

Correlation value 

Gradient Descent 

 

activation 
function of output 

layer log sigmoid 

Gradient Descent 

 

activation function 
of output layer 

linear 

Levenberg – 

Marquardt 
Algorithm 

 
activation 

function of output 

layer log sigmoid 

Levenberg – 

Marquardt 
Algorithm 

 
activation function 

of output layer 

linear 

Conjugate 

Gradient 

Descent 
 

activation 
function of 

output layer log 

sigmoid 

Conjugate 

Gradient 

Descent 
 

activation 
function of 

output layer 

linear 

5 0.802599 0.994411 0.938098 0.788558 0.624325 0.962059 

6 0.763727 0.744328 0.916023 0.940821 0.644214 0.986909 

7 0.819456 0.751879 0.991105 0.489284 0.705154 0.632704 

8 0.844334 0.709663 0.992142 0.959573 0.662197 0.613903 

9 0.826479 0.725508 0.925715 0.676961 0.804905 0.609026 

10 0.810121 0.710661 0.995163 0.85257 0.670168 0.622467 

11 0.837673 0.703325 0.998624 0.934037 0.953935 0.648482 

12 0.804059 0.665097 0.993454 0.999425 0.668997 0.999909 

13 0.835637 0.658603 0.904077 0.994023 0.627829 0.705363 

14 0.820606 0.658175 0.999982 0.999772 0.996477 0.582949 

15 0.800279 0.724997 0.994709 0.961663 0.65892 0.619741 

 

Figure 7. Optimized Neural Network Architecture for estimating the IPMC Tip Deflection 

 
Figure 8 .The IPMC Tip Deflection using the Proposed Neural Network Model 
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Table 5. The estimated effects of working-variables on IPMC tip 

displacement as they predicted by NBBM 

working  variable 
Percentage effect on IPMC 

Displacement (%) 

Voltage (mv) 24.577515 

Frequency (Hz) 29.769568 

Length of IPMC (mm) 18.294952 

Width of IPMC (mm) 18.492071 

Temperature of 
Environment (Co) 

5.799173 

Humidity of Environment 

(dry/ wet) 
3.066722 

6. Conclusions 

In this work we presented a Nonlinear Black-Box 

Model (NBBM) to estimate IPMC deflection response, the 

model is based on the multi-layer perception neural 

network. The results show that the model can well describe 

the IPMC Tip deflection, corresponding to operation 

variables for IPMC actuator (Input voltage, frequency, 

dimensions of length of IPMC, temperature and humidity 

of environment). 

After examining the performance of the suggested 

neural networks structures, a neural network with 12 

hidden neurons trained by the Levenberg-Marqurad 

algorithm, and using log sigmoid activation function, 

showed good performance indices. 

The proposed NBBM model takes into account the 

dependence of IP2C actuators behavior on environmental 

temperature and humidity as relevant modifying inputs. 
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Abstract 

Sit-to-stand is regarded as one of the most mechanically demanding daily tasks. Because of body weakness or disability 

of some Muslims, they cannot assume all the required physical motions of prayers without relying on a conventional chair. 

However, using a conventional chair when praying in mosques may lead to two main problems: (1) Disturbing the 

worshipers in the row behind the chair and/or (2) causing the user of the chair to be misaligned with the row of prayer. In the 

present paper, a novel conceptual design for a congregational prayer chair that alleviates such disturbances and misalignment 

problems is addressed. First of all, the existing causes and patterns of using conventional chairs while praying in mosques 

are outlined. Secondly, design criteria for congregational prayer chairs are established. After that, a novel conceptual design 

for a congregational prayer chair is explained. The obtained results identified 15 existing causes and 18 patterns of using 

chairs while praying and 2 patterns of chair placement in the row of prayer.  In addition, the results show that the most 

praying position chairs are used for prostration. This study reveals a key feature concept considered in the conceptual design 

of the chair to solve the aforementioned problems through constructing a predetermined moving seat pan and a seat back so 

that the user can attain whatever praying positions without changing the placement of the chair. 
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1. Introduction 

Sit-to-stand is regarded as one of the most 

mechanically demanding daily tasks [1]. Unfortunately, 

difficulty with sit-to-stand motion is common especially 

among old people [2]. Today, there are different sit-to-

stand devises that assist those people. Such devises are 

available commercially and include active supports (such 

as lift chairs, lift cushions and powered standing devices) 

and passive supports (such as grab bars and standing 

frames that assist stability when users rise) [3]. Despite the 

range of the various sit-to-stand devices, it is unclear 

which types of such devices are the most appropriate for 

persons who are in need for partial assistance [4]. In the 

particular case of Muslims, some people may need a 

suitable sit-to stand device that assists them physically to 

perform the daily prayers. 

Indeed, Muslims are required to pray five times a day. 

They have to attain a particular set of body positions while 

performing their prayers. These positions consist of 

standing, bowing, prostrating, and sitting on the ground or 

floor for relatively long and short periods of time (Figure 

1). They must be tranquil during every position, as 

tranquillity is one of the pillars necessary for the validation 

of the prayer [5]. Few seconds of stillness in each prayer’s 

position are enough to achieve tranquillity [6]. Muslims, 

especially males, are encouraged to perform obligatory 

prayers congregationally because the reward is much 

greater than praying individually. Therefore, millions of 

worshipers around the world perform such prayers in 

mosques where the congregation is led by a person (Imam) 

and the remaining people stand behind him. The 

congregational prayer requires arranging worshipers' rows 

in a compact, straight and parallel manner with no gaps in 

the rows (Figure 2). Unfortunately, because of the age, 

illness, pregnancy, weakness or disabilities, or other 

temporary or permanent physical illness, many worshipers 

cannot assume all the required body positions. Hence, they 

may rely on a support structure (usually a conventional 

chair) for sitting while making gestures for the praying 

positions they cannot perform. 

However, using conventional chairs while performing 

congregational prayer in mosques have at least two main 

disadvantages: First, the chair may disturb the worshipers 

in the row behind. Second, the chair user may be 

misaligned with the row of worshipers. Therefore, a large 

number of Muslim worshipers around the world would 

welcome a chair designed to alleviate the disturbance and 

misalignment problems caused by using conventional 

chairs. This kind of chair will provide an efficient support 

to attain all of the required prayer positions while praying 

in congregation in mosques. 
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Figure 1.  Body positions of praying. 

 

 

Figure 2.  Rows of worshipers in a mosque during a 

congregational prayer. 

Ergonomics (or comfortable and functional design) is 

the scientific discipline and practice concerned with 

designing products that reduce fatigue and discomfort. 

Ergonomics takes proper account of the interaction 

between products and people who use them. In our case, 

the design optimization of a chair considers a number of 

factors including the shape, the width, the height of the 

seat pan and the backrest, the seat cushioning, etc. All 

these parts have the potential to influence 

comfort/discomfort of the seat users [7]. Low levels of 

seating comfort often lead to musculoskeletal complaints 

such as Low Back Pain (LBP) [8]. It is important to 

mention that many researchers revealed that setting for 

long time by itself doesn’t increase the risk of LBP [9, 10, 

11]. Therefore, it is essential to have a seat back that 

minimizes the spinal loading and relax the back muscles of 

the user. Such minimization and relaxation can be best 

achieved with a backrest inclined backwards [12, 13]. 

Chaffin et al. found that the stress on the spinal discs can 

be reduced approximately 40% by reclining the chair 20° 

degrees [14]. The seat back should be high enough to 

reach the shoulder blades and wide enough to support the 

waist breadth [15]. Another factor that enhances 

ergonomic seating is the inclusion of armrests. Nemoto 

and Ogawa found that the amounts of body flexion, hip 

moment, knee moment are all reduced when using 

armrests during standing up [16]. Armrests also support 

the upper body and so reduce spinal loading [17].  

Cushioning and the seat pan design are important for 

comfort/discomfort when sitting for a long duration, as 

they affect the pressure distribution at the seat-to-user 

interface. Seats with firm cushions may be regarded as 

“sporty” while seats with soft cushions may be viewed as 

more “luxurious” [18]. 

Ergonomic seating incorporates also a range of 

adjustability, with controls that are easily to use especially 

when the chairs are shared among different people [19]. 

Lastly, and more comprehensively, ergonomic seating 

considers all of the activities the chair is designed to 

support (i.e., task seating) [20]. 

The relevant Islamic regulations in praying with the 

support of chairs were detailed by Muslim scholars. Here 

is a brief summary of the most important regulations: 

 The worshiper who cannot stand when praying may 

pray sitting-down [21]. 

 Whatever the worshiper is able to perform, he/she is 

obliged to do so, and whatever he/she is unable to 

perform, is waived for him/her. For example if a 

worshiper is excused from standing, his/her excuse 

does not allow him/her to sit on the chair to bow and 

prostrate. Also, if he/she is exempted from bowing and 

prostrating, that excuse does not allow him/her not to 

stand and to sit on the chair instead [22]. 

 With regard to the placement of the chair in the row: 

1. The one who prays sitting down from the beginning of 

the prayer until the end should have his posterior in line 

with the row because it is the place in which the body 

settles [23]. In this case, the rear legs of the chair must 

be aligned with the row (Figure 4-b).  

2. The one who prays standing and sitting should level 

with the row when standing because what matters is the 

standing position [22]. In this case, the front legs of the 

chair must be aligned with the row (Figure 4-a). 

3. When the front legs of the chair are aligned with the 

row, the chair will be behind the row, so it should be 
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placed in a manner that doesn’t disturb the worshipers 

in the row behind, [22]. 

Based on the literature review of ergonomic seating, 

Islamic regulations mentioned above and the findings of a 

survey carried out by the author, this study aims to 

establish design criteria for a congregational prayer chair 

that solves the aforementioned problems. In addition, a 

proposed design for such a chair is presented. 

2.  Methods 

A three-step procedure was used to achieve designing a 

new congregational chair that solves the aforementioned 

problems: (1) Defining the existing causes and patterns of 

using chairs while praying in mosques, (2) establishing 

design criteria for the congregational prayer chair, and (3) 

designing a prototype of the congregational prayer chair.  

In the first step, the author observed chairs usage in 

mosques and conducted a short survey of 124 subjects (75 

males and 49 females) who use chairs when praying or 

have used them when praying at least once in the past. The 

subjects' ages ranged from 18 to 95, with a mean age of 

56.4 and a standard deviation of 17.8. The majority of the 

subjects (81.5%) were 41 years old and older (Figure 3). 

They were approached mostly at mosques by university 

students. The subjects were participated on a voluntary and 

not purely on a random basis.  

The main purposes of this survey were to define the 

various causes of using chairs while praying in mosques 

and how the chairs were used. As the targeted population 

of this study is Muslims who use chairs when praying 

regardless of their ethnicities, and since it is impossible to 

design a chair that precisely fits the specific body shapes 

of all of them, the main challenge is to design a visually 

appealing and comfortable chair that suits the body 

dimensions of most users and can be adjusted to their 

specific needs [24, 25]. Therefore, anthropometric data 

related to the design of chairs which was collected in a 

study by M. AI-Haboubi have been relied on [26]. In the 

present study, 19 body dimensions of 408 subjects from 20 

different nationalities were measured. 

In the second step, the design criteria for the new 

congregational chair are laid-out based on the outcomes of 

the first step and relevant literature review.  

In the third step, a prototype of the new congregational 

prayer’s chair was developed based on the design criteria 

that came from the previous steps. 

3. Results and Discussions 

3.1. Existing Causes and Patterns of Using Chairs While 

Praying  

Findings of the survey revealed 15 causes for using 

chairs while praying. Knee problems, aging and back 

problems were the three most common reasons and 

accounted for 50.8%, 42.7% and 35.5% of all cases, 

respectively. Pregnancy, foot problems, disability and 

extra weight were other less common causes with 5.6%, 

4.8% and 4.0% of all causes, respectively. Other rarely 

mentioned causes accounted collectively for 12.1% 

include pelvis problems, heel problems, joints problems, 

accidents, varicose, sciatica, cirrhosis and surgeries 

(Table1). 

Table 1.  Causes of using chairs while praying. 

Causes No. of cases Percent of Cases 

Knee problems 63 50.8% 

Aging 53 42.7% 

Back problems 44 35.5% 

Pregnancy 7 5.6% 

Foot problems 6 4.8% 

Disability  5 4.0% 

Extra weight 4 3.2% 

Other 15 12.1% 

The results also identified 18 patterns of using chairs 

while praying, based on the various combinations of the 

five praying positions performed with the use of chairs 

(Table 2). The most repeated pattern is when the worshiper 

performs all of the praying positions while sitting down on 

the chair and gesturing. Such pattern is adopted by 29.8% 

of the study subjects. The second most repeated pattern is 

performing prostration, short sitting and long sitting 

praying positions with the support of chairs. Such pattern 

is adopted by 22.6% of the study subjects. The third most 

repeated pattern is performing bowing, prostrating, short 

sitting and long sitting positions with the support of chairs. 

Such pattern is adopted by 11.3% of the study subjects 

(Table 2). 

Also, this survey revealed that prostration is the most 

praying position that the users of the chairs make gesture 

to, and that standing position is the least (Table 3) 

 
Figure 3.  Percentage of the subjects in each age group of the study sample.  
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Table 2.  The 18 patterns of using chairs, based on the various combinations of praying position(s) where chairs are used. 

Pattern No. of cases Percent Standing Bowing Prostrating Short sitting Long sitting 

1 37 29.8% x x x x x 

2 28 22.6%   x x x 

3 14 11.3%  x x x x 

4 8 6.5%  x x   

5 6 4.8%    x x 

6 6 4.8%   x   

7 4 3.2% x x x   

8 3 2.4% x x    

9 3 2.4%  x    

10 2 1.6% x  x x x 

11 2 1.6% x  x x  

12 2 1.6% x x   x 

13 2 1.6% x    x 

14 2 1.6%   x  x 

15 2 1.6% x     

16 1 0.8% x x x x  

17 1 0.8% x  x  x 

18 1 0.8% x  x   

 

Table 3.  Frequency of prayer positions where chairs were used 

by the study sample. 

Causes No. of cases Percent of Cases 

Knee problems 63 50.8% 

Aging 53 42.7% 

Back problems 44 35.5% 

Pregnancy 7 5.6% 

Foot problems 6 4.8% 

Disability  5 4.0% 

Extra weight 4 3.2% 

Other 15 12.1% 

 

Findings of the survey also identified 2 patterns of 

chair placement in the row of prayer wherein either the 

front legs of the chair or the rear legs are aligned with the 

row (Figure 4).  Unfortunately, both positions have 

disadvantages. On the one hand, when the front legs of the 

chair are aligned with the row, the chair may disturb the 

worshipers in the row behind the chair. On the other hand, 

when the rear legs are aligned with the row, the chair user 

may be misaligned with the row in some of the prayer 

positions such as the standing position. 

Finally, based on observing people when praying, the 

researcher noted that when the worshiper bows, his body 

moves horizontally backward (approximately 18-22cm) in 

order to balance his body (Figure 5). Such observation has 

to be considered when designing the seat back of the 

congregational chair as explained later in this paper. 

 

 
Figure 4.  Chair placements: (a) front legs of the chair are aligned with the row and (b) rear legs of the chair are aligned with the row. 
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Figure 5.  Approximate horizontal and angular measurement 

differences between standing and bowing positions. 

3.2. Design Criteria for the Congregational Prayer Chair 

Based on the literature review and the findings 

mentioned earlier, the following five basic design criteria 

for the novel chair of congregational prayers were 

established: 

 It must allow the user to perform any praying position 

(as in Figure 1) when he/she can, without moving the 

chair from its place. 

 It must allow the user to be aligned with the row when 

performing any praying positon. 

 It must avoid disturbing the worshipers in the row 

behind. 

 It must provide stable support for the body. 

 It should be comfortable to sit on for a long period of 

time. 

3.3. Prototype of the Congregational Prayer Chair 

The congregational prayer chair (Figure 6) is 

constructed with a seat and a seat back supported between 

two connecting arms. The connecting arms are mounted on 

chair legs.  Grooves and tracks are provided on the arms 

that permit the seat and the seat back to be moved in a 

predetermined manner. Accordingly, the chair would 

permit a worshiper to attain, when he/she can, the five 

prayer positions (or any selected one of them) without 

changing the placement of the chair legs. Thus, the chair 

user will not disturb the alignment of the row and not 

disturb the worshipers in the row behind the chair. 

 
Figure 6.  The prototype of the proposed congregational prayer 

chair. 

The congregational prayer chair comprises a pair of U-

shaped leg members that form spaced-apart front and rear 

legs. A pair of support bars spans the distance between and 

connects the front legs to the rear legs. Support bars that 

crisscross diagonally in X-shaped fashion connect the rear 

legs to each other.  The support bars function to add 

rigidity and stability to the chair. Respective arm supports 

are attached to the inner surface of each respective U-

shaped leg member. Each arm support is fashioned with a 

respective curved rear portion for reasons to be explained 

below. Respective straight portions extend from each 

curved rear portion to respective front curved portions to 

define the arm supports. Cushioning pads are mounted on 

the upper surfaces of the respective support arms.  The 

support arms have inner surfaces that are provided with 

grooves or tracks therein, forming upper tracks and lower 

tracks.  Additional track members extend angularly and 

rearward from the arm supports. 

A seat member and a seat back are disposed between 

the arm supports. The seat member has front pins and rear 

pins attached at each side thereof. The front pins are 

engaged in lower curved track members for sliding 

movement therein. The rear pins are engaged in the back 

curved track for sliding movement therein. The seat back 

is provided with a pin extending from each side thereof for 

respective engagement in the upper tracks. A respective 

connecting arm extends between the seat back and the seat 

member on each side of the chair. A slot is provided along 

the length of each connecting arm. At its upper end, each 

connecting arm is interposed between the seat back and the 

respective curved portions of the support arms and is 

mounted for pivotal movement on pins. At its lower end, 

each of the respective connecting arms is interposed 

between the seat member and the curved portion of the 

support arms. Each rear seat pin is mounted for sliding 

movement in each corresponding slot.  
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As shown in Figure 7, the seat member and the seat 

back can assume one of two positions, a forward position 

(shown in phantom lines) and a rearward position (shown 

in solid lines). The rearward position is the default position 

due to a loaded internal-tube tension spring. The forward 

position can be achieved by pushing down the seat pan 

until it is locked by a conventional locking mechanism. In 

such position, the mentioned above tension spring will be 

further loaded. The locking mechanism consists of spring 

loaded pins extending from the lower portion of the two 

arm supports for respective engagement in the seat pan. 

Handles interact with the locking mechanism to release the 

seat and seat back for movement to the default position, 

when desired. In the forward position, the chair functions 

as a conventional chair and may be employed in this 

position by worshipers whose age and/or disabilities 

require the use of a conventional chair.  In the rearward 

position, the seat and the seat back are moved rearward, 

and the seat swings down to provide open space 

(approximately 60-70 cm) between the arm supports. The 

rearward position allows the worshipers who are 

physically able to attain any of the prayer’s position to do 

so without moving the legs of the chair, thus retaining the 

alignment of the rows and keeping the worshipers in the 

row behind the chair not disturbed (Figure 8). 

Finally, it is important to mention that if the person 

who is performing prayer wants to change from the 

standing position to the sitting position, he or she needs to 

move forward to allow the seat pan to move to the forward 

position and vice versa. Such movement might be difficult 

or impossible to attain by some worshipers due to, for 

example, illness or not being able to keep their 

equilibrium. Using armrests during standing up and sitting 

down may be helpful for most, but not all, users. 

 

 
 
Figure 7.  The forward and the rearward positions of the 

congregational prayer chair. 

 
Figure 8.  The rearward position of the congregational prayer chair allows worshipers to attain all or selected prayer positions whenever 

they can. 
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4. Conclusion 

In the present paper, a novel conceptual design for a 

congregational prayer chair is addressed. Such a chair is 

specially designed to provide needed support for certain 

worshipers participating in congregational Muslim prayers. 

Currently, such worshipers rely on conventional chairs for 

assistance in attaining the prayer positions that they cannot 

assume. Unfortunately, using such conventional chairs 

cause disturbance to the worshipers in the row behind the 

chairs or/and cause misalignment to their users with the 

rows of prayer. Such problems are well known to all 

Muslims who pray in the mosques because they occur 

repeatedly in almost mosques around the world. Also, 

many Muslim scholars have discussed the Islamic 

regulations of praying with the support of chairs. They 

have mentioned the importance of the alignment of the 

chair’s user with the row of prayer and, in the same time, 

the importance of not causing disturbance to the 

worshipers in the row behind the chair. However, such two 

conditions are impossible to be met at the same time when 

using conventional chairs. Therefore, the challenge of this 

study was to design a chair that specifically solves the 

aforementioned problems and in the same time considers 

ergonomics principles. Based on the literature review and 

the findings of a survey carried out in this study, five basic 

design criteria for the novel chair of the congregational 

prayer were established. Based on those criteria, a 

prototype of such a chair was developed. The 

congregational prayer chair is constructed with a seat and a 

seat-back supported between two connecting arms.  The 

connecting arms are mounted on chair legs.  Grooves and 

tracks are provided on the arms that permit the seat and the 

seat-back to be moved in a predetermined manner so that a 

worshiper can attain the required prayer positions without 

disturbing the alignment of the prayer rows and the other 

worshipers in the row behind. It is expected, God willing, 

that Muslim worshipers around the world would welcome 

this chair that is designed to alleviate the misalignment 

problems and still provide adequate support to attain all of 

the required prayer positions 
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Abstract 

Bronze -40%w Composites are successfully prepared by compacted mixtures powder into pellets. The green compacts of 

(bronz– 40wt%W) were sintered for (60- 120 min) at 750, 850, 950°C. Scanning Electron Microscopy (SEM) technique was 

used for microstructure test of the raw powders, and composites. The results obtained reveal that the densities increased with 

increasing compaction load, sintering time and temperature. The average of Vickers hardness for composites 60wt% bronze 

-40wt%W was 91.5. Tin electroplating improves corrosion resistance of the bronze/w, by electroplating with tin solution 

electrolyte and applying suitable current (0.01A) for 4 hour, coating layers of 45- 60 µm were obtained. Corrosion rate 

measurements were done for different samples with different conditions (non-coating, coating and scratched coating). The 

corrosion current of scratched coating sample is higher than unscratched samples, due to cathodic protection of exposed area 

of composite substrate. Consequently, the corrosion rate of scratched coating sample is higher than unscratched. 
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1. Introduction  

A considerable interest has been given to metal-metal 

composites and metal-ceramic composites because of their 

unique combination of strength, fracture toughness, high 

hardness, low density, low coefficient of thermal 

expansion that make them ideal candidates for light weight 

application [1,2]. Properties of lead, like flexibility, ease in 

obtaining, corrosion resistance, high density, and low 

melting point, make it easy to handle and fashion [3]. The 

combination of high density and good corrosion resistance 

can be considered as an advantage, which makes lead an 

excellent material for fishing application, and effective in 

manufacturing of many types of fishing tackles and 

angular accessories [4, 5]. Lead is ranked number two in 

the U.S. government's top 20 hazardous substances 

propriety list.  The U.S. environmental protection agency 

has listed lead as a toxic chemical and set very restrictive 

threshold limits for concentrations in air, soil, water and 

vegetation [6, 7]. However, Lead can be replaced by 

tungsten because it has higher density and higher melting 

temperature than lead. Usually adequate mechanical 

properties and unusual properties are the main reason for 

fabricating by Powder Metallurgy (PM). Conventional 

method led to high cost reinforcing phase preparation and 

poor interface bonding between reinforcement and metal 

matrix [8]. Copper alloy powder has been selected as a 

matrix, due to its availability with a low cost, while 

tungsten (W) powder, which has high density, has been 

selected as reinforcement to attain a fishing tackle with 

high density that imitate lead density. The fishing tackles 

use in sea water should have a good corrosion resistance. 

After preparation the sample surface electroplating was 

used to improve corrosion resistance [8]. Milling of 

elemental Cu, W and graphite mixture was undertaken by 

many researchers and they have studied the properties of 

Cu –W composites by mechanical alloying with different 

conditions [9-15]. The authors have not studied and 

comparing the structure, densities, hardness, and corrosion 

of (bronz– 40wt%W) as replacement composites materials 

of lead in many applications. 

2. Experimental 

In the present study, the starting materials chosen were 

bronze powders as matrix (purity 99.9%, purchased from 

ALDRICH) with a particle size of 325 meshes and 

tungsten powder (purity 99.9%, purchased from 

ALDRICH) with average particle sizes 100 meshes. 

Mixtures of ( bronz – 40wt%W) were subjected to ball 

milling for 2 h at the speed of 100 rpm then compacted 

into pellets by different loads (5-15Kgf which is equal 

156050- 468152 N/M2(stress) when radius of the sample= 
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10mm) for 3 min. The green compacts of (bronz– 

40wt%W) were sintered by tube furnace under protective 

argon gas atmosphere for different sintering time (60 -120 

min) and different sintering temperatures (750°C, 850°C, 

950°C), The apparent density, green density and sintered 

density were taken for the powders and composites by 

using formula of ρ=m/v and using the gas pycsometer. Tin 

electroplating to improve corrosion resistance of the 

bronze/w, by electroplating with tin solution electrolyte 

and applying suitable current (0.01A) for 4 hour, coating 

layers of 45- 60 µm were obtained for sample with 

(2.5cm2) surface area [14]. SEM technique was used for 

microstructure examination of the raw powders, and 

composites. The micro-Vickers hardness was measured at 

5 points of the samples. The Corrosion Cell was designed 

for electrochemical measurements using Tafel 

extrapolation method with AUTOLAB software for 

corrosion rate determination in 3.5 % NaCl solution as 

simulated environment to sea water. Corrosion rate 

measurements were done for different samples with 

different conditions (non-coating, coating and scratched 

coating).  

3. Results and Discussion 

3.1. SEM and EDX Analysis  

SEM micrographs of of bronze alloy powders, as in 

Fig. 1, show a spherical shape with different sizes.  

The SEM image of the reinforcement powder (W) is 

shown in Fig. 3.2 the shape is clear polygonal with 

different sizes that are difficult to measure it due its 

irregularity. Powder characterization is necessary for 

future repetition and understanding the results. 

  

 

Figure 3.1. SEM micrograph of (a) bronze alloy powders, 500x 

 

Figure 3.2. SEM micrographs of W powders, 500 X.  

http://www.nlectc.org/assistance/edx.html
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The matrixes of bronze alloy has been analyzed using 

EDX (Energy Dispersive X-ray) technique to determine 

and confirm its chemical compositions as show in Fig. 

3.3 After select the point in the matrixes as show in Fig. 

3.4. A uniform dispersion of reinforcement (W) powder 

in the metal matrix offers improvement in density and 

the mechanical properties of resultant composites as 

show in Fig. 3.4 

 
Figure 3.3. EDX microanalysis of matrix. 

 

 

Figure 3.4. SEM micrograph shows the matrix 
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The reinforcement tungsten (w) has been analyzed 

using EDX (Energy Dispersive X-ray) technique to 

determine and confirm its chemical composition, as 

shown in Fig. 3.5. After select the point in the 

reinforcement of composite as shown in Fig. 3.6. 

 

 
Figure 3.5. EDX microanalysis of reinforcement. 

 

 

Figure 3.6. SEM micrograph shows the reinforcement 
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3.2. Density and Hardness Measurements 

The aim of the present work is to replace the lead by 

bronze-w composites which have height density, good 

corrosion resistant and low cost. There for the follow of 

density improvement is required during powder 

technology process. The sintered densities were measured 

according the formula of ρ=m/v to calculated the sintered 

density; where:           

Ρ = density, m = mass of sample, v = volume   

v = π r2Xd, r=   radius of the die cavity = 0.65 cm, 

d = thickness. 

Apparent density is one of the fundamental properties 

of a powder, which affects processing parameters such as 

the design of compaction mould and the magnitude of the 

press motions required to compact. The average apparent 

density of bronze/tungsten powder was 5.90 cm3 due to 

bronze has spherical shape as show in Fig.1. The green 

density as function of compacting load showed an increase 

with increasing the compacting load [17]. Table 3.1 

illustrates the compressibility of the composite powder   

Table 3.1: Compressibility of composite powder 

Sample 

No. 

The Type of 

composite 

Load 

(Kgf) 

The  

height 

of 

sample 

(cm) 

v = π 

r2Xd    

cm3 

Weight 

(g) 

Green 

Density 

(g/cm3) 

4 
60wt%bronze 

40wt%w 
5,000 0.35 0.464 4.41 9..83 

5 
60wt%bronze 

40wt%w 
10,000 0.33 0.438 4.44 10.1 

6 
60wt%bronze 

40wt%w 
15,000 0.31 0.411 4.42 10.75 

The green density increase with increasing the 

compacting load due to decrease the volume of the sample 

with increasing the load, the formula ρ=m/v was used to 

determined the density.  From Table 3.1 high the green 

density of 60wt%bronze -40wt%w due to the bronze 

compatibility and apparent density, compatibility 

depended on the type of the powder and the particle size of 

powder. From the Table 3.1 the Vary pressures between 

5,000-15,000 (Kgf) were applied, by suitable pressure 

10,000 (Kgf) good shapes after ejecting samples from the 

die were produced. The hardness was calculated from the 

diagonal length of the indentation optically determined for 

each indentation. The average of Vickers hardness for 

composites 60wt% bronze -40wt%W was 91.5. Fires 

samples bronze-w was sintered for 60 and 120 minute at 

850 °C under protective atmosphere of argon gas. 10 ton 

was applied; sintered densities with 120 minute were 

higher than sintered densities with 60 minute, due to 2 

hour sintering time enough to occur good densification 

(form and growth necks). The sintered density increase 

with increasing the sintering temperature but at high 

sintering temperature the samples particles was faced 

distortion and agglomeration because the matrix reach the 

pointe, as shown in Figure 3.7.  

 
Figure 3.7: Samples bronze-w  

A) before Sintering with a diameter of 10 mm 

  B) after Sintering temperature of 1000 °C (Distorted sample) 

3.3.  Corrosion Rate Measurements  

SEM coating examination shows that the coating had 

uniform layer, due to clear regularity and shows good 

coating adhesion with substrate   as shown in Figure 3.8 

and the coating thickness varies between 30 µm and 58 

µm. 

 
Figure 3.8: SEM micrograph shows the tin coating of thickness reveals good adhesion with the substrate (bronze-40%w) 

  

Composite  
Substrate 
 

Coating 

Layer 
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By using AUTOLAB software corrosion rate was 

easily obtained. With polarization scan rate of 0.0005 

V/second, density of sample 8.4 g/ cm3 and surface area 

1.453 g/ cm3. Figures (3.9) show the obtained results of 

different type of samples composition and conditions (un-

scratched coating, scratched coating, and un-coated 

samples) with Tin (Sn), in 3.5 % NaCl solution at room 

temperature (25 oC), 

 
Figure 3.9: Corrosion rate for two composite with different 

condition 

The corrosion behavior of a coated part (coating-

substrate system) is determined by the corrosion resistance 

of the coating material in 3.5 % NaCl solution at room 

temperature medium. The coatings may be have two type 

defects: pores, damaged by scratches or other wear 

mechanisms, and other defects after electroplating process, 

the types of defects allow the corrosive medium to contact 

the substrate material [18]. That is   why a coated sample 

was scratched with sharp tool to obtain scratched coating 

samples with scratch length of 10 mm, and 1 mm width.  

According to electrochemical series of metals, the coating 

metal which is Tin (Sn), is less noble than the substrate 

material, which is considered as Copper alloy, (the 

substrate material is composite material contains of 40 

wt% of W reinforcement   matrix of (bronze) [19]. It is an 

example of a corrosion cell, which is provided by an 

imperfect (scratched) coating of Tin (Sn) on composite 

samples immersed in 3.5 % NaCl solution. The current 

generated passes from the copper to the tin by the path of 

lowest resistance and returns to the copper through the 

solution by the passage of ions. The tin dissolves and is 

called the anode; whilst the copper is called the cathode. 

The corrosion current density of the scratched samples is 

more than un-scratched coating samples [20]. The 

corrosion current of scratched coating sample is higher 

than unscratched samples, due to cathodic protection of 

exposed area of composite substrate.  Consequently, the 

corrosion rate of scratched coating sample is higher than 

unscratched.  

4. Conclusion 

Work has been done to prepare non lead heavy weight 

composites for fishing tackles application. Composites of 

bronze with reinforcement of 40 wt%w were produced. 

Proper powder mixing lead to homogenous tungsten 

distribution and two hours sintering time at 850 oC was 

suitable time to improve the density and hardens. Slight 

improvement in density when sintering temperature 

increased from 850-900oC was observed. However 

sintering at 1000 oC was found detrimental on the final 

shape due to distortion by melting. Tin electroplating to 

improve corrosion resistance of the bronze/w, Thickness of 

coating layers that obtained were 45- 60 µm by 

electroplating with electrolyte(tin solution) by applied 

suitable current (0.01A) for 4 hour. The Corrosion Cell 

was designed for electrochemical measurements using 

Tafel extrapolation method with AUTOLAB software for 

corrosion rate determination in 3.5 % NaCl solution as 

simulated environment to sea water. Corrosion rate 

measurements were done for different samples with 

different conditions (non-coating, coating and scratched 

coating). The corrosion current of scratched coating 

sample is higher than unscratched samples, due to cathodic 

protection of exposed area of composite substrate.  

Consequently, the corrosion rate of scratched coating 

sample is higher than unscratched. 
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Abstract 

Physiologically, blood flow path has different patterns of geometry, shapes, size and structure within the cardiovascular 

system. This includes branching, bifurcation and curvature of blood vessels and other cardiovascular components.  

Accordingly, the blood micro interactions with the lining layer (Endothelium Layer) of blood vessels and surrounding 

surfaces are strongly depend on blood constitutions, mechanical properties of endothelial layer and the geometry of blood 

pathways. This demonstrating the importance of local hemodynamics in controlling disturbed flow interactions, which 

include leukocytes aggregation and platelets adhesion.  

In the present study, a numerical simulation of blood-surface interactions are performed to investigate the complicated 

behavior of blood flow and how the local hemodynamics control the adhesion and rolling processes around a stagnation 

point at branching and curvature locations within cardiovascular system. These investigations are carried out under effect of 

variable shear stress, and different timing of secondary adhesion technique. 

The results showed that the discontinuity in the hemodynamic flow enhances cell adhesion under low shear rate at and 

downstream the disturbed portion in the flow (i.e., stenosis flow). Also, cell prefers to adhere to the surface between the 

discontinuity and little bit further the stagnation point, but the maximum tendency for adhesion is before the stagnation 

point, which synchronized with the lowest value of shear rate. However, at higher shear rate (i.e., 19.66 s-1) the cell will roll 

slowly for short time before its rolling velocity gradually increases to reach a maximum value when the shear rate gets 

higher. 
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Nomenclatures 

ac     Cell radius 
aco     Characteristics cell radius (Reference value) 

A(, ) Individual grid area of the receptors over the cell 

                 surface 
Cx  Distance from the step 

Cy   Distance between the cell center and the vessel  
                 surface 

Fb   The bonding force 

Fbi   The bonding force in Cartesian Coordinate 
                (i=x,y and  z) 

Fflx  Hemodynamic force x-direction (Fluid force) 

Ffly  Hemodynamic force y-direction (Fluid force) 
fk              Fraction of bond strain that is dedicated to bond  

                dissociation, (fractional spring slippage  

Fs   Function of (ac + h)/ac  
G   Shear rate 

Go  Characteristic shear rate (Reference value) 

h   The minimum distance between the cell and the  
                surface 

I   Mass moment of inertia of the cell 

KB   Boltzmann constant  
Kb  Bond breakage constant  

Kf  The intrinsic bond formation rate constant 
Kro  The intrinsic bond breakage rate constant 

Lb   bond length 

m  mass of the cell 
Mbz  Moment of the bond force in z-direction 

nRo   Receptors of density while the  
nLo  Ligands of density  

nB   Bonds of density  

S   Stiffness constant  
Sts   Transition state spring constant, 

T  The temperature 

Tmax  Overall time of simulation  
Vcell  Cell velocity  

Vf   Velocity of the fluid with respect to the cell  

                velocity Vcell 

 t   Time step 

 ci  Indices of the cell center in Cartesian Coordinate  

                (i=x,y and  z) 

  Stressed bond length 

o   Equilibrium (unstressed) bond length  

   The fluid dynamic viscosity 

i   The three components of rotational velocity in  

                 Cartesian Coordinate (i=x,y and  z) 

ρ  Fluid density 

τ  Dimensionless time 
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1. Introduction 

Anchoring of blood cells to the surface of the blood 

vessel starts by the migration of cell from the blood stream 

toward the vessel surface; this may be followed by primary 

adhesion, rolling or permanent adhesion. These processes 

are essential events in physiological adhesion for instance 

Leukocyte accumulation during inflammation, tumor cell 

metastasis and thrombus formation [1]. However, adhesion 

and aggregation of platelets and neutrophils to each other 

and to blood vessel wall are critical events in inflammation 

and thrombosis, and are relevant to patients with stroke, 

acute myocardial infarction and coronary angioplasty [2, 

3].  

Under flow conditions, cell adhesion initiates by cell 

departure from the main bloodstream toward the vessel 

wall (cell capture), and then the cell slow rolling takes 

place (adhesive rolling) before the permanent adhesion 

happens (secondary adhesion). The driving force for 

rolling is the hydrodynamic force of the blood stream 

(hemodynamic force) acting on the adherent cell; rapid 

formation and breakage of adhesive bonds are required for 

the adhesive contact between the blood cell and the vessel 

wall to be maintained and to be translated along the wall 

during rolling [4,5].  On the way to inflammatory sites, 

neutrophils attach to and roll on endothelium before their 

firm arrest and diapendesis. The attachment and rolling of 

neutrophils are mediated by selectins (L-selectin on 

neutrophils; P-selectin and E-selectin on endothelium) and 

their carbohydrate ligands [6]. 

Fundamentally, cell adhesion/rolling depend on many 

parameters that are related to the flow conditions, cellular 

properties, bond characteristics, and interactions activity of 

the lining layer of the blood vessel (i.e., endothelium 

layer). Mainly, flow parameters include the flowing path, 

properties of the working fluid (i.e., blood or plasma), type 

of flow (laminar and turbulence levels and vessel size and 

shape), and local hemodynamics. The vascular 

endothelium cell is subjected at all time to shear forces that 

act on its surface and has an important role in regulating 

cell structure in endothelium and cardiac myocytes as a 

result of flow of viscous blood [7]. However, the viscous 

effect of blood has an important role in hemodynamics of 

blood stream, especially at stagnation points (zero velocity 

point) through the blood flow and at the disturbed portion 

(the discontinuity in the flow) [8]. 

The hemodynamic force depends mainly on the rate of 

shear and on the blood rheology. In addition to 

hemodynamic force, cell receptors and surface legends 

densities (site densities) have a crucial role in cell adhesion 

and rolling. However, the adhesion of cells to surfaces 

under conditions of flow represents a balance between 

physical and chemical forces. The chemical bonding force 

delivered by the receptor-ligand pair balances the 

hydrodynamic forces on the cell. This chemical bonding 

force is derived from the numbers and strength of adhesive 

linkages between cell and surface, which results from the 

properties of adhesion molecules [9, 10].  

In the light of the above, it is important, therefore, to 

fully understand the mechanisms of fluid cell, capture, 

rolling and permanent adhesion under flow conditions. Of 

particular relevance is the role of local hemodynamics of 

blood flow in the cell-surface interactions. However, a 

fundamental quantitative understanding of cellular 

behavior can lead to better understanding of in vivo 

phenomena.  

 

Accordingly, this study makes steps towards 

elucidation of the cell-surface interactions under flow 

conditions, such that a three-dimensional (3D) 

computational model was developed to simulate and 

investigate the effect of local blood hemodynamics in the 

cell adhesion and motion over the endothelium layer at the 

bifurcation sites of the cardiovascular system. 

2. Methods and Model Development 

The details of the biodynamical model and the 

coordinate axes appear through Figures 1-3.  In this model, 

the blood cell (i.e., Leukocytes or neutrophils) is modeled 

to be an inflexible sphere of radius ac covered by 

uniformly distributed receptors of density [nRo] while the 

substrate (i.e., Endothelium layer) has ligands of density 

[nLo]. The resulting receptors-ligands combination (bonds)-

within the contact zone- are modeled as Hookean springs 

with stiffness constant of  S and equilibrium (unstressed) 

bond length of o, while the stressed bond length is 

represented as . 

Within the contact zone, the rate of bond formation 

constant (Kf) and breakage constant (Kb) are determined 

using the expressions suggested by Bell model [11] which 

is modified by Dembo et al., 1988 [12]: 

Kf = Kfo exp (- Sts( – o)
2 /2 KBT)                                              (1)  

Kr =Kbo exp(fkS ( –o)
2/2KBT)                                                   (2) 

Here  is the bond length (the magnitude of the vector 

of Eqn.1), fk is the fraction of bond strain that is dedicated 

to bond dissociation, and is also known as the fractional 

spring slippage, and is given by fk = [ (S – Sts ) / S]. The 

term ( KB T) is product of the Boltzmann constant and 

temperature, S is the spring constant, Sts is the transition 

state spring constant, Kfo  and Kro are the intrinsic bond 

formation and breakage rate  constants [1,13,14]. 

The bonding force Fb will depend on the deflection of 

the bond length ( –o ), which is related to the (x,y,z) 

coordinates of the tether on both the cell L1(x1,y1,z1) and 

that on the substrate L2(x2,y2,z2), such that Fb, L1 and L2 

are vector quantities. The vectors L1 and L2 change with 

time as a result of cell rotation and translation, so the bond 

length at each location can be described by a time varying 

vector: 
Lb  =     L2  –   L1                                                              (3) 

* Corresponding author e-mail: alshormana@asme.org. 
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Figure 1. The cell is modelled as a sphere of radius ac, covered with the receptors with a density of [nR], while the ligands covered the 

substrate at a density of [nL].   Rolling occurs when the bonds at the trailing edge of the cell start to break 

 
Figure 2. The four steps of cell adhesion under effects of shear effects [15] 

In the contact region, ligands react with receptors at 

rate of bond formation (Kf) to form bonds of density nB, so 

the rate of bond formation 
dt

dnB
 is given by: 

dt

dnB
 =  Kf nR nL  -  Kb nB                                                 (4)  

Where nB, nL and nR are the density in [number of 

sites/m2] of the bond, ligand and receptor, respectively. 

Accordingly, the bond force can be resolved in each 

direction Fbx , Fby and  Fbz , and the associated torques can 

also be calculated using the above appropriate parameters; 

subsequently, the single bond force in each Cartesian 

direction can be expressed as: 

Fbx = S Lbx ( 1 – 

b

bo

L

L
)                                                               (5) 

Fby = S Lby ( 1 – 

b

bo

L

L
)                                           (6)  

Fbz = 0.0                                                     (7) 

 Here, Fbz equals zero since there is no cell motion in z-

direction and z doesn’t change, while the total bond 

forces take the following forms: 

Fbx = S   x ( 1 – 



o
) nB A(, )              (8) 

Fby = S   y ( 1 – 



o
) nB A(, )                                       (9) 

Mbz = x   y1 (, )  +  y   x1 (, )                             (10)      

Here, nB is the bond density, and A(, ) is the 

individual grid area of the receptors over the cell surface 

(Fig. 3). Fig. 3 shows the resultant of the bonds in each 

grid of the cell surface, such that the resultant summation 

of the individual bonds is located at the center of the grid. 

Also, x1 (,) and y1 (,) are the location distance of the 

receptors on the cell surface in x and y directions. 

L2(x2,y2,z2) 

 

L1(x1,y1,z1) 
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 bond breakage (Kr)  
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Figure 3. Representation of the spherical grid over the cell surface / substrate surface, such that each small square indicates one individual 

grid area A(, ) and the effect of receptors/ligands resultant acting at the centres of the small squares 

The driving effect on the cell is the hydrodynamic 

(hemodynamic) force such that the effects of bond keep 

opposing the hemodynamic contribution to achieve the 

stability of adhesive rolling. However, rolling occurs as 

long as the hemodynamic force is greater than the 

integrated effect of bond forces, while permanent adhesion 

is associated with the dominant role of bond forces against 

the driving effect.   Particularly, hemodynamic force can 

be derived to take the following form [1, 14, 16, 17, 18]: 

Fflx=  6   ac
2 ( G  - Vx  / dy ) Fs                              (11) 

Ffly=- 6   ac Vx Fs                                                         (12) 

where G is shear rate in x-direction,  is the fluid 

dynamic viscosity, Fs is a function of (ac + h)/ac such that h 

is the minimum distance between the cell and the surface, 

the value used for Fs is (1.7) (Goldman et al., 1967), Vx   

& Vy are the velocity of the cell in x and y direction, and 

Cy is the distance between the cell center and surface. 

As a result of net effects of hemodynamic and bond 

forces the cell moves at rolling velocities Vx ,Vy and V 

under certain values of bond formation and dissociation 

rates constants (Kf  and Kb
 ). The motion of the cell was 

determined by solving Newton’s law of motion, balancing 

fluid and bond forces with inertia, such that: 

Fx = Fbx + Fflx                                                             (13)  

Fy = Fby + Ffly                                                                        (14) 

Here Fbx and Fby are determined by Eqns. 8 & 9, 

while the fluid forces Ffl can be calculated using Eqns. 11 

& 12 and the relative velocity of the fluid Vf with respect 

to the cell velocity Vcell (i.e., Vf  - Vcell):  

Ffl =  6   ac
2 [Vf  - Vcell] Fs                                                               (15) 

Fluid velocity Vf can be evaluated as a function of 

shear rate G and the distance between the cell center and 

the surface Cy, so:  

Vf  = G Cy                                                           (16) 

Then 

Vf – Vcell_i =  G

y

icell

C

V _
,  i= x,y,z or                              (17) 

The cell velocity components (Vx, Vy, V) are expressed 

by Eqn. 24 below, while the fluid force components are: 

Fflx =  6   ac
2 [ G – (

y

x

tC

c




)] Fs                                                     (18) 

Ffly = - 6   ac
2  (

y

y

tC

c




) Fs

*                                                  (19) 

Where  is the dynamic viscosity of plasma, which is 

equal to 1-2 centi-poise (cp.) (i.e.,  = 110-6 - 210-6 

g/m.s) [10,22,29,32,33], G is the shear rate, Cy is the total 

height of the cell center from the substrate such that Cy =  

 cy, and F* is function of the ratio of distance between cell 

center and substrate h and cell radius ac, ( F* ~ 

1+(9/16)(ac/h) for small (h /ac ). Numerical values of h /ac 

(a) Bunch of receptors/ ligands 

within an individual grid on the cell 

surface or substrate   

(b) Resultant of receptors/ligands bunch  

of individual grid acts as one spike    

(c) Representation of many grids (Nine) with their 

resultants of receptors/ ligands (projection of cell 

surface portion or substrate). Each square 

indicates one grid area A (,) 

( d) Interaction zone where the binding 

of receptors and ligands occurs 
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and their associated values of F* are introduced and 

tabulated by Goldman et al., 1967, F* ranges from 1.0 to 

1.7005). The shear-induced force approach finite limits as 

the cell contacts the wall, thus F* = 1.7005 for the limiting 

case h /ac= 1.0, [16, 17, 23, 24, 25]. 

Consequently, the general form of equation of cell 

motion can be expressed in the following form (Eulerian 

approximation method): 

 F =   m 
 

2

1

t

cc ii




 , i = x,y,z or         (20) 

Based on Eqn. 20, cell motion can be characterized by 

the indices of the cell center in each Cartesian co-ordinate 

 cx ,  cy and  c that are governed by Eqns.(21-23). 

 

 c x+1 =   
m

t 2)(
Fx  +  cx                       (21) 

 cy+1 =   
m

t 2)(
Fy  +  cy                       (22) 

 c+1   =   
I

t 2)(
Mz  +  c                    (23) 

Where  ci is the infinitesimal change in cell center 

position in i-direction (i = x,y & z or  ) at time t, while  

ci+1 is that at time t+  t and I is the mass moment of 

inertia of the cell as it is modeled as sphere.        

The cell moves in both translation and rotation modes 

with three different components of translation velocity in 

each Cartesian co-ordinate Vx, Vy and Vz, while x, y 

and z are the three components of rotational velocity. 

According to the model, Vz, x and y are equal zero 

since there is no translation in z-direction and no rotation 

about x and y axis. Obviously, the cell translates in the x 

and y directions at Vx and Vy and rolls at z or V about z-

direction (V is considered instead of z for notation 

consistency). These instantaneous velocity components are 

modeled to be in the following form: 

Vi =  
t

ci




, i=x,y,                                     (24) 

The cell rolling velocity is evaluated at each time step  

t for the whole different stages of adhesion and rolling 

processes within the time of simulation Tmax. 

3. The Main Features of Flow at Localized Zones under 

Variable Shear Rate 

To highlight the characteristics of the local 

hemodynamics of blood flow at localized sites (i.e., 

branching, contraction expansion, tapering), the path flow 

over the step is investigated since it could be considered as 

an interpretation for these restricted locations.      

The flow over the step has a complicated nature due to 

discontinuity in the path of flow, circulation and back flow 

downstream the step, also this type of flow can be 

considered as primary related to stenosis flow and flow 

through branching vessels, such as the blood flow over cell 

adherent accumulation (plaque), or disturbed vessel flow 

respectively.  

The schematic diagram and stream lines of step flow 

are shown in Figs. 4 and 5, where cell adhesion occurs 

around the stagnation point and back flow in the 

circulation zone. While the non-dimensional and the 

dimensional shear rate distribution over the distance from 

the step are illustrated in Figs. 6 and 7, respectively. This 

distribution is for Reynolds number (Re) of 28.5, dynamic 

viscosity of 710-7g/m-s and 300 m for the step height. 

According to Fig. 6, the shear rate starts from zero at 

the beginning of the step then decreases in negative to 

reach its peak negative value after which it increases to 

come back to zero value at the stagnation point at the non-

dimensional distance (Cx / ac) of 162. Here, Cx is the 

position distances of the cell along x axis, while ac is the 

characteristics cell radius. Just slightly next the stagnation 

point, the shear rate changes sharply from zero up to its 

maximum value before it takes its constant value (G/Go = 

1.0) which is the used characteristics value (Go) for the 

non-dimensionalizing process. 

 

Figure 4-a. CFD of bifurcation flow at different times indicating stagnation points and adhesion regions [26]. 
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Figure 4-b. Disturbed flow representation: Arteries bifurcation, step flow, recirculation zone and stagnation point 

 

Figure 5. Disturbed step flow field: Circulation zone with back flow, stagnation point and recirculation 

 
Figure 6. Non-dimensional shear rate distributions over the non-dimensional distance from the step 
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Figure 7. Shear rate distributions over the distance from the step (dimensional values) 

 
Figure 8. Cell capture, rolling and secondary adhesion under range of positive variable shear rate (after the stagnation point location) 

 
4. Results and Discussion 

In the present study, an instantaneous-continuous 

reading of shear rate is performed at each cell position 

in each simulation run for the entire data of Fig. 6. Set 

of simulations were executed to analyze the features of 

cell capture, rolling and adhesion under the conditions 

of disturbed flow. The setting of input parameters of 

simulation are listed in Table 1 and the results are 

presented through Figs. 8 –10 and 12-13.  

The results demonstrate the type of cell behavior 

within the effective range of shear rate (capture, rolling 

or adhesion) and show the direction of cell motion 

under the conditions of the current flow. 

 

Figure 8 shows the cell capture rolling and 

secondary adhesion at different starting position with 

positive initial shear rates of 9.06, 41.12 and 85.32 s1.  

It can be noted that the cell has the three stages of 

cell adhesion (capture, rolling and secondary adhesion) 

when it starts at G = 9.06 (position of Cx/ac of 169.7). 

But at higher shear rate (i.e., 41.12 and 85.32 s-1) the 

cell will roll slowly for short time before its rolling 

velocity gradually increases to reach a maximum value 
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as the shear rate gets higher (no adhesion and 

continuous rolling). 

On the other hand, under most of negative shear 

rates (upstream of the stagnation point), the captured 

cell tends to adhere and stop rolling after certain period 

of time as demonstrated in Fig. 9. This indicates that 

cells within the effect of these shear rates ranges prefer 

adhesion after short slow rolling. As expected the cell in 

this area of flow, follows in the direction of shear rate, 

so its short rolling was toward the step to the left of the 

stagnation point, where the adhesion takes place under 

the negative shear rates. 

In their experimental study, Skilbeck et al. [28] 

reported that within the circulation zone, wall shear 

stress was never so high as to disallow adhesion. This 

was not the case downstream the reattachment point in a 

high shear channel. Adhesion quickly dropped off 

beyond this point as wall shear stress increased. It was 

difficult to ascertain how many of cells that adhered 

beyond the reattachment point had been released from 

the vortex and how many had followed the streamlines 

that ran close to the wall upstream of the step and stayed 

downstream. Both types of attachment could be 

observed to occur occasionally. 

To explore the cellular behavior downstream the 

step, more simulations were executed for different 

starting locations with dissimilar shear rates using the 

listed data of Table 1. The results of this simulation 

analysis are presented in Fig. 10.  

By looking at Fig.10, it can be noted that cell 

adhesion is dominant within the distance between the 

step and the stagnation point (i.e., Cx/ac ≤ 162), the cells 

in this range roll shortly in the direction of shear rate (to 

the left) then adhere to the surface to form the 

whole/main part of the adhesion length. The cell keeps 

on zero rolling velocity at the stagnation point (Cx/ac = 

162), where no any previous rolling takes place, 

however as the starting location become far from the 

stagnation point under negative shear rate, the cell had 

short rolling before its permanent adhesion. 

Nevertheless, at the edge of the step the situation is 

considerably similar to that at the stagnation point. 

On the other hand, under higher shear rate (to the 

right of stagnation point) the chance for adhesion 

decreases as the driving force (hemodynamic force) 

enlarges to enhance rolling. But at the closer locations 

(Cx/ac = 178.28), to the right of the stagnation point, 

cells tend to adhere for certain time before the drag 

force promote them for fast rolling (other end of the 

adhesion length).     

Three conclusions can be assigned based on these 

findings: First, the discontinuity in the hemodynamic 

flow enhances cell adhesion under low shear rate at and 

downstream the disturbed portion in the flow (i.e., 

stenosis flow). Second, cell prefers to adhere to the 

surface between the discontinuity and little bit further 

the stagnation point, but the maximum tendency for 

adhesion is before the stagnation point, which 

synchronized with the lowest value of shear rate. This 

adhesion vanishes just further to the stagnation point 

where cell starts rolling at different velocities, as the 

shear rate gets higher. Third, after certain limit of shear 

rate the cell starts to roll with its maximum rolling 

velocity when shear is not constant; it increases with 

location to reach the maximum limit, where the 

maximum stream velocity takes place.  

Based on the above situation, it is possible to 

determine the adhesion length around the stagnation 

point and the shear rate limit that allow for adhesion as 

explained in the next sections. 

Table 1. Input setting for hemodynamics of disturbed flow under dynamic shear 

Parameter Symbol Control Value 

Cell radius (m) ac  3.5 

Characteristic Cell radius (m) aco  3.5 

Fluid dynamic viscosity (g/m .sec)   7 10-7 

Fluid density (g/m3)  110-12 

Mass of the cell (g) m 1.810-10 

Mass moment of inertia of the cell (g m2) I 8.8210-10 

Characteristic receptor density (sites/m2) [nRoo] 200 

Receptor density (sites/m2) [nRo] 200 

Ligand density (sites/m2) [nLo] 200 

Bond stiffness (dyne/cm) S 1.510-2 

Transition bond stiffness (dyne/cm) Sts 1.4510-2 

Natural bond length (m) Lbo 0.011 

Equilibrium bond formation rate constant (m2/sites . sec) Kfo Changed from (0.08) to (0.016) 

Equilibrium bond breakage rate constant (1/sec) K 
bo Changed from (6.4) to (0.32) 

Boltzmann’s constant (J/ oK) KB 1.38110-23 

The temperature (oK) T 310 

Shear rate (s-1) G Variable (-58.72 -  100) 

Characteristic shear rate (s-1) Go 100 
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Figure 9. Cell capture and adhesion under range of negative shear rate (before the stagnation point location) 

 

Figure 10. Cellular paths downstream the step (around the stagnation point) for different starting variable shear rate and different location 

from the step (Rco= aco) 

The present simulation was performed using relatively 

high site density and moderate site density, which means 

favorable conditions for adhesion. Mainly, the adhesion 

was dominant in the recirculation zone despite some 

rolling before the permanent arrest, while rolling has 

occurred -even under low shear rate- just at the far edge of 

recirculation zone (bit further the stagnation point). The 

short rolling downstream the step (recirculation zone) and 

fast rolling after the stagnation point can be explained by 

the critical role of shear rate in cellular behavior within 

this area rather than the bond kinetics. Also, the rolling 

within the recirculation zone (low shear rate) is due to the 

rotational nature of flow (vortex) in this zone, where the 

shedding of vortices creates an oscillatory lift [20, 29, 30]. 

The shear rate in this type of flow had stronger effect than 

any other parameter, so it has strongly controlled the 

cellular behavior more than bond properties or site density. 

Accordingly, the results emphasizes that local fluid 
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dynamics (i.e., shear rate) of the complex flow plays a 

central role in cell adhesion and rolling within this type of 

flow, which dominant the other parameters roles [31]. 

In general, adhesion in the laminar re-established flow 

was as expected, being efficient at lower shear stress and 

negligible at higher rate. However, the lack of adhesion 

under low shear stress (downstream of the reattachment 

point) can be explained by the expansion of streamlines as 

they pass from narrower to wider conditions, so the cells 

effectively move away from the wall [28].  

The above findings elucidate the details of cellular 

motion under disturbed flow, which can be used to explain 

cell adhesion under certain physiological conditions in the 

cardiovascular system. The pathophysiological implication 

of these results is that whereas adhesion may rarely occur 

in straight arteries, leukocyte could bind successfully in 

the region of a discontinuity. With regard to pathology, 

this may be a factor in localization of atheroma to low 

shear regions of vortices and recirculation associated with 

arterial junctions and curvature. Enhanced deposition 

could also influence process such as restenosis in vessels 

subjected to angioplasty, or thrombosis downstream of 

anastomoses following surgical reconstruction of arteries 

[32]. 

5. Ranges of Adhesion and Rolling for Disturbed Flow 

under Variable Shear Rate                                                  

As an extension to the above analysis, more 

simulations were performed to determine the ranges of 

adhesion and rolling for disturbed flow under variable 

shear rate using data of Table 1 (Fig. 11). 

In general, the analysis at this stage concentrate on the 

third step of cell adhesion and rolling, which is called 

‘secondary adhesion’, ‘permanent adhesion’ or ‘arrest’. 

This type of adhesion is the final stage in the cellular 

behavior over the wall of the vessel, in addition, it is the 

dominant event downstream the discontinuity in the flow 

(Figs. 10 & 11).  

Start of secondary adhesion depends on the bio-

physiochemical properties of the bond and on the 

conditions of flow, also the starting time of secondary 

adhesion determines the end of cell rolling stage, range of 

adhesion and the shear rate limit for fast rolling.  

 
Figure 11. Upstream and downstream stagnation point adhesion for disturbed flow conditions 

 
Figure 12. Effect of secondary adhesion start on cell-surface interactions under variable shear rate 
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In this analysis, the adhesion lengths around the 

stagnation point have been determined for two different 

starts of secondary adhesion. Moreover, the shear limits 

for adhesion and fast rolling were specified and compared 

to show the effect of secondary adhesion start on cell 

motion. The results of this analysis are illustrated in Figs. 

12 and 13. 

Figure 12 demonstrates that as the secondary adhesion 

starts earlier (early activation of cells that have primary 

adhesive rolling) the adhesion length will be shorter, so the 

adhesion length was within 6.0  Cx/ac  144.0 (i.e., length 

of 483 m), and fast rolling started at Cx/ac = 169.7 (i.e., 

at Cx 594 m) when the secondary adhesion started at 

0.27 sec. However, longer adhesion length was at later 

start of secondary adhesion (later activation of primary 

rolling cells). The adhesion was within 6.0  Cx/ac  169.7 

(i.e., length of 594 m) at the secondary adhesion start of 

0.63 sec., while the fast rolling started at Cx/ac = 178.28 

(i.e., at Cx 624 m). It can be noted that the adhesion in 

this case was on both sides of the stagnation point as it is 

located at Cx/ac = 162.0. 

Figure 13 shows the shear ranges for adhesion and 

rolling for secondary adhesion starts of 0.27 and 0.63 sec 

respectively. For 0.27 sec start, adhesion was taken place 

up to G/Go of – 0.196 (i.e., G = -19.60 s-1& Cx = 144 m) 

and the fast rolling limit was at G/Go of 0.0906 (i.e., G = 

9.06 s-1& Cx = 169.7 m).  

On the other hand, at 0.63 sec, they were G/Go of 

0.0906 (i.e., G = 9.06 s-1, Cx = 169.7 m) for end limit of 

adhesion and G/Go of 0.196 (i.e., G = 19.60 s-1 & Cx = 

178.28 m) for begin of fast rolling. This means that delay 

in starting of the secondary adhesion (delay of activation) 

allows the bonds to withstand more effect of drag force, 

and causes late cell rolling. Moreover, when the cell had 

long adhesive rolling under increasing shear rate before its 

secondary adhesion (late secondary adhesion start), the 

bond formation will be promoted to maintain the adhesive 

nature rolling. So when the secondary adhesion starts 

under these conditions, another factor is added to support 

adhesion in the opposite of shear rate, which enable for 

longer adhesion length and delay fast rolling. 

 

6. Conclusion 

It is possible to determine cell adhesion location 

ranges, adhesion length and rolling limits for disturbed 

flow under variable shear rate. In addition, the adhesion 

length will be longer and on both sides of the stagnation 

point if the cell starts its secondary adhesion in a while, 

even though at higher shear rate. However, when the cell 

starts its secondary adhesion earlier, the adhesion will be 

shorter and mainly concentrated before the stagnation 

point, while rolling is dominant beyond this point. 

These findings can be used to explain the cellular 

behavior (i.e., cell adhesion) at junctions, bifurcation and 

stenosis in the cardiovascular arteries. Also, clear idea can 

be obtained about cell type in regarding to its permanent 

adhesion, its ability to support adhesion/rolling and its 

kinetic activity (rates of bond formation and breakage) by 

analyzing the ranges of adhesion and rolling.  

Another important point can be mentioned here, cell 

adhesion and rolling can be considerably controlled by 

secondary adhesion start technique. It is possible to extend 

or limit the ranges of cell adhesion or rolling under the 

same conditions of flow, by alteration of Kbo
- and Kfo

+, 

which means different type of bonds, furthermore, the 

timing of secondary adhesion has a particular role in cell 

motion. However, secondary adhesion can be also 

achieved using the same type of bonds, by changing of the 

site density or shear rate.  

Finally, it is significant to remember that this technique 

can be employed to get more stable or low rolling under 

high shear rate or low site density to study the cell motion 

under wide ranges of parameters or more complicated flow 

conditions. 

 

Figure 13. Effect of secondary adhesion start on shear rate limit for adhesion under variable shear rate 
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