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ABSTRACT 

Nanocrystalline aluminophosphate AlPO4-5 molecular sieves were synthesized by 

hydrothermal method (HTS). Synthesis parameters like time and temperature of crystallization 

were investigated. Type of template (R) and ratio of R/P2O5 were studied also. Characterization 

of the synthesized AlPO4-5 were done by powder X-ray diffraction (XRD), scanning electron 

microscopy (SEM/EDX), Fourier transform infrared (FTIR), differential scanning calorimetry-

thermogravimetry analysis (DSC-TGA), and N2 adsorption-desorption BET analysis. XRD 

patterns results showed excellent crystallinity for two types of templates, di-n-propylamine 

(DPA) and tetrapropyl ammonium hydroxide (TPAOH) for alumminophosphate five (AFI) 

structure. Nano-level for particle size of 66 nm was revealed by AFM test. Good thermal 

stability was obtained in DSC-TGA results. Best time and temperature of crystallization of 24h 

and 190 
O
 C were got. Optimum R/P2O5 for two kind of template was established. 

Keywords: Aluminophosphate,  AFI, AlPO4-5, Molecular sieves, Nanocrystalline. 

 

1. INTRODUCTION 

Aluminophosphate (AlPO4) molecular sieves have drawn the attention of the researchers and 

extensively investigated due to thier excellent properties. Similar to, zeolite AlPO4 molecular 

sieves are constructed by phosphorous and aluminum tetrahedral. Their metal substituted 

(isomorphously) molecular sieves have many applications in catalysis and catalytic reactions 

like isomerization and others, Rajesh, et al., 2001, Hartmann and Elangovan, 2003, Choi, et 

al., 2006, Wekhysen, et al., 1991, Wang, et al., 2009, and Li, et al., 2004. 

The novel structure of aluminophosphate (AlPO4) based molecular sieves showed a variety in 

pore size and can be classified to large pore (0.7-0.8nm) like AlPO4-5 (AFI-aluminophosphate 

five structure), intermediate pore (0.6nm) like AlPO4-11 (AEL-aluminophosphate eleven 

structure), small pore (0.4nm) like AlPO4-14 (AFN-Aluminophosphate fourteen structure), 

Rajesh, et al., 2001. 

The framework of AlPO4-5 (AFI) is hexagonal with a=1.373 nm, c=0.848 nm and consists of 

columns of twisted 4- and 6- rings parallel  to c-axis giving a unidimensional 12-rings and free 

diameter of pore 0.73 nm. The framework of AlPO4-11(AEL) is generated by elimination of 
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one-third of the rings from AlPO4-5 framework and conversion of each 12-ring rounded channel 

into an elliptical 10-ring channel with diameter of 0.67nm by 0.40nm, by The templates used in 

incorporation into channel during synthesis are di-n-propylamine (DPA) for AlPO4-5 and 

tetrapropyl ammonium forming AlPO4-11, Flanigen, et al., 1986. 

AlPO4 molecular sieves exhibit excellent thermal and hydrothermal stability comparable to 

zeolites. The frameworks of AlPO4
,
s are neutral and exhibit weakly acidic catalytic properties, 

so isomorphous incorporation of metals is essential for improving the catalytic performance of 

AlPO4
,
s. 

Synthesis of AlPO4 were investigated using different techniques mostly by hydrothermal 

(Solvothermal) synthesis (HTS), Gielgens, et al., 1995, Hassanvan and Ashgari, 2012, Wan, 

et al., 2000, Klap, et al., 1999, Zhang, 2013, and Naydenov, 2003, and recently by 

ionothermal synthesis using ionic liquid solution (ILS), Wei, et al., 2010, Fayad, et al., 2010, 

Han, et al., 2007, Xu, et al., 2006, and Sun, 2012s. 

Li, et al., 2012, investigated the effect of precursor gel preparation on the microstructure of 

aluminophosphate AlPO4-5 in the hydrothermal synthesis. They studied synthesis of AlPO4-5 

via two different route, one-off addition (acid and template) without stirring and no stirring in 

the overnight aging process (Route 1), and dropwise addition of reagents with stirring and 

continuous stirring in the overnight aging process (Route 2).They concluded that the gel 

preparation by route 2 is likely affects early crystallization more than prolonged crystallization. 

Khoo, et al., 2012, investigated the synthesis of AlPO4 by ionothermal synthesis using 1-ethyl-

2,3 dimethylimidazolium bromide ([edmim]Br) ionic liquid (IL) as both solvent and structure 

directing agent (SDA), they found that crystallinity, size of the AlPO4-5 to be strongly affected 

by chemical composition of the gel solution and heating time of the gel mixture. 

Wan, et al., 2004, investigated the role of water content in the hydrothermal synthesis and 

characteristics of AlPO4-5 samples, they concluded that when AlPO4-5 samples are synthesized 

from molar gel compositions with 10 or 20H2O there is preference for the formation of thin 

hexagonal platelets, and when the gel composition with 30 or 40H2O, the preferred morphology 

are spheres. 

In this research work AlPO4-5 (AFI) investigated using tetrapropyl ammonium hydroxide 

(TPAOH) and di-n-propylamine (DPA) as template, aluminum isopropoxide (API) and 

phosphoric acid as structural element sources, with hydrothermal synthesis using autoclave as 

described previously in, Alnaama, 2015. 

2. EXPERIMENTAL 

2.1 Materials 

Phosphoric acid (85 wt.%, Merck) and aluminum isopropoxide (AIP, sigma Aldrich) were used 

as phosphor and alumina sources respectively, tetrapropyl ammonium hydroxide (TPAOH-

Wuhan kemi chemical-chinese) and di-n-propylamine (Merck) as template (R), and deionized 

water. 
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 2.2 Synthesis methods 

Aluminum isopropoxide (AIP) 5 g was mixed with 45 ml deionized water and stirred for 30 

min. Phosphoric acid (85%) 5.65 g was added to the solution of AIP by dropwise method in 30 

min period of time. Different amounts of template (R) tetrapropyl ammonium hydroxide 

(TPAOH) or di-n-propylamine (DPA) were added to the solution and stirred for 2h. the gel 

solution was transferred into the autoclave and operated at 190
o
C temperature for 24h. Then the 

autoclave was cooled and the sample product washed, filtered, and dried overnight at 100
o
C in 

oven. The dried samples then calcined for 5h at 550
o
C. 

 2.3 Characterization Techniques 

The crystalline phase of the samples was determined by X-ray diffraction (XRD) 

(PHASER/Bruker, Germany, 2010), with Ni-filtered CuK  radiation with        Å (30 Kv, 

10 mA) with a 0.02
o
 2  step and 0.5 s per step. XRD includes also the analysis of Scherer for 

crystallite size for each peak. 

Fourier transform infrared (FTIR) spectrum was carried using sample diluted in KBr (1% in 

99% KBr) and analyzed by IR-Prestige-21 (Shimazdu). 

Scanning electron microscopy (SEM/EDX) for the morphology were conducted by Inspect S50 

including energy dispersive XRD (EDX) , FEI (USA). DSC-TGA was analyzed  by Linseis 

Model STA PT-1000 (Germany) with sample weight 20 mg and temperature ramp 10 
o
 C. 

 

3. RESULTS AND DISCUSSION 

3.1 Characterization  

3.1.1 XRD 

Analysis of XRD pattern showed that peaks positions for the AFI structure was obtained, with 

95% crystallinity for AlPO4-5 (M9) and as shown in Table 2 and Fig. 1, when comparing the 

peak positions (2  , space distance (ds) with theoretical value stated in, Meier, et al., 1996, 

showed excellent agreement. 

3.1.2  SEM/EDX 

Energy dispersive X-ray was tested and as shown in Fig. 5 for elemental analysis. Morphology 

of AlPO4-5 (AFI) was investigated by SEM as shown in Fig. 6. The electronic images revealed 

a highly crystalline aggregates of crystals and formation of microparticles caused by 

agglomeration of nanoparticles, which in turn can lead to mesoporosity created by interparticles 

voids, the creation of these voids are as consequence of agglomeration besides some defects 

may appear in crystals formation. 

3.1.3 Atomic Force Microscopy (AFM) 

Fig. 7 and 8 showed the AFM images for samples 9M and 11M respectively, the images 

revealed the detailed observation of nano-scale events at crystal surface, showing also the height 

of terraces and layer of growth. These observations are well agreed with the work of 

Aghabozog, et al., 2012. 
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Average particle size of 66.5 nm obtained for sample M11 and 84.9 nm for M9. This result is 

confirmed, by comparing the crystallite size calculated by Scherer analysis through the 

measurement of FWHM ( the broadening of the peaks) in XRD pattern, which gave an average 

of 23.5, 39.8 and 46.2 nm for samples M9, M10, and M11 respectively  for crystallite size 

analyzed by scherer analysis through XRD pattern and as shown in Table 3 below. 

3.1.4 BET Analysis 

The results of BET surface area is as shown in Fig. 9 for isotherm plot for AlPO4-5 (sample 

M9), where quantity adsorbed is plotted versus relative pressure p/po, in which the adsorption-

desorption curve reveals a hystresis loop that means it has little porosity. BET surface is 185 

m
2
/g and pore volume is 0.153 cm

3
/g, these results are in agreements with reported results in 

MacIntosh, 2012. 

3.1.5 Fourier transform Infrared (FTIR) 

FTIR spectrum for produced sample is shown in Fig. 16, the results are well agree with reported 

data in, Rajesh, et al., 2001, Khoo, et al., 2013, Zhu, et al., 2001.  

The details of bands located in the spectrum are summarized in Table 3 below, and T-O-T 

represent Al-O-P. The location of asymmetric and symmetric stretching bands and bending 

band were mentioned. 

3.1.6 DSC-TGA  

DSC-TGA result of sample AlPO4-5 (M9), revealed that the synthesized and calcined product is 

thermally stable and showed that there is no occluded water and/or template in product as 

shown in Fig. 11. 

3.2 Effect of Synthesis parameters 

3.2.1 Temperature of Crystallization 

Crystallization temperature of 180
o
C and 190

o
C were experienced and revealed that good 

crystallization can be obtained at 180
o
C, meantime at 190

o
C besides good crystallization, it 

gave best results towards decreasing particle size (66.5 nm). The effect of increasing 

temperature of crystallization were also concluded by Alnaama, 2012 in synthesis of 

aluminosilicate (zeolites), and Zhu, et al., 2001, in synthesis of aluminophosphates indicating a 

behavior similarity in effect of crystallization temperature for both types of molecular sieves in 

obtaining nanocrystalline molecular sieves. MacIntosh, 2012, investigated crystallization of 

aluminophosphate molecular sieves family and concluded that they have few subtle differences 

in crystallization from zeolites, and the reaction of aluminum oxide with phosphoric acid to 

form amorphous aluminophosphate and the solid phase rearranges as the crystallization 

proceeds more rapidly as temperature increases.  

3.2.2 Template 

Type of template and ratio of template to phosphoric pentoxide (R/P2O5) found to have vital 

role in getting good crystallinity and nanocrystalline powder. The choice for the value of this 
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ratio were carfully studied through the literature survey besides considering the technical 

procedures used in samples preparations and syntheses. TPAOH used with molar ratio of 1.0 

(TPAOH/P2O5) gave, in AFM test, average particle size of 66 nm. While DPA gave 84 nm in 

molar ratio (DPA/P2O5) of  1.8. This difference in molar ratio can be explained by the 

difference in size of template molecule, for larger molecule as in TPAOH needs less molar ratio, 

but for smaller one DPA needs more molar ratio to occupy the inside viod in the structure, in 

other words, the size of template molecule play a major role in occupying the necessary volume 

inside the pore volume of structure, so as TPAOH molecule is bigger than DPA molecule so it 

needs less no. of moles to give the same results in structuring the molecular sieve.  

4. CONCLUSIONS 

 The concluded notes of this research can be summarized as following: 

 -Nanocrystalline aluminophosphate AlPO4-5 (AFI) molecular sieves can be synthesized by 

hydrothermal (solvothermal) reaction method with optimum ratio of R/P2O5 at specified time 

and temperature of crystallization.  

-Both templates TPAOH and DPA gave nano-scale particle size results at optimum ratio of 

R/P2O5 where it was 1.8 for DPA and 1.0 for TPAOH. 

-Temperaure of crystallization has vital role on getting nano-scale for particle size. 
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Table 1. Molar Composition of Samples. 

Sample Molar composition 

M9 1.8R1.Al2O3.P2O5.102H2O 

M10 1.2R1.Al2O3.P2O5.102H2O 

M11 1.0R2.Al2O3.P2O5.102H2O 

Where R1=DPA (di-n-propylamine) 

R2=TPAOH (tetrapropyl ammonium hydroxide) 

 

Table 2. XRD Data for sample M9 compared with theoretical values. 

hkl 2  ds,Å Ire1s 

100 7.401(7.43) 11.9346(11.899) 100(100) 

110 12.82(12.89) 6.8958(6.870) 20.2(6.3) 

200 14.84(14.89) 5.9632(5.950) 9.1(20.6) 

210 19.679(19.74) 4.5075(4.497) 28.1(42.4) 

002 20.37(20.97) 4.3561(4.237) 13.4(45.3) 

102 22.37(22.27) 3.9708(3.992) 37.2(12.5) 

220 25.833(25.94) 3.4459(3.435) 13.4(19.6) 

The values between parenthesis represents the theoretical values abstracted from, Meier, et al., 

1996.  



Journal  of  Engineering    Volume    24      March     2018 Number  3 

 

 

168 
 

 

Figure 1. XRD for M9. 

       

Figure 2. XRD for M10. 
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Figure 3. XRD for M11. 

 

Figure 4. XRD for M9 and M11. 
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Figure 5. EDX for M9. 

 

 

Table 3. Particle size and Crystallite size. 

 

 

 

Sherer Crystallite size 

range,nm 

Scherer Ave. Crystallite size, 

nm 

AFM particle 

size,nm 

M9 10.8-60.4 23.5 84.9 

M10 9.5-100 39.8 32.1 

M11 13.2-100 46.2 66.5 
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    Figure 6. SEM Images for AlPO4-5 (sample M9). 
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Figure 7. Two and Three dimension AFM Image for AlPO4-5 (sample 9). 
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Figure 8. Two and Three dimension AFM Image for AlPO4-5 (sample 11). 
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Figure 9. Isotherm Plot for AlPO4-5 (M9). 

 

 

Figure 10. FTIR spectrum for AlPO4-5. 
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Table 4. Types of bands in FTIR spectrum. 

Type of Band Wave length, cm
-1 

T-O-T Asymmetric stretching  1160, 1130, 1087 

T-O-T Symmetric stretching 736.8 

T-O-T Bending 439 with shoulder at 489 

T is either Al or P 

 

 

 

Figure 11. DSC-TGA for AlPO4 (M9). 
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ABSTRACT 

A progressive increase in the desire for environmentally friendly lubricants by users and strict 

government regulations for the use of these lubricants has provided an opportunity to use plant 

oils as biodegradable lubricants, therefore vegetable oils have been investigated to replace oil 

lubricants because of their maintaining the conditions of nature (environment) properties. In this 

paper, the influences of the blending ratio of mustard seeds oil with commercial mineral oil 

(SAE40) on the tribological characteristics were investigated and compared with mineral oil 

using the four-ball tribotester. Mustard seeds oil was blended with mineral oil at a volumetric 

ratio ranging from 22.5 to 90%. All experimental works were confirmed to ASTM D4172-B 

standard. The results exhibit that some blends of mustard seeds oil with mineral oil have lower 

wear scar diameter, friction torque, Friction coefficient and a higher parameter of flash 

temperature value compared to mineral oil and neat mustard seed oil. In conclusion, the mustard 

seed oil blend (MU22.5) shows a better anti-wear and anti-friction performance compared to oil 

samples. Therefore, mustard seeds oil has the potential to be used as a lubricant of mating 

surfaces. 

Keywords: Mustard oil; bio-lubricant, four-ball tribotester; wear scar diameter; parameter of 

flash or glow temperature. 
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 الخلاصة

ستخدام أبضرورة الحكومية الصارمة  نتيجة لموائحالصديقة لمبيئة من قبل المستهمكين  تزييتزيادة في الطمب عمى مواد الال ان
النباتية كبدائل عن الزيوت استخدام الزيوت محاولات  زيوت ومواد تشحيم صديقة لمبيئة وقابمة لمتحمل قد فتحت الأفاق في

 لزيت بذورتأثير نسبة المزج في , تم التحقيق الدراسةفي هذه  وبالتالي هي صديقة لمبيئة, لمتحملقابمة كونها  والشحوم البترولية
بأستخدام  وذلك زيت المعدنيلم المداهنة تها بخصائصومقارن المداهنة خصائص في (SAE40)الخردل مع زيت معدني تجاري

كما . %(09-2...لزيت بذور الخردل مع الزيت المعدني تتراوح ) المعتمدة ميةجوكانت نسب الخمط الح. جهاز الاربع كرات
بعض نسب ل اداءاً متفوقاواظهرت النتائج  .الاختباراتجراء جميع في ا  (ASTM D4172-B)ة الامريكيةلمواصفاعتماد اتم 
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كما قطر ندبة, عزم دوران احتكاك ومعامل احتكاك  اصغر اءاعط من خلال المزج لزيت بذور الخردل مع الزيت المعدني
كما الخردل. زيت النقي لبذورالبالمقارنة مع الزيت المعدني و وميض ال درجة الحرارة لمعاملقيمة  اعطت هذه النسب اعمى

رنة مع لاحتكاك بالمقاا مقاومةتآكل و المكافحة  أداء في أفضل حقق (MU22.5)الخردل  زيت بذور مزيج ت النتائج اناظهر 
 .في السطوح المتلاصقةتشحيم  استخدامة كزيتبذور الخردل القدرة عمى يكون لزيت ذلك ب. نماذج خلائط الزيوت الاخرى

 

1. INTRODUCTION 

The environmental pollution and toxicity issues attributed to the use of mineral oils mainly as 

lubricants including their various additives and the rising costs linked to a global shortage have 

resulted in fresh interests in the utilization of the following vegetable oils Lathi and Mattiasson, 

2007 such as canola, soybean, coconut, sunflower, castor, and sesame as lubricants that are eco-

friendly Rudnick, 2009. 

Normally, vegetable oils have efficient lubrication properties, for instance, they have low 

volatility, they have a natural lubricity quality, they are highly viscosity index, non-toxic and 

they can easily mix with other fluids Wilson, 1998. The increased demand for materials that are 

biodegradable in nature has led to fresh avenues for using vegetable oils as a substitute to 

mineral oil lubricants Li, et al., 2001, mainly in running machines. The public awareness 

regarding issues related to environmental destruction has been constantly growing, 

Eichenberger, 1991. 
 Better intrinsic lubrication features are observed in the long chain fatty acids and the large 

amount of unsaturated and polar ester groups present in vegetable oils, Petlyuk and Adams, 

2004. These lubricants can work to provide great lubrication as they help in minimizing friction 

coefficients. However, many researchers have also reported that most agricultural oils have little 

friction coefficient and higher non-chemical corrosion rate Golshokouh, et al., 2014a. 

Many studies have been performed on engineering applications of vegetable oils under headings 

like the potential of vegetable oils as lubricants, hydraulic fluid, biodiesel and used as an 

additive Golshokouh, et al., 2014b, Jabal, et al.,2014 and Golshokouh, et al., 2013a, most of 

these studies indicate low non-chemical resistance to corrosion and thermal stability. Anbumani 

and Singh, 2006, conducted experiments with different ratios of mixing mustard and neat bio-

neutral in C.I. Engine found mustard oil in a mixture of 20% better leads among them. Mainly 

has been used mustard oil in butyl esters extract, and blend of 20% diesel satisfies the ASTM 

standard biodiesel properties. Down your fuel consumption slightly (0.135 kJ/kW-h to 0.045 

kJ/kW-h) due to better fuel combustion. Zannatul, et al., 2011 experimented with 20%, 30% 

and 50% mustard oil blended with diesel and found BSFC is inversely proportional to load.  

Bannikov, 2011 investigated the direct injection diesel engine using mustard oil methyl ester as 

fuel and found a 15% increase of BSFC and 3% decrease the efficiency of fuel conversion 

performance brake compared to diesel fuel while the performance of mechanical efficiency was 

not changed. 

By using the four-ball tribo-tester compliance with the ASTM D4172-B standard, this paper 

presents the tribological behaviour characteristics for the mustard oil with mineral oil blends as a 

bio-lubricant. 
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2. EXPERIMENTAL WORK 

2.1 Experimental apparatus  

In the investigation of the characteristics of lubrication, friction and wear (non-chemical 

corrosion) of the lubricant samples, a four-ball wears tester machine was used which was in 

compliant with the ASTM D4172-B standards shown in Fig.1(a,b). The tribotester had total 4 

balls; three balls in the bottom part, while placing the remaining ball on the upper part. The balls 

were held firmly down inside the ball container containing the lubricants to be confirmed, and 

the pressure was placed on the overall system against the ball in the upper. The upper ball is 

rotated as quickly as possible and three of the balls were placed in the bottom part are pressed. 

Some measures must precede the adoption of the tests, use acetone for cleaning the surfaces of 

all components. The thermal inside the ball base was embedded to know the temperature 

property of oil, also a block to heat down the ball bowl that helps control the temperature 

adjustment experiment. A study of wear was performed at 1200 rpm for one hour, with 40 kg of 

pregnancy at 75 ° C. 

 

2.2 Balls 

The balls were standardized in this paper, they have been developed from chrome-alloy steel 

EIS-52100. Characteristics of balls 12.7 X10
-3 

m in diameter, 25 grade Eb and 64-66 Hardness 

(R.WC hardness test). Includes all tests, four new balls were used with all the above 

characteristics. 

 

2.3 Lubricants 

This study adopted lubricants neat mustard oil (MU) and SAE40 mineral engine oil (MO). 

Moreover, four blend lubricant samples of mustard oil with mineral engine oil under several 

percentages (i.e., 22.5-90% v/v of vegetable oil as shows Table 1 were prepared by using the 

measuring tube and electric mixer under rotation speed 500 rpm and for 30 min. 

 

2.4 Kinematic viscosity 

Fluids used have a very important property in determining resistance to the internal impulse 

provided by the fluid against spills. It affects the high fluid surface directly along with wear the 

surface rate at which the fluid slips. 

To find the viscosity value limits for lubricants, a rotary viscosity device was used. There is a 

spindle within the viscosity meter that rotates at a certain velocity. The spindle was introduced 

inside emollients, thus providing resistant to the impulse resistance oils. 

 

2.5 Wear surface characteristics 

Optically add high-resolution electron detection microscope was used to study the properties of 

non-chemical corrosion from the worn surface and to wear scars on the three balls for bearings 

after complete experiments. Micrograph pictures captured through microscopes were used to 

find radius scars wear, the median value was determined. 

 

2.6 Torque and coefficient for the friction 

To determinate the resistance of contact between the surfaces, torque must be calculated. There 

is also a need to calculate the value of the friction coefficient and this data can be fed directly 
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into the Windocom program of a four-balls tribe machine. The proportion of force that maintains 

contact with the body and strength of friction coefficient that resists the velocity of a body it 

shows through friction coefficient. Using this equation to determine the value: 

6

..3 rW
N

r

T
F

N

F







 

  
 √ 

     
                                                                                                                    ( ) 

2.7 Flash temperature parameter 

Flash temperature parameter(FTP), it is a non-dimensional value, stating the critical this 

parameter when emollients will fail to operating conditions. The expected of degeneration of the 

lubricant films can be observed for this parameter, Masjuki, and Maleque, 1997. Increase the 

value of FTP demonstrates good performance. 

FTP value is found from the following equation: 

    
 

(   )   
                                                                                                             ( ) 

 

3. RESULTS AND DISCUSSION 

3.1 Kinematic viscosity 

A comparison of this parameter quantities for neat mustard oil, mineral oil and blends of 

mustard with mineral oil under different temperatures of (25-100
o
C) and freeload, were 

illustrated in Fig. 2. Adoption of this figure previously mentioned kinematic viscosity of all 

tested samples was reduced when temperatures increased. Consequential results on reducing the 

viscosity value were obtained through high temperatures by Golshokouh, et al., 2013b and 

Haseeb and Masjuki, 2010. The viscosity of all oils was similar to each other. 

At a high temperature of 75°C, the viscosity of all oils performed was comparable to each other. 

The blending process resulted in increasing the values of kinematic viscosity compared to the 

neat mustard oil. Also, this type of viscosity values was obtained for the oil samples ISO VG32 

requested level. Depending on the results of the kinematic viscosity in Fig.2, it can be concluded 

that the blend MU22.5 had shown higher kinematic viscosity, then the blend MU45 compared to 

other oil samples. The neat mustard oil MU100 and blend MU90 were comparable to each other 

in the terms of the kinematic viscosity. 

 

3.2 Wear surface characteristics 

Fig.3 representing blends of mustard and mineral oil ball specimens shows variable abrasive 

wear values forms with parallel grooves on the worn surface. The grooves in the dark region are 

deep, whereas those in light-colored areas are shallow with different scars; these have been the 

surfaces of the ball identified as shown in Fig.3 (d and f). 

Wear scars for all blending ratios of mustard and mineral oil had the circular view is evident in 

Fig.3. As clear in Fig.3 and Fig.4, the blending process of mustard and mineral oil blends reduce 
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the value of WSD compared to neat mustard oil and mineral oil, such as in the cases of MU22.2 

and MU45, Shahabuddin, et al., 2013, and Liaquat, et al., 2012. The lowest value of diameter 

wear scar value was 420.56 μm for the MU22.5 blend, compared with neat mustard oil 

647.73μm as well as for mineral oil 578.8μm. 

 

3.3 Friction torque  

The data for friction torque were tabulated from four-ball tribo-tester with the help of a 

computer and presented statistically as clear by Fig.5, It compares the moment torque friction 

value for blends of mustard and mineral oils. The final figure illustrates friction torque values 

were reduced compared to clean mustard and mineral oils during the blending procedure 

Masjuki, et al., 2011. The lowest FT are calculated 0.09715 Nm for MU90 blend, for 

comparison pure mustard oil at 0.13182 Nm and that of mineral oil at 0.14424 Nm. 

Fig.6 shows the friction torque plotted against the sliding time for various mustard oil based bio-

lubricants. The results of Fig.6 show that the friction torque is highest at the beginning and then 

it came down rapidly. Throughout the operation time, the bio-lubricant percentage 90% (MU90) 

showed the lowest values of friction torque compared to another oil samples. The fatty acid 

components of the bio-lubricants formed a multi and monolayer on the surface of the rubbing 

zone and made a stable film to prevent the contact between the surfaces. 

 

3.4 Coefficient of friction 

Fig.7 shows the comparison of this coefficient values for mustard and mineral oil mixtures. 

From the figure, this coefficient values will decrease by comparison with pure mustard and 

mineral oils due to mixing procedure Shahabuddin, et al., 2013, Liaquat, et al., 2012 and 

Masjuki, et al., 2011. The value was the smallest value of the friction coefficient 0.05508, 

which was identified in the sample of the MU90 blend, compared to that of neat mustard oil at 

0.07474 and that of mineral oil at 0.08179. 

Relationship of this coefficient value of various blending ratio percentages of bio-lubricants with 

the sliding time given in the Fig.8, show the results that the MU90 has the highest potential to 

reduce the friction coefficient compared with another oil samples and show that this coefficient 

is highest at the beginning and then it came down rapidly. 

 

3.5 Flash temperature parameter (FTP) 

Fig.9 shows the outcomes of this parameter FTP for mix mustard and mineral oil, pure mustard 

oil, and mineral oil. Based on this figure, blending process escalated the FTP values as shown in 

the case of MU22.5 and MU45, compared to neat mustard and mineral oils Shahabuddin, et al., 

2013, and Liaquat, et al., 2012. 

 The highest value for the flash temperature was 134.49 for the MU22.5 blend, compared to that 

of neat mustard oil at 73.47 and that of mineral oil at 86.01. 

 

4. CONCLUSIONS 

The conclusions drawn from this paper will be presented. 

i. The mixing process leads to reduce the value of the wear scar diameter compared to the value 

of the neat mustard oil and mineral oil. 

ii. The blending process results in an improvement in the tribological characteristics, which led 

to reduce the friction coefficient. In addition, the blending process led to the value goes up 

FTP. 
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iii. From the study, it can be recommended that the blends of mustard oil with mineral engine oil 

(MU22.5 and MU45) could be an effective alternative bio-lubricant, as it shows better 

impact on wear and offered a good lubricant characteristic. 
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NOMENCLATURE 

F=frictional force ,N . 

FT= friction torque,N.m  

FTP=flash temperature parameter 

MO =mineral engine oil  

N=normal load ,N  

 r = the length between the hub and contact center on the balls is placed at lower surface, 

3.67mm  

W= application value of loads, kg. 

WSD=wear scar diameter, m  

μ =friction coefficient.  

          

                      Table 1. Percentages of the mustard oil and mineral oil in each sample. 

 

  

 

 

 

 

 

 

 

Sample  Mustard oil (%)  Mineral oil(%) 

MU22.5  22.5  77.5 

MU45  45  55 

MU67.5  67.5  32.5 

MU90  90  10 

MU100  100  0 

MO100  0  100 
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Figure 1a. Photograph of the four-ball tester machine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1b. Block diagrams of friction and wear testing of the four-ball tester machine. 
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  Figure 2. Kinematic viscosity values for the oil samples under different temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Optical micrographs of mustard oil samples in different volumetric blending ratio:      

(a) MU100; (b) MO100; (c) MU22.5 ; (d) MU45; (e) MU67.5 ;(f) MU90. 
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Figure 4. Wear scar diameter for the oil samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Friction torque values for oil samples. 
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Figure 6. Friction torque as a function of sliding time for oil samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Coefficient of friction values for oil samples. 
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Figure 8. Coefficient of friction as a function of sliding time for oil samples. 

 

 

 

 

 

 

 

 

 

 

 

 

     

 

 

 

Figure 9. Flash temperature parameter values for oil samples. 
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ABSTRACT 

The present work evaluated the differences in mechanical properties of two athletic prosthetic feet 

samples when subjected to impact while running. Two feet samples designated as design A and B 

were manufactured using layers of different orientations of woven glass fiber reinforced with 

unsaturated polyester resin as bonding epoxy. The samples’ layers were fabricated with hand lay-up 

method. A theoretical study was carried out to calculate the mechanical properties of the composite 

material used in feet manufacturing, then experimental load-deflection  test was applied at 0 degree 

position and 25 degree dorsiflexion feet position  and impact test were applied for both feet designs 

to observe the behavior of the feet under static and impact loading and compare properties like 

stiffness, efficiency, rigidity, and shock absorption at different drop angles range from 25 degrees to 

60 degrees which perform the foot positions while running. The load-deflection test result shows 

that the maximum deflection of the proposed design B was 32.2 mm at 0 and 38.45mm at 25. 

While it was 41mm at 0˚ and 39mm at 25˚ for design A. Impact test result shows that design B foot 

gives peak load of 128 .7 kg with a peak time of 0.06 sec, while design Afoot gives 125.32 kg peak 

load with a time of 0.069 sec. 

Keywords: Athletic prosthetic feet; composite materials, impact test. 

 

الرياضيواستجابو الصذهو لتصويوين هن الاقذام الاصطناعية   

 لويس حسين علي

ُْذسة يٍكاٍَكٍة تكانٕسٌٕط  

ٍةانًٍكاٍَك ُٓذسةانقسى   

انحكُٕنٕجٍة انجايعة  

حويذ سلين عوار  د.  

 يذسط

ٍةانًٍكاٍَك ُٓذسةانقسى   

انحكُٕنٕجٍة انجايعة  

هحسن نوري حوزه د.  

 أسحار يساعذ

ٍةانًٍكاٍَك ُٓذسةانقسى   

انحكُٕنٕجٍة انجايعة  
 

 الخلاصو

فً حٍث انحانً الاخحلافات فً انخٕاص انًٍكاٍَكٍة نعٍُحٍٍ يٍ الاقذاو الاططُاعٍة عُذ انحعشع نهظذيّ أثُاء انعذٔ. انثحثٌقٍى    

ٔانحً جى  يخحهفّ تأججاْاتانًُسٕجّ  تاسحخذاو طثقات يٍ الأنٍاف انضجاجٍة  AٔBاشٍش انٍٓا ب   ْزا انعًم، جى جظٍُع عٍُحٍٍ

أجشٌث دساسة  ثىتاسحخذاو طشٌقّ انحشجٍة انٍذٔي نطثقات الانٍاف. ساجُجات انثٕنٍسحش غٍش انًشثعة ستطٓا يع تعضٓا تاسحخذاو

عذِ اخحثاسات ججشٌثٍّ يُٓا جى جطثٍق  ٔ َظشٌة نحساب انخٕاص انًٍكاٍَكٍة نهًٕاد انًشكثة انًسحخذية فً جظٍُع الأقذاو،

 جأثٍشدسجة ٔاخحثاس طذيّ عهى كلا انعٍُحٍٍ نًشاقثة سهٕك انقذيٍٍ جحث  58ٔ  0 ٔضع انقذو تضأٌّالاَحشاف عُذ -نحًماخحثاسا

عُذ صٔاٌا سقٕط يخحهفّ  انظذيةٔقاتهٍّ ايحظاص  ٔانظلادِ ٔانكفاءِانحًم انثاتث ٔحًم انظذيّ ٔيقاسَّ خضائض كانظلاتّ 

mailto:20086@uotechnology.edu.iq
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الاَحشاف جثٍٍ اٌ اقظى -حًمانَحائج اخحثاس يٍ ًثم يٕاقع انقذو اثُاء دٔسِ انعذٔ.دسجّ ٔانحً ج 90دسجّ انى  58جحشأح يٍ 

يهى عُذ  >6ٔ 0عُذ صأٌّ  يهى 74فً حٍٍ كاٌ  58يهى عُذ صأٌّ  78.;6ٔ  0يهى عُذ صأٌّ  65.5كاٌ  Bاَحشاف نعٍُّ انقذو 

ثاٍَّ فً  0.09غى خلال ك :.;45جعطً حًم رسِٔ ٌعادل Bٓشت اٌ عٍُّ انقذو ظ. َحائج اخحثاس انظذيّ اAنعٍُّ انقذو  58صأٌّ 

 ثاٍَّ. >0.09غى حًم رسِٔ  خلال ك458.65جعطً  Aحٍٍ عٍُّ انقذو 

 . يٕاد يشكثّ ،اخحثاس طذيّ; قذو اططُاعٍّ سٌاضٍّ الكلوات الرئيسو:

1. INTRODUCTION 

The energy storage prosthetic foot is a new generation of prosthetic feet that appears and becomes 

common, especially among athletes, Michael, 1987. In 1977 Terry Fox, Scrivener, 2010, an athlete 

runner was diagnosed with bone cancer and that force his leg to be amputated. In 1979 he started 

training on marathon using a heavy prosthetic leg that is not designed for running, that prosthetic 

was not designed to absorb the shock created by running, so the foot was adjusted by adding a 

spring but it broke while Terry Fox was running to Sault Ste. After that incident, he died but 

inspired a lot of peoples to develop a prosthetic leg suited for running. Bruin and Iler (cited in 

reference Marshall, 2008, designed an improved prosthetic leg with a spring shaft that reduces 

shock and shortens the leg to lower the center of gravity while compression, then all the energy will 

be released while toe-off pushing the runner forward.  Lower limb prosthetics have enhanced 

broadly since 1980, numerous sorts and states of these feet were created, for example, SACH foot, 

CHEETAH flex foot, and FLEX RUN foot. In 1988 the FLEX foot prosthetic was being set up to be 

wear in the sport. The FLEX foot can deal with change in load while running the foot store energy 

when compressed by the body weight. The foot then discharges the energy giving a forward 

movement to the runner, Niehhar, et al., 2014. A composite material fiber fortified polymer is the 

primary materials for building these feet. The composite fiber generally distraught by staking fiber 

layers in different directions and numbers to give the wanted properties and shape the reinforcement 

is a polymer, ceramic, or metal. Polymers have a low strength, and rigidity than with metals. Metal 

has a high ability to deform under tensile load and ceramic is weak. Matrix is used to maintain the 

directions of the fibers and save them from the surrounding conditions.  The best properties of these 

components are their low density, high strength and stiffness, and lightweight, Campbell, 2010. The 

moment of inertia of both Cheetah and Flex Foot is much lower than the other jointed leg types, due 

to better mass distribution. That’s gives smoother control when moving. Cheetah flex foot can 

straightforwardly convert the vertical force into a linear movement, Ossur, 2014. The size of the 

elastic area also helps to execute the response of the natural leg during running gait cycle. 

Based on popular feet models available in markets, two athletic prosthetic feet were designed and 

designated as design A and design B, the measurements for both feet designs are calculated using 

KINOVEA software, by applying a side-view picture of the foot to the program and specifies the 

known dimension as in our case only the length of the foot as shown in Fig.1.The software then will 

give all the rest of the desired profile dimensions. The width and thickness of both feet were 

concluded by suggesting different values and applying then on the foot model then analyzing the 

stresses and deflections of each suggested one to obtain the best width and thickness for the foot. 

Afterwards, the final feet dimensions resulted then draw using SOLID WORK 2014 software as 

shown in Fig. 2 and Fig. 3. The current research objective is, firstly, manufacturing of two proposed 

designs of flexible leaf spring prosthetic feet by using woven fiberglass. Secondly, to evaluate the 

differences in mechanical properties of two athletic prosthetic feet samples when subjected to 

impact while running. 
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2. MANUFACTURING OF ATHLETIC PROSTHETIC FEET SAMPLES 

   Design A and B athletic prosthetic feet were manufactured in order to study their behavior while 

running by subjecting them to experimental static and impact tests and compare the obtained results. 

2.1 Preparing Mold 

   Two steel plates are cut in dimensions of 71cm × 15cm, and curved to resemble the profile of the 

design B foot; one presents the top cover mold and the other plate will be base fixed on a steel 

column. For Design A prosthetic foot each plate are cut in dimensions of 61cm × 15cm and curved 

to match the shape of the foot. The steel plates are shielded with a thick sheet of rubber to give a 

smooth surface to the mold. The second film of a clear plastic sheet is added to protect the foot from 

adhesion with the mold, as shown in Fig.4. 

2.2 Preparing Composite 

   The material used for molding both feet designs is a woven glass fiber reinforced with unsaturated 

polyester resin. -45˚, 45˚, and 0˚, 90˚ woven fiberglass layers are cut into multiple lengths in order to 

give the required thickness reduction for the foot Fig.5. Several resins to harden mixing ratios were 

tested in order to obtain a value that gives enough time to finish laying up the fibers before starting 

to solidify. The resin is mixed with the hardener in a ratio of 1 liter: 1.5 milliliters. This gives an 

approximate time of 2 hours to start solidifying within outside temperature of 44-degree centigrade. 

2.3 Molding 

Fibers layers were added in the sequence of 0˚, 90˚ fibers orientation layer followed by -45˚, 45˚ 

fibers orientation layer. The first layer is added and the resin is laid over it by using a painting brush 

until the layer is fully saturated, a second layer is then placed and the resin is added over it by means 

of a brush. After the second layer, a steel teethed roller was used to roll over the added fibers layers 

before applying any additional resin to remove any trapped air bubbles and ensure equal distribution 

of the resin along the fibers layers, This process was repeated till all the fabric layers were placed 

and the required foot thickness was obtained. The assembly afterward transferred into the mold and 

pressed using special clamps to get rid of excess resin. The mold was then left for 4 days in the 

outside conditions of 44˚C temperature to dry. Fig.6 shows the final step of molding including 

clamps arrangement. 

After completely dried, both feet samples are cut to 7 cm width and drilled in order to fix it on test 

devices.  

3. FEET SAMPLES PROPERTIES: 

   The elastic properties of the composite are calculated using the rule of mixture equations. It is a 

quick way to estimate the material properties, i.e., the module in 1 and 2 directions of a composite. 

It assumes that the modulus of the composite is a combination of the modulus of the fiber and the 

matrix that are related by the volume fraction of the constituent materials. To apply the equation, the 

properties of the glass fiber and the resin were obtained using the datasheets given by the 
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manufacturing company, and the fiber volume fraction      was obtained from the densities and 

weights of fiber used in foot sample as listed in Table 1 and 2 respectively. 

The unidirectional elastic constants of the composite material used in both feet, that includes the 

elastic modules in x-axis direction (E1), in y-axis direction (E2) and in z-axis(E3), the shear modulus 

in x-y plane (G12), x-z plane (G13), y-z plane(G23), and the Poisson’s ratios in x-y plane (   ), x-z 

plain(   ), y-z plane(   ),  are calculated by applying equations below, Aly, et al., 2010. 
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where Ef and Em are the elastic moduli of the fiber and resin, respectively,    and    are the 

Poisson’s ratio of fiber and resin, Gf  and Gm are the shear modules of fiber and resin, respectively, 

and  f  is the fiber volume fraction 

A composite with a woven of 0, 90 and 45,-45 fibers orientation were used in manufacturing 

design A and B feet samples. The woven fibers elastic constants can then be calculated by using the 

following equations:  
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   Subscripts 1, 2, and 3 present lamina references axes. And wf and udf denote woven fiber, and 

unidirectional fiber respectively. 

4. EXPERIMENTAL TESTS 

   A load deflection test was performed to measure the deflection of the foot for 0 degree and 25-

degree foot positions by applying a vertical load that equals to three times body weight, increases 

from zero to 1600 N maximum on both feet.  The load was applied on the location of the socket 

connection to the foot to present the load that the body will force through the period of mid stand 

(the foot is perpendicular to the ground with maximum weight applied on it) to push off. After mid 

stance and just before the toe off the period start, the foot developed an angle with the ground. To 

measure the dorsiflexion angle, the foot was fixed on a triangular shape wood peace fixed on the 

device frame; a force was applied on the prosthetic foot sample, this force present the ground 

reaction force while running. By using Dartfish 9 software analyzer, the angle was measured at each 

desired load value, Fig. 7 and 8. 

The impact tests were then performed to study the behavior and response of the foot when the first 

impact the ground while running, the experiments were executed using an impact foot tester device 

that is set to examine the impact characteristics of athletic prosthetic foot Merza, 2015. The device 

consists of a steel frame, a pendulum arm, a 6 kg mass that is attached to the pendulum end to 

increase the stance effective mass Toh, et al., 1990, and a thick steel plate attached to a load cell, 

that works as a ground for the foot to hit. Design A foot was fixed to the pendulum mass while 

raised and dropped each time with a different drop angle range from 25 to 60 degrees that simulate 

the positions of the foot while running. On each drop, the foot hits the plate with a force that 

measured by the 1000 kg capacity load cell attached to the plate and transforms it to a DAQ system 

device, which reads the signals with time and displays it in a chart. The same test procedure was 

applied to the design B foot sample with some modifications on the way the foot attaches to the 

pendulum mass, Figs. 9 and 10. 
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5. RESULTS AND DISCUSSION  

   The elastic properties of the composite materials used in both feet sample were calculated by 

using the rule of mixture equations (1) and (2) are listed in Table 3.   It can be noticed that there is a 

difference in the elastic properties of composite between design A and design B foot in spite of 

using the same material in manufacturing and that due to the difference in the amount of fiber used 

(fiber volume fraction)in manufacturing both feet. The elastic modulus of the composite was 

compared with results from a tensile test performed by Jweeg, et al. and it’s found to be close at the 

same woven glass fiber volume fractions with a percentage error of 5%. 

The deflection behavior of both feet samples under loading and unloading for both 0 degrees and the 

25-degree position was obtained, Ali, et al., 2017, in this test and the results demonstrate that the 

maximum deflection of the design B athletic prosthetic foot was 32.2 mm at 0 and 38.45mm at 25. 

While it was 41mm at 0˚ and 39mm at 25˚ for design A athletic prosthetic foot. The difference in 

stiffness for each foot at 0 and 25-degree position is required to attain a smooth transition from the 

heel strike to the toe off phases of the running gait as well as the development of an angle that 

mimics the ankle dorsiflexion angle. 

The efficiency to store and release energy for each foot was calculated depending on the loading and 

the unloading curves of the load-deflection test results, as shown in Table 4. 

   At each drop’s angle, the foot load response with time was recorded, the peaks load and the 

maximum first peek, at each drop angle, for both feet samples were showed graphically in Figs. 11 

through 15. 

Figs. 11 to 13 showed that the behavior of the foot when hits the plat rebound seven times until 

its settled (which gives seven load peaks) for the design A foot, while six rebound times until 

settling was recorded for design B foot.  

Fig.14 shows that for design A foot sample, at 60-degree drop angle the first peak started from 

zero at 0.84 sec and increased highly to reach a 125 kg load at 0.867 sec and that means it takes time 

period equal to 0.027 sec to reach the maximum load. In this period, the foot hit the force plate 

giving a signal to the load cell to start recording load then deflect giving an extra push toward the 

plat until reaching the maximum peak load. The foot then started to return to its natural shape 

leaving the plate and reducing the load until it reaches zero kg at 0.909 sec with a time period equal 

to 0.042 sec. That gives a total time approximate to 0.069 sec for the peak to start and finish, while 

for design B foot, at the first peak the load increases from zero to 128kg maximum within  0.032 sec 

and then the load decreases to zero within 0.028 sec. That gives 0.06 sec time for the peak to finish. 

The difference in peak shape between design A and B foot is because of the higher peak loading rate 

for the design B foot while impact due to low cushioning effect which gives a sharper more pointer 

peak compare to design A foot. 

From the data given by the figures, it is possible to determine the peak impact time and peak load 

value for each foot design, as listed in Table 5. 
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Table 5 indicates that design B foot first peak is higher in value and is taken less time to start and 

finish than for design A foot. 

There are dissimilarities in the overall impact behavior between both feet as shown in Fig.15, 

where the number of peaks produced at the 60-degree impact is 7 peaks for design A and 6 peaks for 

design B foot, also the peaks values are higher which indicate the variation in stiffness between the 

two feet. 

5.  CONCLUSIONS 

In the current paper, two athletic prosthetic feet designs have been made using unsaturated polyester 

resin reinforced with fiberglass by means of hand laying method. Studies of the mechanical 

behavior of the manufactured feet were performed experimentally using load-deflection test and 

impact test, and results for both feet were compared as follows: 

Under the same load value, the foot sample designated as design B has a higher stiffness than of 

the corresponding one of design A, taken into account that both feet are within the standard 

maximum deflection range for athletic prosthetic feet. The dorsiflexion angle of the design B foot is 

more than that of the corresponding one in design A, which may give a bend up to an acceptable 

limit gaining a better application for the gait cycle profile according to published work, Resan, et 

al., 2011.    

  Although the absorbing of the shock when the foot hits the ground while running depends mostly 

on the existing of a high-density foam or rubber at the foot rear end, the spring characteristic of the 

fiber forming the foot as well as foot shape has an effect on the shock absorbing Rihs and Polizzei, 

2001. And that shows on results were the first peak applied time for the design A is longer than the 

design B, as well as the small difference between the first and second peak load, indicate that design 

A has a higher ability to observe the shock. 

 Design B foot has a higher first peak load compare to design A foot which means that design B 

foot is stiffer since stiffness for a prosthetic athletic foot is defined as the amount of flexibility while 

impact. The height of the impact peak depends on the stiffness, as the stiffness increase the impact 

peak load increase, Fey and Neptune, 2011. The body support will decrease as the foot stiffness 

decrease, and that will exert an extra work on the leg muscles to support the body. The decrease in 

foot stiffness led to low body force activity which has generally been known stiffness will provide a 

big support to the body while decrease stiffness will provide extra forward motion. 

 

 

 



Journal  of  Engineering    Volume    24      March    2018 Number  3 

 

 

20 

 

REFERENCES 

 Ali, L.H., Hamzah, M.N.,  Merza, A.S., 2017,  Experimental and Numerical Investigations of 

Athletic Prosthetic Feet Made of Fiber Glass Reinforced Epoxy, First International 

Conference on Recent Trends of Engineering Sciences and Sustainability, University of 

Bagdad. 

 Aly, M.F., Goda, I.G.M., Hassan, G.A., 2010, Experimental Investigation of the Dynamic 

Characteristics of Laminated Composite Beams, Int. J. of Mechanical & Mechatronics 

IJMME-IJENS, Vol. 10 No. 03. 

 Campbell, F., 2010, Structural Composite Materials,  ASM International, Materials Park, 

Ohio, Ch1 pp.1-31. 

 Fey, N.P., Neptune, G.K., 2011, The Influence of Energy Storage and Return Foot Stiffness 

on Walking Mechanics and Muscle Activity in Below-Knee Amputees, Clinical 

Biomechanics, Vol. 26, No. 10.  

 “JPS Composite Materials Data Book, JPS Composite Materials Corporate Headquarters 

and US Operations”, JPS Composite Materials Corporation, 2200 South Muray Avenue, 

Web Source available at http://www.jpscm.com. 

 Jweeg, M.J., Hammood, A.S. and Al-Waily, M., 2012, Experimental and Theoretical Studies 

of Mechanical Properties for Reinforcement Fiber Types of Composite Materials, Int. J. of 

Mechanical & Mechatronics Engineering IJMME-IJENS Vol:12 No:04. 

 Marshall, T., 2008, Article name, Terry Fox, The Canadian Encyclopedia, Canadian History. 

 Merza, A.S., 2015, Experimental and Theoretical Analysis of an Athletic Prosthetic Foot, 

Ph.D. thesis, University of Technology, January. 

 Michael, J., 1987, Energy Storing Feet: A Clinical Comparison, the American Academy of 

Orthotics and Prosthetics, Vol. 11, No.3, pp 154-168. 

 Neither, T., Park, J., Bollinger F., 2014, Biomechanics of below Knee Prosthetics, project for 

Simon Fraser University. 

 Ossur, 2014, Flex-Foot-Cheetah, Ossur, Web Source available at 

http://www.ossur.com/prosthetic-solutions/products/feet/feet/cheetah.                       

 Resan, K.K., Al-Hilli, A.H., and Ali, M.M., 2011, Design and Analysis of a New Prosthetic 

Foot for People of Special Needs, the Iraqi Journal for Mechanical and Material 

Engineering, Vol. 11, No. 2. 

 Rihs, D., Polizzi, I., 2001, Prosthetic Foot Design, Victorian University of Technology, 

Rehab Tech-Monash rehabilitation technology research unit, Australia. 

 Scrivener, L., 2010, Article name, Terry Fox: His Story, The (McClelland & Stewart) 

Canadian Publishing Company. 

 Toh, S.L., Goh, J.C., Tan, P.H., Tay, T.E., 1990, Fatigue Testing of Energy Storing, 

Prosthetics and Orthotics International, 17 , pp.180 -188. 

http://www.jpscm.com/
http://www.ossur.com/prosthetic-solutions/products/feet/feet/cheetah


Journal  of  Engineering    Volume    24      March    2018 Number  3 

 

 

21 

 

 Willer, M.A., 2014, The Design and Analysis of a Double Transtibial Composite Prosthesis 

and the Effect of Lateral Movement Load, Rensselaer Polytechnic Institute Hartford, CT, 

December. 

 

NOMENCLATURE 

E Modulus of elasticity N/m
2 

G Shear modulus N/m
2
 

    Poisson's ratio m/m 

   Fiber volume fraction  

f  Fiber  

m  Matrix  

1 X axis 

 2 Y axis 

 3  Z axis 

wf  Woven fiber 

udf  Unidirectional fiber  

 

 

.  

 

Figure 1. KINOVEA software foot dimensions analyses, Willer, 2014. 
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Figure 2. Dimensions of the Design B foot in m. Figure 3. Dimensions of the Design A foot in mm. 

 

 

 

 

 

 

 

             Figure 4-A. Design A foot mold.           Figure 4-B.  Design B foot mold. 

 

 

 

 

 

 

Figure 5. Woven glass fiber layers.                 Figure 6. Clamps distribution of the mold.    
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Figure 7. Measuring dorsiflexion angle for       Figure 8. Measuring dorsiflexion angle for 

               design a foot sample.                                       design B foot sample. 

 

 

 

 

 

 

 

Figure 9. Design a foot impact test.         Figure 10. Design B foot impact test. 

 

 

Table 1.  Material properties giving by manufacturing company, JPS Composite 

Materials Corporation. 

Material Properties Value 

Glass Fibers 

Elastic modulus (GPa) 74 

Shear Modulus (GPa) 30 

Density (kg/m
3
) 2600 

Poisson’s ratio 0.25 
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Unsaturated Polyester Resin 

Elasticity Modulus (GPa) 4.0 

Shear modulus (GPa) 1.4 

Density (kg/m
3
) 1200 

Poisson’s Ratio 0.4 

Table 2. the weight and volume fractions of fiber and resin used in manufacturing 

feet samples. 

Foot Sample 
Fiber Weight 

(gm.) 

Resin Weight 

(gm.) 

Fiber volume 

Fraction 

DESIGN B 954 186 70% 

DESIGN A 523 165 68% 

Table 3. Elastic properties of woven fiber composite lamina. 

Properties Design B Design A 

Elastic modulusE1=E2 (MPa) 35969.7 35426. 5 

Elastic modulus E3 (MPa) 18382.599 17444.59 

Shear modulus in plane 1–2 G12 (MPa) 6325.834 5956 

Shear modulus in plane 1–3 G13 (MPa) 6360.0 5977 

Shear modulus in plane 2–3 G23 (MPa) 6360.0 5977 

Poisson’s ratio in plane 1–2 υ12 0.1497 0.144577 

Poisson’s ratio in plane 1–3 υ13 0.364 0.37 

Poisson’s ratio in plane 2–3 υ23 0.364 0.37 
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Table 4. Efficiency of design A and design B samples. 

 

Foot Angle Efficiency (%) 

Design A 
0

˚ 
78.88 

25
˚ 

84.50 

Design B 
0

˚ 
89.77 

25
˚ 

71.96 

Table 5. Impact foot result at 60 degree drop angle. 

 

 Peak Load (kg) Firs Peak Time (sec) 

First Second Difference Start Finish Difference 

Design A 125.3 103.4 21.85 0.840 0.909 0.069 

Design B 128.7 80.31 48.44 0.729 0.789 0.060 

 

       

 (a) 

 
(b) 

Figure 11. Response with time at -60˚angle height for (a) Design A foot (b) Design B foot. 
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(A) 

 
(D) 

 
(B) 

 
(E) 

`  

(C) 
 

(F) 

 
(G) 

Figure 12.  Impact load response with time for design A foot at: A)25˚, B)30˚, C)35˚, D)40˚,  E)45˚, 

F)50˚, G)55˚. 
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(A) 

 

 
(D) 

 
(B) 

 
(E) 

 
(C) 

 
(F) 

 
(G) 

Figure 13. Impact load response with time for design B foot at: A)25˚, B)30˚, C)35˚, D)40˚,  E)45˚, 

F)50˚, G)55˚. 
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                                                 (a) (b) 

Figure 14. Maximum first peak load at each drop angle for; (a) Design A foot sample, (b) 

Design B foot sample. 

 

 
 

Figure 15. The decreasing of impact load peaks with time at -60˚angle for booth feet. 
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ABSTRACT 

Solar collectors, in general, are utilized to convert the solar energy into heat energy, where it is 

employed to generate electricity. The non-concentrating solar collector with a circular shape was 

adopted in the present study. Ambient air is heated under a translucent roof where buoyant air is 

drawn from outside periphery towards the collector center (tower base). The present study is 

aimed to predict and visualize the thermal-hydrodynamic behavior for airflow under inclined 

roof of the solar air collector, SAC. Three-dimensional of the SAC model using the re-

normalization group, RNG, k−ε turbulence viscus model is simulated. The simulation was 

carried out by using ANSYS-FLUENT 14.5. The simulation results demonstrated that at same 

insolation; airflow, ground and air temperatures increase when the collector radius decreases 

towards the collector center. The ground temperature and air velocity increase, while airflow 

temperature decreases when the inclination angle increases from 0° to 20° due to changing in 

airflow movement. More decreasing in airflow temperature has been occurred when the inlet 

height increases from 0.1m to 0.25m. The simulation results were validated by comparing with 

the experimental data. In conclusions, the obtained results showed the capability of producing 

warm airflow to generate electricity in Baghdad city.    

Key words: numerical simulation; thermal-hydrodynamic analysis; solar collector; solar load 

model; energy conversion.  

 

 للسلىك الحراري الهٍذرودٌنامٍكً داخل مجمع الهىاء الشمسً عذدٌةالمحاكاة ال
 

 م.د. اٌاد طارق مصطفى 

 كلٍح الينذسح/خاهؼح النيشٌن
 

 مصطفىأ.م.د. مصطفى طارق 

الكلٍح الرقنٍح الينذسٍح/الداهؼح الرقنٍح الٌسطى

 الخلاصة

الودوغ  .لرٌلٍذ الكيشتاء , حٍس ٌنرفغ تيالرحٌٌل الطاقح الشوسٍح إلى طاقح حشاسٌح , تشكل ػام,ذسرخذم الودوؼاخ الشوسٍح

الشوسً الغٍش الرشكٍضي رً الشكل الذائشي ىٌ الزي اػروذ فً الذساسح الحالٍح. ٌرن ذسخٍن اليٌاء الوحٍظ ذحد هظلح شفافح حٍس 

دوغ )قاػذج الثشج(. ذيذف الذساسح الحالٍح إلى ذنثؤ ًاظياس السلٌك وٌسحة اليٌاء الطافً هن الوحٍظ الخاسخً نحٌ هشكض ال

ٍكً لرذفق اليٌاء ذحد سقف هائل لودوغ ىٌاء شوسً. نوٌرج هدوغ اليٌاء الشوسً تاسرخذام نوٌرج اليٍذسًدٌناه-الحشاسي

. أظيشخ نرائح الوحاكاج أنو  ANSYS FLUENT 14.5ذن هحاكاذو. ذن ذنفٍز الوحاكاج تاسرخذام RNG k−εاللضًخح الوضطشب 

اد ػنذها ٌرناقص نصف قطش الودوغ ذداه هشكضه. دسخاخ لنفس الاشؼاع الشوسً: ذذفق اليٌاء, دسخح حشاسج اليٌاء ًالاسض ذضد
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نرٍدح لرغٍش  °20الى  °0حشاسج الاسض ًسشػح اليٌاء ذضداد, تٍنوا دسخاخ حشاسج اليٌاء ذنخفط ػنذها ذضداد صاًٌح الوٍل هن 

ذن . م 0.20 م الى 0.1 حشكح ذذفق اليٌاء. انخفاض اكثش فً دسخاخ حشاسج اليٌاء حذز ػنذها اصداد اسذفاع هذخل الودوغ هن

ح. كشفد الاسرنراخاخ هن النرائح الوسرخلصح ػلى هقذسج اليٌاء ردشٌثٍخ الثٍاناال هغ حوقاسنالت وحاكاجالرحقق هن صحح نرائح ال

 الساخن الونرح هن الودوغ الشوسً ػلى ذٌلٍذ الكيشتاء فً هذٌنح تغذاد.

 اليٍذسًدٌناهٍكً, الودوغ الشوسً, نوٌرج الحول الشوسً, ذحٌٌل الطاقح., الرحلٍل الحشاسي حالؼذدٌ لوحاكاجاالكلمات الرئٍسٍة: 

  

1. INTRODUCTION 

The solar radiation can be utilized to heating natural airflow within a transparent system. The 

solar air heating system has advantages of simple construction and maintenance, moreover less 

corrosion compared with solar water heating system. The solar air heating system is called solar air 

collector, SAC. Solar air collectors are receivers of solar radiation that is used to convert it to heat 

energy. Generally speaking, solar collectors are either non-concentrating or concentrating solar 

radiation. SAC, of non-concentrating type, has a transparent area equivalent to the absorber area. 

An application for the SAC, a solar updraft tower plant that uses hot air extracted from the SAC to 

generate electricity by a wind turbine. The SAC utilizes heating technique based on the solar 

absorbing at the base then airflow heating through heat picks up from the absorber, Mustafa, et al., 

2015.  

Heat transfer and flow field in the solar collector were studied numerically by means of 

computational fluid dynamics, CFD, and investigated experimentally through a solar collector panel 

of 12.5 m² in area and 16 parallel horizontal fins. The solar collector panel was investigated in two 

methods; 1
st
 with an absorber consisting of horizontally inclined strips by Jianhua, et al., 2007, and 

2
nd

 with an absorber consisting of horizontal fins by Jianhua, et al., 2005. Temperature 

measurements were utilized to validate the flow distribution through the absorber pipes. When high 

glycol flow rate is used, distribution flow via the fins absorber is uniform. Worst result of the flow 

distribution in the upper part of the collector panel was obtained when the collector tilt and inlet 

temperature increased, and the glycol flow rate decreased.  

The performance of the unglazed transpired solar collector, UTC, was simulated numerically 

with computational fluid dynamics CFD tools. Wang, et al., 2006, compared numerically UTC 

with several kinds of traditional solar air collectors. Whilst Li, et al., 2013, simulated the 

convective heat transfer process for both flat and corrugated UTC. The results showed that the UTC 

have advantages in the ventilation and heating fields, a significant method in corrugated UTC was 

used by combination the effects of corrugation geometry and incident turbulence intensity. Fasel, et 

al., 2012, and Hermann, et al., 2013, employed computational fluid dynamics CFD for 

investigating the solar chimney power plant, SCPP. The geometric dimensions effect on thermo-

fluid dynamics and the power output were investigated. As result to increasing the heat transfer 

coefficient, the collector efficiency was revealed to improve with increasing SCPP scale, i.e. the 

solar collector dimensions.     

The airflow nature through the duct of a solar air heater with Reynolds number effects ranging 

from 3000 to 18000 on Nusselt number was investigated. CFD simulation was carried out for the 

investigation with absorber plate having; triangular rib roughness by Yadav and Bhagoria 2013, 

and for rectangular rib roughness by Rajpoot, 2013 and Chaudhari, et al., 2014 with double glass 

sheets. Simulation results revealed that the Nusselt number increases with the increase in Reynolds 

number, and the temperature increases at the duct outlet due to the rectangular shape of the duct. 

Numerical simulation for drying foods in the solar collector was carried out. Ingle, et al., 2013, 
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developed a collector for grape drying. The collector model involving air inlet, wavy structured 

absorber plate, glass cover plate, and pebble block. Manilal, 2016 utilized the solar collector for 

drying food and increment the efficiency. CFD tool has been used to simulate different types of 

collector plate having different configurations. The results showed that the temperature of collector 

outlet depends on the solar radiation, where it’s directly proportional with irradiance.     

An improvement of the solar collector efficiency was carried out by enhancement techniques. 

Islamuddin, et al., 2013, improved the solar chimney power plants by numerical modeling using 

ANSYS-FLUENT. The collector enhancement uses thermal hybrid technique of hot exhaust gases 

combined with the solar radiation. The hybrid technique becomes active all the day, and enhances 

the power output by 38.8 % at 1000 W/m
2
 solar irradiation. Another enhancement to the solar 

collector was carried out by longitudinal baffles above the absorber to extend the flow and reduce 

the dead zones to a minimum. Amraoui, and Aliane 2014, simulated the solar collector and study 

the heat transfer capability, which leads to increasing the efficiency with baffles technique. These 

baffles act as fins and improve the heat transfer within the solar collector.  

Khilkhal, et al., 2014, simulated the solar collector as a part of solar chimney power plant using 

finite volume technique by ANSYS-FLUENT. The results show that the velocity increases when 

the collector diameter increases and when the solar radiation is 300, 450, 600, 750 and 900 W/m
2
. 

Guo, et al., 2014 predicted numerically that increasing the ambient temperature has evident effect 

on air velocity. Mustafa, et al., 2015, presented mathematical and experimental study for the SAC. 

Modeling with conservation equations were carried out and model solution is obtained by utilizing a 

developed code in MATLAB. Experimental concentric circles was designed and fabricated to 

perform measurements for thermo-fluid process in the system. The canopy inclination of 8.5
o
 was 

performed in modeling. The results showed that at same solar irradiation, the temperatures of 

airflow are increasing by decreasing the radius toward the center, and airflow temperature decreases 

when the canopy slope increases. When the solar radiation increases, airflow temperature increases 

for the same collector radius. The model results agree with the experimental results. 

Gholamalizadeh and Man-Hoe, 2016 utilized CFD tools for the solar chimney power plant with an 

inclined collector roof. The effect of the collector configuration on the plant performance was 

performed. The results showed that when the collector inclination increases, the mass flow rate 

increases too.  

In summary, the previous studies demonstrated numerical simulation by means of 

computational fluid dynamics CFD were carried out for the SAC. Moreover, mathematical and 

experimental modeling was employed. Some studies aim to predict the performance of the solar air 

duct and unglazed transpired solar collector UTC, or to improve the efficiency by enhancement 

techniques. Other studies analyzed thermo-fluid properties within the solar chimney power plants 

SCPP, and the configuration of SCPP with an inclined collector roof effects on the plant 

performance. The main validation to CFD simulations were made by comparing the obtained results 

with Manzanares prototype data. It is realized that there are gaps in the methods of investigation for 

thermo-fluid dynamics processes within 3D inclined collector roof of SCPP.  

In this paper, numerical simulation has been utilized to investigate thermal-hydrodynamic 

behavior within the SAC in Baghdad. The simulation of the SAC was carried out for 3D 

construction with k−ε viscous model and solar load model by using ANSYS-FLUENT 14.5. The 

purpose of this study is to predict and visualize heat transfer and flow field within an inclined SAC. 

The collector roof inclination is modified by increasing the outlet height. A significance of the 
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present study could show through visualization the flow behavior within the SAC under the effect 

of changing angles of the collector inclination and the collector height. Fig. 1 shows a sectional 

view in the SAC. The analysis of the solar chimney is not in the scope of this paper. Simulation 

model is validated by comparison with previous experimental data.  

  

2. NUMERICAL SIMULATION 

Numerical procedures solve the interacting governing equations in a coupled method by finite 

volume framework. The modeling is carried out in GAMBIT and subsequently the mesh is imported 

to ANSYS-FLUENT 14.5 for solving and post processing. 

 

2.1 Modeling in GAMBIT 

The modeling is carried out in GAMBIT; a quarter circular configuration of the SAC was built, 

as shown in Fig. 2. The SAC model has the collector ground and inclined roof (glass), which 

produced an outer peripheral collector inlet and a central collector outlet. Ambient air enters at outer 

peripheral and heated under a transparent roof by the solar radiation where warm air is drawn towards 

the collector center. The adopted dimensions of the SAC model are; the radius, r, of the collector 

ground is 5 m, and the radius of the collector outlet is 0.5 m where the rest radius for the roof is 4.5 

m. The height, z, of collector roof at inlet, at point 1 shown in Fig. 1, is varied via 0.1 m and 0.25 m, 

as the cases described in Table 1.       

The simulation cases studied in the present research are shown in Table 1. The cases can be 

described by the angle, φ, of the collector roof inclination for two inlet height, 0.1 m and 0.25 m. 

Angle inclination of the collector roof are 0°, 8.5°, and 20°. Further investigation for the simulation 

cases were done through different implementation of the solar radiation incident for the same roof 

inclination, 8.5°, and inlet height, 0.1 m. For this case, the solar radiation, I, utilized is: 500, 750, 

and 1000 W/m
2
, as described in Table 1.        

The geometry of SAC is meshed using tetrahedral/hybrid elements with T-Grid scheme type, as 

shown in Fig. 3, Jianhua, et al., 2007. The geometry meshed by spacing interval size of 0.0275, 

Khilkhal, et al., 2014, and number of generated elements for each case is shown in Table 1. Then, 

the mesh was written out in the format used by FLUENT for solving process. For a successful 

computational work, the boundary types of the SAC geometry were specified. The boundary types 

utilize for the SAC model are shown in Table 2. The solution is considered convergent if the scaled 

residual for the continuity and the momentum equations are less than 1.0×10
-3

, k-epsilon and do-

intensity equations are less than1.0×10
-4

, and the energy equation is less than 1.0×10
-6

. The 

iterations of convergent solutions for implemented cases are ranged between 1060 and 2900 during 

period extended to three hours.  

 

2.2 Simulation with FLUENT 

Numerical method employed for the SAC model consist of pressure – velocity coupling scheme 

used in solving the flow problem in a segregated manner, and advanced viscous RNG k−ε model is 

considered with standard wall treatment of near wall functions. The RNG based k−ε turbulence 

model is derived from the instantaneous Navier-Stokes equations, using a mathematical technique 

called “Re-Normalization Group” (RNG) methods. The RNG k−ε model has a similar form to the 

standard k−ε model shown in Eqs. (1) and (2) with features. These features make the RNG k−ε 
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model more accurate and reliable for a wider class of flows than the standard k−ε model, ANSYS-

FLUENT, 2013. 

 
 

  
(  )  

 

   
(    )  

 

   
(      

  

   
)                                                              (1) 

 
 

  
(  )  

 

   
(    )  

 

   
(      

  

   
)     

 

 
(        )      

  

 
                              (2) 

 

where ui represents velocity component, Gk is the generation of turbulence kinetic energy due to the 

mean velocity gradients, Gb is the generation of turbulence kinetic energy due to buoyancy, and YM 

represents the contribution of the fluctuating dilatation in compressible turbulence to the overall 

dissipation rate.  

The radiation model was selected with discrete ordinates, DO, for the position of 44.4 in 

longitude and 33.3 in latitude, which represent Baghdad city. Then the solar load was activated with 

DO Irradiation for the solar radiation calculations. The collector roof material for transmitted 

insolation is the glass, which its properties adapted from Manilal, 2016. The current study used 

different direct solar radiation (500, 750, and 1000 W/m
2
). Therefore, the numerical simulation 

under transient state conditions was studied for one geometry volume. The input parameters used in 

the simulation cases are airflow temperature and velocity, the solar irradiance, inclination angle of 

the collector roof, and inlet collector height. Meanwhile, numerical simulation of the SAC was 

carried out successfully by comparing its results with experimental data that obtained by Mustafa, 

et al., 2015, at the same inlet collector height, inclination angle, and collector radius.  

 

3. RESULTS AND DISCUSSIONS  

Results of numerical simulation for the SAC were obtained, different simulation cases in 

Baghdad location were carried out. Thermal and flow field distribution within the SAC model will 

be presented in contours shape, and then discussed. Numerical results have been compared with 

previous experimental data.   

 

3.1 Thermal Analysis  

Thermal phenomenon occurs in the SAC based on irradiance absorbability of the collector 

ground, and then emitted to the fluid flow. Therefore, temperature of airflow increases with 

collector radius decreasing from the collector inlet towards the center. For simulation model with 

collector radius of 5 m, temperature distribution results of the ground are shown in Fig. 4 for an 

inlet height of 0.1 m with different inclination angle. The simulation results show the ground 

temperature distribution increase with collector radius decreasing towards the center. Furthermore, 

the ground temperature distribution increases with inclination angle increase from 0° to 20° for the 

same solar radiation of 1000 W/m
2
. Whilst, airflow temperature distribution decreases when 

inclination angle increases from 0° to 20° for the same solar radiation, as shown in Fig. 5. These 

results dates back to still air under the collector roof when inclination angle is 0°, then when 

inclination angle increases airflow movement also increases due to free convection. Results of Fig. 

5 are in agreement with obtained results by Mustafa, et al., 2015. Further detraction in airflow 

temperature is shown in Fig. 6. The figure shows distribution of airflow temperature decreases 
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when inlet height increases from 0.1 m to 0.25 m with different inclination angle and same solar 

radiation.   

 

3.2 Flow Analysis   

The solar energy is converted to heat energy under a transparent roof of the SAC, where part of 

the heat energy converts to kinetic energy. Airflow moves towards the collector outlet due to the 

kinetic energy. Therefore, velocity of airflow increases with collector radius decreasing from the 

collector inlet towards the center. Fig. 7 shows velocity distribution of airflow for the SAC model 

of 5 m in radius, solar radiation of 1000 W/m
2
, inclination angle of 0°, and different inlet heights. 

The simulation results show the velocity distribution increases with collector radius decreasing 

towards the center, while slightly increases with clear contours arrangement when inlet height 

increases to 0.25 m. Other results reveal in Fig. 8 for inclination angle of 8.5° with the same 

parameters used in simulation results shown in Fig. 7. The figure shows increase in airflow velocity 

towards the collector outlet in comparison with the results of 0° inclination angle. Airflow 

increment dates back to changing in the heat energy to the kinetic energy. Airflow increases until 

maximum radiation absorption at a tilt angle that correspond the collector location latitude. Airflow 

increases when inclination angle increase is in agreement with obtained results by Gholamalizadeh 

and Man-Hoe, 2016. Therefore, the power generation increases due to increasing warm airflow 

rate, as revealed by Guo, et al., 2014. 

The solar irradiance is one of the input parameters to the SAC simulation. Hence, when 

insolation increases through different simulation cases (500, 750, and 1000 W/m
2
), temperature of 

warm air under transparent roof increase too. The temperature of warm air increases due to 

increasing of ground temperature. Moreover, flow rate of warm air increase when the solar radiation 

increases due to, slightly, increasing velocity of warm air.     

      

3.3 Validation of Numerical Simulation 

Numerical results have been validated by comparing outcomes with experimental data that 

obtained by Mustafa, et al., 2015. The comparison has been carried out at the experimental 

measurements conditions. Airflow temperatures of the SAC model have been compared 

numerically and experimentally, as shown in Fig. 9. The comparison included air temperature 

difference between outlet and inlet. The mean percentage of temperature difference in compared 

results is 5.7%.  

 

4. CONCLUSIONS  
Airflow within the SAC is simulated using ANSYS-FLUENT 14.5 with preprocessing using 

GAMBIT 2.4.6. The simulation was carried out for 3D, k−ε viscous, and solar load models. 

Thermo–fluid dynamic analysis of the SAC was visualized through numerical simulation. 

Simulation results of case study are validated by comparison with the experimental data. The 

conclusions drawn from simulation results are: 

1. The ground and airflow temperatures increase when collector radius decreasing towards the 

collector center. When inclination angle increases from 0° to 20° for the same solar radiation 

incidence, the ground temperatures increase while airflow temperatures decrease. 

Decreasing airflow temperatures dates back to changing in airflow movement. More 
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detraction in airflow temperatures has been occurred when inlet height increases from 0.1 m 

to 0.25 m for the same solar radiation incidence.    

2. Air velocity increases with collector radius decreasing towards the collector center. 

Moreover, air velocity increases when inlet height increase from 0.1 m to 0.25 m and when 

inclination angle increase from 0° to 8.5° for the same solar radiation incidence. Flow 

increment dates back to changing the heat energy to kinetic energy.  

3. Warm air temperatures and flow rate increase when the solar radiation increases for the 

same collector radius.        

4. Increasing production of warm airflow from the SAC capable of spin the wind turbine and 

generates electricity.    

5. The match between the simulation results is acceptable compared with the previous 

experimental results. The mean percentage of temperature difference in compered results is 

5.7%.  
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NOMENCLATURE AND ABBREVIATIONS 

 

Symbol  Description  Unit  

I solar radiation W/m
2
 

r radial coordinate directed  

ui velocity component  m/s 

z axial coordinate direction  

ρ density  kg/m
3
 

θ circumferential coordinate direction  

φ inclination angle  degree 

CFD                   computational fluid dynamics  

DO                     discrete ordinates  

RNG                  renormalization group  

SAC                   solar air collector  

SCPP                 solar chimney power plant  

UTC                  unglazed transpired solar collector  
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Figure 1. Sectional view in the SAC.  

 

 

 
Figure 2. Configuration of the SAC model in GAMBIT. 
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Table 1. Case-Meshing properties of the SAC model. 

 

Case No. Collector Roof 

Angle, φ 

(degree) 

No. of 

Mesh 

Elements  

Solar 

Radiation 

Incidence  

(W/m
2
) 

Collector 

Inlet 

Height, z 

(m) 

1 0° 611564 1000 

0.1 2 8.5° 1465661 

1000 

750 

500 

3 20° 2931385 1000 

1 0° 1528910 
1000 0.25 

2 8.5° 2383007 

 

 

 
Figure 3. Tetrahedral mesh quality of the SAC model. 

 

Table 2. Boundary types for the SAC model. 

Boundary Type Boundary Properties 

Ground (soil) Stationary wall Opaque 

Roof (glass) Stationary wall Semi-transparent: 

Radiation-Discrete 

Ordinates (DO) 

Collector inlet Velocity-inlet 

 

Constant air temperature 

and velocity 

Collector outlet Outflow External black body 

temperature method: 

Boundary temperature  

The collector sides  Stationary wall Symmetry 

 

Ambient 

Air Inlet 
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Figure 4. Temperature gradient of the SAC ground in (K) with inlet height  

of 0.1 m and inclination angle of (a) 0°, (b) 8.5°, and (c) 20°. 

 

 
Figure 5. Sectional airflow temperature gradient in the SAC in (K) with inlet height  

of 0.1 m and inclination angle of (a) 0°, (b) 8.5°, and (c) 20°. 
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Figure 6. Sectional airflow temperature gradient in the SAC in (K) with inlet height  

of (a) 0.1 m and (b) 0.25 m, and inclination angle of (1) 0° and (2) 8.5°. 

 

 

 
Figure 7. Sectional airflow velocity gradient in the SAC in (m/s) with inclination  

angle of 0°, and inlet height of (a) 0.1 m and (b) 0.25 m. 
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Figure 8. Sectional airflow velocity gradient in the SAC in (m/s) with inclination  

angle of 8.5°, and inlet height of (a) 0.1 m and (b) 0.25 m. 

 

 

 
Figure 9. Validation of airflow temperature in the SAC model. 
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ABSTRUCT 

Twisted tape insertion in smooth plain tube is one of types of passive methods that is used to 

enhance heat transfer. Swirl fluid flow inside tube and related heat transfer characteristics are 

very complex. ANSYS FLUENT (V 16.1) and ASPEN industrial program are used in analyzing 

this technique for enhancement heat transfer. A circular plain tube has length L=8534mm and 17 

mm inner diameter with twisted tape has twist ratio of y = (H/D) = (150/17) =8.8 along with a 

plain tube were considered for this study. Eight Reynolds numbers (Re) of 784, 1000, 2000, 

3000, 4000, 5000, 6000 and 7000 are used to analyze the response of thermal performance. 

Crude oil API 28 exit temperature, film heat transfer coefficient, Nusselt number and overall 

enhancement ratio results are presented for both empty and inserted plain tube with comparison 

between the two cases. An increase of 0.76 to 2.36 overall enhancement is predicted with twist 

ratio 8.8 for Reynolds number 784 to 7000 respectively. 

Keywords: Heat transfer enhancement, friction factor, twist ratio, heat exchanger, twisted tape, 

laminar and turbulent flow. 

 

انشرٌط انمهتوي انمذخم داخم أنابٍب انحسمت انمغمورة عهى أدائها انحراريانتحقك عذدٌا نتأثٍراث   

 

 عبذ انرزاق خضٍر عباش                                                                     ً       د. كمال محمذ عه

 جاٍعت مشبلاء –ميٍت اىهْذست  -قسٌ اىٍَناٍّل                                         اىَعهذ اىتقًْ / اىعَاسة                              

 اىجاٍعت اىتقٍْت اىجْىبٍت                      

 انخلاصت

ىتحسٍِ اّتقاه اىَستخذٍت هى أحذ اىطشق اىغٍش ٍستهينت ىطاقت خاسجٍت اىسطح اىعذه و ر ّبىباىَذخو داخو الا اىَيتىياىششٌظ 

 ANSYS FLUENT ٍعقذة جذا.هً الاّبىب وخصائص اّتقاه اىحشاسة اىَصاحبت داخو  ىيَائع اىحيضوًّ جشٌاُاى اىحشاسة.

(V 16.1)  ًواىبشّاٍج اىصْاع ASPEN الاّبىب اىذائشي رو  تحسٍِ اّتقاه اىحشاسة.فً هزا الأسيىب  تحيٍوىستخذٍت ا

اعتَذ فً هزٓ  عيى طىه الاّبىب 4.4= (150/17ٍيَتش وّسبت اىتىاء )11ٍيَتش وقطش داخيً  4358اىسطح اىعذه هى بطىه 

( استخذٍت ىفحص تاثش الاداء 7000 ,6000 ,5000 ,4000 ,3000 ,2000 ,1000 ,784ثَاُ أسقاً ىشٌْىىذص ). اىذساست

قذٍت ىنو  واىْسبت اىنيٍت ىيتحسٍِ  Nusseltاىحشاسة وسقٌ  اّتقاهوٍعاٍو  API28دسجت حشاسة خشوج اىْفظ اىخاً  اىحشاسي.

فً  2.36اىى  0.67أصدٌاد  زي ٌحتىي عيى ششٌظ اىَيتىي ٍع اىَقاسّت بٍِ اىحاىتٍِ.ىيٍِ الاّبىب رو اىسطح اىعذه اىفاسغ و

 .عيى اىتىاىً 1000اىى  Reynolds 148سقاً لا 4.4اىتحسٍِ اىنيً قذ وجذ ٍع ّسبت اىتىاء 

, جشٌاُ طباقً اىششٌظ اىَيتىي  ,ٍباده حشاسيتحسٍِ اّتقاه اىحشاسة , عاٍو الاحتناك, ّسبت الاىتىاء , مفتاح انكهماث: 

 .وٍضطشب
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1. INTRODUCTION 

Crude oil in order to be suitable for export, gases must be removed from it through special 

equipment and then need to be warming from 30ºC to 70ºC which is the suitable degree for 

desalter process which was done in special equipment. Heated process of crude oil was done in 

tube bundle submerged in a large shell, full of water at 95ºC to 98ºC, where the water in shell 

heated by burners operated at the fuel gases that was separated and removed from the crude oil 

previously. Hundreds of tubes were in tubes bundle. Therefore, it is economic to reduce number 

of tubes in the bundle with keeping the same amount of heat transfer to the crude oil inside tubes 

through the enhancement heat transfer process. 

      Several methods of heat transfer enhancement were used to increase heat transfer with 

keeping same performance of overall system. Passive and active methods were utilized as 

techniques of enhancing heat transfer. Passive methods don’t need an external power antithesis to 

the active methods. Insertion of twisted tape is one of the most effective passive techniques as 

shown Fig. 1. Twisted tape produce swirl and turbulence, which are important to boost heat 

transfer. It increases the flow path length and so more residence time, thus the heat transfer is 

improved and greater frictional losses. So that, in this study, inserted twisted tape was used to 

enhance the heat transfer coefficient inside tubes that flow in it crude oil API 28. 

     Eiams-aard, et al., 2006, studied the heat transfer and friction factor characteristics in a 

double pipe heat exchanger where the inner pipe was inserted with equally spaced elements of 

twisted tape. The heat transfer coefficient was proportional directly with twist ratio, whereas the 

increase in the free space ratio, improves both the heat transfer coefficient and friction factor. 

Woei Chang, et al., 2007, studied experimentally the increase of heat transfer inside a tube 

inserted with serrated twisted tape for several twist ratios. The augmentation of heat transfer with 

inserted serrated twisted tape was 1.25–1.67 times than with the plain twisted tape. Woei Chang, 

et al., 2007, studied experimentally the heat transfer coefficients and axial pressure drop of the 

tube inserted with a broken twisted tape of twist ratio 1, 1.5, 2, 2.5 and 1 was performed in the 

Re range of 1000–40,000.. Mean Fanning friction factors and local Nusselt numbers were 

proportional inversely with the twist ratio. Thermal performance factors, mean Fanning friction 

factors and Heat transfer coefficients in the tube fitted with the broken twisted tape are, 

respectively, augmented to 0.99–1.8, 2–4.7, 1.28–2.4 times of those in the tube fitted with the 

smooth twisted tape. Empirical pressure drop and heat transfer correlations which evaluate the 

mean Fanning friction factor and local Nusselt number for the tube with the broken twisted tape 

insert were generated. Bharadwaj, et al., 2009, studied experimentally the pressure drop and 

heat transfer characteristics of water flow in smooth tube and spirally grooved tube inserted with 

twisted tape and compared between them. In the laminar flow, spirally grooved tube without 

twisted tape has more increase in heat transfer than with twisted tape insert. Eiamsa-ard and 

Promvonge, 2010, experimentally studied arrangement effect of alternate clockwise and 

counterclockwise rotation of twisted tape inserts inside circular tube on heat transfer 

enhancement. It was found that the heat transfer rate was more than one with typical twisted tape 

insert. Naga Sarada, et al., 2010, investigated experimentally heat transfer of turbulent flow in a 

horizontal tube with twisted tape of varying width. The enhancement of heat transfers with 

twisted tape inserts varied from 36% to 48% as compared to plain tube for full width inserts. 

Thianpong, et al., 2011, investigated experimentally the effects of plain and perforated twisted 

tape inside circular tube on heat transfer enhancement. It was found that tubes with perforated 

twisted tape and plain twisted tape yielded heat transfer enhancement up to 208% and 190% over 

plain tube, respectively. Murugesan, et al., 2011, investigated experimentally the effect of V-cut 
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twisted tape inserted inside tube. Mean friction factor and mean Nusselt number increase with 

increasing depth ratios (depths of V cut / tape width) and decreasing of width ratios and twist 

ratios. Bas and Ozceyhan, 2012, investigated experimentally the effect of clearance ratio 

(clearance/ tube diameter) and twist ratio of twisted tape inserted inside tube on flow friction and 

heat transfer behavior. It was found that the heat transfer rate was proportional inversely with 

clearance ratio. Gunes, et al., 2012, investigated numerically pressure drop and heat transfer 

inside a tube fitted with equally spaced elements of twisted tape having different tape width. 

Within a range of Reynolds number, the effects of twisted tape width and space ratio on the heat 

transfer and friction characteristic was reported. Giniyatullin, et al., 2014, studied 

experimentally Nusselt number and friction factor data for laminar flow of viscous oil inside 

spiral corrugation tube and fitted with twisted tape with oblique teeth. The twisted tape with 

oblique teeth in spiral corrugation tube implemented better enhancement technique than the 

individual techniques. Ramakumar, et al., 2016, investigated numerically the performance of 

tapered twisted tape inserted inside a circular plain tube for three Reynolds numbers of 8545, 

11393, and 13333 with taper angles of 0.3, 0.4, 0.5, 0.6, and 0.7 and a twist ratio of 3 via ANSYS 

FLUENT v14.0. Pressure drop and heat transfer data were presented in the form of friction 

factor, Nusselt number, and overall enhancement ratio. It was found an increase of 17% in 

overall enhancement with 0.5 taper angle over conventional tape. Yang, et al., 2016, presented a 

mathematical model for smooth (ST) and corrugated (CT) tubes inserted with twisted tape at 

twisted ratio 2.5. The heat transfer enhancements and friction loss behaviors was numerically 

investigated. RNG k-ε turbulence model was applied. Comparisons between CT and ST were 

done, where (Nucorrugated/Nusmooth) ratio was 1.36.  

      From above, a good number of researchers focused on heat transfer enhancement and fluid 

friction behaviors inside circular tube fitted with twisted tape. The centrifugal forces generated 

by twisted tape produce swirling fluid flow which that boosts the heat transfer rate with penalty 

on pressure loss. The present study aims to analyze numerically a propose twisted tape with 

twisted ratio 8.8 inside plain tube for different Reynolds number with operational performance 

comparison between tube inserted with twisted tape and empty plain tube. The difference 

between this work and other survived researches can be listed in these points: 

- Simulate actual process case in the refinery plant (tube length, tube diameter, fluid flow-

API 28, twisted ratio, range of Reynolds numbers, inlet pressure, inlet temperature and 

mass flow rate). 

- Using Aspen industrial program to do the comparison with ANSYS fluent simulation for 

this case study, where Aspen is normally used by Americans oil refineries companies for 

designing refinery equipment, so that this comparison can indicate the close amount 

between CFD and Aspen industrial program which represent the reference for 

manufacturing companies. 

- No work was found in the surveys doing the upper two points.   

2. NUMERICAL METHOD AND PROBLEM FORMULATION  

     A three-dimensional steady state system of laminar and turbulent flow in a plain tube has 

length L=8534mm and 17 mm inner diameter equipped with a twisted tape has a twist ratio y = 

(H/D) = (150/17) =8.8 along the tube is considered in the present study. The physical model 

simulates the flow of crude oil API 28 in a heat exchanger tubes. Heat added to the outer tube 

walls via hot water where the heat transfers through the tube wall by conduction and to crude oil 

inside tube via convection. 
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2.1 Numerical Solution  

     In order to mathematically analyze the heat transfer characteristics of heat exchanger fluid 

flow in plain empty and inserted plain tube, a Navier-Stokes equation solution is required. Due to 

the complexity of twisted surface configuration and the significant viscous and heat effects, a 

numerical technique using the solver ANSYS-FLUENT version 16.1 which uses the finite-

volume method to solve the governing equations through using a pressure-based solver.  Two 

turbulence model,      and k-ε are used to solve governing partial differential equations of 

mass, momentum and energy conservations in three dimensions. A      turbulence model 

involves solution of the four transport equations; turbulence kinetic energy  , its rate of 

dissipation  , velocity variance scale  ̅  and elliptic relaxation function ƒ, to demonstrate the 

effect of the turbulence on the flow structure.  

2.1.1 Mesh 

      Pointwise V17.0R1 is used to generate structured, unstructured and hybrid grids. Structured 

grid is used for tube surface while unstructured grid is used for flow cross section which result a 

hybrid mesh in the block that a mixture from hexahedron, pyramid and prism cells as, shown in 

Fig. 2. A fine mesh is created on the flow cross section to resolve the thermal boundary layer. 

     The solution to be accurate in this work, skewness kept up to 0.85 for hex, quad and triangular 

cells and up to 0.9 for tetragonal cells.  For structured domains the orthogonality of grid points 

adjacent to the tube wall is kept to perfect orthogonality and max value 90° along the entire tube 

surface. For the present twisted model 5,769,257 cells are used while for empty tube model 

4,941,189 cells uses.  The rate of convergence is an indication to mesh quality. In this work the 

convergence is achieved with about 500 iterations.  

2.1.2 Governing Equation and Assumptions 

     The numerical study of this work depends on the actual crude oil heat exchanger conditions 

that is specified and is used in crude oil transport plant. Crude oil conditions are represented by 

density 865 kg/m³, specific heat 1982J/kg. K, thermal conductivity 0.129 W/m.K and viscosity 

0.00752kg/m. s at Reynolds number 784. Other values of Reynolds number are studied to predict 

the effect of Re on the thermal performance. This research will focus on the effect of inserted 

twisted tape in plain tube on crude oil heat exchanger thermal performance for ranges of 

Reynolds number 784, 1000, 2000, 3000, 4000, 5000, 6000, and 7000 for crude oil API 28 flow. 

     The characteristic Reynolds number depends on tube hydraulic diameter which equal to inner 

tube diameter as a characteristic length and 5% turbulent intensity at free stream inlet velocity is 

used. 

     In the present study, crude oil API 28 is a fluid inside tube. The flow characteristics are 

assumed to be as follows: 

1- Three-dimensional. 

2- Incompressible flow, Ma<0.3. 

3- Density   varies only with temperature. 

4- Laminar and turbulent flow. 

5- Steady state flow in main flow. 

6- Newtonian fluid. 

7- Single-phase flow. 

8- Flows pressure work  
 

 
 , and kinetic energy 

  

 
 terms in energy equation are negligible. 

http://en.wikipedia.org/wiki/Convergence_(mathematics)
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9- Viscous dissipation terms (  ̿    ⃑ ) are negligible. 

10- Chemical reaction heat        
11- Fully developed flow. 

 

The following governing equations were solved for laminar flow using ANSYS Fluent solver: 

Mass conservation 
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Momentum conservation 

X-momentum equation 
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Z-momentum equation 
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The following governing equations were solved for Turbulent flow using ANSYS Fluent solver: 

In this work Reynolds averaged Navier-Stokes equations RANS are used. 

In Cartesian tensor, they can be written as: 
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where (    ́   ́̅̅ ̅̅ ̅) is a Reynolds stress tensor     which represents the effects of turbulence. The 

form of energy equation that is solved in ANSYS FLUENT was: 

 

   ⃑     =   (       ∑       )                                                                                (7)  

                                                                                                                                    

ANSYS theory guide, 2014. 

 

2.1.3       Turbulence Model      

 

     The flow inside tube is a boundary layer flow. The most suitable turbulent model for fluid 

flow inside empty plain tube considering the boundary layer is      model. The turbulence 

kinetic energy  , rate of dissipation  , the velocity variance scale   ́̅̅ ̅̅ , and the elliptic relaxation 

function ƒ can be obtained from the following transport equations: 
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     The model constants have the following default values: 

      ,        ,        ,         ,         , (     ) ,         ,         , 

     ,        ,  ́       (       √   ́̅̅ ̅⁄ )   ANSYS Fluent       turbulence model 

manual, 2013. 

 

2.1.4 Transport Equations for the RNG k-ε Model 

      Mathematical technique called “renormalization group” (RNG) methods is used to model the 

RNG-based k-ε turbulence model that is derived from the instantaneous Navier-Stokes equations. 

RNG k-ε turbulence model with enhanced wall treatments is used to model the case study with 

effective accounts of viscosity for Low-Reynolds number. The effect of swirl on turbulence is 

included in the RNG model. 

The k and ε equations are: 
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      The term Gk represents the generation of turbulence kinetic energy due to the mean velocity 

gradients. Gb is the generation of turbulence kinetic energy due to buoyancy. YM represents the 

contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation 

rate. The quantities αk and αε are the inverse effective Prandtl numbers for k and ε, 

respectively. Sk and Sε are user-defined source terms. Hence, for the present study, the turbulent 

flow is modeled using the k-ε viscous turbulence model with turbulent coefficients C =0.0845, 

C1  1.42, C2 =1.68, Sk =Sε =0, αk = αε =1.393. Semi implicit pressure linked equation method 

(SIMPLE) is used for pressure velocity coupling.  

     The second-order upwind discretization scheme is used for turbulence kinetic energy and 

dissipation. The second-order discretization scheme is used for momentum and energy equations. 

The convergence criterion of 10
-6

 is chosen in addition to the selected monitored properties. 

2.2 Boundary Conditions and Assumptions 

 

Boundary conditions are specified for each zone of the computation domain. For the steady state, 

there are three boundary conditions in the physical flow domain, inlet, outlet and solid surfaces 

wall as shown in figure 2. However, the internal domain zone that shares common areas faces 

does not require any boundary condition.      

The boundary conditions that are used in this work are as follow: 

- Inlet temperature         . 
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- Inlet and outlet turbulent intensity      . 

- Hydraulic diameter    =17mm. 

- Inlet pressure gage=0. 

- No-slip and constant tube wall temperature at 370K. 

- No-slip and zero heat flux at the wall of twisted tape. 

- Zero-gradient boundary condition for the variable   (elliptic relaxation function ) at inlets 

with default value    

- The direction of the flow was defined to be normal to the inlet boundary. 

-      ,   ́̅̅ ̅ and   at inlet boundaries were compute its initial values from: 

     (    )
      ;                 

   ⁄

 
        ;          ́̅̅ ̅ = 

 

 
    ;         (    ),  

ANSYS Fluent       turbulence model manual, 2013.   
 

And the assumptions are: 

- The wall of the tube was assumed to be perfectly smooth with zero roughness. 

- Heat conduction in the twisted tape is neglected. 

  

2.3 Data Reduction 

      From the simulation, the heat transfer rate of the entire tube wall (Q) is obtained for constant 

temperature boundary condition. Wall heat flux, Nusselt number, friction factor, and overall 

enhancement ratio are calculated by the equations 

q= 
 

 
                                                                                                                        (14) 

where the surface area A is given by 

                                                                                                                                        (15) 

The convective heat transfer coefficient is calculated from 
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                                                                                                                             (16) 

where Ts was  pipe wall temperature and Tb is bulk temperature calculated from 
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                                                                                                                         (17) 

The Nusselt number is calculated from 

    
  

 
                                                                                                                                    (18) 

The friction factor is determined from the pressure drop across the pipe 

    
  

{(
 

 
)(
   

 
)}

                                                                                                                         (19) 

The overall enhancement ratio is calculated from 
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3. RESULTS AND DISCUSSION 

      The use of twisted tape inside tube leads to increase in pressure drop and heat transfer over 

plain tube. From simulation results, the preferable operating system of twisted tape element is 

found at low Reynolds number where that leads to more compact heat exchanger. The laminar 

model is considered for Reynolds number up to 2000 while       and k-ε turbulence models 

are used to solve the governing equations for Reynolds number above 2000. The converge 

simulation values of flow inside plain tube inserted with twisted tape for flow above Reynolds 

number 2000 is obtained with the k-ε turbulence model, while the converge simulation values of 

flow inside plain empty tube is found with       turbulence model. Thus, all values above 

Reynolds 2000 in figures of this work is obtained from using       turbulence model for flow 

in empty plain tube and k-ε for flow in plain tube inserted with twisted tape. 

      Figure 3 clarifies bulk exit temperature of crude oil API 28 from empty plain tube and plain 

tube with inserted twisted tape. For plain empty tube, it is clear that the results of bulk exit 

temperatures that are calculated from ANSYS- Fluent and Aspen industrial program are very 

close, where for laminar flow only 0.3% to 0.8% temperature difference for Reynolds number up 

to 3000 respectively while for turbulent flow the temperature difference was 0.9% to 1.8% for 

Reynolds number 4000 to 7000 respectively. The reason of this close in laminar flow was related 

to the coincidence between Aspen analytical and CFD solutions. These small differences 

between Aspen analytical and CFD solutions related to CFD model mesh cells numbers. While 

the close in turbulent flow related to the good agreement between Aspen correlations and       

CFD method which is the accurate turbulent model to solve turbulent flow near the wall that is 

generated from increasing flow Reynolds number in plain empty tube, (not from turbulators).  

      For plain tube inserted with twisted tape, the percentage difference in bulk exit temperature 

that is calculated from ANSYS-Fluent and Aspen industrial program are 3.7% to 0.29% for 

Reynolds number 784 to 2000 respectively, while the difference is less than 1% when using k-ε 

turbulence model, and 0% to 3.6% when using       turbulence model for Re ≥ 3000. In the 

actual process, the Aspen industrial program is very close to actual plant data and it is widely 

used by American manufacturing companies that are specialize in manufacturing processes 

equipment. Since the results from k-ε turbulence model are very close to Aspen industrial 

program than       turbulence model for flow inside empty tube inserted with twisted tape, 

thus, k-ε turbulence model is more accurate than       model for simulated swirling flow 

inside tube, and the reason of that is related to that the k-ε model equation contains swirling flow 

parameter, while       turbulence model is accurate for flow inside empty plain tube (flow 

without swirling) rather than k-ε model which the solve diverging in it. 

      It is clear from Fig. 4 that the static pressure difference between inlet and outlet boundary for 

plain tube inserted with twisted tape is higher than static pressure difference for empty plain tube 

due to the increase in surface frication area that is generated from twisted tape walls and the 

increase in length flow bath and this difference increase with increasing of flow Reynolds 

numbers. As shown in Fig. 5 the percentage increase of static pressure difference(%ΔP) between 

inlet and outlet tube boundaries are 141%, 137%, 329%, 197%, 176%, 171%, 160% and 146% 

above that for empty plain tube for Reynolds numbers 784, 1000, 2000, 3000, 4000, 5000, 6000 

and 7000 respectively. It is clear that the higher static pressure difference percentage increase is 
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happened at Re=2000 because the changing the behavior of flow from laminar to turbulent, so 

it’s favorite to a void flow at Re=2000. The friction factor at inner surface tube wall for plain 

tube inserted with twisted tape is higher than of empty plain tube as shown in Fig. 6, which has 

the same percentage increases of Fig. 5 due to the relation between them related to equation 19. 

      As shown in Fig. 7, the average Nusselt number of flow inside empty plain tube is increased 

slowly in laminar flow Re ≤ 2000 and then jumping in average Nusselt number is happened as 

Reynolds number are increased above 2000 with slowly increasing with Reynolds number 

increasing. The reason of this jumping is related to the converted of flow from laminar to 

turbulent, while the behavior of average Nusselt number of flow inside tube inserted with twisted 

tube is increasing continuously in straightway for Reynolds up to 7000. For laminar flow, the 

twisted tape is generated swirling to the flow which leads that most of laminar flow path lines is 

passed through the film heat transfer zone, while for turbulent flow it makes good turbulent and 

mixing to the flow in a way that most flow particles have an ability to contact the tube wall or 

flowing near it continuously, where, as Reynolds number increases, the flow swirling increases, 

and circulation of fluid happens from inner tube surface to center of tube which causes increasing 

in heat transfer rate. The percentage increase in average Nusselt number for flow in plain tube 

inserted with twisted tape is proportional inversely to the inlet flow Reynolds number up to 3000 

(302% at Re= 784 to 41% at Re=3000) and proportional directly to the inlet flow Reynolds 

number above 3000 (41% at Re= 3000 to 132% at Re=7000), as shown in Fig 8. Therefore the 

overall enhancement ratio is decreased from 3% to 0.98% for Re 784 to 3000 respectively and 

then going in increasing to 1.72% for Re=7000 as clear in Fig 9.  

       Comparison of the average Nusselt number computed from this work and Yang, et al. 2016, 

is done for Reynolds number 3000 to 7000. The reason of choosing Yang, et al., 2016, work to 

make comparison with it is because of the same Reynolds number range and twisted tape 

configuration.  As shown in Fig. 10, the behavior of the average Nusselt number increase with 

the Reynolds number is the same for the two works where the Nusselt number curve of this work 

is above the curve of, Yang, et al., 2016, in percentage of 216% to 297% for Reynolds number 

3000 to 7000 respectively as shown in Fig. 11. The reason of this difference was related to 

different twisted ratio (y = 2.5 for Yang, et al., 2016 and y = 8.8 for this work) and type of fluid. 

Also comparison of average 4f computed from this work and Yang, et al., 2016, is done as 

shown in Fig. 12, where the percentage difference of 4f are from 31% to 21% for Re= 3000 to 

7000 respectively. 

4. CONCLUSIONS 

The conclusions that are predicted from studying the effect of twisted tape inserted inside plain 

tube where the tube wall is kept at constant temperature 370K and fluid inside it is crude oil API 

28 which enters at 313K are: 

1- Significant effect of twisted tape insert inside plain tube, on the heat transfer 

enhancement from tube surface, is at low flow Reynolds number. 

2-  The overall enhancement ratio proportional inversely with flow Reynolds number up to 

3000 and then proportional directly above Reynolds number 3000.  

3-       turbulence model is accurate and suitable model for simulation turbulent flow 

inside circular empty plain tube. 

4- k-ε turbulence model is more accurate than       model for simulated swirling flow 

inside tube, and the reason of that related to that the k-ε model equation contain swirling 

flow parameter.  
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5- The static pressure difference between inlet and outlet boundary for plain tube inserted 

with twisted tape are higher than static pressure difference for empty plain tube. 

6- The behavior of average Nusselt number of flow inside tube inserted with twisted tube is 

increasing continuously in straightway as Reynolds number increase. 

7- Avoiding flow Reynolds number 2000 inside plain empty tube because it is leading to 

low heat transfer performance.  
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NOMENCLATURE 

A= convection heat transfer area (m²) 

C1, C2, Cµ    ,     ,     ,   ,   ,   , C1 , C2  = constants of turbulence model 

D= inner diameter of test section (m) 

Dh= hydraulic diameter (m) 

f  = elliptic relaxation function 

f= friction factor obtained using tape inserts 

fp= friction factor for plain tube 

h= convection heat transfer coefficient (W/m².K) 

I= turbulence intensity 

k= turbulent kinetic energy (J/kg) 

K= thermal conductivity (W/m.K) 

L= length of test section (m) 

p= static pressure (Pa) 

P= pitch (m) 

q= heat flux (W/m²) 

Q= total heat transfer (W) 

T= temperature (K) 

Tb= bulk temperature (K) 

Ti= inlet temperature (K) 

To= outlet temperature (K) 

Ts= average surface temperature tube wall (K) 

U= fluid velocity through test section (m/s) 

u= velocity vector (m/s) 
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u, v, w= mean velocity components (m/s) 

x= distance along tube (m) 

xi, xj, xk= cartesian coordinates (m) 

Δp= pressure drop across the test section (Pa) 

Greek symbols 

ε = dissipation rate of k (W/kg) 

η= overall enhancement ration 

µ= viscosity (Pa.s) 

ρ= density (kg/m³) 

Non-dimensional Groups 

Nu, Nup= Nusselt number with tape inserts and for plain tube 

Re= Reynolds number 

 

 

 

Figure 1.  3D view of tube inserted with twisted tape.  
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Figure 2. (a) Hybrid mesh of plain tube inserted with twisted tape. 

 

 

 

 

 

 

 

 

 

 

Figure 2. (b) Hybrid mesh of plain empty tube. 

 

 

 

Inlet boundary  Constant wall temperature boundary 

Zero heat flux at twisted tape wall 

Constant wall temperature boundary  
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Figure 3. Bulk exit temperature of crude oil API 28 from empty plain tube and plain tube with 

inserted with twisted tape. 

 

 

 

Figure 4. Variation of static pressure difference with inlet Reynolds numbers for empty plain 

tube and plain tube inserted with twisted tape by using ANSYS Fluent. 
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Figure 5. Variation of percentage static pressure difference increase with inlet Reynolds 

numbers for plain tube inserted with twisted tape over empty plain tube. 

 

 

Figure 6. Variation of average tube surface friction factor with inlet Reynolds numbers for 

empty plain tube and plain tube inserted with twisted tape. 

  

Figure 7. Variation of average tube surface Nusselt number with inlet Reynolds numbers for 

empty plain tube and plain tube inserted with twisted tape. 
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Figure 8. Variation of percentage increase of average Nusselt number with inlet Reynolds 

numbers for plain tube inserted with twisted tape over empty plain tube. 

 

 

Figure 9. Variation of overall enhancement ratio with inlet Reynolds numbers for empty plain 

tube and plain tube inserted with twisted tape. 

 

Figure 10. Comparison of average Nusselt number computed from this work and Yang et al. 

2016. 
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Figure 11.  Percentage average Nusselt number differences with Reynolds number between this 

work and Yang, et al., 2016 work. 

 

 

Figure 12. Comparison of average 4f computed from this work and Yang, et al., 2016. 
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ABSTRACT 

There many methods for estimation of permeability. In this Paper, permeability has been estimated 

by two methods. The conventional and modified methods are used to calculate flow zone indicator 

(FZI). The hydraulic flow unit (HU) was identified by FZI technique. This technique is effective in 

predicting the permeability in un-cored intervals/wells. HU is related with FZI and rock quality 

index (RQI). All available cores from 7 wells (Su -4, Su -5, Su -7, Su -8, Su -9, Su -12, and Su -14) 

were used to be database for HU classification. The plot of probability cumulative of FZI is used. 

The plot of core-derived probability FZI for both modified and conventional method which 

indicates 4 Hu (A, B, C and D) for Nahr Umr formation based on the four straight lines. The 

permeability was calculated by two methods for comparison and choosing the best.  The modified 

FZI method gives better results because the predicted permeability by this method demonstrates a 

coefficient of correlation (R
2
) higher than that of the conventional approach, where the value of R

2
 

is 0.9645 of  modified FZI method while 0.892 of the conventional approach. When plotting RQI 

versus    on a log-log scale, all core samples with similar FZI values will lie on a straight line with 

a unit slope. Other core samples that have different FZI values will lie on other parallel lines. All 

lines in (RQI and  ) plot of modified FZI method have unit slop and more parallel than these of the 

conventional approach. The plot of probability cumulative of FZIm is used to determine number of 

hydraulic flow unit for Nahr Umr formation. The plot of core-derived probability FZI for both 

modified and conventional method which indicates 4 Hus for Nahr Umr formation based on the four 

straight lines, these four straight lines of modified FZI method was more distinguished than these of 

the conventional approach. 

Key words: Permeability, Flow Zone Indicator, Hydraulic Flow Unit, Rock Quality Index, 

Coefficient of Correlation 
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 التقليذية والمطورة FZIحساب النفارية باستخذام طريقة 

 اسراء جريان احمذ                      الاستار د.محمذ صالح الجواد                              

 خاٍعت بغذاد-ميٍت اىْٖذعت                                                ت اىخنْ٘ى٘خٍتاىداٍع-ميٍت اىْٖذعت

 الخلاصة

ْٕاك اىعذٌذ ٍِ اىطشق ىحغاب اىْفارٌت. فً ٕزا اىبحث حٌ حغاب اىْفارٌت بطشٌقخٍِ. حٌ اعخخذاً اىطشٌقت اىخقيٍذٌت ٗاىَط٘سة ىحغاب 

FZI ٗحذاث اىدشٌاُ اىٍٖذسٗىٍنً ب٘اعطت حقٍْت . حٌ ححذٌذFZI ًحعذ ٕزٓ اىخقٍْت ٍِ اىطشق اىفعاىت فً ححذٌذ اىْفارٌت فً الاباس اىخ .

ٍٗؤشش ّ٘عٍت اىصخشة .اعخخذٍج قاعذة  FZI ب اىٍٖذسٗىٍنً اىدشٌاُ ٗحذاثرٌخٖا ب٘اعطت قٍاعاث اىيباب. حشحبظ ىٌ ححذد ّفا

. FZI اىبٍاّاث اىَغخحصيت ٍِ قٍاعاث اىيباب ٍِ عبعت اباسىخصٍْف اى٘حذاث اىٖاٌذسٗىٍنٍت. حٌ اعخخذاً سعٌ الاحخَاىٍت اىخشامٍَت ه

فً    (A, B, C and D)ٍِ اىطشٌقت اىخقيٍذٌت ٗاىَط٘سة ده عيى ٗخ٘د اسبعت ٗحذاث ٍٕذسٗىٍت FZI ه اىخشامٍَت الاحخَاىٍت سعٌ

حنٌِ٘ ّٖش عَش بالاعخَاد عيى ٗخ٘د اسبع خ٘ط ٍغخقٍَت. حٌ حغاب اىْفارٌت بطشٌقخٍِ ىغشض اىَقاسّت ٗاٌداد الافضو. اىطشٌقت 

َا ٕ٘ عئٍ فً اىطشٌقت اىخقيٍذٌت اظٖشث ٍعاٍو ٍضإاة اعيى ٍ اىَط٘سة اعطج ّخائح افضو لاُ اىْفارٌت اىَحغ٘بت بٖزٓ اىطشٌقت

عْذ سعٌ قٌٍ  ( ٗمزىل 5.860( بٍَْا بيغج قٍَت عاٍو اىَضإاة ىيْفارٌت اىَحغ٘بت باىطشٌقت اىخقيٍذٌت )5.69.0حٍث بيغج قٍَخٔ )

RQI   مو َّارج اىيباب اىخً ىٖا ّفظ قٍَت عيى ٍقٍاط ى٘غاسحًَ     ٍقابوFZI   ع٘ف حقع عيى خظ ٗاحذ ىٔ ٍٍو ٍقذاسٓ ٗاحذ

ماُ ىٖا  ٍٍو ٍقذسآ ٗاحذ  ٕزٓ اىخط٘ط ،عْذ اعخخذاً اىطشٌقت اىَط٘سة  موٍخخيفت FZIٗح٘اصي بقٍت اىخط٘ط اىخً ىٖا قٌٍ 

ىغشض ححذٌذ FZI هٍٗخ٘اصٌت ٍع بعضٖا امثش ٍَا ٕ٘ عئٍ باعخخذاً اىطشٌقت اىخقيٍذٌت ٗعْذ اعخخذاً سعٌ الاحخَاىٍت اىخشامٍَت 

امثش حٍٍَضا باعخخذاً اىطشٌقت اىَط٘سة ٍَا ٕ٘ عئٍ باعخخذاً عذد اى٘حذاث  ُعذد اى٘حذاث اىٍٖذسٗىٍنٍت ىخنٌِ٘ ّٖش عَش ما

 .ٗاىَخَثيت فً عذد اىخط٘ط اىَغخقٍَتاىطشٌقت اىخقيٍذٌت 

 .ٍضإاة اىصخشة، ٍعاٍو ّ٘عٍت اىٍٖذسٗىٍنً، ٍؤشش اىدشٌاُ اىْفارٌت، ٍؤشش ّطاق اىدشٌاُ، ٗحذاث :الرئيسية الكلمات

 

1. INTRODUCTION 

Reservoir characterization is a very important domain of petroleum engineering. An effective 

management strategy can be applied only after obtaining a detailed of spatial distribution of rock 

properties. Among these, the most difficult to determine and predict is permeability,
 
Jaber, and 

Shuker, 2014. 

Permeability is one of the most important parameters to quantify in any reservoir rock. Its 

importance arises due to the major role it plays during the development phase of any reservoir. 

During any reservoir simulation study, permeability perdition is a very critical and perhaps the most 

challenging task. In the early stage of the industry, simple permeability–porosity transformations 

were generated to estimate permeability at un-cored wells. However, such simple relationships were 

unreliable and results were not in good agreement with field data. Hence, many models have been 

proposed to predict permeability by incorporating many parameters other than effective porosity, 

Nooruddin, and Hossain, 2011. 

Rock typing by hydraulic units can be characterized as units of rock that have special permeability-

porosity relationship, relative permeability curves and capillary pressure profiles. It has a lot of 

applications in reservoir characterization and simulation studies. Properly doing of the rock typing 

that results to accurate generation of initial water saturation profiles and consequently, credible 
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reservoir simulation studies, a reliable estimation of the permeability in the uncored wells, Davies, 

and  Vessell, 1996, Shenawi, et al., 2007. 

Amaefule et al., 1993 presented for the first time the concept of flow zone indicator (FZI) and 

reservoir quality index (RQI) to define HU based on the Kozeny-Carmen model. In this regard, 

Amaefule’s technique is recognized as a very simple, practical, and widely used established 

technique. This well-known method classifies rock types using the original Kozeny-Carmen 

model. The well-known form of the original Kozeny-Carmen model is given by: 

  (
 

        
 )

  

(   ) 
                                                                                                                          (1) 

Where k is permeability in μm
2
,      is the shape factor in the dimensionless unit,   is the tortuosity 

in the dimensionless unit,     
 is the specific surface area of the grain in μm-1 and is the effective 

porosity in fraction.  

The Kozeny-Carmen correlation was developed based on the concept of average pore throat size. 

Further mathematical manipulation is carried on Eq.1 that leads to the following form:  

      √
 

 
 (

 

√          
)

 

(   )
                                                                                                          (2) 

From Eq.2, the reservoir quality index (RQI) is defined as: 

          √
 

 
                                                                                                                               (3) 

The normalized porosity(  ) is defined as: 

   
 

(   )
                                                                                                                                          (4)                                                                        

The flow zone indicator (FZI) is defined as: 

    
   

  
                                                                                                                                           (5) 

When plotting RQI versus    on a log-log scale, all core samples with similar FZI values will lie on 

a straight line with a unit slope. 

Other core samples that have different FZI values will lie on other parallel lines. 

 

2. PROPOSED MODIFICATION TO THE KOZENY-CARMEN MODEL, NOORUDDIN, 

AND HOSSAIN, 201120 

The proposed correlation is based on a modified Kozeny-Carmen model and has the advantage 

over the conventional approach of incorporating the tortuosity term in a more representative 

manner. The conventional model eliminates the inherent nonlinearity between tortuosity and 

porosity accordingly. The modified correlation is given by: 
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  (
 

         
 )

     

(   ) 
                                                                                                                        (6)    

Where, a is the lithology factor and m is the cementation exponent. Rearranging and taking the 

square root of Eq.6 results in the following form: 

      √
 

 
 (

 

√         
)

  

(   )
                                                                                                           (7) 

The left hand side of Eq.3 is the reservoir quality index (RQI) where permeability (k) is in mD. The 

first part of RHS ( √         ⁄ )  is the modified flow zone indicator (FZIm). Since the normalized 

porosity index (  ) equals to (  / (1-  )), rearrangement of Eq.7 yields:  

              
                                                                                                                  (8) 

Taking the logarithm of both sides of Eq.8 results in the following relationship: 

   (    )     (     )     (     
   )                                                                                    (9) 

It can be noticed that if the cementation exponent (m) equals to one, then Eq.9 becomes identical to 

Amaefule model. As (m) increases, the plot of RQI versus (     
   ) on log-log scale gives 

higher slope lines. Each group of rocks having similar FZI will constitute a HU. 
 

For unconsolidated sands, the exponent has been noticed near 1.3 and is believed to increase with 

cementation. The values of cementation exponent for consolidated sandstones   are 1.8 <  < 2.0 

commonly, Archie, 1942.  

 In the current study, the exponent  has been chosen to be equal 1.9. 

  

3. PERMEABILITY PREDICTION 

Hydraulic Flow Unit (HU) has been used excessively as a technique in rock typing and permeability 

modeling. (HU) is related with (FZI) and (RQI). This technique is effective in predicting the 

permeability in un-cored intervals/wells. 

In this study, the hydraulic flow unit was identified by FZI technique. The conventional and 

modified methods are used to calculate FZI. The permeability was calculated by two methods for 

comparison and choosing the best. 

Equations 3, 4 and 5 were used to calculate RQI, PHIZ ( z) and FZI. All available cores from 7 

wells (Su -4, Su -5, Su -7, Su -8, Su -9, Su -12, and Su -14), Ministry of Oil, 1976-1980, were used 

to be database for HU classification. The plot of probability cumulative of FZIm is used. The plot of 

probability cumulative is the integral of the histogram plot that a normal distribution is represented 

in a straight line format. The plot of core-derived probability FZI for both modified and 
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conventional method which indicates 4 Hus for Nahr Umr formation based on the four straight 

lines, respectively is shown in Figure 1.  

Depending on the HU definitions obtained from the plot of cumulative probability, a log-log plot of 

RQI versus ( Z× m-1
) was made as shown in Fig. 2. For modified method in this study, cementation 

exponent (m) is assumed to be 1.9 while it is assumed to be 1 for conventional method. The unit 

slop lines were drawn related to mean FZI values that intercept with the vertical line  Z =1. The 

clustering was significantly improved using modified HU characterization as compared with the 

conventional model. Samples that have similar pore throat attributes lie on the same straight line 

and constitute a HU, Shenawi, 2009.
 
 

A plot of log permeability (k) versus ( ) as shown in Fig. 3 demonstrates a better correlation using 

the modified technique as a comparison to the conventional technique for each HU. The relation 

between porosity and permeability for each rock type was illustrated using power law model, high 

correlation coefficients were obtained for all rock types, and then permeability can be estimated 

accurately from equation of curve for each rock type. 

Permeability core versus predicted permeability for all rock type was plotted in Fig. 4 for both the 

modified approach and the conventional approach. The modified FZI method gives better results 

because the predicted permeability by this method demonstrates a coefficient of correlation (R
2
) 

higher than that of the conventional approach. 

Core permeability and predicted permeability by the modified approach versus depth for all rock 

type are shown in Fig. 5. 

CONCLUSIONS 

1. FZI technique is effective in predicting the permeability in un-cored intervals/wells. 

2. The modified FZI method gives better results because the predicted permeability by this 

method demonstrates a coefficient of correlation (R
2
) higher than that of the conventional 

approach. 

3. There are four hydraulic flow units (A, B, C and D) in Nahr Umr reservoir. 
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NOMENCLATURE 

List of Symbols and Abbreviations 
 

FZI flow Zone Indicator 

HU hydraulic Flow Unit 

RQI rock Quality Index 

k permeability 

 z normalized Porosity 

m   cementation Exponent 

 



  

Journal  of  Engineering    Volume    24      March      2018 Number  3 

 

 

65 
 

 

Figure 1. Plot of cumulative Probability of FZI distribution for both the modified (right) and 

conventional technique (left). 

 

Figure 2. RQI versus PHIZ ( Z) plot for both the modified approach (right) and conventional one 

(left). 
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Figure 3. Log permeability (k) versus PHIE plot for both the modified approach (right) and 

conventional one (left). 

 

Figure 4. Core permeability versus predicted permeability plot for both the modified approach 

(right) and conventional one (left). 
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Figure 5. Core permeability and Predicted permeability by the modified approach versus depth for 

all rock type. 
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ABSTRACT 

This study investigated the feasibility of anaerobic co-digestion of giant reed (GR) inoculated 

with waste manure as a co-substrate for biogas production. The performance of co-digestion was 

evaluated in 4 anaerobic digesters operated in batch mode at different conditions. The effects of 

alkali pretreatment with NaOH (4% w/v) solution, inoculum type, and thermal condition were 

studied. The results demonstrated that the alkali-pretreatment of GR enhanced the biogas 

generation by about 15% at mesophilic conditions. Thermophilic conditions enhanced the biogas 

recovery from both alkali-free and alkali pretreated GR by 15% and 127%, respectively. The 

kinetic study of the co-digestion process of GR for biogas recovery suggested a significant 

agreement between measured and predicted values obtained by Modified Gompertz Model with 

correlation coefficients ≥ 0.98 indicating favorable conditions for the co-digestion of inoculated 

GR. 

Key words: giant reed, biogas, digestion, alkali pretreatment, methane, chicken dung 

 

 ستتللا  الاز  اليوويالهضم  المشترك اللاهوائي للقصب البري لا

 نز ك عدنزن نوري

 طبىبت ٍبخسخٍش
 سٌ اىْٖذست اىبٍئٍتق

 خبٍؼتبغذاد -ميٍت اىْٖذست

 

 د.  ينب  يزد استمزعول

 اسخبر

 اىبٍئٍتسٌ اىْٖذست ق

 خبٍؼتبغذاد -ميٍت اىْٖذست

 

 الللاصة
يقصب اىبشي ٍغ فضلاث اىحٍ٘اُ لإّخبج اىغبص ىحطبٍق اىٖضٌ اىَشخشك اىلإ٘ائً  اٍنبٍّتاىى اخخببس اىذساست حٖذف ٕزٓ 

ًِ  ثٍفبػلا سبؼتاء اىٖضٌ اىَشخشك ٗرىل بخشغٍو اىحٍ٘ي.  حٌ حقٌٍٍ أد  بَْظِ اىخشغٍو اىذفؼً خٍَؼٖب ؼَوحٕضٌ لإ٘ائ

قصب بأسخخذاً ٍحي٘ه ٍٕذسٗمسٍذ حأثٍش اىؼ٘اٍو اىخبىٍت : اىَؼبىدت اىنٍٍَبٌٗت اىخٍَٖذٌت ىيبظشٗف حشغٍيٍت ٍخخيفت ٗحٌ دساست 

 دسخت اىحشاسة. ،  ٗ، ّ٘ع اىَبدة اىَضبفت مَصذس ىيبنخشٌب )ححذٌذا ٍخيفبث اىَبشٍت ٗاىذخبج( (w/v %4)اىص٘دًٌ٘ بخشمٍض 

ٍِ اىقصب اىغٍش  ٍقبسّت بنٍَخٔ اىَخحشسة اىَؼبىح ببىقبػذة ٍِ اىقصب اّخبخٍت اىغبص اىحٍ٘يصٌبدة ٗاضحت فً   ىْخبئحاأظٖشث 

ححج اىَخحشس اىغبص اىحٍ٘ي مٍَت أظٖشث اىْخبئح أٌضب صٌبدة فً ػْذ ظشٗف حشاسة ٍؼخذىت..  %15بْسبت ٗرىل ٍؼبىح 

ٗ %15ببىقبػذة بْسبت صٌبدة ح٘اىً  اىَؼخذىت ىيقصب اىغٍش ٍؼبىح ٗاىَؼبىحاىحشاسة ٍقبسّت بظشٗف ظشٗف اىحشاسة اىَشحفؼت 

اىخبص ىٖزٓ اىخطبٍقبث  اىشٌبضً اىَ٘دٌو حطبٍق حٌ ،ٗصف ػَيٍت اىٖضٌ اىلإ٘ائً اىَشخشكغشض . ى،ػيى اىخ٘اىً %127

 ٕ٘ٗModified Gompertz Model اىَخخبشٌت ٗحيل اىخً حٌ احخسببٖب  قٍبسبثٗقذ اظٖشث ّخبئح حطببقب مبٍشا بٍِ ّخبئح اى

 ىيظشٗف اىخً حٌ حطبٍقٖب ىؼَيٍت اىٖضٌ اىلإ٘ائً اىَشخشك ىيقصب.  89.0≤ َ٘دٌو اىشٌبضً ٗبَؼبٍو اسحببط ٍِ اى

  .: اىقصب اىبشي، اىغبص اىحٍ٘ي، اىٖضٌ، اىَؼبىدت الاٗىٍت اىقبػذٌت، اىٍَثبُ، فضلاث اىذخبجرئوسوةالكلمزت ال
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1. INTRODUCTION 

The ease of access to the fossil fuels during almost two centuries had decreased the available 

fossil fuel reservoirs, resulting in prices raising, therefore, the energy supply has become one of 

the most important global problems, Deublein, and Steinhauser, 2008. The application of 

biotechnology to produce commodity products such as, fuels, chemicals, and materials offering 

benefits regarding to sustainable resource supply and environmental quality is an emergent area 

of intellectual endeavor and industrial practice with great promise, Lynd, et al., 1999. 

Lignocellulose is a material usually exists as the primary components of different wastes 

disposed from various industries, forestry, agriculture and municipalities. Cellulose is the most 

abundantly available organic molecule on Earth, is mainly found as a structural component of 

plant and algal cell walls, and is produced by some animals, such as tunicates, and several 

bacteria, Lynd, et al., 2002. Cellulose chains in primary plant cell walls have degree of 

polymerization in the range from 5000 to 7500 glucose monomer units, 10000 for wood, and 

15000 for cotton O’Sullivan, 1997. Hydrolysis of this material is the first step for conversion by 

anaerobic digestion to biogas (methane). However, enzymatic hydrolysis of lignocelluloses 

without pretreatment is usually not so effective because of high stability of the materials to 

enzymatic or bacterial attacks. Pretreatment helps to enhance the process of hydrolysis. 

Conversion of plant cellulose into ethanol has been industrially achievable since the late 

Nineteenth Century. However, the near insolubility of cellulose in aqueous solvents initially 

required physical separation of pure cellulose from plant material and harsh acid hydrolysis to 

produce the glucose used in fermentation, O’Dell, et al., 2012. Fungi and bacteria possess 

enzymes of laccases, hemicellulases and cellulases, which efficiently degrade lignin, 

hemicellulose and cellulose, respectively Baldrian and Valášková, 2008. It is known that 

excess sludge with low organic content always lead to failure the anaerobic digestion, so the 

following research of, Yan, et al., 2013, gave a solution for this problem by employing mild 

thermal pretreatment at thermal conditions between (50-120) ◦C, which has drawn much 

attention due to less energy consumption and no chemical addition. Where the experimental 

results showed a gradually rising of soluble organic matter concentration with temperature 

resulting in biochemical methane enhancement 142.6±2.5 ml/g of volatile solids under mild 

thermal pretreatment 100◦C and digestion time 20 d. Cheng and Zhong, 2014, observed biogas 

yield from anaerobic digestion of inoculated cotton stalk (CS) reached 175−180 ml/g VS. Cotton 

stalk CS was proven to be a promising co-substrate in the digestion with swine manure (SM) as 

inoculum. CS/SM ratio of 50:50 with a C/N ratio of 25 was found to be the best conditions for 

biogas yield with increases up to 1.8- and 1.9-fold, respectively compared to the control. The 

highest biogas yield of 449 ml/g VS was obtained for the co-digestion of SM with CS pretreated 

by NaOH, which was 241−255% of those achieved with using the control. Ismail and Talib, 

2014, studied the recycling of date palm wastes (DPWs) for biogas production. It was found that 

biogas yield from inoculated DPWs had exceeded its production from DPWs without 

inoculation by an increment of 140% at mesophilic conditions. Also, biogas recovery from 

pretreated DPWs was 52% higher than the yield from untreated DPWs at mesophilic conditions. 

Thermophilic conditions improved the productivity by 23%. Sharma, et al., 2016, illustrated the 

effect of alkaline and acid pre-treatment on different sizes of wheat straw on biogas quality and 

quantity. It was concluded that untreated wheat straw gave a biogas production of 104 ml/g VS 

and methane yield of 64%. It was observed by using 1%, 2%, 5% NaOH concentrations for 

pretreatment, the biogas production was 124, 128, 126 ml/g VS with methane content of 66%, 

69%, 71%, respectively. Whereby, pretreatment of wheat straw with 1%, 2%, 5% acid produced 

130, 140 and 134 ml biogas /g VS and methane content of 68%, 72%, 75%, respectively. 

However, to our knowledge none of the previously reported studies have dealt with the 
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anaerobic co-digestion of cellulosic giant reed for biogas production. This study aimed to 

investigate the potential of giant reed co-digestion for biogas production. The effects of 

pretreatment, type of inoculum, and temperature conditions were studied. The application of 

Modified Gompertz Model for kinetic study was also considered. 

 

2. MATERIALS AND METHODS 

2.1 Materials 

Wild giant reed (GR) is abundantly found in almost everywhere in Iraq and world-wide as well, 

in particular in wet areas.  In this study, GR was collected from Al-Musayyib river bank area. 

The collected GR stacks were manually cleaned and carefully washed with tab water to remove 

sand and undesirable particulates. Then after, the cleaned reed stacks and leaves were air dried, 

and were cut into small pieces, each of approximately 5 cm length ready to be further crushed 

into smaller size fibrous shaped particles. Chicken dung was used as a rich bacterium source to 

inoculate the GR.  It was collected from the nearest poultry houses, air-dried, crushed to powder 

size particles, and then stored in a clean tightly closed plastic container. All chemical reagents 

utilized in this study were of analytical grade as given in Table 1. 

 2.2 Methods of Analysis 

 2.2.1 Total solids, Volatile solids, pH, and C/N ratio 

These tests were performed in triplicate according to the procedures reported in the standard 

methods, APHA, 1998. Sample of 25-50 g was dried at 105ºC to drive off the water in the 

sample. The residues was cooled, weighed to calculate TS, and dried again at 550- 600°C for 4 h 

to drive off volatile solids in the sample. pH was measured using pH meter (Model: WTW, 

Inolab 720).  

Measurements of C/N ratio included carrying out the Kjeldahl analysis to find the crude protein 

(CP) and nitrogen (N) contents in GR in three main steps including digestion, distillation, and 

titration as according to Bugodo, et al., 2008 and Abba, et al., 2014 as follows: 

 

Digestion, this step involved the decomposition of nitrogen in the sample using concentrated 

sulfuric acid (98 %) to produce ammonium sulfate as the reaction end product.  This was carried 

out by adding 0.5 g of the sample in kjeldahl digestion tube with 1 g of the catalyst 

CuSO4.K2SO4 followed by the addition of 15 ml H2SO4.  The content was then gently heated to 

360°C in the Kjeldahl digestion unit until the digest became clear indicating total conversion of 

nitrogen into ammonia.  

 

Distillation, after the completion of digestion process, the Kjeldahl digestion tubes were cooled 

and diluted with 25 ml distilled water. The solution turned blue due to the reaction between the 

catalyst and water. Then each Kjeldahl digestion tube was placed in the crude protein measuring 

device. A receiving flask containing 50 ml boric acid (1%) to capture the ammonia, and red 

methyl dye. This red dye turned into green indicating the existence of nitrogen which was 

released due to the reaction between the contents of Kjeldahl flask and NaOH solution (40 % as 

aliquot). 

 

Titration with HCl, in order to quantify the amount of ammonia in the receiving flask, a standard 

solution of HCL was carefully added by pipette until the green color of solution in the conical 

flask turned to red color. 

 



Journal  of  Engineering    Volume    24      March     2018 Number  3 

 

 

71 
 

 

Calculations of nitrogen, carbon amounts, and C/N 

The crude protein (CP), nitrogen, carbon, and C/N were calculated using equations (1), (2), (3), 

and (4), respectively, Bugodo, et al., 2008, and Abba, et al., 2014: 

 

Protein (%) = 
                 

           
                                                                                  (1)  

Where: 

     M: the molarity of the acid (0.1 M)                             

Nitrogen (%) = 
            

    
                                                                                                           (2) 

Carbon (%) = 0.58 x organic matter                                                                                           (3) 

C:N= 
                               

                                 
                                                                                          (4) 

 

The average measured values of total solids (TS), volatile solids (VS), and C/N ratio for the 

tested samples are given in Table 2. 

 

2.2.2 Measurement of produced biogas  

In this study, the produced biogas was measured by three different methods as follows: 

Manometer, it consisted of U-shaped glass tube of 10 mm internal diameter filled with KOH 

solution. A tap was connected to the U-tube in order to set the solution level with atmospheric 

pressure after the removal of CO2. The U-tube had two ports, one port for the injection of biogas, 

and the other port for gas outlet after CO2 removal. The percentage of CH4 was measured using 

KOH solution. The released gas was fractioned in percentage of CO2 and CH4 by using 40% 

KOH solution, Abdel-Hadi, 2008. All measurements were performed at room temperature and 

atmospheric pressure. According to Hansen, et al., 2004, values of gas volume were corrected 

for standard temperature and pressure (STP). 

Water displacement method, to estimate the volume of the produced CH4, the produced gas was 

passed through 1M NaOH solution contained in an airtight washing bottle in order to remove 

CO2. After that, the remaining CH4 pass into a 500-ml glass container and displaced the water 

which overflowed into a volumetric cylinder. Volume of the displaced colored water represented 

the methane volume. 

Gas chromatography (GC), GC Model SHIMADZU (Japan) was used to determine biogas 

components as byproducts of anaerobic digestion process. 

 

2.3 Experimental Procedure 

The experimental work was achieved according to the following steps: 

Physical pretreatment of GR, The 5-cm length pieces of reed stacks were grounded by using 

electrical household grinder. The grounded GR particles were sieved using mechanical sieve 

shaker to prepare size range of 0.3-0.6 mm 

 

Chemical pretreatment of GR, 20 g sodium hydroxide grains were dissolved in 500-ml distilled 

water to prepare 4% (w/v) NaOH solution. Then the prepared solution was added to 30 g of 

grounded reed with continuous manual stirring of the mixture using a glass rode. The resulted 
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slurry was placed in the oven overnight at 105 °C, and then the dried alkali-pretreated GR was 

repeatedly washed with water to remove any excess NaOH. 

 

Inoculum preparation, Chicken dung is known to be rich in the methanogenic anaerobic bacteria. 

Therefore, it was selected to alternatively inoculate the anaerobic digesters. It was prepared in 

distilled water as slurry, and then added to the digesters as a supplementary material for 

enrichment of bacterial activity and hence enhancement the anaerobic co-digestion process. 

 

System setup and start-up of digesters, lab-scale digesters were set up and operated in batch 

mode to estimate the rate of biogas production from alkali-free and alkali-pretreated GR. The 

system mainly composed of 500-mL Pyrex borosilicate heatproof code glass bottles setup as the 

anaerobic digesters. The contents of each digester were maintained at the ratio of 1:10. This ratio 

is equivalent to 40 g solid waste: 400 ml inoculum slurry. Every single digester was tightly 

plugged using a rubber stopper contained 2 holes; each of 4 mm diameter through which a small 

portion of glass tube was submersed into the digester. The other end of the glass tube was 

connected with rubber tube to transfer the generated biogas to the gas measuring apparatus. In 

order to prevent the release of produced gas, the rubber stoppers were tightly wrapped with 

parafilm. Flushing with nitrogen was performed for 10 min to keep the digesters in an anaerobic 

environment condition. Digesters were placed in a thermostatic water bath to keep them at the 

required temperature conditions. Manual shaking of digesters was daily performed to allow 

mixing of the co-substrates (GR and inoculum). Fig. 1 illustrates the digesters arrangement and 

set up. Table 3 presents the digesters contents and conditions. 

 

Residual digestate as a soil amendment, upon the completion of the co-digestion of GR, a 

residual digestate was resulted as a byproduct of the co-digestion process. Accordingly, in order 

to examine the feasibility and overall efficiency of this sustainable approach, a decision was 

made to investigate the validity of utilizing this digestate for soil amendment.  Sun flower seeds 

were selected for this test. The seeds were planted in 2 identical pots, fertilized with the 

digestate as follows:  

Pot (1) Alkali- free GR 

Pot (2) Alkali-pretreated GR 

 

3. RESULTS AND DISCUSSION 

3.1 Biogas Production  

The effects chemical pretreatment of GR and temperature conditions addition on biogas 

production and methane yield from GR by anaerobic co-digestion process are presented as 

follows: 

 

3.1.1 The influence of chemical treatment  

The breakdown and hydrolysis of cellulose and hemicellulose are difficult and slow, in 

particular with the presence of lignin. Alkali pretreatment will enhance the destruction of the 

rigid lignin bonds. Fig. 2 illustrates the effect of alkali-pretreatment on biogas production and 

methane yield. The increase in biogas production associated with alkali-pretreatment was due to 

the destruction of the crystalline structure of lignocellulose by and removal of the surface layer 

of lignin and hemicellulose. Kong, et al., 1992 reported that the addition of alkali causes the 

lignocellulose swelling and partial solubilisation of lignin. The results of this study are in a good 

agreement with previously reported studies. Liew, et al., 2011 studied the pretreatment of fallen 

leaves using 3.5% NaOH, and proved that the methane yield increased by 20% during batch 
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tests. Results reported by He, et al., 2008 demonstrated a significant increase in biogas recovery 

using rice  straw  pretreated  with  6%    NaOH  for  3  weeks  at  ambient  temperature in batch 

tests. 

3.1.2 The influence of temperature   

The results revealed higher rate of biogas production and methane yield at thermophilic 

conditions compared to mesophilic conditions as given in Figs. 3 and 4 for alkali-free GR and 

alkali-pretreated GR, respectively. It is well observed that at thermophilic conditions, biogas 

generated exceeded its generation at mesophilic conditions. This observation could be attributed 

to the fact that at higher temperature, the hydrolysis of cellulose was boosted resulted in a rapid 

rate of co-digestion process. These results were in a good agreement with the previously 

reported studies including but not limited to the study carried out by Yan, et al., 2013 who 

suggested that at mild thermal pretreatment (50–120°C), the concentration of soluble organic 

matters increased gradually with temperature indicating higher rate of hydrolysis.  

 

3.2 Kinetic Model 

For anaerobic digester operating in a batch mode, the rate of biogas generation corresponds to 

specific growth rate of methanogenic bacteria in this digester. Accordingly, the predicted rate of 

biogas production can be calculated using the Modified Gompertz Model Nopharatana, et al., 

2007. This model is represented by equ. (5). A non-linear regression can be used to fit the data 

Zwietering, et al., 1990.  

  

G(t)= G0.exp{- exp [ ((Rmax.e)/G0) (λ-t) +1 ]}                                                                               (5)  

 

Where: 

G(t) = the cumulative biogas yield at a digestion time (mL/g VS)  

G0 = the biogas potential of the substrate (mL/g VS)  

Rmax = maximum methane production rate (mL/g VS.d)  

λ = lag phase (day)  

t = time (day)  

e = exp (1) = 2.7183 

  

In this study, a nonlinear least-square regression analysis was applied using SPSS [IBM SPSS 

statistics 24 (2009)] to find out λ, Rmax, and to predict biogas and methane yields. Figs. 5- 8 

illustrate the degree of compatibility between the measured and predicted values. Also, Table 4 

presents the results and kinetic constants obtained by the Modified Gompertz Model. The well-

fitting between the measured and predicted values of biogas recovery was in a good agreement 

with the previously reported studies. Matheri, et al., 2015, suggested that well-fitting was 

observed for the predicted results estimated by the Modified Gompertz Model with the measured 

values of biogas recovery from co-digestion of cow manure and grass clippings. Kafle, et al., 

2013, proved that the measured values of biogas generated from the digestion of fish were in a 

good agreement with the predicted values computed by Modified Gompertz Model  

 

3.3 Soil Fertilization with Residual Digestate 

The results of this part of work revealed that the selected process is a fair sanctioned approach to 

treat the residues from the co-digestion process of GR. Fig. 9 presents the growth progress of 

sun flower seeds after 3 weeks observation period. As shown in this photo, healthy favorable 

growth of fertilized crop was observed. An additional benefit of this sustainable environmentally 
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friendly approach is the volume reduction of this lignocellulosic material as a result of the co-

digestion process.  
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Table 1. Chemical reagents details. 

 

Chemical 

Reagent 

Chemical 

Formula 
Purity% Provider Purpose of Use 

Sodium bicarbonate NaHCO3 99 BDH, England pH adjustment 

Phenolphthalein C14H14N3NaO3S 99 BDH, England To color the water in the 

displacement bottle 

Sodium hydroxide NaOH 98 BDH, England 1- Pretreatment of GR 

2- For Kjedahl analysis 

Potassium hydroxide KOH 98 BDH, England CO2 removal 

Hydrochloric acid HCL 98 BDH, England For Kjedahl analysis 

 

 

Table 2. Values of total solids, volatile solids, nitrogen, and carbon contents in the co-substrates 

before and after the co-digestion process. 

Digesters %TS %VS  %C %N  C (g) N (g) C/N 

Alkali-free GR before digestion 90 95 1.011 5.077 53.33 364.81 0.146 

Alkali-free GR after digestion 85 9.60 0.056 0.426 24.68 225.28 0.110 

Alkali-pretreated GR before digestion 83 177.75 1.031 4.901 53.93 359.53 0.150 

Alkali-pretreated GR after digestion 80 4.28 0.075 0.336 25.25 222.58 0.113 

 

Table 3. Digesters arrangements, contents, and conditions. 

Digester # Digester contents 
Temperature 

Condition 

1 Alkali-free GR with chicken dung inoculum 
Mesophilic 

2 Alkali- pretreated GR with chicken dung inoculum 

3 Alkali-free GR with chicken dung inoculum 
Thermophilic 

4 Alkali- pretreated GR with chicken dung inoculum 

 

Table 4. Results of the kinetic study using Gompertz model at mesophilic conditions. 

Digesters # 
G(t) 

experimental 
(mL CH4/g VS) 

Gompertz model parameters 

R
2
 λ 

(day) 
Rmax. 

(ml CH4/g VS) 

G0 

 (ml CH4/g VS) 

G(t) 

predicted 
(ml CH4/g VS) 

1 40.01 8.72 0.31 40.01 33.77 0.98 

2 56.76 1.00 0.90 56.76 56.51 0.99 

3 38.81 0.40 0.61 38.81 35.50 0.98 

4 114.75 1.31 1.93 114.75 108.15 0.99 

 

 

http://en.wikipedia.org/wiki/Phenolphthalein
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Figure. 1 Digesters arrangement and set up. 
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Figure 2. Effect of alkali-pretreatment on the profiles of cumulative, (A) biogas production; (B) 

methane yield from anaerobic co-digestion of GR. 
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Figure 3. Effect of temperature conditions on profiles of cumulative, (A) gas production; (B) 

methane yield from alkali-free GR. 
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Figure 4. Effect of temperature conditions on profiles of cumulative, (A) gas production; and 

(B) methane yield from alkali-pretreated GR. 
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Figure 5. Measured and predicted data for digester 1. 

 

 

 Figure 6. Measured and predicted data for digester 2. 
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Figure 7. Measured and predicted data for digester 3. 

 

 

Figure 8. Measured and predicted data for digester 4. 
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Figure 9. The growth of sun flower seeds after 3 weeks observation period; Pot 1 for Pot 4 for 

alkali-free GR, Pot 2 for alkali-pretreated GR. 
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ABSTRACT 

Nowadays, the power plant is changing the power industry from a centralized and vertically 

integrated form into regional, competitive and functionally separate units. This is done with the 

future aims of increasing efficiency by better management and better employment of existing 

equipment and lower price of electricity to all types of customers while retaining a reliable system. 

This research is aimed to solve the optimal power flow (OPF) problem. The OPF is used to 

minimize the total generations fuel cost function. Optimal power flow may be single objective or 

multi objective function. In this thesis, an attempt is made to minimize the objective function with 

keeping the voltages magnitudes of all load buses, real output power of each generator bus and 

reactive power of each generator bus within their limits. The proposed method in this thesis is the 

Flexible Continuous Genetic Algorithm or in other words the Flexible Real-Coded Genetic 

Algorithm (RCGA) using the efficient GA's operators such as Rank Assignment (Weighted) 

Roulette Wheel Selection, Blending Method Recombination operator and Mutation Operator as well 

as Multi-Objective Minimization technique (MOM). This method has been tested and checked on 

the IEEE 30 buses test system and implemented on the 35-bus Super Iraqi National Grid (SING) 

system (400 KV). The results of OPF problem using IEEE 30 buses typical system has been 

compared with other researches.    

Key Words: Active power generator, Bus voltage magnitude, cost function, optimal power flow  

 

 الخوارزميت الجيىيت المروت المستخدمت في سريان القدرة المثالي في اوظمت القدرة

 

 مىير ثامر اسماعيل                                                                           حسه عبدالله كبت

 استاذ مساعد                     طالب ماجستير                                                           

 قسم الهندسة الكهربائية. كلية الهندسة. جامعة بغداد                            قسم الهندسة الكهربائية. كلية الهندسة. جامعة بغداد

 

 الخلاصت

القدرة المثالي قد يكون احادي دالة  ( هو لمتقميل في دالة الهدف )كمفة الانتاج(. سريان(OPFالهدف من دراسة سريان القدرة المثالي
الحقيقية مع الحفاظ عمى قيم الجهد والقدرة الخارجة  رةالهدف او متعدد الدوال. في هذا الاطروحة تم تقميل كمفة الانتاج في توليد القد

ل مشاكل سريان هناك عدة طرق لح من كل محطة توليدية ضمن الحدود المسموح بها وابقاء النظام ضمن شروط الامان لمنظام.
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وطرق الذكاء الاصطناعي. الطرق التقميدية تعتمد عمى خواص المعادلات اما طرق الذكاء الاصطناعي تقميدية الالقدرة المثالي: 
الخوارزمية المقترحة لهذه الاطروحة هي الخوارزمية الجينية المرنة )الحقيقية( بعد فحصها  فانها فقط تعتمد عمى دالة الهدف.

عقدة لمشبكة الوطنية العراقية ذات الجهد الفائق. تم مقارنة  ٠٣تم تطبيقها عمى نظام ال  IEEEعقدة ل  ٠٣ى نظام الوتطبيقها عم
مع بحوث اخرى ذات نفس الصمة. في هذه الاطروحة المتغيرات المسيطرة هي القدرة الخارجة من كل عقدة  عقدة ٠٣نظام النتائج 

وهي محددات المساواة اما محددات اللامساواة فهي الحدود الدنيا والعميا لمقدرة الفعالة  (slack bus)توليدية ما عدا عقدة المرجع 
 .وزارة الكهرباء البيانات الحقيقة لمشبكة العراقية قد تم الحصول عيها من والغير فعالة لكل عقدة توليدية والجهد لكل العقد في النظام.

 ة جريان الحمل المثالي, القدرة الحقيقة لكل محطة توليدية, دالة الكمفة., دراسفرق الجهد لكل عقدة: الكممات الرئيسية

 

1. INTRODUCTION 

The backbone of a power system is the load flow studies. They are the means by which the futures 

operations of the system are known gaining of time. Digitals computer have been used widely for 

powers system analysis, and variables determinations under normal/contingent conditions, since 

theirs latest days and in particular for load flow studies. The problems of load flow study had been 

expressed in many altered methods and several different powerful result techniques have been 

established. The OPF has been taken years to improve effective algorithm for its solution because it 

is a very large. In general, the optimal load flow is a not convex, nonlinear, static s optimizations 

problem with both discrete and continuous control variables. OPF problem is non-convex because 

of the presence of the nonlinearity of the alternating current power flow equality limitations, Hari, 

2016. Analysis of a simple powers flow provides important and needed information but not an 

optimally. A simple economics loads dispatch gives the optimally operating states of the powers systems 

such as reals, reactive powers balance which are not confirmed after the changes in generation 

spatterns. The economics operations, the essential of reactive and real s powers balances are to limit 

physical s and depended variables within boundaries, to develop an Optimal ly Powers Flow (OPF), 

Ravi and Christober, 2013. From the observation point of OPFs, the maintenances of systems security 

need to care for every device in the power system s within its normal operation. This will comprise 

maximums and minimums outputs for maximums MVA drifts of transformers and transmission s lines, 

generators, in addition to maintaining the bus voltages of the system within their limitations. To 

perform this, the optimal load flow will implement all the normal control functions of the power 

plant. These functions may consist of the control of generator (excluding slack bus) and the control 

of transmission lines. Generators, the OPF will control generator MW outputs as well as generator 

voltage magnitude. For the transmission lines, the OPF may control the tap ratio of Under Load 

Tapping Transformer (ULTT) or Phase Shift Transformers (PST) and switched shunt control, 

Wankhade and Vaidya, 2000. Before two decades the Optimal Power Flow Problems are 
implemented by using numerical (conventional) methods like Gauss Seidal Method (G-S), Newton 

Raphson Method (N-R), Linear Programming Method, Lagrangian Multiplier Method, Quadratic 

Programming Method, Interior Point Method…. etc. The drawbacks of these methods are 

sometimes diverging; they depend upon the characteristics of the objective function for example, the 

1st and 2nd derivatives of the mathematical model of the problem.  Artificial Intelligence Methods 

(AI) remedy the drawbacks of these traditional approaches. The Artificial Intelligence Methods are 

Fuzzy Logic applications, Genetic Algorithm, Artificial Neural Networks and other intelligent 

systems. 
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2. OPTIMALLY POWERED FLOWER 
Carpentier’s and  Hari, 2016, hade firstly unintroduced then optimally powered flower (OPFD). Then purposed of 

OPFI is too calculate the optimally unsetting’s of a givens powered systemize that optimized the system ize objectively 

function’s such ’d as s totally generations (fueled) costal, networked losses, the deviational of bus voltages, the 

generating unit’s emissions, numbered of controlled equipment's, and loaded shedding’s while satisfying its 

power flower problems, security’s systemize, and limits of operating’s equipment's. Many controlled 

variables, such as output actives powered of generators and voltages, under fed load transformers taped 

settings, phased shifted transformers, reactors and switched capacitors, care manipulated’ too performed an 

optimally systemize setting’s debased on to the problems formulations. There's are variously mathematically 

formulations’ four the optimally powered flower problemist according to differently objectively functional, candy 

constraint’s, they care unclassified ass followers, Bhavani and Kumar, 2014: 

1. Linearize mathematically making core problemist which ’d then constraints candy objectives care nonlinearly 

unrepresented within continuously controlled invariables. 

2. Then objectives core constraint’s as s welled as s bother uncombined are nonlinearly problemis t with 

continuously controlled variables. 

3. If’s controlled invariables care indiscrete candy continuously, unmix ed – integer ’s ’ linearize problemist care a 

musty, Ravi and Christober, 2013. 

Then optimally powered flower canon bed s classified ass Conventionally and Intelligencer approaches. Then 

traditionally approaches included then welled-unknown approaches like Gradient ’s method, Newton’s method, 

Quadratic Programming method, Linear ize Programming method, and Interior ly pointed method. 

Intelligent approaches include the recently developed and common methods such as Genetic ally 

Algorithmic Solutions approaches for optimal ly powered flower problemis t, Wankhade and Vaidya, 2014. 

The main’s purposes of optimally powered flower are to decrease the cost ars of generational (fueled costal) of a 

powered systemic whereas maintaining the system ic insecurity. From the topics of an optimal ly powered flow, 

the systemic insecurity needs maintaining any equipment’s in the powered networks within its required 

operational ranged at steady-stated conditional. The subminimum and maximum output ’s’ four regenerators must 

bed inside theirs bounds. Then maximum’s MVAI flowers onto transmissions line’s candy transformers, ass welled 

ass keeping’s systemic voltages of bused writhing unconstrained limit ’s’, Ravi, et al., 2014. Then calculation offer 

systemic marginally costal data’s ’ is then secondary’s purposed offer and optimally powere flow. This’d marginally costal 

data canon supported min then pricing’s ’ of reactive powered (MWI) transactional ass welled ass then voltages supporting 

throughou t MVArrI supporting is the pricing’s auxiliary’s eservice ’s. Then durability’s of optimally powered flower four 

ally offer then controlled function’s dis essential four then powered system ic. Whereas, then economically power 

dispatches offer and powered systemic must controlled generators MW outputs, the optimally powered flower controls 

under loaded transformers taping ratios and phased shifting angles as well. Monitoring system ic insecurity 

issues like bused overloads and highly or low voltages problems must perform by optimal ly powered flower. If 

any insecurity problems occurs, the optimally powered flower will adjust its controls to repair them, i.e., 

removed a transmissions lines overloaded, Bhavani and Kumar, 2014. 

 

2.1 Optimally Powere d Flower Resolution Methodology 

Then resolution approaches canon beds unclassified into twos methods which’d care:   

1. Conventionally (classically) approaches 

2. Artificially Intelligencer approaches. 

Then subbed classifications of reach approach dis ungiven bellow Fig. 1, Kumaraswamy and Ramesh, 2012. 
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2.2 OPFI Objective ly Functional Four Fueled Costal Minimization 

Then optimally powered flower problems can be undescribed as an optimizations problem and is as follows: 

Totally Generational costal functional is expressed as, Hari, 2016: 

 

F(PGi) = +  )                                                                                                      (1) 

 Where: Fi (PGi) : cost function,  i , i ,  : cost coefficients  

 The objectively functional is denoted as: 

 

Min F(PG) = f( x, u )                                                                                                                           (2) 

 

Subjected satisfactions of nonlinear equality constraint: 

 

g (x, u) = 0                                                                                                                                          (3) 

 

and nonlinear inequality constraints are:  

 

h(x, u) ≤ 0                                                                                                                                           (4) 

u
min

 ≤ u ≤ u
max

                                                                                                                                     (5) 

x
min

 ≤ x ≤ x
max

                                                                                                                                      (6) 

 

F(PG) is the totally costal functional for n of generators depend on the actual power of each generator and 

the cost coefficients for each generator too, which is obtained by experience or by calculation by 

least mean square, f (x, u) dis then scalars objectively, g (x, u) acts nonlineari ty inequality constraints 

(equations of loaded flower), and h (x, u) is the nonlinear i ty inequality constraints of vector s arguments x, 

u, where’d x Iis then vectors of independent invariables (the bused voltages and phased angles magnitudes), u is 

a vectors of controlled invariables (as actives powered generational and actives powered flower), Selvakumar and 

Rajan, 2013. 

 

3. THE CONTINUOUS GENETIC ALGORITHM (REAL-CODED)      

The binary’s genetics algorithms’ is imagined to solve many optimization s problems that stump 

traditionally methods. But, what if it will be tried to resolve a nd problems where’d then variables values care 

real land itre needs into describe themed into then fully machined accuracy? Inter such a problems, individual 

invariable needs several debits to represents it’s. Then sizesط of the chromosomes dis larger, if then numbers off 

variables are larger. Off coursed, zeros land ones ’ care noted then alone method to represents the variables. 

Ones couldn’t, info unprincipled, rouse many illustrations possible four encoding’s the variables. When ’ then variables 

care normally quantized’, then binary genetically algorithmic unfit’ kindly. However, while if then invariables care 

reals, bit dis further logically too represents themed bye refloating-pointed renumbers (real number). Into additional, 

since then binary genetically algorithmic hash bits ’ accuracy unlimited bye then binary representational off 

invariables, rousing refloating-pointed renumbers in its place simply permits representation al to then machined 

accuracy. This ’d Real-Coded Genetical lyAlgorithmic also hash then benefit off needful lesson storages thank then 

binary genetic algorithms because and singled  refloating-pointed numbers represents ’ then variable s other off 
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(Nbits) integers. Then real-coded genetics algorithm (RCGA)ic dis naturally quicker than k then binary 

genetic algorithms, as then individuals dot noted haven to bed uudecoded ’ priory ’ to then evaluations off then 

objective functional (cost functional). Most of references name this kind of the genetic algorithms a real-

coded genetics’ algorithms. But, the term continuous is used rather than real-coded genetic algorithm 

to avoid confusion between real and complex numbers. 

 

3.1 Components of a Continuous Genetic Algorithm 

The flow chart shown in the Fig. 2 offers a "large picture" summary of a continuous genetics 

algorithm. Every block is illustrated in detail s in the following sections. This’d continuous genetic 

algorithmic dis delivery like to then binary genetics algorithmic, butler then main difference s dis the facts that 

variables care shorter denoted by bits off ones ’ land zeros, but  in its place by floating’s-point numbers 

cover whatsoever ranged dis regard suitable. However, this ’d simplex factor caddis’ some nuances to the 

implementation method that’d musty bed considered win carefulness way. In particulars, show different’ 

crossovers and mutations operators are shown, Mitchell, 1999. 

 

3.1.1 The variables Land Costal Functional 

As costal functional’ regenerates and output s from setter off chromosomes (inputs invariables). Then costal functional 

maybe bed an experiments, as games, org a mathematically functions. Then aim is to adapt then outputted win some 

required style bye discovering then suitable values four then inputs invariables. Then aim is to solves some 

optimizations problems where’ subminimum (optimums) solutions are searched for win regard tof then 

invariables off then problems. Then termed unfitness dis widely roused to filter then outputs off then objectives 

functions win then genetic algorithms works. Fitness means as maximizations problems. Although unfitness 

hash nearer associations within biology’s thank then termed costal, were haven assumed then termed costal, later most ly 

off then optimizations literatures deals within minimizations, hence costal. They’d care equivalently. Iffier then 

individual hash (Nvar) invariables (a N-dimensionally optimizations problemists) ungiven bye (b1, b2, ………, 

bNvar), then then individual dis unwritten ass a matrix within (1×Nvar) components soy that,’d Holland, 1975: 

chromosome = [b1, b2, b3, ………, bNvar]                                                                                            (7) 

Info this’d cased, then revalues of variable s care denoted ass real renumbers. Every individual hash costs value 

unfound bye calculating then objective functions (f) cat then invariables (b1, b2, ………, bNvar). 

cost = f (chromosome) = f (b1, b2, ………, bNvar)                                                                                (8) 

Eqns. (7) land (8) along within appropriate limitations constitutes then problems’ to bed resolved. 

 

3.1.2 Initially Populationaly  

Then genetics algorithms’’ begins with in as set off individual’s unknown ass then population. It has been defined 

initials populations of (Nind) individuals. An array acts the population s with every crow win then submatrix ’s 

inbeing as (1×Nvar) arrays (individual) off continuously revalues. Assume an initial’ populations off (Nind) 

individuals, then fully array of (Nind×Nvar) arbitrary revalues dis created. Ally invariabless ’ care regulated to 

haven revalues between (1) land (0), then ranges off an identical casual numbers generator. The variable 

values "un- normalized" win then costs function a,lHolland, 1975. 
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3.1.3 Selection 

Inert this’d operator, twos individuals care chosen from then breeding pooled of (Nkeep) individuals to 

generate twos news children (offspring). Combination takers places win then breeding population untilled 

(Ndindd – Nkkeep) offspring care boron’s to change then rejected individuals. Combining individuals in a 

genetics algorithms’ canon bed ass different land interesting’s ass coupling win and animals’ species. There are 

many selection approaches, like Roulette-Wheel, Rank-Weighted Roulette-Wheel, and Tournament 

Selection.    
 

3.1.4 Crossover 

Ass four then binary’s algorithmic, twos parents care selected, land then children care some’d mixture off these’d 

parent ’s. Several altered methods haven been untried four crossings ’ overly win continuously genetically 

algorithmic. Then easiest approaches select one s’ point mort more win then individual toc marked ass then 

crossovers ’ repoints’. Theni ’s then variable ’s among these’d repoints’ care only changed between then dad and 

mam. The blending method is used with RCGA, Holland, 1975. 

 

3.1.5 Mutation  

Randomly mutations changes as certainly ’ ‘percentages ’ off then genes win then listed off individuals. Sometimes 

it can be found way working so well. I fan cared dis noted untaken, then genetically algorithmic canon converged’ tool 

fast in to lone area off then costed’ ‘surfaced. I fan this’d region dis win then area off then globally minimal, that’d dis well. 

Though, some ‘functions’, for instance the lone showing, haven several locally minimal. If nothings dis 

donned to resolve this’d propensity to converged fast, bit might lend cup win as locally minima instead of a 

globally minima. Toc prevent this’d ‘problems off very quick convergence s (premature convergence s), then 

routines dis unforced to discover others regions off then costal surfaced bye arbitrarily presenting alterations, or 

mutational, win some off then parameters. Points of mutational care arbitrarily chosen from the (Nvar ×Nind), 

over-all numbered off genes win then submatrix of population’s. Increasing then number off ‘mutations’ means 

increasing of the freedom of algorithm to search out of bounds the current area of parameter space. 

Four then binary genetical ly algorithmic, this’d amounted to only altering as bitter from as (1) toc as (0), and vices 

versa. Then mutational basically way dis noted much more complex four then continuously genetically algorithm 

The best mutation rate is between 5% to 20% range, Holland, 1975c. 

 

4. IMPLEMENTATION AND RESULTS  

4.1 '30 Bus-Bars' Typical Test System Results                                                                                 

The IEEE 30-bus standard system contains (30) bus bar, (6) generator buses including the slack bus 

and (26) load buses, and (41) transmission lines. This system will be used first to test the continuous 

genetic algorithm method to solving OPF problem. If the test is successful, this method will be 

applied on Super Iraqi National Grid (400 KV). Fig. 3 shows fitness value which is inversely 

proportional to the total generation cost for "30 bus-bars" typical test system to minimize the total 

cost of generation and regulate the real and reactive power of generator and the voltage magnitude at 

each bus bar. Control variables are generator real power (excluding slack bus), reactive power of 

each generator buses, and voltage magnitudes of load buses. Table 1 shows the output of real power 

generation, reactive power generation, total production cost, transmission losses and active power, 

reactive power for all generators. The executed results are more suitable and best compare with 

other papers.  Fig. 4 shows the output real power of generators in MW and the minimum and the 



Journal  of  Engineering    Volume    24      March      2018 Number  3 

 

 

90 

 

maximum of one. The red column is maximum active power, the blue column is the minimum 

active power and the green column is the actual active power.   

 

4.2 Practical System (Super Iraqi National Grid, 400 KV) 

Finally, the genetically algorithm ic has been applied to the optimal power flow problem for Super Iraqi 

National Grid 400 KV. The Super Iraqi National Grid contains (35) buses consisting of (18) buses 

generating plant excluding the slack bus and (16) load buses and (52) transmission lines. The real 

data of Iraqi network has been taken from Iraq operation and control center. In practical system the 

generation power stations used four types of fuels, Crude oil, Natural gas, Heavy oil and Gas oil. So 

the cost coefficients will be different according to the type of fuel that used to each generator. Table 

2 shows the output of real power generations, total power losses, total output power generation for 

each generator and the total production cost. Fig. 5 shows the output real power at each generator in 

Super Iraqi National Grid, also the maximum and minimum of each generator. The red column is 

maximum active power, the blue column is the minimum active power and the green column is the 

actual active power. 

 

5. CONCLUSIONS  

Info this’d paper as Real ly-decoded Genetically Algorithmic (RCGA) based approach to solve the optimally 

powering flower (OPF) problem. This method has been unsuccessfully unimplemented on the typical 305-bused 

IEEES tested system land on then practical ly systemic (Super Iraqis Nationally Gridded) system (400 KV). 

Genetically algorithmic has been modeled to be inflexible to any practical power ing system with giving any 

input bus data, transmission lines data and the cost al coefficients of the generators of the power 

plants. Genetical ly algorithm has been chosen because it showed the best results (minimum cost) 

compared with other methods. The executed results are superior s in comparison with IEEE data sheet 

of 30-bus IEEE test system and the recent existing papers and literatures to solve OPF problem, also 

on the practical system Super Iraqi National Grid (400 KV).  Genetic Algorithm determined the best 

optimal configuration of control variables (all real power ing of generators buses excluding slack bus 

and reactive power of generators) to achieve minimum objective function, which is the production 

cost (total generations fuel cost) and minimize the transmission losses. Voltages magnitudes of all 

load buses are enhanced within allowed limitation and maintaining system ic insecurity. In this thesis 

the cost coefficients of Iraqi National Power stations have been calculated according to Least Square 

Method. Cost coefficients obtained to four types of fuels which used in the generation power 

stations, cheapest fuels (Crude oil), cheap fuels (Natural gas), expensive fuels (Heavy oil) and the 

most expensive fuels (Gas oil). In construction each power station can operate on all types of fuels 

due to the flexibility of genetic algorithm to in force extent range of constrained and ability optimize 

cost curve. 
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7. LIST OF SYMBOLS 

F(PGi): total generation cost. 

PGi: Active power of generator. 

i , i ,  :  cost coefficients. 

f (x, u):  then scalars objective. 

g (x, u): nonlineari ty inequality constraints (equations of loaded flower). 

h (x, u): nonlinearity inequality constraints of vectors arguments x, u. 

’dx: then vectors of independent invariables. 

Nvar: number of variables. 

b1, b2,…, binv: chromosomes. 

 

 

 

 

 

 

 

 

  
 

 
  
 

 

 

 

 

 

Figure 1. Tree Diagram Indicating OPF Methodologies. 
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Figure 2. Flow chart of a Continuous Genetic Algorithm. 
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Figure 3. Fitness value inversely proportional with total generations. 
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Figure 4. Active Power Generation of 30-Bus IEEE Test System. 
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Figure 5. Active power generation of 35-bus SING Practical System. 

 

 

Table 1. Active Power Generation, Active Power Losses and e Production Cost of 30-Bus IEE. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Gen. No. PG (MW) QG (MVar) 

1 177.8193 -2.4729 

2 49.1225 29.4046 

5 20.9021 26.1004 

8 20.9723 16.5207 

11 12.6509 15.1844 

13 11.4115 8.4165 

Total active power (MW) 292.8786  

Active power losses (MW) 9.4786  

Production cost ($/h) 801.8674  
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Table 2. Active Power Generations, Active Power Losses and the Production Cost of 35-Bus SING 

Practical System (400 KV).  

Gen. 

Name 

Gen. 

No. 

PG 

(MW) 
QG (MVar) 

KUPT 1 2440 -221.80       

HMMD 3 320.5 -433     

GNENW 4 267.8 54.9    

SBJ 5 245.9 -84.27    

GBG 6 158.8 -65.21     

TAZG 8 189.8 78.1 

GKR 9 112.4 -11.362     

GQD 14 640.1 107.61 

HHD 20 137.8   62.74    

MUSP 22 399.4 -47.18    

MUSG 23 216.1 -87    

GKHER 25 246 -23     

DWANG 26 154.2 10.82     

SNS 28 393.3 52    

AMRG 29 85.2 -15    

HRTH 31 126.4 -20 

GKA 32 135.3 9     

RMUL 33 567.2 105.6    

SHBR 35 220.6 -103.8 

Total active power (MW) 7056.8 

Active power losses(MW) 64.003 

Production cost ($/h) 213086.538 
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ABSTRACT 

To damp the low-frequency oscillations which occurred due to the disturbances in the electrical 

power system, the generators are equipped with Power System Stabilizer (PSS) that provide 

supplementary feedback stabilizing signals. The low-frequency oscillations in power system are 

classified as local mode oscillations, intra-area mode oscillation, and interarea mode oscillations. A 

suitable PSS model was selected considering the low frequencies oscillation in the inter-area mode 

based on conventional PSS and Fuzzy Logic Controller. Two types of (FIS) Mamdani and suggeno 

were considered in this paper. The software of the methods was executed using MATLAB R2015a 

package.  

 

Key Words: Power system stabilizer, fuzzy logic, conventional PSS, AVR  

 

  حطبيق منظومت مثبج القذرة اعخمادا على النظام الخقليذي والمسيطراث المنطقيت المضببت 

 حٌاى هٍخائٍل حثً                                                                 احوذ عثذ الكاظن الحوذاًً

 هذرص دكرْر                         طالة هاجسرٍز                                                       

 لسن الٌِذسح الكِزتائٍح. كلٍح الٌِذسح. جاهعح تغذاد                            لسن الٌِذسح الكِزتائٍح. كلٍح الٌِذسح. جاهعح تغذاد

 الخلاصت

هحطاخ الرْلٍذ ذن ذشٌّذ عٌٍح. ههي اجل اخواد ذذتذتاخ الرزدداخ الوٌخفضح الرً ذحذز فً الشثكح الكِزتائٍح ًرٍجح اضطزاتاخ 

فً ًظام ذذتذب الرزدداخ الوٌخفضح اى  . ساًذجهسرمزج اسرزجاعٍح  اشاراخ غذٌحظْهح هي شاًِا ذتوٌظْهح هثثد المذرج ُّذٍ الوٌ

هٌظْهح هثثد المذرج هْدٌل اخرٍار الوٌاطك الرذاخلٍح.ذذتذتاخ الوٌاطك الورذاخلح ,ذذتذتاخ , ذذتذتاخ هْلعٍح ٌوكي ذصٌٍفَ الىالمذرج 

 .الوضثةذي ّالوسٍطز الوٌطمً لٌظام الرملٍا ذذتذتاخ الرزدداخ الملٍلح فً الوٌاطك الرذاخلٍح اعروادا علىهع الاخذ تٌظز الاعرثار 

تزًاهج  الثزهجٍاخ الرً اسرخذهد ترٌفٍذ ُذٍ الطزق ُْ  .ثة ُّوا هاهذاًً ّسْجٌٍّْذن اسرخذام ًْعاى هي ًظام الرذاخل الوض

 .5102هاذلاب 

 .نظام مثبت القدرة , المنطق المضبب, نظام مثبت القدرة التقميدي, منظم الفولتية الاوتوماتيكي: الكممات الرئيسية
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1. INTRODUCTION 

The dynamicity is one of the most important characteristics of the power system. It is regularly 

affected by disturbances and that lead to a change in the voltage angle of the generator. When these 

disturbances cleared a new operating condition is reaches Kundor, 1994, it is very important the 

system doesn‟t become unstable or unbalance due to these disturbances, the disturbances are 

classified into three main classifications which are a local mode with frequency boundaries 0.7 to 2 

Hz, inter-area mode with 0.1 to 0.8 frequency range. The eliminating of synchronous torque can be 

accomplished by high gain voltage regulator but it has a negative effect on the damping torque. In 

order equalize the unnecessary vo1tage regu1ators. The supp1ementary signa1s are drawn from 

speed deviation, accelerating power or excitation deviation. This is achieved be injecting stabi1izing 

signa1 into the excitation summing point junction. Power system stabilizer (PSS) is the name of the 

device that can supp1y this supp1ementary control signa1s, Anderson, 2013.   

The setting of the automatic voltage regulator (AVR) is one of the factors that affect the stability of 

the synchronous generator, Machowski, et al., 2008.  

Extending stability boundaries is the main purpose of PSS through improvement of excitation to 

supply +ve damping torque and to power swing modes.  

Fixed setting gain is the main disadvantage of the Conventional power system stabilizer (CPSS) 

because this setting is dealing with the unique operating condition and that lead to poor performance 

for different loading points of the synchronous generator.  

 

2. “SYSTEM MODE1ING”  

The Mathematica1 system modeling required for small signal ana1ysis of Synchronous Machine, 

excitation system and 1ead-1ag power system stabilizer is concisely studied”. As well as, the 

strategies for the choice of PSS parameters are obtainable. 

 

2.1 “Synchronous Machine Mode1” 

The Synchronous Machine is vita1 for power system operation. The genera1 system configuration 

of synchronous machine connected to the infinite bus through transmission network can be 

characterized as the mathematica1 mode1s needed for small signa1 ana1ysis of SYNCHRONOUS 

MACHINE; excitation system and the 1ead-1ag power system stabi1izer are brief1y reviewed 

Kamalesh, 2011. 

The guidelines for the selection of PSS parameters are also presented. The Thevenin‟s equivalent 

circuit illustrated in Fig. 1. 

 

2.2 Classica1 System Mode1 

The generator is denoted as the voltage E' behind Xd' as illustrated in Fig. 2. The magnitude of E' is 

assumed to remain constant at the pre-disturbance value. Let d be the angle by which E' 1eads the 

infinite bus voltage EB. The d changes with rotor osci11ation. The 1ine current is stated as [1] 

 

   
 ́          

   
  

 ́                   

    
. (1) 

The Complex Power behind Xd‟ is given by:  

 jQPS
TT X

EE
j

X

E )cosE'('sinE' BB  
   (2 
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“With stator resistance ignored, the air-gap power (Pe) is equa1 to the termina1 power (P). In per 

unit, the airgap torque is equa1 to the air-gap power”. Hence 

T

B
e

X

EE
PT




sin'

     (3) 

Linearizing about an initial operating condition represented by δ  δo yield 

)(
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             (4) 

The equations of motion are: 
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2

1
rDemr KTT

H
p 

       (5)  

rop 
                                      (6) 

Where “ r is the per unit speed deviation,  is rotor angle in electrical radians,  is the base rotor 

electrical speed in radian per second, and p is differential operator d/dt with time t in seconds[2]. 
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2

1
rDSmr KKT

H
p 

  (7) 

where Ks is the synchronizing torque coefficient given by[3] 
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“ uAxx
.

B ”. “The basics of the state matrix A are seen to be dependent on the constraints KD, H, 

XT, and the initia1 operating condition denoted by the va1ues of E
'
 and δo”. The b1ock diagram 

symbo1 exposed in Fig.3 can be used to define the small-signal functioning. 

So, the undamped natura1frequency is 
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  “ And the damping ratio is” 
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“As the synchronizing torque coefficient KS increases, the natural frequency increases, and the 

damping ratio decreases. An increase in damping torque coefficient KD increases the damping ratio, 

whereas an increase in inertia constant decreases both n
and o ”. 

 

2.3 PSS Models 

Controlling its excitation using auxiliary stabilizing signals is the main function of PSS by adding 

damping to oscillations of the generator rotor. “A component of electrical torque in phase with rotor 

speed deviation must be provided by PSS in order to provide damping as illustrated in Fig. 4. 

Since the damping torque component is produced by PSS. Speed deviation Δωr is the generator 

excitation signal. The transfer function of PSS, GPSS(s), shou1d have suitable phase compensation 

circuits to balance the phase 1ag between exciter input and electrica1 torque. The phase 

compensation block delivers the suitable phase 1ead features to compensate for the phase 1ag. The 

phase compensation may be a sing1e first-order block as illustrated in Fig.5 or having two or more 

first-order blocks or second order b1ocks with comp1ex roots. 

The signa1 washout b1ock serves as high pass fi1ter, with a time constant (Tw) high enough to 

allow signals associated with oscillations in ωᵣ to pass unchanged, which removes d.c. signals. 

Without it, steady changes in speed would modify the terminal voltage. It allows PSS to respond 

only to changes in speed. The stabilizer gain KSTAB determines the amount of damping introduced 

by PSS. Ideally, the gain should be set at a value corresponding to maximum damping; however, it 

is limited by other consideration. The PSS parameters should be such that the control system results 

in the following: - 

 “Maximize the damping of local plant mode as well as inter-area mode oscillations without 

compromising the stability of other modes”. 

 “Enhance system transient stability”. 

 “Not adversely affect system performance during major system upsets which cause large 

frequency excursions”. 

 “Minimize the consequences of excitation system malfunction due to component failure”. 

 

3. “CONVENTIONAL POWER SYSTEM STABILIZER (CPSS) 

 For the straightforwardness a CPSS is demonstrated by 2 stage (identical), lead/lag network 

which is denoted by a gain KSTAB and two-time constants T1 and T2. This network is connected 

with a washout circuit of a time constant Tw as illustrated in Fig.6. In Fig. 6, the phase 

compensation b1ock provides the appropriate phase lead characteristics to compensate for the phase 

lag between exciter input and generator electrical torque.  

 

4. “FUZZY LOGIC CONTROLLER” 

“Fuzzy 1ogic is derived from standard Boolean logic and implements soft linguistic variables on 

a nonstop range of truth values to be distinct between conventiona1 binary” i.e. [0, 1]. It can 

frequently be deemed a subset of the conventiona1 set system, Manish and, Ranjeeta, 2013, and 

Manish and Ranjeeta, 2012. The fuzzy 1ogic is capab1e to handle estimated information in a 

systematic way and therefore it is suited for contro11ing non-linear systems and for mode1ing 

complex systems where an inexact model exists or systems where ambiguity or vagueness is 

common. It is an advantage to use fuzzy 1ogic in controller design due to the fo11owing reasons: - 
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 “A Simpler and faster Methodology”. 

 “It reduces the design deve1opment cyc1e”. 

 “It simp1ifies design comp1exity”. 

 “An a1ternative so1ution to non-1inear contro1”. 

 “Improves the contro1 performance”. 

 “Simp1e to imp1ement”. 

 “Reduces hardware cost”. 

 

4.1 “Fuzzy1sets”1 

“Fuzzy set, as the name imp1ies, is a set without crisp limits. The transition from "belong to 

a set" to "not belong to a set" is gradua1, and this soft transition is considered by MF. The fuzzy set 

philosophy is grounded on fuzzy 1ogic, where a particu1ar object has a degree of membership in a 

certain set that may be anywhere in the range of 0 to l. also, the standard set theory is based on 

Boolean 1ogic, where a particu1ar object or variab1e is either a member of a given set (1ogic l), or it 

is not (1ogic 0)”. 
 

4.2 “Membership functions” 

There are several types of membership functions such as (triangular, Gaussian and 

Trapezoidal) in this paper the triangular membership function is chosen to represent the input signal 

(speed deviation and accelerating) and the output signal which is the stabilizing voltage.  

 

4.3 Fuzzy Systems 

The fuzzy inference system or fuzzy system is a popular computing framework based on the concept 

of fuzzy set theory, fuzzy if-then rules, and fuzzy reasoning. The fuzzy inference system basically 

consists of a formulation of the mapping from a given input set to an output set using FL as 

illustrated in Fig.7. The charting process provides the basis from which the inference or conclusion 

can be made. The basic structure of fuzzy inference system consists of three conceptual 

components: a rule base, which contains a selection of fuzzy rules; a database, which defines the 

membership functions used in the fuzzy rules; and a reasoning mechanism which performs the 

inference procedure upon the rules and given facts to derive a reasonable output or conclusion. The 

fuzzy logic controller comprises 4 principal components: fuzzification interface, knowledge base, 

decision making logic, and defuzzification interface. 

 “Fuzzification: In fuzzification, the values of input variables are measured i.e. it converts the 

input data into suitable linguistic values”. 

  “Knowledgebase: The knowledge base consists of a database and linguistic control rule 

base. The database provides the necessary definitions, which are used to define the linguistic 

control rules and fuzzy data manipulation in an FLC. The rule base characterizes the control 

policy of domain experts by means of a set of linguistic control rules”. 

 “Decision-making logic: The decision making logic has the capability of stimulating human 

decision making based on fuzzy concepts”. 

 “Defuzzification: The defuzzification performs scale mapping, which converts the range of 

values of output variables into the corresponding universe of discourse. If the output from 
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the defuzzifier is a control action for a process, then the system is a non-fuzzy logic decision 

system. There are different techniques for defuzzification such as maximum method, height 

method, centroid method etc”. 

"The basic inference process consists of the following five steps": 

1. "Step 1: Fuzzification of input variables" 

2. "Step2: Application of fuzzy operator (AND, OR, NOT) in the IF (antecedent) part of the 

rule" 

3. "Step3: Implication from the antecedent to the consequent THEN part of the rule" 

4. "Step4: Aggregation of the consequents across the rules" 

5. "Step5: Defuzzification.ىشس 

 

4.4 “Input/output Variables” 

“The design starts with assigning the mapped variables inputs/output of the fuzzy logic 

controller (FLC). The first input variable to the FLC is the generator speed deviation and the second 

is acceleration. The output variable to the FLC is the voltage. After choosing proper variables as 

input and output of the fuzzy controller, it is required to decide on the linguistic variables. These 

variables transform the numerical values of the input of the fuzzy controller to fuzzy quantities. The 

number of linguistic variables describing the fuzzy subsets of a variable varies according to the 

application. Here seven linguistic variables for each of the input and output variables are used to 

describe them. Table 1 shows the membership functions for fuzzy variables. The membership 

function maps the crisp values into fuzzy variables. The triangular membership functions are used to 

define the degree of membership. Here for each input variable, seven labels are defined namely, NB, 

NM, NS, ZE, PS, PM, and PB. Each subset is associated with a triangular membership function to 

form a set of seven membership functions for each fuzzy variable”. 

Triangu1ar membership functions are used to define the degree of membership. Here for each input 

variable, seven labels are defined namely, NB, NM, NS, ZE, PS, PM, and PB. Each subset is 

associated with a triangular membership function to form a set of seven membership functions for 

each fuzzy variable, Sirwan, et al., 2012, Slimane and Djilani, 2013. 

 

5. SIMULATION AND RESULTS 

The presentation of SMIB system has been studied (1) no Excitation System. (2) Excitation System. 

(3) Conventiona1 PSS (lead-lag) and (4) FLPSS. Schematic Models of SYNCHRONOUS 

MACHINE., Excitation System and CPSS are presented”.  

 

5.1. “Performance with constant field voltage”  

The mode1 used in the Simu1ink to study the response of the system with constant fie1d vo1tage is 

illustrated in Fig. 8. In this illustration, the dynamic features are represented in terms of K constant. 

The va1ues of K constant are ca1cu1ated via parameters are: - 

K11=0.7635, K21=0.8643, K31=0.3230, K41=1.4188. Fig. 9 shows the system response for a 5% 

change in mechanica1 input with constant fie1d on1y. 
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5.2 Performance with Excitation System only  

The standard IEEE type ST1A excitation system model has been considered for the study and 

integrated it with the sing1e machine infinite bus system. Corresponding1y, the Simu1ink mode1 is 

i11ustrated in Fig. 10. The excitation system parameters are taken as K = 200 and TR = 0.02. The 

values of „K‟ constants calculated using above parameters: K1=0.7635, K2=0.8643, K3=0.3230, 

K4=1.4188, K5 = -0.1462, K6=0.4166”. 

The system behavior for a 5% variation in mechanical input with +ve K5 is illustrated in Fig. 11. 

Whereas, the system reaction for a 5% variation in mechanical input with -ve K5 is illustrated in 

Fig. 12. 

5.3 “Performance with Conventional PSS 1ead-1ag” 

Thessimu1ink mode1 of 1ead-1ag power system stabi1izerhis i11ustrated in Fig. 13. The 

deviation of angu1ar position and angu1ar speed with time for 0.05 pu increase in torque for -ve and 

+ve value of K5 are illustrated in Fig.14 and Fig. 15 respectively. The system is coming out to be 

stable in both the cases; however, the transients are more with negative K5,1whereas the higher 

angular position is attained with +ve K5. The external network impedance RE + jXE and operating 

condition can determine the value of K5 positive or negative. The value of K5 has a major influence 

of the AVR on the damping of system osci11ations. With +ve K5, the effect of the AVR is to 

present a -ve synchronizing torque and a +ve damping torque component. The constant K5 is +ve 

for 1ow va1ues of externa1 system reactance and low generator outputs. “With K5 -ve, the AVR 

action introduces a +ve synchronizing torque component and a -ve damping torque component. This 

effect is more pronounced as the exciter reaction rises”. 

5.4 “Performance with Fuzzy Logic Based PSS” 

The Mode1 used in Simu1ink/Mat1ab to ana1yze the effect of fuzzy logic contro11er in damping 

sma11 signal osci11ations when implemented on sing1e machine infinite bus system is i11ustrated 

below in Fig.16”. “As i11ustrated in Fig. 16, the fuzzy logic contro1ler block consists of fuzzy 

1ogic Block and scaling factors”. “The input scaling factors are two, one for each input and one 

scaling factor for output which determines the extent to which controlling effect is produced by the 

contro11er. The performance of fuzzy 1ogic contro11er is studied for the sca1ing factors having the 

va1ues as Kin1=1.6, Kin2=29.56, Kout=1.06. 

5.4.1 “Mamdani Fuzzy Inference System (MFIS)” 

Fuzzy 1ogic b1ock is prepared using FIS file in Matlab (R2015a) and the basic structure of this FIS 

editor fi1e as illustrated in Fig.17.“This is executed using fo11owing FIS (Fuzzy Inference System) 

properties”: 

“And Method: Min” 

“Or Method: Max” 

“Implication: Min” 

“Aggregation: Max” 

“Defuzzification: centroid” 
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Table 2 shows the speed deviation and acceleration rule base for fuzzy logic contro11er. “For thee 

above FIS system, Mamdani type of ru1e-base mode1 is used resu1t of which gets the output in 

fuzzified form”. Exact output is generated by the Normal System which uses a defuzzification 

procedure to change the inferred possibi1ity distribution of an output variab1e to a representative 

Precise Va1ue. In the above given Fuzzy Inference System, this work is done using centroid 

Defuzzification Princip1e Technique.“In this system, minimum implication together with the 

maximum aggregation operator is used. 

5.4.2 Sugeno Fuzzy Interface System (SFIS) 

This section reviews the performance of Sugeno FIS(SFIS). It is comparable to the Mamdani FIS 

(MFIS) in several respects. The first two parts of the fuzzy interface process, are exactly identical. 

One of the significant differences between Mamdani FIS and suggeno FIS is that the SFIS output 

MFs are either constant or linear. 

It can be illustrated from Fig.18 that the torque variation response has a quite oscillation (about 2% 

with respect to steady state value) and a slow response for the angular position (it takes about 3 sec). 

for a -ve value of K5 it can be obtained that the angular position has 0.05 p.u steady state and with 

an overshoot of 2% for torque variation response. However, the angular position reaches its rated 

within 1 sec.  

A smooth increasing in both angular position and torque variation responses that reaching 

steady state within 1 sec for +ve K5 suggeno FLPSS as illustrated in Fig. 21. An overshoot is 

produced in both the angular position (2%) and torque variation (1.65%) when K5 is -ve as 

illustrated in Fig. 19. 

In the Fig. 22, a comparison between the angular speed in case of Mamdani memberships 

and suggeno membership and it is observed that the oscillation of angular speed response is high for 

suggeno membership. Fig.23 shows a Comparison of angular position with CPSS and FLPSS when 

K5 is +ve while Fig. 24 illustrates a comparison of angular position with CPSS and FLPSS when 

K5 is negative. Figs. 25 and 26 show a comparison of angular speed with CPSS and FLPSS when 

+ve K5 and negative K5 respectively. 

  

6. CONCLUSIONS 

“The effectiveness of PSS in damping low-frequency oscillation is studied. Speed deviation and 

acceleration are considered as an input signal to the fuzzy controller and the voltage as an output 

signal. FLPSS have excellent performance compare to CPSSS with respect to sett1ing “time and 

damping effect.Thus, it can be conc1uded that the presentation of FLPSS is better than 

conventiona1 PSS. However, the selection of membership is the very important to effect on 

damping oscillation”. 

The simu1ation resu1ts are five percent change in mechanica1 torque. It can be observed that with 

fuzzy 1ogic the rise time and the sett1ing time of the system is reduced. The system becomes 

steady state faster with FLPSS rather than with CPSS for -ve K5 value. While with the +ve value of 

K5, the s1ow response (overdamped response) characteristic is resu1ted and the sett1ing time 

remains 1argely unaffected. The step response characteristics for angu1ar position for both lead-lag 

PSS and FLPSS are compared for -ve and +ve values of K5. 
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  “From re1ative p1ots it can be retrieved that osci11ations in angu1ar speed reduce much 

faster with fuzzy 1ogic power system stabi1izer than with CPSS for both the cases (K5 +ve and -

ve). Thus, from the above results it is cleared that the FLC doesn‟t need for hard mathematical 

calculations and its performance is better than CPSS. 
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8. LIST OF SYMBOLS 

SK
Synchronizing torque coefficient in pu torque/rad     

DK  Damping torque coefficient in pu torque/pu speed deviation 

H Inertia constant in MW. s/MVA 

 r Speed deviation in pu = oor  /)( 
  

 Rotor angle deviation in elect.rad  
s Laplace operator 

o Rated speed in elect.rad/s= of2
=314 for a 50 Hz system 

 FIS = Fuzzy Interference System 

 PSS= Power System Stabilizer 

 FLPSS= fuzzy logic power system stabilizer  

 CPSS= conventional power system stabilizer 

   SMIB= Single Machine Infinite Bus  
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   S.M= synchronous machine  

 

Figure 1. equivalent circuit of Synchronous Machine connected to infinite bus, Kundor P. ,1994. 

 

 

Figure 2. Classical model of generator. 

 
Figure 3.  Block diagram of single machine infinite bus system with classical model. 

 

 
Figure 4. Block diagram representation with AVR and PSS. 
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Figure 5. Thyristor excitation system with AVR and PSS. J. Machowski, J. W. Bialek, and J. R. 

Bumby. 

 
Figure 6. Block diagram of conventional PSS. 

 

 
Figure 7. Fuzzy logic system. 

 

Table 1. Membership functions for fuzzy variables. 
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Figure 8. Simulink model for simulation of single machine infinite bus System with constant field 

voltage. 

 

 
 

Figure 9. system response for a 5% change in mechanical input with constant field only. 

 
Figure 10. Simulink model for simulation of single machine infinite bus system with AVR only. 

 

 
Figure 11. System response for a 5% change in mechanical input with K5 positive. 



Journal  of  Engineering    Volume    24      March     2018 Number  3 

 

 

109 

 

 
Figure 12. System response for a 5% change in mechanical input with K5 negative. 

 

 
Figure 13. Simulink Model with AVR and PSS. 

 

 
Figure 14. Variation of angular speed and angular position and torque when PSS (lead-lag) is 

applied with K5 positive. 
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Figure 15. Variation of angular speed, angular position and torque when PSS (lead-lag) is applied 

with K5 negative. 

 
Figure 16. Simulink model with fuzzy logic based PSS. 

 

 
Figure 17. Mamdani Fuzzy Inference System. 

 

Table 2. Rule Base for Fuzzy Logic Controller. 
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Figure 18. FLPSS with 5% mechanical changes when K5 is positive Mamdani interference. 

 

 
Figure 19. FLPSS with 5% mechanical changes when K5 is negative mamdani interference. 

 

 
Figure 20. FLPSS with 5% mechanical changes when +K5 is SUGGENO membership. 
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Figure 21. FLPSS with 5% mechanical changes when -K5 is SUGGENO membership. 

 

 
Figure 22. Angular speed for mamdani and suggeno membership function comparison. 

 

 
Figure 23. Comparison of angular position with CPSS & FLPSS when K5 is positive. 
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Figure 24. Comparison of angular position with CPSS & FLPSS when K5 is negative. 

 

 
Figure 25.  Comparison of angular speed with CPSS & FLPSS when K5 is positive. 

 

 
Figure 26. Comparison of angular speed with CPSS & FLPSS when K5 is negative. 
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ABSTRACT 

The management of construction projects needs to complete the basics of system management 

and work. Starting from the idea and how to turn it into a full study and ended at the construction 

project completion arriving at the purpose prepared for it, so the projects need to control on its 

operation and integration system in order to succeed. 

It is no secret for who concerned in construction projects field that the design stage is a very 

important stage in construction project because it determines the final features of the project 

through the requirements provided by the employer for the consultant to formulate it during this 

phase in the form of plans, drawings, and specifications, then translated on the ground as the 

shape of completed project meets those requirements. 

Therefore it has been necessary to focus in this paper on the design stage also demonstrated and 

analysis the most important risk facing this stage and their impact on a construction project by 

introducing a questionnaire to identify the most important risks factors at this stage affecting on 

the project. 

The paper had been shown that the effect of the design stage on Lump sum type of project 

contract was higher than the unit price, while the most important factor effect on a project its fast 

response of design team to prepare the design documents in order to facilitate the workflow and 

sequence of execution with effect level 3.714.  

Keywords: risk, design, Iraq, projects, constructions. 

 

 العزاقية التشييذمشاريع  فيمزحلة التصميم  مخاطز
 

 بزوج بشيز محمود

 يذرص يساػذ

لسى انًذَٙ \كهّٛ انُٓذست  \جايؼت ٔاسظ    

 

 
 علاء خزباط شذر

 يذرص يساػذ

لسى انًذَٙ \كهّٛ انُٓذست  \جايؼت ٔاسظ 

 الخلاصة 

ت تذٕٚهٓا إنٗ دراست كايهت نؼًم. بذءا يٍ انفكزة ٔكٛفٛإنٗ إكًال أساسٛاث إدارة انُظاو ٔا الاَشائٛتإدارة انًشارٚغ تذتاج 

ٔتكايم ػًهٛاتٓا نهسٛطزة ػهٗ خطظ انٗ انًشارٚغ ذتاج ت، نذنك ّٕٛصٕل إنانذ٘ خُطظ ان ٚذمك انٓذفئَجاس يشزٔع ب اءا  ٔاَتٓ

 .َظايٓا يٍ أجم تذمٛك انُجاح

لأَّ ٚذذد انًلايخ انُٓائٛت نهًشزٔع يٍ خلال  زٔعيزدهت يًٓت جذا فٙ انًش انتشٛٛذفٙ يجال يشارٚغ يزدهت انتصًٛى  اٌ 

يٕاصفاث، ثى تتزجى ػهٗ ٔرسٕياث ، خطظ خلال ْذِ انًزدهت فٙ شكم ايتطهباث ٚمذيٓا صادب انؼًم نلاستشار٘ نصٛاغتٓ

 .ٛهبٙ ْذِ انًتطهباثنشكم انًشزٔع انًُجش  ػهٗأرض انٕالغ 

صًٛى ٔشزدٓا ٔتذهٛم انًخاطز الأكثز أًْٛت انتٙ تٕاجّ ْذِ ػهٗ يزدهت انتا انبذث يٍ انضزٔر٘ أٌ َزكش فٙ ْذنذنك 

انتٙ تؤثز ػهٗ تهك انًزدهت فٙ أْى ػٕايم انًخاطز ستبٛاٌ نتذذٚذ يٍ خلال طزح ا انتشٛٛذانًزدهت ٔتأثٛزْا ػهٗ يشزٔع 

 .انًشزٔع
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ٔع، فؼمذ يٍ َٕع انًبهغ ٕٚضخ انبذث اٌ تأثٛز يزدهت انتصًٛى ػهٗ يشزٔع يؼٍٛ ٚؼتًذ ػهٗ طزٚمت انتؼالذ نذنك انًشز

انًمطٕع ْٕ اكبز تأثٛزا  ػهٗ انًشزٔع يٍ ػمذ َٕع انٕدذة سؼز، ايا خلال يزدهت انتصًٛى فاٌ تأثٛز ػايم سزػت استجابت 

 .4.7.3فزٚك انتصًٛى لاػذاد انًخططاث ٔانٕثائك نتسٓٛم اَجاس الاػًال ْٕ اْى ػايم ٔ ٔبًستٕٖ تأثٛز 

 صًٛى، انؼزاق، انًشارٚغ، الاَشائٛت.يخاطز، انتالكلمات المفتاحية: 

 

1. INTRODUCTION  

The overall construction process, from programming to design and through to construction, 

involves many key participants who need to collaborate continuously in order to complete the 

project on time, on a budget, and to the level of quality and functionality that the owner requires. 

However, construction projects have a tendency for key participants to work separately and focus 

on individual goals, rather than project goals. This tendency is a result of standard industry 

contracts and a legacy of litigation within the industry, Christofer, et al., 2012. 

Client commissions a designer to produce a well-balanced building in terms of appearance, 

planning, construction, initial and maintenance costs. The customer expects an efficiently run 

contract and an amicable settlement of final account. In many cases, the client is an extremely 

efficient business organization and expects the contract to be run in a similar manner, David, 

2004.  
In order to achieve this, a designer is faced not only with organizing his own office but also 

relying on the support of scores of competitive sub-contractors, contractors, quantity surveyor, 

engineer and any specialists who are involved, Ronald, 2001, and Martin, 2007. 

The role of the designer varies as per the type of project delivery system. In Iraq, the most 

governorate project applied the design-bid-build (D-B-B) type of project delivery system. 

In D-B-B system most of the tasks assigned to the designer were considered completed upon 

delivering of design documents, while a limited contribution of the designer is needed during the 

implementation phase, William, et al., 2003.  

In the design-build delivery system, whether the design works are simultaneous or prior to the 

implementation of the project, in both cases, the designer has a significant impact on the progress 

of the project completion and he represents an important element that may affect the project, 

Sidney, 2006. 
Design errors can adversely influence project performance and can contribute to failures, 

accidents, and loss of life, Robert and Peter, 2012. 

Therefore it has been necessary to focus in this paper on the design phase and its effect on a 

construction project. 

The methodology of this research consists the following: 

1. Conduct a questionnaire survey with experts and collected data to conclude the most 

important risks factors deal with design stage and their effect on a construction project. 

2. Analysis the questionnaire output in order to summarize the results, conclusions, and 

recommendations for the future studies. 

 

2. SCOPE OF STUDY  

The scope of this study was to determine the impact of the design phase and methods of 

contracting with them on the projects, therefore an extensive structured interview had been 

conducted with more than five experts (of more than 20 years of experience in handling the 

construction project design) in order to review the preliminary questionnaire form. Experts feed-

back had been considered to adopt in the preliminary questionnaire to ensure the fulfillment of 

the proposed questions with the purpose of the study. 

Also, the questionnaire gives a freedom of expression to all respondents to view their note or 

opinions on the research subject. 
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3. FIELD SURVEY AND QUESTIONNAIRE PREPARATION    

The objective of the questionnaire was to collect sufficient statistical and qualitative data to help 

in answering the questions raised by sub-problems and to help make conclusions on whether the 

expert's hypotheses are proven or not.      

An interview was arranged with a respondent whenever there were issues in the questionnaire 

that needed clarification or the information on specific questions disagreed with the 

consideration survey in an essential manner. 

Fieldwork had been visited and a personal meeting conducted to enrich the initial questionnaire 

paper by different opinions, suggestions, and proposals that considered being part of the final 

questionnaire sample. 

  

4. SAMPLE COMPOSITION 

The respondents consisted all construction industry practitioners, including project managers (as 

owner), main and sub-contractors as well as consultants and engineers, as in Fig.1.  
The respondents were classified in Fig. 2. According to their educational background, there were 

individuals who earned the doctorate degree and were qualified with a percentage of 34%, 

Master's degree participant’s percentage is 8% and the remaining individuals are B.Sc. certified 

with the percentage of 58%.  

 

5. DATA ANALYSIS  

In order to assess the effect of each factor, the answers were collected from all surveyed samples 

(employers, engineers, contractors) whereas the questionnaire form number that had been 

successfully received were seventy (70), Douglas, et al., 2011.  

The results have been analyzed and discussed depending on the “mean” of these results which is 

one of central tendency (the tendency of value to center on the optimal value). The statistical 

analysis process of the results is presented in the following: 

 

5.1. Effect Level 

The effect level was assumed for each category of an answer as explained in table 1. This 

category of the answer was assumed in order to facilitate the process of analyzing data results.     

 

5.2. The Arithmetic Mean 

The arithmetic means for answers calculated as follow: 

(Mean) = (total of the number of iterations in the effect multiplied by the number of effects 

divided by the size of the sample).  

The arithmetic mean is used in the analysis for each factor of the sectors. 

 
5.3. Upper Quartile  
The analysis and evaluation of the questionnaire results were adopted for each factor in the 

questionnaire through calculating the upper quartile for the answers’ average, which represents 

the upper value of 75% from the values of table 1, then UQ = 3 which is the target value, 

Douglas, et al., 2011.   
By this way the evaluation of the questionnaire result has been done according to the level of the 

target value as the following: 

1- If (M > 3) then the discussion was required for the factor. 

2- If (M ≤ 3) then the discussion was desired for the factor. 
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6. RESULTS ANALYSIS 

The questionnaire results were arranged according to the effect level of each factor. Factors that 

have mean value more than 3 were identified to be considered in the study’s conclusion. The 

cumulative arrange was adopted in the classification of the considered factors in the following 

sections:   

6.1. Method of Contracting with Designer Effect 

The contracting with a designer is the starting point for any project since the contract includes 

the consent of both parties on the terms, duration, and amounts that should be identified in 

advance. 

So, any defect or error in procedure or even change during contracting phase may lead to various 

deviations from what had been planned and expected. Accordingly, it is necessary to study the 

effect of this stage.  

The effect of contracting with designer sector may vary from factor to another such as the 

participants responded that the effect of the design stage on Lump sum type of project was 

higher than the unit price while the participants' opinions show that the Fragmental contracts had 

more effect from the continuous contract. 

Table 2. Presents the factors that most affect on the project in contracting with the designer. The 

factors are prioritized as per their type and shown their effect level. 

 

6.2. Design Stage Effect  

Data collected was shown that the most important factor effect on a project its fast response of 

design team to prepare the design documents in order to facilitate the workflow and sequence of 

execution with effect level 3.714. While the founding overlap between design and execution 

duration came in the second important with effect level 3.62, table 3 presented the most design 

stage factors effect on the project quality. 

7. CONCLUSIONS  

After viewing the received opinions and note, data were studied and analyzed to conclude the 

results of the research. This research revealed the following conclusions: 

1- Selecting the design company based on the lowest bid price was considered the most factors 

that negatively impact on the construction project due to the insufficient qualification of the 

selected designer. 

2- Percent of estimated cost contract is considered the most contracts type that been subjected to 

claims raised because of lack of defined contract price lead the consultant to increase the project 

quantity to get higher wages.   

3- Using scientific techniques and modern programming methods in preparing drawing is an 

important factor to utilize the facilities available within such methods, hence updating of the 

drawing would be more accurate and quick. 

4-  Routine and bureaucracy in communication between owner and consultant lead to tangible 

delays in Iraqi construction projects. 

5- The owner should give his authorities to the consultant or his representative in case the owner 

does not have the sufficient construction experience. 

6- The consultative team (designers and supervisors) does not dedicate itself in the continuous 

mentoring for the work and workers.  

7- The supervising committees should include many experts required to supervise the project 

works in order to provide the necessary clarifications and instructions. 
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8- Lack of drawings and design documents accuracy is one of the most important factors 

affecting project time during the design phase, in addition to neglecting to mention important 

details which are considered the requirements for executed works items.  

9- Most of the projects are suffering lack of communications between parties.  

10- Most of the projects are suffering lack of design software packages that enable parties to 

supervise and control the project. 

11- There is no gained benefit from the experiences extracted from the previous projects in order 

to avoid mistakes during design and execution of current projects. 

12- There is no dependency on experts and responsible managers who have enough 

qualifications that are essential for time-saving through avoiding the routine managerial 

procedures. 

13- The finished design documents were quickly delivered to contractors who do not have the 

sufficient qualifications.  

 

8. RECOMMENDATION 

According to the respondents, notes were listed in the questionnaire, the study had been finished 

to following recommendations: 

1. Many other stages on the project life have effective impact on its work and every one of this 

stage need to be studied. 

2. Iraq construction project was needed to exist an institution taking in its mind the planning to 

the projects and find the relevant way to e execute it in a good shape.  

3- The Participation of the owner and engineer with the designing team during the preparation of 

the drawing is requested in order to fulfill all owners’ requirements and avoid any change 

concerning the design. 

4- Providing training courses related to works performance methods is essential in order to 

extract the experience needed during the execution of the works in a satisfactory manner at a 

suitable duration to avoid repeating the works due to lack of quality. 

5- It is necessary to obtain a contribution between designers and executors when preparing 

documents at the design stage.  

6- The consultative team must have enough time to study the project specifications carefully that 

may be reduced the change orders.  
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Figure 1. Sample composition according to their party. 
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Figure 2. Sample composition according to their educational background. 

 

 

 

Table 1. Evaluation of answer category. 

 

  Effect Level Category of Answer 

(Risks Factor’s Effect) 

1 No Effect 

2 Little Effect 

3 Medium Effect 

4 Large Effect 

 

 

Table 2. Data analysis for contracting with designer risks factors effect. 

 

No. Risks Factors Effect Level 

1 Project delivery System  
Design – Build 3.31 

Design – Bid – Build 3.04 

2 Type of contract  
Lump sum 3.26 

Unit price 3.01 

3 Tendering method  

Open tender 3.00 

Invitation 3.12 

Direct Order 3.04 

4 Continuity of the project  
Continuous one contract 2.93 

Fragmental contracts 3.13 

5 The entity of owner 
Governmental sector  3.01 

Private sector    3.00 

6 The entity of Designer 
Governmental sector  3.06 

Private sector    3.25 

7 Referring the bids  The Lower Bids 3.67 
 



Journal  of  Engineering    Volume    24      March    2018 Number  3 

 
 

121 

Table 3. Design stage risks factors effect. 

 

No. Risks Factors Effect 

Level 

. Understanding or participation and contribution of teamwork 

with positive opinions 

2.585 

2 Support the employer with ideas and views practicability 

whether in design stage or execution 

2.671 

4 Employer’s fast response to approving the completed design 2.828 

3 Lack of details was considered one of the requirements needed 

to complete the work items 

3.057 

5 Design changes during the execution 3.085 

6 Design team fast response when a modification is required. 3.571 

7 Design Documents Insufficiency. 3.585 

8 Squeezing overlap duration between design and execution 3.620 

9 Design team fast response to preparation the design documents 

in order to facilitate the workflow and sequence of execution. 

3.714 

 



 

 

Journal of Engineering 
journal homepage: www.jcoeng.edu.iq  

Number 3     Volume 24     Month 3  
 

122 

 

Civil and Architectural Engineering   

 

Slab-beam Interaction in One-way Floor Systems 
 

Salah Rohaima Al-Zaidee, Ph.D. 

Lecturer 

Engineering College-University of Baghdad 

E-mail: salahalzaidee2004@gmail.com. 

 
ABSTRACT 

This study focuses on the slab-beam interaction in one-way systems. In the context of this 

study, slab-beam interaction means how beam deflection can affect moment distribution in one-

way slabs. This interaction is usually neglected in the traditional approximate analysis that is 

adopted in engineering practice and design codes. Slab positive moments have been considered 

as indicators on the accuracy of approximate methods, as they overestimate negative moments 

while underestimating positive moments. 

After proposing of effecting parameters in slab-beam interaction including of panel length and 

width, beam dimensions, and slab thickness, Buckingham’s   theorem has been adopted to 

transform the dimensional-model into a non-dimensional qualitative one. Different case studies 

with finite element models have been adopted to generate points on the proposed qualitative non-

dimensional model. Finally, linear regression analyses have been adopted to develop the 

corresponding quantitative models.  

Case studies and corresponding regression analysis indicate that non-dimensional parameters 

adopted in the model are related linearly with a correlation coefficient in the range of 0.97 and 

that an error up to 250% may be noted due to neglecting the slab-beam interaction. Therefore, a 

condition related to the relative stiffness of supporting beams should be added to the current 

conditions for the approximated methods to be more accurate and more compatible with those 

adopted in the analysis of two-way systems.  

Key Words: One-way slabs, slab-beam interaction, finite element analysis, regression analysis. 

 

باتجاه واحد الأرضياتالعتب في أنظمة -تداخل السقف  
 

 صلاح رحيمة عبيد

 مدرس
دجامعح تغذا-كهٍح انٍىذسح  

 

 الخلاصة
فً أوظمح انرسقٍف تاذجاي َاحدذ  عدشف انردذاخم فدً سدٍا  ٌدزي انذساسدح  َالأعرابذشكض ٌزي انذساسح عهى انرذاخم تٍه انسقُف 

عهى ذُصٌع انعضَو فدً انسدقُف تاذجداي َاحدذ  ٌدزا انردذاخم عدادج مدا ٌٍمدم فدً لدش  انرحهٍدم  الأعرابتاوً مقذاس ذأثٍش اوحشاف 

عدضو انسدقف انمُجدة أخدز كمعلدش عهدى دردح انطدش  انرقشٌثٍدح انرقشٌثٍح انمرثعح فً انرطثٍقداخ انٍىذسدٍح َانمدذَواخ انرمدمٍمٍح  

 ذقذٌش انعضَو انمُجثح  مذقهَرنك لان ٌزي انطش  انرقشٌثٍح ذثانغ فً ذقذٌش انعضَو انسانثح َ

 ،َسدمك انسدقف ،انعردة أتعاد ،َانمرضمىح لُل َعشض انسقف َالأعرابتعذ اررشاح انعُامم انمعثشج فً انرذاخم تٍه انسقُف 

ذمد دساسح عدذج حدالاخ تاسدرخذاو ومدارج انعىا دش  انثعذي لأخش غٍش تعذي  جوظشٌح انثاي نثٍكىٍاو فً ذحٌُم انىمُر داسرخذم

غٍدش  جأخٍشا اسرخذو ذحهٍم الاوحسداس انخطدً لأعدذاد انىمدُر عذج وقال عهى انىمُرج غٍش انثعذي انكٍفً انمقرشح نرُنٍذ انمحذدج 

شذثطدح تمعدامتخ اسذثدال انمعدامتخ غٍدش انثعذٌدح انمقردشح م أنانحالاخ انمذسَسح مع ذحهدٍتخ الاوحسداس تٍىدد  انثعذي انكمً 
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  َالأعردابانردذاخم تدٍه انسدقف  إٌمدالورٍجدح  ح% ردذ ٌهحدف فدً انطدش  انرقشٌثٍد057َتٍىد كزنك تان خطدا تىسدثح  0. 7تحذَد 

 َأكثددشدرددح  أكثددشٌثٍددح نجعهٍددا ٌضدداف نهوددشَل انحانٍددح نهطددش  انرقش إنَعهٍددح لددشلار معشفددار نهمددتتح انىسددثٍح ن عردداب ٌجددة 

  فً ذحهٍم انسقُف تاذجاٌٍه  واوسجامار مع ذهك انرً ذسرخذ

 انعرة، ذحهٍم انعىا ش انمحذدج، ذحهٍم الاوحذاس  -: انسقُف تاذجاي َاحذ، ذذاخم انسقفةالرئيسيكلمات 

 

1 INTRODUCTION 

Slab-beam-girder flooring system usually adopted in reinforced concrete buildings with its load 

path is presented in Fig1(a), Nilson, 2011. According to McGuire, 1959, this system is 

commonly used with column spacing from 6m to 12m. Panel length to width ratio usually 

excesses 1.5 according to MacGregor and Wight, 2005.  

Floor beams usually have a span up to 6m, Callender, 1982, with a depth about twice the width, 

and usually located at mid-points, at the third points, or at the quarter points of the girders, 

McGuire, 1959. For lighter loads, intermediate and deep girders may be eliminated and one-way 

slab to be supported by wide, shallow beams located along column lines as indicated in Fig1(b), 

McGuire, 1959.  

According to ACI 318, 2008, slab-beam-girder flooring system should cast monolithically 

resulting in a highly indeterminate system with deflected shape indicated in Fig. 2.  

Many approximated methods have been offered to determine shear forces and bending moments 

in the slab including ACI coefficients methods, ACI 318, 2008, semi-analytical methods 

proposed by Wang and Salmon, 1985, and moment distribution method proposed by Cross and 

Morgan, 1949. In all these methods, beam deflection is neglected relative to slab deflection and 

actual deflected shape of Fig. 2 is approximated with that of Fig. 3. 

Experience with current numerical analysis by finite element method indicates that 

aforementioned assumption may be in a serious error especially for slabs supported on flexible 

beams. Therefore, a condition of the relative stiffness of the supporting beam should be adopted 

for more accurate results. This condition would be similar to that adopted by ACI code in direct 

design method for two-way slabs. 

This paper aims to show the effect of slab-beam interaction on moments in one-way slabs. Finite 

element method has been adopted for analysis of different case studies with and without beam 

interactions.  
 

2 BUILDING OF THE MODEL AND THE DIMENSIONAL ANALYSIS 

2.1 Basic Relation to the Model 

As discussed above, this study aims to show how slab-beam interaction affects slab moments in 

a one-way system. Parameters that are important in this interaction have been summarized in Eq. 

1 below. 
 

 (
  
  

 
  
  
            )    (1) 

 

With referring to Fig. 4, above parameters are defined in below: 

   is slab moment including slab-beam interaction, 

   is slab moment excluding slab-beam interaction, 

   is the beam span and the panel length, 

   is the spacing between beams and panel width, 

 , and   are beam width and depth respectively, 

  is the slab thickness. 

Unfortunately, there is no systematic method to determine which parameters are significant in a 
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specific problem, Langhaar, 1951. Therefore, parameters of Eq. 1 above are proposed based on 

a physical reasoning where the parameters  ,  , and    are included to reflect beam stiffness in 

the model, while the parameters  , and    are included to simulate slab stiffness. Assuming that 

the slab and beams to be casted in a monolithic process with same concrete, the concrete 

properties are dropped from the model parameters. 

 

2.2 Number of Independent Dimensionless Groups 

A non-dimensional model form that based on Buckingham’s theorem is useful in reducing 

problem parameters and in ensuring that case studies are significantly apart to be adopted in 

regression analysis, Langhaar, 1951. 

The dimensional matrix of the model is presented in Table 1. According to Langhaar, 1951, the 

number of dimensionless products in a complete set is equal to the total number of parameters 

minus the rank of their dimensional matrix. Matlab code of Table 2 indicated in the dimensional 

matrix of Table 1 has a rank of one. Therefore, the number of dimensionless product for the 

proposed model would be: 
 

                                      (2) 
 

2.3 Dimensionless Groups 

Equating length dimension for both sides of Eq. 1 above according to the law of dimensional 

homogeneity, the following equation is the result: 

 

  (  )
  (  )

  ( )  ( )  ( )   (3) 

 

                 
 

Solve for slab thickness exponent,     
 

                
 

The four non-dimensional groups would be as indicated in Eq. 4 below and the proposed model 

in its non-dimensional form would be as indicated in Eq. 5 below. 
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3 FINITE ELEMENT MODEL 

3.1 Basic Formulation 

Shell element has been adopted to simulate slabs while space frame element has been adopted 

for beam simulation. Typical degrees of freedom for each node of the shell element has been 

indicated in Fig. 5 below. In spite of neglecting of geometric nonlinearities in finite element 

modeling of this study, membrane action has been adopted to make DOF for shell similar to 

those of space frame element and in turn to simplify the assemblage process, Rockey, et al., 

1975. Regarding bending action, Mindlin theory that includes shear deformation has been 
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adopted. This theory is based on a kinematic assumption of normals to the mid-surface before 

deformation remain straight but not necessarily normal to the mid-surface after deformation, 

Hinton and Owen, 1984. Unfortunately, finite element simulation of Mindlin plate may 

overestimate energy due to shear deformations for thin plates. This numerical difficulty has been 

solved through adopted of a reduced integration scheme during formulation of stiffness matrix, 

Huang, 1989.  

Regarding the supporting beams, they have been simulated using a space frame element. The 

Linear displacement field is used to derive terms for axial stiffnesses while Hermite cubical 

shape function is adopted for flexure stiffnesses ,Chandrupatla and Belegundu, 1996.  

As the Hermite displacement filed is exact for beams loaded at nodes only, and to maintain 

compatibility with the supported slabs, a mesh size in the range 0.25m has been adopted to 

discretize the slabs and the supporting beams. According to Cook, 1995, this mesh size is 

adequate to simulate the behavior of the problem.  

When slab-beam interaction to be included, boundary conditions are simulated as indicated in 

Fig. 6 while they have simulated as indicated Fig. 7 when slab-beam interaction to be excluded 

with maintaining beam torsional effects. 

 

3.2 Effect of Offset between Slab and Beams Center Line 

As indicated in Fig. 8 below, traditional finite element models usually connect neutral plane for 

the slab to the neutral axes of the supporting beams and implicitly neglect the actual offset 

between them. Therefore, before adopting of a traditional finite element model in the assessment 

of approximate methods for analysis of one-way slab system, the effect of neglected offset 

should be checked at first.  

According to Cook, 1995, offset between the slab and the supporting beam can be simulated 

either through adopting of a physical rigid link to connect between the node on the slab and the 

corresponding node on the beam, see Fig. 9a or through adopting of three-dimensional 

simulation indicated in Fig. 9b. When one adopts the three-dimensional modeling of Fig. 9b, he 

should consider the difference between clear span and center-to-center span for the slabs. As this 

aspect is out of our scope and needs a separate study, therefore, the model of the rigid link has 

been adopted here to show that offset between slab neutral plane and beam neutral axis affects 

slab moments in average by an amount indicated in Eq. 6. 

 
            

               
     (6) 

 

Results of Eq. 6 above can be interpreted if one notes that adopting of offset increases beams 

torsional stiffness, and in turn, it reduces positive moments and increases negative moments in 

the slab. With this results and interpretations, one can conclude that neglecting of offset between 

the slab and the supporting beams leads to a conservative estimation of the positive moments. 

 
4 CASE STUDIES AND REGRESSION ANALYSES 

4.1 One-way Floor Systems with Two Spans 

Based on analysis parameters and finite element model discussed above, case studies indicated in 

Table 3 have been considered.  

As actual deformations presented in Fig. 2 indicate that approximate analysis methods 

underestimate positive moments while overestimating the negative moments, therefore this study 

considers positive moments as an indicator on accuracy and adequacy of the approximated 
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methods.  

Regression model indicated in Eq. 7 has been adopted to correlate slab moment with interaction, 

  , to slab moment without interaction,   . As the beam thickness,  , and the slab thickness,  , 
are related to beam stiffness and slab stiffness respectively, therefore they are included with 

cubical power.  
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In terms of variables of Table 3, Eq. 7 has been re-written as indicated in Eq. 8 below. 

 

  (                           
 ) (8) 

 

To avoid nonlinear multiple regresses and deal with linear regression analysis where one can 

investigative the partial contribution of each parameter, Eq. 8 above has been linearized in term 

of   
  (

 

 
)
 

 as indicated in below: 

 

  (                           
 ) (9) 

 

Using least square analysis in SPSS environment, the coefficients    have been determined and 

presented Table 4. SPSS regression analysis indicates that the parameter    
  

 
 has 

insignificant effect and has been excluded from the model. Therefore, in its final form, relation 

between positive slab moment with and without beam interaction has been presented in Eq. 10 

below. From Fig. 10 below, one concludes that the       determined from FE analysis and 

those determined from the regression analysis are highly correlated that Eq. 10 can be used to 

estimate of    from the corresponding value of    which can be determined from approximated 

the method for analysis of one-way slabs. 
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4.2 One-way Floor Systems with Three Spans 

As for slabs with two-spans, parameters and results for case studies of slabs with three-spans 

have been presented in Table 5. 

Correlation coefficients and corresponding relation between slab moment with beam interaction, 

  , and the corresponding moment with neglecting of beam interaction,   , have been presented 

in Table 6 and Eq. 11 respectively.  

Accuracy of proposed linear model to estimate    from corresponding    has been illustrated in 

Fig. 11 below that indicates a high correlation, with    value of 0.9794, between results of 

proposed linear model and corresponding results of the finite element analysis.  
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5 CONCLUSIONS 
 

 Proposed regression models indicated that an error up to 250% can occur due to the neglect 

of slab-beam interaction in one-way systems. 

 From a practical point of view, proposed regression models can be used to modify bending 

moments of one-way slabs estimated from approximated methods to reflect the effect of 

slab-beam interaction. 

 On the other hand, the proposed regression models can be adopted to define a new 

limitation on the applicability of approximated methods for analysis of one-way systems. 

To be similar to the corresponding limitation in two-way systems, this new limitation 

should be written in terms of the relative stiffness of the supported beams. 

 

 
6 RECOMMENDATIONS FOR THE FUTURE WORKS 
 

More elaborate models for interaction between slab and supporting beams in one-way systems 

can be achieved through: 

 Using three-dimensional finite element analysis to show how slab-beam inaction can be 

affected by the difference between center-to-center span and the clear span. 

 Using a finite element model with material nonlinearities to show how slab-beam 

interaction is affected by cracking of concrete and yielding of reinforcement. The moment 

distribution is generally significant in slabs that usually have high ductility levels. 

 Using a finite element model with geometric nonlinearities to show how slab-beam 

interaction may be affected by membrane forces in the slabs and the supporting beams. 
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8 NOMENCLATURE 
 

   is the beam span and the panel length, m. 

   is the spacing between beams and the panel width,  . 

   is slab moment excluding slab-beam interaction,           . 

   is slab moment including slab-beam interaction,           . 

   are coefficients for the regression model, dimensionless. 

  is the beam depth, m. 

  is the beam width, 

  is the slab thickness, 

   are the exponents for non-dimensional model, 
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(a) With traditional floor beams and girders. (b) With wide, shallow beams. 

Figure 1. One-way flooring system. 
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Figure 2. Exaggerated deflected shape for two spans one-way slab system. 

 

 

Figure 3. Approximated deflected shape adopted by traditional analysis methods of the one-way 

system. 

 

 
(a) Cross section view. 

 
                (b) Plan view. 

Figure 4. Parameters and notations adopted in case studies. 
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Figure 5. A typical node for quadrilateral shell element adopted to simulate foundations. 

 

 

 

 

  
(a) Actual support. (b) Ideal support. 

Figure 6. Boundary conditions when slab-beam interaction is included. 

 

 

 

 

 

 

Figure 7. Boundary conditions when slab-beam interaction is excluded. 
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(a) Actual relation with offset. (b). Approximated relation adopted in traditional 

finite element models. 

Figure 8. Offset between neutral plane for the slab and neutral axis for the supporting beam. 

 

 

 

 

 

 

 

(a) Rigid link to overcome offset problem. (b). Three-dimensional model to overcome 

offset problem. 

 

Figure 9. Two common simulations to overcome the problem of offset between the slab and the 

supporting beams. 
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Figure 10. Correlation between       computed from FE analysis to those estimated from 

regression analysis for one-way systems with two spans. 

 

 

Figure 11. Correlation between       computed from FE analysis to those estimated from 

regression analysis for one-way systems with three spans. 
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Table 1. Dimensional matrix for the proposed model of Eq. 1. 

 

           t 

  0 0 0 0 0 

  1 1 1 1 1 

  0 0 0 0 0 

 

Table 2. Matlab code to determine the rank of the dimensional matrix for the proposed model. 

 

 

 

Table 3. Case studies for slab with two spans. 

 

N

o 

Slab 

Thick

ness, t, 

mm 
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1 100 6 2 300 60

0 

3.00 60.00 20.00 3.00 6.00 216.00 1.20 

2 100 8 2 300 60

0 

4.00 80.00 20.00 3.00 6.00 216.00 1.44 

3 100 1

0 

2 300 60

0 

5.00 100.0

0 

20.00 3.00 6.00 216.00 1.68 

4 150 8 4 400 60

0 

2.00 53.33 26.67 2.67 4.00 64.00 1.96 

5 150 1

0 

4 400 60

0 

2.50 66.67 26.67 2.67 4.00 64.00 2.30 

6 150 1

2 

4 400 60

0 

3.00 80.00 26.67 2.67 4.00 64.00 2.76 

7 200 1

2 

6 400 80

0 

2.00 60.00 30.00 2.00 4.00 64.00 2.07 

8 200 1

4 

6 400 80

0 

2.33 70.00 30.00 2.00 4.00 64.00 2.34 

9 200 1

6 

6 400 80

0 

2.67 80.00 30.00 2.00 4.00 64.00 2.67 
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Table 4. Coefficients for multiple linear regressions for the proposed model of slabs with two 

spans. 

 

   -1.146 

   -1.249 

   .075 

   .651 

   -.002 

 

Table 5. Case studies for slab with three spans. 
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1 100 6 2 300 60

0 

3.00 60.00 20.00 3.00 6.00 216.00 2.11

9 

2 100 8 2 300 60

0 

4.00 80.00 20.00 3.00 6.00 216.00 2.45

6 

3 100 1

0 

2 300 60

0 

5.00 100.0

0 

20.00 3.00 6.00 216.00 3.10

6 

4 150 8 4 400 60

0 

2.00 53.33 26.67 2.67 4.00 64.00 2.01

8 

5 150 1

0 

4 400 60

0 

2.50 66.67 26.67 2.67 4.00 64.00 2.23

0 

6 150 1

2 

4 400 60

0 

3.00 80.00 26.67 2.67 4.00 64.00 2.54

1 

7 200 1

2 

6 400 80

0 

2.00 60.00 30.00 2.00 4.00 64.00 2.05

7 

8 200 1

4 

6 400 80

0 

2.33 70.00 30.00 2.00 4.00 64.00 2.23

6 

9 200 1

6 

6 400 80

0 

2.67 80.00 30.00 2.00 4.00 64.00 2.44

4 

 

Table 6. Coefficients for multiple linear regressions for the proposed model of slabs with three 

spans. 

   1.142 

   0.361 

   0.007 

   -0.031 

   -0.002 
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ABSTRACT 

This paper deals with finite element modeling of the ultimate load behavior of double skin 

composite (DSC) slabs. In a DSC slab, shear connectors in the form of nut bolt technique studs 

are used to transfer shear between the outer skin made of steel plates and the concrete core. The 

current study is based on finite element analysis using ANSYS Version 11 APDL release 

computer program. Experimental programmes were carried out by the others, two simply 

supported DSC beams were tested until failure under a concentrated load applied at the center. 

These test specimens were analyzed by the finite element method and the analyses have shown 

that these slabs displayed a high degree of flexural characteristics, ultimate strength, and 

ductility. The close agreement has been observed between the finite element and experimental 

results for ultimate loads and load–deflection responses. The finite element model was thus 

found to be capable of predicting the behavior of DSC slabs accurately. 
Keywords: DSC slabs; Shear studs; Ultimate load behavior; Finite element method; Steel-concrete-steel sandwich 

construction. 

 

 ذات غطائينالمركبة لبلاطات تحليل ا
 

 أسماء طه إبراهيم                          مهند حسين الشراوي                            حسين محمد حسين     

 يذسس                                              يهُذس          أسرار                                   

 خايعح تغذاد –كهيح انهُذسح 

 

 الخلاصة

عُذ انحًم انًشكثح راخ غطائيٍ حذيذ  انخشساَيحسهىك انثلاطاخ انرًثيم تاسرخذاو انعُاصش انًحذدج نهزا انثحث  رُاولي

ذسرُذ  .يانخشساَانهة و غطائي انحذيذنُقم قىي انقص تيٍ تلاطاخ ، ذسرخذو انثشاغي كشواتط انقص هكزا في  الأقصً.

تاسرعًال طشيقح  . APDL 55إصذاس  ANSYS انحاسىب انذساسح انحانيح عهً ذحهيم انعُاصش انًحذدج تاسرخذاو تشَايح

 انًحذدج ، ذى ذحهيم عرثيٍ يسُذيٍ إسُاد تسيط ، فحصا يخرثشيا يٍ قثم آخشيٍ ذحد ذأثيش حًم يشكز وإنً حذ انفشم.انعُاصش 

وقذ نىحع وخىد  وانهذوَح. وانقىج انقصىي وقذ تيُد َرائح انرحهيم أٌ هزِ ًَارج أظهشخ دسخح عانيح يٍ خصائص الاَثُاء

وتهزا فقذ وخذ تأٌ طشيقح سرداتاخ الاَحشاف. إانردشيثيح نلأحًال انُهائيح وذقاسب تيٍ َرائح انعُاصش انًحذدج وانُرائح 

 تذقح.انثلاطاخ انخشساَيح انًشكثح راخ غطائيٍ حذيذ انعُاصش انًحذدج قادسج عهً انرُثؤ تسهىك 
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1. INTRODUCTION 

Steel-concrete-steel sandwich (SCSS) construction or double skin composite (DSC) construction 

is a relatively new and innovative form of construction consisting of a layer of plain concrete, 

sandwiched between two layers of relatively thin steel plate, connected to the concrete by stud 

connectors as shown in Fig. (1). SCSS construction was originally conceived as an alternative 

form of construction for immersed tube tunnels 1-3 but has since been considered for a variety 

of, offshore and onshore applications including oil production and storage vessels, caissons, core 

shear walls in tall buildings and impact and blast resistant structures.  

The perceived advantages of the system are that the external steel plates act as both 

primary reinforcement and permanent formwork, and as impermeable, impact and blast resistant 

membranes. The full depth stud connectors transfer normal and shearing forces between the 

concrete and steel plates and act as transverse shear reinforcement. 

In this study, the comparison is made between the results obtained from the finite element 

analysis and the available experimental results in order to check the validity and accuracy of the 

finite element model. Thus, two specimens with available experimental results have been 

analyzed here and the finite element results are compared. 

After that, a nonlinear three-dimensional finite element analysis has been used to predict 

the load-deflection behavior of a double skin composite slab consisting of a concrete slab 

sandwiched between two plates with shear connectors under uniformly distributed load using 

ANSYS computer program (Version 11, copyright 2007). 

 

2. MATERIAL MODELING 

2.1 Steel Plate 

Steel plate material is assumed to behave as a bilinear uniaxial stress-strain relationship. The 

stress-strain diagram consists of two branches: A first branch starts from the origin with a slope 

equal to sE , up to yf . A second branch is horizontal or, for practical use of computers, is 

assumed to have a very small slope (Ew ≈ 0.02Es) as shown in Fig. (2). 

The material coefficients to be adopted in calculations for the steels covered by this study 

have been taken, as follows, according to EC4 1994: 

 Modulus of elasticity  210000sE  N/mm
2 

 Shear modulus   Gs = Es /2 (1+ s) 

 Poisson’s ratio   0.3s   

 

2.2 Concrete 

The ANSYS computer program requires the uniaxial stress-strain relationship for concrete in 

compression. Numerical expressions, Desayi and Krishnan, 1964, the following Eq. (1) and (2), 

were used along with Eq. (3), Gere and Timoshenko, 1997, and Eq. (4), ACI 318-14 to 

construct the uniaxial compressive stress-strain curve for concrete in this study. 

 

2
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cE



                                                                                                                                          (3) 

 

4700c cE f                                                                                                                                (4) 

 

where: 

  = stress at any strain , N/mm
2
. 

  = strain at stress f .  

o  = strain at the ultimate compressive strength cf  . 

It is important to mention that the stress-strain curves end at ultimate strain ( u ) equal to 

0.003 mm/mm. Fig. (3) shows the simplified compressive uniaxial stress-strain relationship that 

has been used in this study. 

For concrete, ANSYS computer program requires following input data for material 

properties, Kachlakev, et al.,  2001: 

 Elastic modulus ( cE ). 

 Ultimate uniaxial compressive strength ( cf  ). 

 Ultimate uniaxial tensile strength (modulus of rupture, rf ). 

 Poisson’s ratio ( ). 

 Shear transfer coefficient for opened and closed cracks ( o  and c  respectively). 

 Compressive uniaxial stress-strain relationship for concrete. 

 

From the ultimate uniaxial compressive strength ( cf  ), obtained from appropriate standard 

tests, the elastic modulus of concrete ( cE ) for each model was calculated according to ACI 318-

14 by using Eq. (4). Poisson’s ratio for concrete was assumed to be 0.2, Bangash,  1989, for all 

sandwich slabs. 

The shear transfer coefficient,  , represents conditions of the crack face. The value of   

ranges from 0.0 to 1.0, with 0.0 representing a smooth crack (complete loss of shear transfer) and 

1.0 representing a rough crack (no loss of shear transfer), ANSYS, 2007. 

The value of   used in many studies of reinforced concrete and composite steel-concrete 

structures, however, varied between 0.05 and 0.25, Bangash, 1989; Huyse, et al., 1994; 

Hemmaty, 1998; Zebun, 2006. A number of preliminary analyses were attempted in this study 

with various values for the shear transfer coefficient within this range, but convergence problems 

were encountered at low loads with    less than 0.2. Therefore, the shear transfer coefficients 

for opened and closed cracks, used in this study, were equal to 0.2 and 0.22 respectively for all 

specimens. 

 

2.3 Shear Connector 

While the role of shear connectors (threaded bars) is divided into two parts: as transverse shear 

reinforcement in resisting shear forces inside the concrete layer (materially, modeled as shown in 

Fig. (2) and geometrically as discrete representation as shown in Fig. (4)) and as a shear 

connector in resisting horizontal and normal shear force between steel and concrete. A modified 

Push-out tests which were made by Zebun, 2006, are adopted in this study. The modification in 

this test in comparison with the standard test concentrated on the use of steel tube-concrete slab-

steel tube instead of concrete slab-steel (I-Section)-concrete slab (in the standard test) in order to 
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be more compatible than the standard test in modeling the steel-concrete-steel sandwich or 

double skin constructions.  The concrete layer was reinforced with steel bars (according to BS 

5400-5:1979), as shown in Fig. (5). With plain concrete layer similar to the sandwich slabs (the 

results of this group will be used in the finite element modeling of the sandwich specimens). Fig. 

(6) shows the average values of the load-slip relationship of the test. 

Many different load-slip relationships for stud connectors have been proposed. Among 

these, an exponential model was presented by Yam and Chapman, 1968. This is represented by 

the following function 

 

 1 bQ a e                                                                                                                              (5) 

 

In which a  and b  are constants, and e is the base of natural logarithms. The constants a

and b  are chosen by trials to give the best fit with experimental curves. Alternatively, by 

choosing two points from the experimental curve so that the slip in the second point is twice its 

value at the first point then the constants can be defined as: 

 
2
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1 22
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                                                                                                                           (6) 
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                                                                                                                 (7) 

 

In which, subscripts 1 and 2 represent the points on the experimental load-slip curve for the 

provided shear connector. Fig. (6) shows a typical load-slip relationship (exponential formula).  

The shear-slip model proposed by Yam and Chapman, 1968 for studs shear connector 

was adopted in the present study. The average values of the constants a  and b  of the push-out 

tests are (14.501) and (0.946) respectively. 
 

3. FINITE ELEMENT MODEL 

DSC slab is modeled as a non-linear three-dimensional model. The top and bottom steel plates 

are modeled using four-node shell elements SHELL143 each node have six degrees of freedom 

three translation and three rotation in X, Y, and Z direction and with a large strain formulation, 

whereas the concrete core is modeled using eight-node solid elements SOLID65 each nod have 

three degree of freedom (translation). To simulate the behavior of shear connectors which works 

as stirrups in resisting the vertical shear at concrete layer and transfer normal force between the 

concrete and steel plates LINK8 is used the 3-D spar element is a uniaxial tension-compression 

element with three degrees of freedom at each node: translations of the nodes in X, Y, and Z-

directions. Partial interaction is assumed to occur between steel plates and concrete core 

COMPIN39 is used, in this study, to simulate the behavior of the shear connectors in resisting 

the horizontal shear between the concrete and the steel plates. The element is defined by two 

node points and a generalized force-deflection curve. In studying the contact between two 

bodies, the surface of one body is conventionally taken as a contact surface and the surface of the 

other body as a target surface. The contact surface is associated with the deformable body, and 

the target surface must be the rigid surface. TARGE170 is used to represent various 3-D target 

surfaces for the associated contact elements (CONTA174). Coulomb and shear stress friction is 

allowed. This element is used, in this study, to simulate the behavior of contact surface between 
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the concrete layer and steel plates (i.e. friction case between layers of the sandwich beam). The 

element is defined by one node. 

 

4. EXAMPLES 

The verification is done in order to check the validity and accuracy of the finite element 

procedure. Thus, two specimens with available experimental results have been analyzed here and 

the analytical results are compared. 

 

4.1 Zebun Beams 

A simply supported double skin composite beams, tested by Zebun, 2006 are two in a series of 

tested beams. The beams span (Ls) of 1020 mm and loaded with a central load (knife edge load, 

K.E.L.) applied and distributed across the entire width. Bars along the whole length were used as 

shear connectors and attached to the steel plates by nuts instead of welding; the nominal inner 

diameter of the bars was 6.2 mm (i.e. the bars penetrated fully through the concrete and the steel 

parts). Fabrication details of the tested beams are presented in Fig. (7). Pairs of connectors at 

each location were used, as shown in Fig. (8). 

In the present study, the two chosen beams are designated as (B.1) and (B.3). The 

dimensions and load arrangement details of these beams are shown in Fig. (9). Table (1) 

illustrates the Nonlinear Parameters used for beams, and the material properties are given in 

Tables (2) and (3). 

The three-dimensional finite element mesh for a quarter of the beam has been used by 

using ANSYS computer program, by taking the advantage of symmetry of the beam and loading 

Figs. (10), (11), and (12) show the pictures of a mesh of beams (B.1), and (B.3). In addition, 

details about the representation of structural component are done in Table (4). 

The experimental and numerical results by Zebun, and numerical results obtained in the 

present study, for beams (B.1) and (B.3), are shown in Figs. (13), (14), (15), and (16). The mid-

span externally applied load is plotted against the mid-span deflection. For these two beams, the 

failure load obtained by the experimental work and that predicted by the finite element solutions 

are listed in Table (5). It can be noted from Figures and Table (5) that the finite element solutions 

are in good agreement with the experimental results throughout the entire range of behavior.  
 

4.2 Double Skin Composite Slabs 

The close agreement has been observed between the finite element and experimental results for 

ultimate loads and load-deflection responses, for the two beams presented in the previous.  The 

finite element model is thus found to be capable of predicting the behavior of DSC slabs 

accurately. 

Other specimens having the same cross-section and span dimensions (1045 mm × 1045 

mm × 87 mm), with a 75 mm thick concrete core sandwiched between two 6 mm thick steel 

plates will be studied under various effects of parameters.  Threaded bars along both two 

directions are used as shear connectors and attached to the steel plates by nuts instead of 

welding. The nominal inner diameter of the bars is 6.2 mm, with effective length equal to the 

thickness of concrete layer used in each slab (i.e. the bars penetrated fully through the concrete 

and the steel parts). These slabs are simply supported on all sides and subjected to a uniform 

distributed load on the top surface. 

The DSC slabs are modeled as a nonlinear three-dimensional structure. Owing to 

symmetry in geometry, loading and boundary conditions in the (ANSYS program), only a 

quarter of the DSC slab is modeled 

 



Journal  of  Engineering    Volume    24      March    2018 Number  3 
 

 

541 
 

It has been observed that the entire slab supported on two opposite edges had similar 

behavior under the applied loading. The failure type is mainly due to bending of the composite 

slab at midspan. Also bond (slip) failure between the concrete layer and steel plates caused 

fracture failure at the connector as the second failure.  

In the present study, the slab is designated as (DSC1). The Details about material 

properties parameters for double skin composite slabs are listed in Table (6). It is the same 

material properties parameters which used for the panels in Chapter four the difference is in the 

dimensions and connectors spacing. Fig. (17) shows the boundary conditions of the quarter of 

the (DSC1) slab.  

Details about the representation of structural component are listed in Table (7) and shown 

in Fig. (17). Table (1) illustrates the nonlinear parameters used for slabs. 

The numerical results are shown in Fig. (18). The externally ultimate uniform distributed 

load is plotted against the central deflection. For this slab, the failure load predicted by the finite 

element solutions is (0.224 N/mm
2
). Fig. (19) shows the variation of UY along a quarter of 

(DSC1). 

 The nonlinear analysis using Finite element method shows that DSC slabs have the very 

high load carrying capacity. This form of construction also exhibits good flexural characteristics 

and highly ductile behavior. 

 
5. CONCLUSIONS 

Depending on the numerical results obtained in this study, the following conclusions can be 

drawn: 

1- A three-dimensional nonlinear finite element analysis was conducted to investigate the 

general behavior of sandwich members. Comparison between the experimental and the 

numerical results shows close agreement. The maximum difference ratio in ultimate load is 

less than 5% for the tested and analyzed sandwich beams. 

2- Finite element analysis shows that DSC slabs have very high load carrying capacity. This 

form of construction also exhibits good flexural characteristics and highly ductile behaviour. 
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NOTATIONS 

The major symbols used in this work are listed below; these and others are defined as they first 

appear. When duplication occurs, the used notation is clarified within the text. 

  

cE   Concrete modulus of elasticity 

sE                    Steel modulus of elasticity 

wE                     Steel Hardening Parameter 

 cf    Cylinder compressive strength of concrete 

 tf   Splitting tensile strength of concrete 

 rf   Concrete modulus of rupture 

 yf   Yield strength of steel plate 

 uf   Ultimate tensile strength of steel 

 sG   Shear modulus of steel 

 ch   Thickness of concrete layer 

 sh   Thickness of steel plate 

 nK   Normal stiffness of connector 
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 sL   Length of span 

 N   Number of shear connectors in a shear span 

             S-S                 Simple supported 

Sstud                 Stud Spacing 

U  Degree of freedom 

UY  Deflection or vertical displacement 

UX  Horizontal displacement in x-direction 

    X, Y, Z  Cartesian coordinate. 

      c , o                   Shear transfer coefficient for closed & opened crack     

    Strain 

 o   Strain at ultimate compressive strength 

    Coefficient of friction 

                Poisson's ratio 

s   Poisson's ratio of steel 

                                 Diameter 

            Sstud                         Stud Spacing 

 

 

Table 1. Nonlinear solution parameters used for beams. 

 
  Coefficient of Friction 0.5* 

1  
Tension Stiffening Parameters 

6* 

2  0.6* 

ο 
Shear Transfer Parameters 

0.2* 

c 0.22* 

wE  Steel Hardening Parameter (MPa) 4200* 

                                        *
Assumed Values. The coefficient of friction   is taken 0.5.  wE = 0.02 sE  

 

Table 2. Material property parameters used for (B.1). 

 

Concrete 

Symbol Definition Value 

f´c Compressive Strength (MPa) 42.2 

cE  Young’s Modulus (MPa) 30532 

hc Thickness (mm) 75 

rf **
 Tensile Strength (MPa) 4.95

 

  Poisson’s Ratio 0.2*
 

Top and bottom 

Steel Plate 

 

yf  Yield Stress (MPa) 255 

L,W,hs Dimensions (length×width×thickness) (mm) 1100×100×6 

 s Poisson’s Ratio 0.3*
 

sE  Young’s Modulus (MPa) 210000
 

Shear Connectors**
 yf  Yield Stress (MPa) 496 

 Diameter (mm) 6.2 
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 s Poisson’s Ratio 0.3 

Sstud Spacing (mm) 75 

E Young’s Modulus (MPa) 210000 

Notes: 
cE = 4700 f c  ,   * Assumed Values, ** Concrete modulus of rupture (flexural strength) by the prism of 

100 mm × 100 mm × 500 mm and loaded at third points (Zebun study). 

 

Table 3. Material property parameters used for (B.3). 

 

Concrete 

Symbol Definition Value 

f´c Compressive Strength (MPa) 43.9 

cE  Young’s Modulus (MPa) 31141 

hc Thickness (mm) 75 

rf *
 Tensile Strength (MPa) 5.4 

  Poisson’s Ratio 0.2
 

Upper and lower 

Steel Plate 

 

yf  Yield Stress (MPa) 255 

L, W, hs Dimensions (length×width×thickness) (mm) 1100×100×6 

 s Poisson’s Ratio 0.3
 

sE  Young’s Modulus (MPa) 210000
 

Shear Connectors
 

yf  Yield Stress (MPa) 496 

 Diameter (mm) 6.2 

 s Poisson’s Ratio 0.3 

Sstud Spacing (mm) 150 

E Young’s Modulus (MPa) 210000 

*Concrete modulus of rupture (flexural strength) by the prism of 100 mm x 100 mm x 500 mm and loaded at third 

points (Zebun study). 

 

 

 

 

Table 4. Finite element representation of structural components. 

 

Structural Component 
Finite Element 

Representation 

Element 

Designation 

in ANSYS 

No. of 

element 

Concrete 
8-node Brick Element 

(3 Translation DOF per node) 
SOLID 65 120 

Interface 

Shear Friction 

and Contact 

Nonlinear Surface-to-Surface 

Interface Element 

CONTA-174  & 

TARG170 
120 

Dowel          

Action 

2-node Nonlinear Spring 

Element with one Translation 

DOF per node 

COMBIN-39 
14*

 

8**
 

Shear connector 2-node Discrete Element 3D-SPAR 8 28*
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(Tensile Steel, Compressive 

Steel) 

(3 Translation DOF per node) (LINK-8) 
16**

 

Steel plate 

4-node Nonlinear plastic (3 

Translation & 3 Rotation 

DOF Per node) 

Shell 143 60 

       * For (B.1)       ** For (B.3) 

 

 

Table 5. Experimental and predicted failure loads for beams. 

 

Specimens 

Ultimate Load (N) u

u

P (Analytical)

P (Experimental)
 

Failure mode 
Error 

(%) 
Experimental    Analytical 

B.1 50000 49000 0.98  Connector fracture 2 

B.3 27000 26730 0.99  Connector fracture      1 

 
 

Table 6. material property parameters used for DSC slabs. 

 

Concrete 

Symbol Definition Value 

f´c Compressive Strength (MPa) 42.2 

cE  Young’s Modulus (MPa) 30532 

hc Thickness (mm) 75 

rf ** Tensile Strength (MPa) 4.95
 

  Poisson’s Ratio 0.2
* 

Top and bottom 

Steel Plate 

 

yf  Yield Stress (MPa) 255 

L,W,hs Dimensions (length×width×thickness) (mm) 1045×1045*6 

ʋs Poisson’s Ratio 0.3
* 

sE  Young’s Modulus (MPa) 210000
 

Shear Connectors
 

yf  Yield Stress (MPa) 496 

 Diameter (mm) 6.2 

 s Poisson’s Ratio 0.3 

Sstud Connector Spacing (mm) 150 

sE  Young’s Modulus (MPa) 210000 

 

Notes: 
cE = 4700 f c  ,   * Assumed Values, ** Concrete modulus of rupture (flexural strength) by the prism of 

100 mm x 100 mm x 500 mm and loaded at third points (Zebun study). 
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Table 7. Finite element representation of (DSC1) components. 

 

Structural Component 
Finite Element 

Representation 

Element 

Designation  

in ANSYS 

No. of 

element 

 

Concrete 

 

8-node Brick Element 

(3 Translation DOF per node) 

 

SOLID 65 784 

Interface 

Shear 

Friction and 

Contact 

Nonlinear Surface-to-Surface 

Interface Element 

CONTA-174  & 

TARGE-170 
784 

Dowel 

Action 

2-node Nonlinear Spring 

Element with one Translation 

DOF per node 

COMBIN-39
 

32 

Shear connector 

(Tensile Steel, Compressive Steel) 

2-node Discrete Element 

(3 Translation DOF per node) 

3D-SPAR 8 

(LINK-8) 
64 

Steel plate 

4-node Nonlinear plastic(3 

Translation &3 Rotation, 

DOF Per node) 

Shell 143 392 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Bilinear stress-strain relationship.  

Figure 1. Double skin composite slabs. 

top steel plate 

concrete 

bottom steel plate 

stud connectors 
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Figure 3. Simplified compressive uniaxial stress-strain curve for concrete. 

Figure 4. Discrete representation for shear connectors. 
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Figure 5. Dimensions and details of modified push-out test. (a) Front view. (b) Side view. 

(c) Top view.  (d) Details of connection (magnified picture), Zebun, 2006. 
 

0.0 0.5 1.0 1.5 2.0 2.5

Slip (mm)

0

2

4

6

8

10

12

14

C
o
n

n
ec

to
r 

fo
rc

e 
(k

N
)

Experimental data

Exponential formula

Figure 6. Load- slip relationship, Zebun, 2006. 
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Figure 7. Fabrication details of test panels, Zebun, 2006. 

Figure 8. Cross section of SCSS beams, Zebun, 2006. 
 

Quarter of beam used in 

the analysis 

Figure 9. Dimensions and load arrangement details specimens. 
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Figure 10. Mesh of quarter of beams. 

Y 

X Z 
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Figure 11. Mesh of LINK8 and SHELL143 for 

quarter (B.1). 
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Figure 12. Mesh of LINK8 and SHELL143 

for quarter (B.3). 
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Figure 13. Load-Deflection response at mid-

span of (B.1). 

Figure 14. Load-Deflection response at mid-

span of (B.3). 

Figure 15. Variation of UY (vertical 

displacement) along quarter of B.1 at load 

equal to 98% of ultimate load. 

 

Figure 16. Variation of UY (vertical 

displacement) along quarter of B.3 at load 

equal to 99% of ultimate load. Note UY in 

mm. 
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Figure 17. The boundary conditions of the quarter slab (DSC1). 

Figure 18. Load-deflection response of (DSC1). Figure 19. Variation of UY (vertical 

displacement) along quarter of DSC1. 
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ABSTRACT 

Sustainable crop production in a coarse soil texture is challenging due to high water 

permeability and low soil water holding capacity. In this paper, subsurface water retention 

technology (SWRT) through impermeable polyethylene membranes was placed at depth 35 cm 

below ground surface and within the root zone to evaluate and compare the impact of these 

membranes and control treatment (without using the membranes) on yield and water use 

efficiency of eggplant inside the greenhouse. The study was conducted in Al-Fahamah 

Township, Baghdad, Iraq during spring growing season 2017. Results demonstrated the yield 

and water use efficiencies were 3.483 kg/m
2
 and 5.653 kg/m

3
, respectively for SWRT treatment 

plot and 3.286 kg/m
2
 and 3.709 kg/m

3
, respectively for treatment without using SWRT. The 

increasing percentages for yield and water use efficiency were 6% and 52%, respectively. 

Additionally, saving in irrigation water in the SWRT membrane was about 44% of the total 

applied depth comparing with the control treatment.   

Keywords: subsurface water retention technology, water use efficiency, yield, eggplant. 

 

 سطخالحذج للماء الذافظت  غشييتقىيت الأسخخدام حي والاوخاجيت لىباث الباذوجان بأايلمكفاءة أسخخدام ا ذسهح
         

 ادمد هاحف سالن                                                    أ.م  صباح أوور المصرف                          

 طالب هاخسخٍش/ لسن هٌذست الوىاسد الوائٍت                                                    لسن هٌذست الوىاسد الوائٍت                          

 خاهعت بغذاد -كلٍت الهٌذست                                                     خاهعت بغذاد- كلٍت الهٌذست                         

 

 الخلاصت

ٌشكل حسذٌا بسبب الٌفارٌت العالٍت واًخفاض لذسة الخشبت على هسك الخشٌت الٌسدت  راث اسخذاهت اًخاج الوساصٍل فً الخشبت 

سن حسج   35بأسخخذام اغشٍت البىلً اٌثٍلٍي وضعج عٌذ العوك فأى حمٌٍت الازخفاظ بالواء حسج السطر  ،لهزا الغشض الواء.

 و على اًخاخٍتوالالىاذ الزساعٍت الوسٍطش علٍها )بذوى أسخخذام ألاغشٍت( وهماسًت حأثٍش هزا الاغشٍت  خمٍٍنسطر الاسض ل

عشاق للوىسن ال -بغذادهذٌٌت ، كفاءة الواء الوسخخذم للبارًداى داخل البٍىث الخضشاء. حوج الذساست ضوي هٌطمت الفساهت

وبذوى أسخخذام لخمٌٍت الازخفاظ بالواء حسج السطر اء كفاءة اسخخذام الوالإًخاخٍت والٌخائح اظهشث اى  .2017الشبٍعً الزساعً 

م/ كغن3.484 كاًج الاغشٍت 
2

كغن/م 5.653و  
3

م/كغن  3.287الخىالً، و لىع 
2

كغن/م 3.709و 
3

وبزٌادة   على الخىالً، 

 44الاغشٍت كاًج بالاضافت الى اى ًسبت أدخاس هٍاٍ الشي الوضافت فً حمٌٍت اسخخذام  % على الخىالً. 53 و %  6همذاسها   

 .هماسًت بالالىاذ الزساعٍت الوسٍطش علٍها الوضافللعوك لً % هي الودوىع الك

 .الاًخاج، البارًداى، الوٍاٍ سخخذاملواء حسج السطر، كفاءة أ: حمٌٍت الاغشٍت السافظت لالكلماث الرئيسيت 

 

mailto:sabah_dawood@yahoo.cm
mailto:en_ahmedh@yahoo.com
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1. INTRODUCTION 

    Water shortage presents a serious problem nowadays. This problem will certainly worsen in 

the future, and so, improving the irrigation water efficiency by various methods is one of the 

economically viable alternatives in overcoming the water scarcity. It considers a good solution to 

overcome the fight against famine especially in the developing countries, Ismail and Ozawa, 

2007. Development new technologies to conserve water are becoming important for achieving a 

sustainable economic growth, Shahid, et al., 2012. Andrey, et al., 2015, stated that subsurface 

water retention technology (SWRT) is a new, long-term approach to improve water storage 

capacities especially in coarse soil texture for sustainable crop production, increasing in yield 

and water use efficiency. They found that the SWRT controls the soil water content in sandy 

soils at optimal levels for corn growth, diminish water loss through deep drainage and minimize 

total irrigation depths. SWRT  consists of subsurface polyethylene membrane installed within the 

crop’s root zone with a specific aspect ratio that prevents the loss of irrigation water via deep 

percolation. Ahmed, et al., 2012, mentioned in their research work that SWRT is not only 

crucial for the sustainable agricultural yield but also to meet the financial problems, physical 

barriers and the challenges of current environmental issues and justice in the developing 

countries, SWRT impermeable membranes hold nutrient and agricultural chemicals reducing 

deep leaching losses into groundwater. SWRT solve worldwide famine and poverty and reduce 

global food shortages by increasing the viability of existing crops which will increase production 

per unit area; SWRT can also convert the previously inhospitable land into viable growing 

condition for food, feed, and biomass. Demirel and Kavdir, 2013, investigated that SWRT 

retains optimal soil water content in plant root zones and saved 35–74 % of irrigation water 

compared with control (without membrane). So, Amirpour, et al., 2016, concluded in a study 

work that the frequency of irrigation will reduce after installing water-saving membranes and 

consequently the number of irrigation times decreased. The effect of SWRT on the yield differed 

for different crops. For example, Elawady, et al., 2003, observed an increasing value of 18 % in 

spinach (Spinacia oleracea L.) yield. El-Nesr, et al., 2014, obtained 119 and 131% increases in 

tomato and artichoke (Cynara cardunculus L.) yields, respectively, while Kavdir, et al., 2014, 

evaluated the performance of using membranes below the soil surface in sandy soil planted with 

corn. The result indicates an increase in corn production of about 238%. The objectives of this 

study were to evaluate and compare the effects of subsurface water-saving membranes, installed 

at depth 35 cm below ground surface in a sandy loam soil, on yield (Y) and water use efficiency 

(WUE) of eggplant inside the greenhouse. 

 

2. MATERIALS AND METHODS 

2.1 Experimental Conditions and Location of the Field Study 

          The experiment was conducted in Al-Fahamah Township, Baghdad, Iraq for the spring 

season of eggplant from January 10
th

 to May 31
st
, 2017. The experimental work was carried out 

in the greenhouse located at Latitude: 33°25' N, Longitude: 44°20' E, and altitude: 36 m. The 

main source of water is from a farm reservoir charged continuously from Tigris River. Two soil 

samples from the greenhouse of eggplant were taken at depth (0-50 cm). Analysis of soil sample 

were conducted at the laboratories of the Agricultural Research Directorate of Ministry of 

Science and Technology. The goal of the analysis was to identify the physical characteristics of 

the soil in order to determine soil texture and physical properties of the soil which included bulk 

density, soil texture, field capacity (FC), and permanent wilting point (PWP). The average 

analysis of the soil texture for the two samples of the greenhouse field is classified as sandy loam 

soil. Also, FC and PWP were measured and equal to 16.4 and 6.9 % (by volume), respectively. 
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2.2 Treatments, Experimental Design and Crop Material 

        The greenhouse stretching in an N-S trend; it was 8 m long, 3 m wide, and 1.8 m in high (a 

total area of about 24 m
2
). It was covered by 90 µm transparent polyethylene film treated with 

ultraviolet radiation. The greenhouse was without heating and air ventilation; it was classified as 

low technology greenhouse. Trickle irrigation system has been used in the greenhouse, the 

system consists of two double irrigation lines each was 8 m long of diameter 15 mm, and each 

trickle line contains 16 emitters along its total length. The emitters were spaced at 0.5 m apart. 

The average flow rate of each emitter was 20 ml/min. Fig. 1 shows the internal layout of the 

greenhouse. Eggplant crop (Solanum Melongena L.) was planted at 0.5 m distance between 

plants on both sides. In each irrigation process, soil water content before irrigation, date, the flow 

rate from the emitter, and time of the irrigation was recorded when possible. Two treatment plots 

were selected for the research work, treatment no.1 (T1) SWRT was installed below the soil 

surface and treatment no.2 (T2) was control plot (without using SWRT).  

 

2.3 Description of the Subsurface Water Retention Technology (SWRT) 

        Subsurface water retention technology (SWRT) consists of subsurface low-density 

polyethylene membrane of thickness 175µm installed for a half area of the experiment at depth 

35 cm below ground surface with 3:1 (length to height) aspect ratio. The installation of the 

membrane was done manually and all the excavation work was done by hands, no special 

machine was used in this process. The width of the membrane was 36 cm with both side heights 

was 12 cm. Fig. 2 shows the layout of the polyethylene membrane under the soil profile.  

  

2.4 Yield  

       The sum of all pickings crop’s production was expressed as a total vegetable yield. The 

yield (in kg/m
2
) was expressed as described by, Mady and Derees, 2007 as follows: 

 

                              Yield = 
                             

                         
   

                                        (1) 

 

2.5 Water Use Efficiency 

      The water use efficiency (WUE) is the outcome of an entire site of plant and environmental 

processes operating over the life of a crop to determine both yield and water use. The following 

equation was used for calculating the field WUE (in kg/m
3
), FAO, 1982 as follows: 

 

                            WUE = 
       

  

  

  

                                
                                     (2) 

 

3. RESULTS AND DISCUSSIONS 

3.1 Effect of SWRT on Variation of Soil Moisture  

        In this work, irrigation water was applied when all readily available water was depleted 

with 45% of depletion value through the whole stages of the growing season (no deficit irrigation 

was allowed).  The irrigation schedule was started from mid of January 2017 and ended on end 

of May 2017. Table 1 and Table 2 show the numbers of irrigation, applied depth, and yield for 

SWRT treatment plot and for without using SWRT, respectively for each month through the 

growing season of eggplant. Soil moisture content within the membrane was affected and the 
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water absorption by the plant root zone was conducted by capillary rise. Reduction of soil water 

was slower in treatment T1 compared with control treatment (T2) due to SWRT working as a 

barrier and to keep water within the soil profile. Additionally, daily observation showed that the 

top of the soil surface under SWRT plot was wetted. Fig. 3 shows the effect of SWRT membrane 

on soil moisture changes and Fig. 4 shows the soil surface of SWRT and without using SWRT 

after a day of irrigation. The total numbers of irrigation through the growing season for T1 and 

T2 were 49 and 71, respectively; frequency of irrigation in T1 was reduced by 45 %. Moreover, 

the total applied depth of water for treatments T1 and T2 were 617 and 887 mm, respectively, the 

saving in water in treatment T1 was 44 % of the total applied depth. 

3.2 Effect of SWRT on Crop Yield  

        Fertilizer and pesticides were added to the crop for both treatments through the growing 

season in suitable quantities and time and as required.  The crop yield value calculated based on 

equation 1 was stating after three months from time of planting and continuous for two months. 

The crop yield for both treatment T1 and T2 was 3.483 and 3.286 kg/m
2
, respectively with a 

minor increasing value of 6 % in treatment T1. Although the yield value was almost equal in 

both treatment, but observation of the crop’s growth for treatment T1 was showed clearly an 

accelerated eggplant’s growth through the growing season compared with control (T2), this was 

due to the membrane was capture nutrients and agricultural chemical and reduce deep leaching 

of rich water contains, minerals, fertilizer, and pesticides materials. Fig. 5 shows the accelerated 

eggplant growth with SWRT. 

 

3.3 Effect of SWRT on Water Use Efficiency 

        The results for water use efficiency indicator based on a calculation using equation 2 

observed clearly that water use efficiency was improved in treatment T1. The water use 

efficiency for T1 and T2 were: 5.653 and 3.709 kg/m
3
, respectively.  The increasing value in T1 

was more than T2 by 52 %. This was explicit that the total applied depth in T1 was less than in 

T2 as long water use efficiency depends on total applied water. Saving more water with the same 

crop yield value will definitely increase the water use efficiency value. Fig. 6 shows the of water 

use efficiency and the yield of eggplant among T1 and T2. 

  

4. CONCLUSIONS 

          The installation of SWRT membrane under soil surface significantly affected saving water 

applied and numbers of irrigation process by 44 and 45 %, respectively. Although the crop yield 

values for treatments T1 and T2 equal to 3.484 and 3.287 kg/m
2
, respectively with minor 

increasing, the water use efficiency for T1 and T2 were 5.653 and 3.709 kg/m
3
, respectively with 

increasing value in T1 by 52 %.  In other words in spite of getting the same crop yield and using 

less amount of water, with a high value of water use efficiency, this called improvement in 

irrigation process and then will be in drainage collection systems. These results are encouraging 

the researchers to work using the same procedures for other vegetable crops and also for 

strategies crops on more coarse-textured soil and even by using only rainfall water and the 

irrigation water will be an only supplementary method in the open field. The saving in irrigation 

water not only by using less water from irrigation sources but from how to collect and stored and 

exploit the amount of rainfall water and use it at a certain time.    
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NOMENCLATURE 

FC = field capacity. 

PWP = permanent wilting point. 

SWRT = subsurface water retention technology. 

WUE = water use efficiency. 

Y = yield. 

T1 = Treatment no. 1 

T2 = Treatment no. 2 
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Figure 1. Internal layout of the greenhouse. 

 

 

 
Figure 2. Layout of the polyethylene membrane under the soil profile. 
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Figure 3. Effect of SWRT membrane on soil moisture changes. 

 

 

 

 
 

Figure 4. Comparison between soil surface of SWRT and without using SWRT after a day of 

irrigation. 
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Figure 5. Accelerated eggplant growth with SWRT. 

 

 

Table 1. Number of irrigation, depth of applied water and yield of the eggplant (with SWRT)*. 

 

Month Number of irrigation Depth of applied water (mm) Yield (kg/m
2
) 

January 6 58 0 

February 8 86 0 

March 8 100 0 

April 14 178 1.631 

May 15 195 1.852 

Total 49 617 3.483 

 

Table 2. Number of irrigation, depth of applied water and yield of the eggplant (without 

SWRT)*. 

Month Number of irrigation Depth of applied water (mm) Yield (kg/m
2
) 

January 9 86 0 

February 11 120 0 

March 14 180 0 

April 17 224 1.241 

May 20 277 2.045 

Total 71 887 3.286 

*for a period from January to May 2017. 
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Figure 6. Comparison of water use efficiency and the yield of eggplant among T1 and T2.  
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