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Abstract 

This study aims to investigate the effect of using exfoliated graphene nanoplatelets (xGNP) on the electrical and 

mechanical properties of the composite plates of polypropylene (PP). Synthetic Graphite (SG), Carbon Nanotubes (CNTs), 

and Carbon Black (CB) were used. The composites were prepared by, first, mixing the components by one of three different 

methods: direct mixing using internal mixer, ball milling then mixing, and milling only. The milled or mixed components 

were then compression molded into plates. The in-plane and through-plane electrical conductivity, flexural strength and 

modulus were measured and related to the morphologies of the fractured surfaces. Among all composites, the direct mixed 

PP/SG/xGNP/CNT composites produced plates with the highest in-plane, through-plane conductivity and flexural strength. 

The control sample (PP/SG/CB) had the only plates which showed a higher flexural strength than the PP/SG/xGNP/CNT 

composites. For the composites containing CB, ball milling of the components is found to have a positive impact on 

electrical and mechanical properties. The use of xGNP as primary filler had a more pronounced effect on the properties of 

the composites containing CB than using it as a secondary filler and this is opposite to CNT composites. Ball milled-mixed 

PP/xGNP/CB composites showed the highest in-plane and through-plane conductivity and a fair flexural strength. 
© 2015 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 

 

Keywords: : Graphene Nanoplateletes; Mixing; Electrical Properties; Mechanical Properties; Microstructure.

                                                           
* Corresponding author. e-mail: rdweiri@yahoo.com. 

1. Introduction  

A lot of work has been done in the literature concerning 

the use of polymeric bipolar plates in polymer electrolyte 

membrane (PEM) fuel cells which must exhibit excellent 

electrical and thermal conductivity, adequate mechanical 

strength, good chemical corrosion resistance, and low gas 

permeability that meets with the US Department of Energy 

(DOE) target. The good processability and low 

manufacturing cost are also required for the 

commercialization of bipolar plates [1,2]. 

1.1.  Conductive Fillers 

Graphite in different forms (natural (NG), synthetic 

(SG), expanded (EG), graphite oxide (OG)) has been 

widely used as a primary conductive filler for polymeric 

bipolar plates. Carbon Black (CB), Carbon Fiber (CF), and 

Carbon Nanotubes (CNTs) were also used as secondary 

conductive fillers [3-6]. In 2004, Geim and Novoselov 

discovered graphene which is a single carbon layer in the 

crystalline honeycomb graphite lattice with sp2-hybridized 

carbon atoms tightly bonded in hexagonal rings. 

Discovering graphene opened the door for the researchers 

to compete in producing high-quality graphene in large 

quantities and to explore its reinforcing ability as a new 

nanofiller in polymer nanocomposites [7-11]. Graphite or 

graphene nanoplatelet (xGNP), the basic unit obtained by 

exfoliation of the natural flaky graphite and having a 

platelet thickness varying from 0.34 nm (monolayer) to 

100 nm (multilayers), is a promising low cost (compared 

to CNTs) and lightweight alternative to metal- and carbon-

based electrically conducting reinforcements for 

conducting polymer composites. Researchers have shown 

that exfoliated graphene nanoplatelets (xGNP) possess 

excellent mechanical and structural properties, superior 

electrical and thermal conductivity, and extremely low gas 

permeability [12, 13]. All these excellent properties of 

GNP make it attainable in many engineering applications 

such as electromagnetic interference (EMI) shielding 

devices, rechargeable batteries, electronic devices, light 

emitting diodes (LEDs), gas sensors, super capacitors, fuel 

cells and photovoltaic cells [14, 15].  

Graphene nanoplatelets (xGNP), supplied by XG 

sciences in this work, were shipped in granular form; they 

are friable collections of individual platelets that prevent 

agglomerations and are easily broken with mechanical 

agitation. To achieve optimum properties and 

performance, xGNP must be thoroughly and completely 

dispersed. The manufacturer of xGNP suggested that, for a 

better dispersion of xGNP in thermoplastic matrices, a pre-

mixing is recommended, preferably with powdered 

polymers rather than pellets.  
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1.2. Polymer/Graphene Nanocomposites 

Similar to all nanofillers (CNTs, nanoclay, etc.), a well-

dispersed homogeneous mixture of graphene in the resins 

is the clue to successful performance of these 

nanocompposites. Restacking graphene layers due to Van 

der Waals surface forces and their low wettability (i.e., low 

surface energy around 46.7 mJ/m2 [16]) result in their poor 

dispersion in polymer matrices with decreased electrical 

and mechanical properties. The problem of the dispersion 

of nanofillers becomes a challenge mainly at high 

nanofiller loading. Drzal with his research group [17-20] 

reported that polymer/xGNP nanocomposites may have an 

excellent chance to achieve the desired DOE target for 

bipolar plates in PEM fuel cells if xGNP is dispersed at a 

high level. Song et al. [21] successfully developed Nylon-

6/GNP and epoxy/GNP nanocomposites for bipolar plates. 

Kakati et al. [22] used graphene in a minor quantity (1 

wt.%) to reinforce into a composite of 64% NG:5% 

CB:5% CF in phenol formaldehyde (resole) resin and 

reported a significant improvement in the electrical and 

mechanical properties as well as the I-V performance of 

the composite bipolar plate.  

An attempt to use PP/xGNP nanocomposites for 

bipolar plates is investigated in this work according to 

their electrical and mechanical properties, Direct melt 

mixing of the polymer matrix and the conductive fillers or 

only ball milling the components before compression 

molding them into plates or a combination of ball milling 

and melt mixing were adopted in this work to prepare the 

nanocomposites. Ball milling is usually used to grind 

materials, and to get a smaller size and a higher surface 

area. Jiang and Drzal fabricated polyphenylene sulfide 

(PPS)/GNP [23] and HDPE/GNP [24] nanocomposites by 

Solid State Ball Milling (SSBM), followed by compression 

molding. The reason behind selecting this compounding 

method was because of its capability of achieving high 

electrical conductivity since, in SSBM, it was found that 

the polymer particles are uniformly coated with GNP 

platelets which facilitate the forming of conductive 

pathways during injection or compression molding.   

1.3. Objectives  

In this study, plates of PP/SG/xGNP/CNT, 

PP/SG/xGNP/CB, PP/xGNP/CNT, PP/xGNP/CB were 

produced in three different methods and compared to the 

control samples of PP/SG/CNT and PP/SG/CB. The 

efficiency of the mixing technique and the efficiency of 

using xGNP as a primary and as secondary conductive 

filler were investigated. All samples were judged 

according to their electrical, mechanical, and 

morphological properties. It is worth mentioning that the 

present study was started based on some thoughts from the 

literature; first, a filler content higher than 60 wt.% was 

usually used in the literature to achieve the DOE target for 

bipolar plate and 60 wt.% was only chosen in this study to 

highlight the potential of using xGNP. Second, a multi-

filler system by adding CB or CNTs in minor quantities is 

effective to enhance the performance of plates, and, 

finally, a combination of small and large sizes of xGNP 

was found, in the literature, to be effective in improving 

the electrical properties. 

2. Experimental 

2.1. Materials 

In the present study, the PP powder was supplied by 

Goonvean Fibers Ltd, UK, with a melt flow index of 45 

g/10 min, a density of 0.90 g/cm3, and a melting point of 

165°C.  Different conductive fillers were used and their 

characteristics are shown in Table 1. xGNP was supplied 

from XG Science, Inc, USA; NanocylTM NC7000 pristine 

MWCNTs from Nanocyl SA, Sambreville, Belgium, SG 

and CB were supplied by Asbury Carbons Inc., US. 

Table 1.Characteristics of conductive fillers as received by the 

suppliers 

Filler Diameter 

 

Thickness 

 

(nm) 

Length 

 

(µm) 

Surface 

area 

(m
2
/g) 

Density 

 

(g/m
3
) 

Carbon 

content 

(%) 

xGNP-1 15µm 5-8 - 120-150 2.2 >99.5 

xGNP-2 <2 µm 1-5 - 500 2.2 >99.5 

MWCNTs 9.5nm - 1.5 250-300 2.1 >90 

SG 74mm - - 1.5 1.8 99.7 

CB 30nm - - 254 1.8 99.7 

 

2.2. Preparation of Composite Plates 

Three different mixing methods were adopted to 

prepare a mixture of the PP and the conductive fillers 

before the mixture being compression molded: (i) direct 

melt mixing of the components, (ii) ball milling the 

components and then melt mixing them, and (iii) only ball 

milling of the components. The ball milling was performed 

as follows: initially, a mixture of conductive fillers was 

ball milled at different weight percentages using a 

planetary ball mill (pulverisette 6). A 3:1 weight ratio of 

balls to fillers was used, with 10-mm diameter stainless 

balls rotating at a speed of 200 rpm for 0.5 h. The PP 

powder was then added to the mixture of fillers and again 

they were ball milled for another 0.5 h. The melt mixing of 

the components was performed using an internal mixer 

with a Haake torque rheometer at a temperature of 190°C 

for 5 min at a rotational speed of 100 rpm. The PP coated 

with fillers, after ball milling or the compounds after melt 

mixing, were compression molded into plates (10×10×0.3) 

cm3 for 12 min in three steps: 2 min without pressure at 

220°C, 5 min under 7 MPa at 210°C, 5 min under 14 MPa 

at 200°C. The types of different composites and their 

composition are shown in Table 2. Each type was prepared 

in three different methods, so the total number of samples 

was 18. The weight ratio of xGNP-1 to xGNP-2 was kept 

at 3. The percentage of CB or CNT was 5 wt.% in all the 

composites. 
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Table 2. Formulations of the different types of composites 

    Composition  

               (wt.%) 

Sample 

 type 

PP 

 

SG xGNP-1 xGNP-2 CNT CB 

PP/SG/CNT 40 55 0 0 5 0 

PP/SG/CB 40 55 0 0 0 5 

PP/xGNP/CNT  40 0 42 13 5 0 

PP/xGNP/CB 40 0 42 13 0 5 

PP/SG/xGNP/CNT 40 45 7.5 2.5 5 0 

PP/SG/xGNP/CB 40 45 7 2.5 0 5 

2.3. Characterization of Composite Plates 

The in-plane electrical conductivity of the plates was 

measured using a Jandel Multi-Height Four-Point Probe 

combined with RM3 Test Unit which had a constant 

current source and a digital voltmeter designed especially 

for the four point probe measurement. The through-plane 

electrical conductivity was measured by a through-plane 

electrical conductivity tester manufactured at ZBT in 

Duisburg, Germany. The flexural properties were 

measured using a three-point bending test according to 

ASTM D790-03 standard at room temperature by a 

universal testing machine (UTM) Model Instron 5567 at 

across-head speed of 1 mm/min. The dimensions of the 

specimens were 100×12.7×3.0 mm3, and the support span 

length of the specimens was fixed at 50.8 mm. Fractured 

surfaces of the composite plates were observed using 

scanning electron microscopy (FESEM, Model Supra 

55/55VP) to observe the dispersion of the conductive 

fillers in the polymer matrix and other microscopic 

features of the fracture surfaces.  

3. Results and Discussion 

3.1. Electrical Conductivity Results 

The results of the in-plane conductivity of the 16 

samples are shown in Figure 1. Plates of PP/xGNP/CNT or 

PP/xGNP/CB, when the components were mixed by ball 

milling only, were not successfully produced. An average 

of five readings on the surface of each plate was taken. In 

general, composites containing CNT showed higher 

conductivity values than those containing CB. For the 

composites containing CNT, direct melt mixing of the 

components produced plates that had the highest reading 

of conductivity (e.g. ~8.7 S/cm for PP/SG/CNT and ~9.3 

S/cm for PP/SG/10%xGNP/CNT), whereas the ball-milled 

composites showed the lowest values of conductivity (e.g. 

~1.8 and ~5.7 S/cm respectively for the same type of 

composites). However, for the composites containing CB, 

the milling method resulted in producing plates with the 

highest values (e.g. ~3.9 S/cm for PP/SG/xGNP/CB), 

whereas the direct method lowered the value to about 

~0.87 S/cm for the same composite. On the other hand, 

and regardless of the mixing method used, among all the 

composites containing CNT, the composites containing 

xGNP as a secondary filler (10 wt.%) showed the highest 

reading of conductivity which was, of course, higher than 

that of the control sample (PP/SG/CNT) or that of the 

sample with xGNP as a primary filler (PP/55%xGNP/ 

CNT). The improvement in conductivity of the direct-

mixed and of the milled-mixed PP/SG/10%xGNP/CNT is 

about 8.5% and 27%, respectively, compared to their 

counterparts of PP/SG/CNT prepared by the same 

methods. For the composites containing CB, the effect of 

using xGNP as a primary filler with CB was more 

pronounced on conductivity than it was when using xGNP 

as secondary filler with CB. This is true except for ball-

milled PP/SG/10%xGNP/CB which showed about 152% 

increase in conductivity compared to ball-milled 

PP/SG/CB. The increase of the conductivity of composites 

containing xGNP compared to that of the control sample 

indicates a positive synergistic effect between xGNP and 

SG, CNT, or CB. The standard deviations for samples 

containing CNT were smaller than their values for CB 

composites as can be seen in Figure 1. The deviation from 

the average value increases for composites containing CB 

prepared by direct mixing. 

 
 

Figure 1. In-plane electrical conductivity of PP composites. 
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The results of through-plane conductivity for all types 

of the composites are shown in Table 3. The results in 

Table 3 show a similar trend as the results of the in-plane 

conductivity. The through-plane conductivity reaches its 

highest value (up to 7 S/cm) for directly mixed composites 

containing CNT and it is the lowest (~1 S/cm) for ball-

milled CNT composites. A slight improvement in 

conductivity occurs for milled-mixed (~0.51 S/cm) and the 

directly mixed (~0.33 S/cm) composites containing 

10%xGNP/CB compared to the control sample PP/SG/CB. 

An increase of about 248% occurs in conductivity for ball-

milled PP/xGNP/CB compared to ball-milled PP/SG/CB. 

The through-plane conductivities are much lower for the 

composites containing CB (up to 2 S/cm) compared to 

their counterparts containing CNT (up to 7 S/cm). There is 

a small increase (up to 15%) on conductivity by using 

xGNP as secondary (10 wt.%) or primary (55 wt.%) filler 

with CNT compared to the control sample (PP/SG/CNT). 

The effect on conductivity is more pronounced by using 

xGNP as a primary filler with CB (> 600% increase 

compared to the control sample) than by using xGNP in a 

minor quantity with CB (an increase up to 18%). The 

milled-mixed composites show intermediate values of in-

plane and through-plane conductivities between the ball-

milled and direct-mixed composites. 

Table 3. Through-plane electrical conductivity of PP composites 

Sample 

Type 

Through-plane conductivity 

(S/cm) 

Mix Mill-Mix Mill 

PP/SG/CNT 6.34±0.030 5.56±0.197 1.20±0.007 

PP/SG/xGNP/CNT 7.30±0.055 6.70±0.130 0.73±0.065 

PP/xGNP/CNT 6.18±0.071 5.46±0.035 - 

PP/SG/CB 0.30±0.005 0.43±0.007 1.22±0.032 

PP/SG/xGNP/CB 0.33±0.007 0.51±0.017 1.15±0.025 

PP/xGNP/CB 2.18±0.019 2.30±0.017 - 

3.2. Flexural Test Results 

The results of flexural strength and modulus are shown 

in Figures 2 and 3, respectively. The flexural strength of 

the neat PP plates is found to be about 65 MPa and their 

flexural modulus is about 2.7 GPa. A clear decrease (to 

half the value of that of the neat PP or more) in the values 

of flexural strength can be observed from Figure 2 for all 

the types of composites. On the other hand, the values of 

flexural modulus for these composites are distinctly 

increased compared to those of the neat PP sample. There 

were considerable deviations from the average values in 

measuring the flexural strength and modulus for some 

samples which can be related to the inhomogeneity of the 

produced plates. Among all the samples, the control 

samples of PP/SG/CB show the highest values of flexural 

strength regardless of the mixing method being used. No 

improvement in flexural strength is reported by using 

xGNP as a secondary or as a primary filler with CNT or 

with CB composites when comparing them with their 

counterparts of the control samples. The values of flexural 

strength for PP/SG/10%xGNP/CNT are higher than those 

of PP/xGNP/CNT and, on the contrary, the flexural 

strengths of PP/SG/10%xGNP/CB are lower than those of 

PP/xGNP/CB when they are compared with the same 

mixing method. This means that using xGNP as a primary 

filler improves the flexural strength in a better way than 

using it as a secondary filler in case of CB composites and 

the opposite is correct for CNT composites. The xGNP 

possesses stiffer and rigid properties than those of SG. 

Therefore, the flexural modulus is increased from ~6.3 

GPa for directly melt-mixed PP/SG/CNT composites to 

~8.0 GPa for PP/55%xGNP/CNT nanocomposites. In case 

of CB composites, it is increased from ~7.5 GPa for 

PP/SG/CB composites to ~9.7 GPa for PP/55%xGNP/CB 

nanocomposites. Among all the composites, the ball-

milled composites show the lowest flexural modulus 

values and this is due to its high porosity. In general, the 

milled-mixed CNT composites show intermediate values 

of flexural strength and modulus between the ball-milled 

and the direct-mixed composites. This is true except for 

the milled-mixed PP/SG/CNT composite which show the 

highest values. The milled-mixed CB composites have the 

highest value of flexural strength only for PP/SG/CB 

composite and the highest modulus for both PP/SG/CB 

and PP/CB/xGNP/CB composites. 

 
Figure 2 Flexural strength of PP composites. 
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Figure 3 Flexural modulus of PP composites. 

3.3. Morphology 

The SEM micrographs of the “as received” conductive 

fillers are shown in Figure 4. SG has a gross or macro-

morphology that is somewhat acicular and, at higher 

magnification, the flaky morphology of SG can be 

observed. xGNP-1 and xGNP-2 are nanoparticles 

consisting of short stacks of graphene sheets having a 

platelet shape. xGNP-2 has aggregates of sub-micron 

platelets with a very high surface area and micro-porosity. 

CB exists as primary aggregates composed of spheroidal 

primary particles fused together. MWCNTs appear as a 

relatively loosely packed powder having a “combed yarn” 

structure.                                   
The fracture surface morphologies of the 17 different 

types of samples are shown in Figures 5, 6, and 7. The 

image of the melt-mixed PP/SG/CNT composite (Figure 

5a) shows the existence of small flaky SG particles 

dispersed in the PP matrix between the larger SG particles. 

In melt mixing process, the shear usually breaks down 

agglomerates and spreads the small particles into the 

matrix. No evidence on the agglomeration of CNTs could 

be seen in Figure 5a and CNTs act as bridges for SG 

particles, increasing the overall connectivity and, hence, 

the conductivity of the system.  The bridging effect of 

CNTs is visible in Figure 5g. The high aspect ratio of 

CNTs also improves the electrical conductivity. Ball 

milling of CNTs results in agglomeration of CNTs which 

is clearly observed in Figure 5c and this mainly leads to 

the decrease of the flexural strength and the electrical 

conductivity besides the other negative impact of ball 

milling on CNTs which is the decrease of their lengths. 

The melt mixing, again, leads to breaking the primary 

agglomerates of CNTs which formed after milling, so that 

the flexural strength increases again (figure 5b). Numerous 

CNTs were pulled out from the PP matrix as can be 

observed from Figure 5a and this phenomenon usually 

results from the poor compatibility between the fillers and 

PP matrix [26] and hence the lower stiffness of the 

composites.  Microstructures of PP/SG/CB composites 

appear in Figures 5d, e, f. The small size and spherical 

shaped CB particles facilitate to form conducting tunnels 

between the large graphite particles, and thus increase the 

electrical conductivity [27]. Király and Ronkay [28] 

indicated that CB in PP/G/CB composites influenced 

significantly the distribution of graphite in PP which in 

turn controls the mechanical and electrical properties. In 

general, a better wettability of fillers in case of PP/SG/CB 

composites leads to a higher flexural strength and stiffness 

compared to PP/SG/CNT composites. This is opposite to 

the expected results since CNTs are usually used as a 

reinforcing filler. The decrease of the lengths of CNTs 

during both ball milling and melt mixing and the 

agglomeration are issues that might lower the mechanical 

properties of CNT composites more than those of 

PP/SG/CB composites. The increases in the homogeneity 

and dispersion  of CB for ball milled PP/SG/CB composite 

(Figure 5f) Ball milling  and then melt mixing lead to form 

CB aggregates which are uniformly dispersed throughout 

the matrix (Figure 5e, h). Moreover, the interparticle 

distance between SG particles is seen to be better filled by 

CB which increases the electrical and the mechanical 

properties.  

Figures 6a-f show the graphs of fracture surfaces of 

PP/SG/xGNP/CNT and PP/SG/xGNP/CB composites. 

Homogeneous dispersion of xGNP in PP matrix with a 

dramatic interface behavior [29] is visible in Figure 6a 

where the composite is prepared by melt mixing and this 

might be why this type of composite has higher electrical 

and mechanical properties among almost all other 

composites. Kalaitzidou et al. [17] reported the role of 

shear during mixing to break agglomerates of xGNP in 

PP/xGNP composites. Kim et al. [30] stated that the 

synergistic effect between the homogeneous dispersion 

and strong adhesion of CNTs and xGNP could be achieved 

in case of PP/10%xGNP/10%CNTs composites prepared 

by solution method. The CNTs bridged across adjacent 

xGNP platelets, forming an extended network of filler in 

direct contact and this was also stated by Yu et al. [25] in 

hybrid graphite nanoplatelet–CNT filler for epoxy 

composites. Ball milling of CNTs produces plates where 

the graphene layers are buckled, deformed and less 

compacted and CNTs are agglomerated (Figure 6c). This 

leads to a drastic drop in the electrical and mechanical 

properties of ball milled composites. There is 

agglomeration of xGNP and there are micro-gaps between 

xGNP platelets [24] that are clearly seen for direct mixed 

PP/SG/xGNP/CB composite (Figure 6d) and this inhibits 

their interconnection and lowers their electrical and 

mechanical properties which, again, increases when the 

ball milling technique is used (Figures 6e,f).  

Finally, in PP/xGNP/CNT and PP/xGNP/CB 

composites, a well dispersed system is shown in Figure 

7a,b,d,e b but with no sufficient amount of PP to bond the 

numerous graphene platelets and fail in producing ball 

milled CNTs or CB composites (Figure 7c). 

http://onlinelibrary.wiley.com/doi/10.1002/adma.200800401/abstract#fn1
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Figure 4 The morphologies of the “as received” conductive fillers. 

 
Figure 5 The fracture surface morphologies of the composites of (a,b,c,g) PP/SG/CNT, and (d,e,f,h) PP/SG/CB where (a,d) prepared by 

mixing, (b,e,g,h) by milling+mixing, and (c,f) by milling. 
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Figure 6 The fracture surface morphologies of the composites of (a,b,c) PP/SG/xGNP/CNT, and (d,e,f) PP/SG/xGNP/CB where (a,d) 

prepared by mixing, (b,e) by milling+mixing, and (c,f) by milling . 

 
Figure 7 The fracture surface morphologies of the nanocomposites of (a,b,c) PP/xGNP/CNT, and (d,e) PP/xGNP/CB where (a,d) prepared 

by mixing, (b,e) by milling+mixing, and (c) by milling. 

4. Conclusions  

The effect of adding  xGNP, CNT, SG, and CB on the 

electrical and mechanical properties of PP composites was 

studied in the present work; some important conclusions 

can be drawn as follows: 

 The mixing method which was used to prepare the 

composites has a great effect on the electrical and 

mechanical properties of the produced plates. The 

direct melt mixing was found to be more effective for 

the composites containing CNT and the ball milling is 

effective in case of the composites containing CB. 

 According to the type of composites and the mixing 

methods, the values of in-plane and through-plane 

conductivity changes sequentially as follows: mixed 

CNT composites>milled-mixed CNT>milled CNT with 

maximum values of 9.4 S/cm (in-plane) and 7.3 S/cm 

(through-plane) for mixed PP/SG/xGNP/CNT plate. 

For CB composites, the values increase inversely and 

the maximum values are found at 3.9 S/cm (in-plane) 

for milled PP/SG/xGNP/CB plate and 2.4 S/cm 

(through-plane) for milled-mixed PP/xGNP/CB plate 

since the milled PP/xGNP/CB plate could not be 

produced. 

 Regarding the mechanical properties for the composites 

containing xGNP, it can be generally said that the 

flexural strength values are higher for CB composites 

compared to their counterparts of CNT composites 

which were prepared using the same method. The 

mixed PP/SG/xGNP/CNT plates have the highest value 

of flexural strength (29.6 MPa). The maximum value 

for CB composites reaches about 25 MPa. 
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 Finally, achieving the DOE target with 60 wt.% of 

fillers was not possible in the present work and a higher 

filler content with an optimization procedure for the 

components of the composite as well as for the mixing 

and compression parameters is needed in the future. 

The functional groups existing at the edges of the 

xGNP can also contribute to a better dispersion if a 

suitable coupling agent or functionalization procedure 

is adopted in the future. 
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Abstract 

An electroless method of coating copper on basalt fibers using copper sulphate solution is described. The effects of 
Sensitization time (A), Activation time (B) and Metallization time (C), used for electroless coating, were optimized to obtain 
a uniform and a continuous layer of copper coating on the fiber. These factors are crucial in the quality of metal matrix 
composites made with basalt fibers. The objective of the present paper is to investigate the effect of electroless coating 
parameters in electroless solution on coating morphology of basalt short fibers and optimization of the coating process 
parameters based on Genetic programming. A mathematical modeling was generated using Genetic programming and the 
results were validated using DISCIPULUSTM software.  This work gains significance from the sense that, with a reasonably 
minimum number of experiments, a reliable model has been generated, validated and, further, the process has been 
optimized. Results show that the metallization time has the highest influence followed by activation and sensitization. 
Confirmation tests were carried out to verify the experimental results. 
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1. Introduction  

In recent years, a major growth has been observed in 
the manufacture of Metal Matrix Composite (MMCs) 
reinforced with fibers. Due to its high specific strength, 
better wear and corrosion resistance and stability at high 
temperature, they are used in different sectors of industry 
and technology [1]. Basalt fibers are used as reinforcement 
of aluminium alloy because they improve their electrical 
and thermal conductivity properties by reducing their 
density and coefficient of thermal expansion [2]. Poor 
wettability is one of the major problems observed during 
the fabrication of fiber reinforced aluminium matrix 
composites. The interface between the matrix and the 
reinforcement is the critical region affected during 
fabrication. If this interface is not tailored properly, it can 
lead to degradation of the properties of the composites. 
Improper wettability and interfacial chemical reaction 
occurring between the dispersion surface and the matrix at 
the interface during synthesis can degrade the mechanical, 
electrical, thermal and chemical properties of the 
composite [3]. To solve these problems, many researchers 
have used special alloying coating metals like copper, 
silver, nickel, tantalum and cobalt and ceramics, like 
titanium boride and born carbide to coat fibers [4]. Copper 
and nickel coatings are commonly used by many 

researchers in the fabrication of metal matrix composites. 
In many MMCs, it is necessary to apply a thin coating on 
the reinforcements prior to their incorporation into the 
metal matrix. Given the major role of coatings, there are 
several techniques available for the deposition of thin 
coatings on long fibers and, to a much lesser extent, on 
short fiber and particulate reinforcement. Electroless 
Copper (EC) coating is highly preferable in the research 
community due to its simple, low-cost and easy-to-use 
process. It has also been successfully applied to prevent 
undesired interfacial reactions and promote the wettability 
through increasing the overall surface energy of the 
reinforcement [5]. 

2. Genetic Programming  

Genetic Programming (GP) is a domain-independent 
problem-solving approach in which computer programs 
are evolved to solve, or approximately solve, problems [6]. 
GP is one of the most useful, general purpose problem-
solving techniques available to developers. It has been 
used to solve a wide range of problems, such as symbolic 
regression, data mining, optimization, and emergent 
behavior in biological communities [7]. GP is a method to 
evolve computer programs. In artificial intelligence, GP is 
an evolutionary algorithm-based methodology inspired by 
biological evolution to find computer programs that 
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perform a user-defined task. It is a specialization of genetic 
algorithms (GA) where each individual is a computer 
program. It is a machine-learning technique used to 
optimize a population of computer programs according to a 
fitness landscape determined by a program's ability to perform a given 
computational task [8; 9]. GP and a similar tool, 
Genetically Optimized Neural Network System (GONNS) 
are machine-learning techniques used to optimize a 
population of computer programs according to a fitness 
landscape determined by a program's ability to perform a 
given computational task [10; 11]. In order to get a uniform 
surface coating on the reinforcement, it is prudent to adopt 
analytical methods to determine optimal coating 
parameters by establishing the method for predicting the 
responses. For this purpose, GP is used, which gives a mathematical 
model relating the input variables and the output 
parameter. The model is validated using the experimental 
data collected and, further, it predicts the output for the 
given set of input variable.  

3. Experimental Procedure 

3.1. Materials and Methods 

Basalt is a natural material found in volcanic rocks. It 
has a melting temperature of 1300-1700°C, which is 
crushed and spun into fine continuous fibers. These are 
made with thermosetting resins, such as epoxy and 
(phenolic) polyesters using techniques like prepregs, 
laying out, winding, direct pressure autoclaving, and 
vacuum moulding, etc. Continuous Basalt Fibres (CBF) 
has good thermal, electrical and sound insulating 
properties, good resistance to acids and solvents, and a 
good thermal stability (under very low stress up to 1250°C, 
under common load only to 500°C) and is of a low cost 
compared to other fibers. The basalt short fiber, used as 
reinforcement in the present investigation, was purchased 
from a mineralogical research company. Reinforcements, 
used in this study, are in the form of continuous basalt 
fibers with a chemical composition as shown in Table 1.  
In the present investigation, the deposition of copper 
coating on basalt short fibers, by an electroless route, was 
optimized [12].  

Table 1. Chemical composition of short basalt fiber 

Element SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 MnO 

% 69.51 14.18 3.92 2.41 5.62 2.74 1.01 0.55 0.04 

3.2. Pre-Procedure 

The continuous basalt fibers of average diameter 6 µm 
were chopped down to short fibers of about 1 to 2 mm 
length. The complete process of coating starts with the 
treatment of fibers in a muffle furnace for 10 min. at 500°C 
to eliminate the pyrolytic coatings around as received 
fibers. The electroless process used to deposit the copper 
coatings on the basalt fiber relies on a sequence of 
sensitizing, activation and metallization, with important 
cleaning, rinsing, washing and drying stages also being 
included.  

 

3.3. Coating Procedure  

The short basalt fiber was cleaned in distilled water and 
dried at 90°C. The sizing and finishing treatment from the 
surface of the fibers, prior to coating, were removed by 
heating them to about 697°C for 10 min in air.  Fibers have 
elastic modulus of 90 GPa, and a yield stress of 4500 MPa. 
The coating procedure consists of three well-defined 
stages, namely sensitization, activation and metallization. 
The heat-cleaned fibers are first treated with glacial acetic 
acid to activate the surface, and then again activated 
through using stannous chloride (SnCl2) and were 
sensitized for different times (5, 10 and 15 min.) under 
continuous stirring. Fibers are then filtered and cleaned 
with distilled water. In order to have catalytic surfaces, the 
sensitized fibers were exposed to an aqueous solution 
containing palladium chloride (PdCl2) and HCl under 
ultrasonic agitation. This process, called activation, 
produces the formation of Pd sites on the fiber surface 
which allow the subsequent metallization with copper. The 
complete process of metallization starts with the treatment 
of fibers in an open oven for 10 min. at 500°C to eliminate 
the pyrolytic coatings around as received fibers [13]. 

Table 2. Chemical compositions for coating process 

Stage and conditions Concentration of chemicals 

Sensitization 

5min, 10min and 15 min at 
room temperature 

Activation 

5min, 10min and 15 min at 
room temperature 

Metallization 

Multiple conditions tested 

40⁰C and 50⁰C 

pH 12 and pH 13 

2 min -  20 min 

 

12 g/l SnCl2 -  2 H2O 

40 ml/l HCl 

 

0.2g/l PdCl2    

 2.5 m/l HCl      

 

10g/l CuSO4  - 5 H2O 

45g/l EDTA 

20 g/l NaCOOH 

16 ml/l HCHO 36% 

NaOH for adjusting pH 

Metallization is produced by the immersion of 
activated fibers into a solution containing CuSO4-5H2O as 
metal ion sources also held under agitation. Different 
metallization conditions have been tried with timings as 
indicated in Table 2, for the three processes and required 
thickness were achieved. The reactive volume used assures 
that the concentration of the diluted copper can be 
considered constant during the deposition. The coatings 
obtained at different metallization times were then studied 
by SEM, and the thickness of the copper layer was 
determined in transversal cross section. The specimen was 
mounted on a metal stub on top of which a double sided 
carbon tape was used and the sample was stuck on a 
carbon tape. Later the entire stub was placed in the coating 
machine for copper coating process. For a non-conductive 
specimen, a metal coating was usually applied to give the 
specimen electrical conductivity. This decreases the 
specimen’s capacity to acquire an electrostatic charge and 
increases the yield of secondary electrons. The important 
thing to remember while applying coating on a short basalt 
fiber is to make sure that the coating on basalt short fiber 
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must be as thin as possible so that the specimen surface 
morphology is not completely covered by coating. The 
resultant images reveal a remarkable structural resolution 
down to a few nanometers with great accuracy, because 
the film provides a continuous coating over all the sample 
contours. The mould or stub was kept in the vacuum 
chamber and SEM imaging and EDS was done through 
JEOL JSM 6360 - A model with a magnification capacity 
of X500, X1000, X2000 and accelerating voltage of 20 kV 
with working distance of 10 mm.  The first area of the 
image was chosen and focused then, through software 
EDS analysis, was done on the same image by either 
selecting spot analysis, line analysis, or area analysis. 
Morphology of the coated fiber is studied with SEM 
followed by EDS to evaluate elemental distribution [13]. 

3.4. Implementation of Genetic Programming  

To implement the concept of Genetic Programming, 
DISCIPULUSTM software was used. Data sets from the 
experiments were taken for the analysis. The data samples 
were randomized manually using Microsoft Excel 
software. The randomized data sets were fed into the 
software by initially splitting them into three sets viz., 
training, validation and applied testing [14]. 
DISCIPULUSTM self configures itself to accept the last 
column, always as the expected output. Trial runs to find 
out the best parameters that generated optimal solution in 
the minimum possible time. Initially, the runs were 
performed with the default settings. One by one the 
parameters such as population size, crossover rate, DSS 
sub set size, and FPU registers used were varied to find 
optimum values [15]. The trials showed the results 
described below. Population size of 800 was optimum 
rather than the default setting of 500. A higher crossover 
rate {75% non-homologous and 25% homologous} was 
found to be optimum. A smaller DSS subset size {60} was 
more optimal than the default 100. The above factors 
favorably affected result generation. The process input and 
output parameters to be considered for genetic model are 
shown in Table 3. The actual experimental values of 
coating thickness in µm are tabulated in Table 4. 

Table 3. Process input and output of coating parameter 

Process input Measured process output 

Sensitization time (min) Sensitization time (min) 

Activation time (min) Activation time (min) 

Metallization time (min) Metallization time (min) 

3.5. Genetic Models 

The mathematical model is a collection of statistical 
and mathematical techniques used for developing, 
improving and optimizing process variables; this is 
dedicated to the evaluation of relations existing between a 
group of controlled experimental factors and the observed 
results of one or more selected criteria. Genetic 
programming evolves a group of techniques used in 
empirical study of the relationship between a response and 
several input variables [16]. Selection of the function-set 
included plus, minus, multiply, divide, power and square. 
With the randomly selected group of experimental data, by 

varying fitness constants through numerous iterations, 
using Genetic Modeling System (GeMS) software, the 
Genetic Models were obtained. Mathematical models, 
obtained through genetic programming called Genetic 
Models, are given below: 

 Table 4. Coating thickness of short basalt fiber 

Exp. 
No. 

Time for 
sensitization 

(sec) 

Time for 
activation 

(sec) 

Time for 
metallization 

(sec) 

Thickness 
coating 

(µm) 
1 5 5 1 0.0465 
2 5 5 2 0.0981 
3 5 5 3 0.0984 
4 5 10 1 0.08395 
5 5 10 2 0.0536 
6 5 10 3 0.0394 
7 5 15 1 0.0376 
8 5 15 2 0.0552 
9 5 15 3 0.0240 

10 10 5 1 0.0685 
11 10 5 2 0.0157 
12 10 5 3 0.0993 
13 10 10 1 0.0722 
14 10 10 2 0.0799 
15 10 10 3 0.0617 
16 10 15 1 0.0457 
17 10 15 2 0.1068 
18 10 15 3 0.04295 
19 15 5 1 0.1048 
20 15 5 2 0.0541 
21 15 5 3 0.1112 
22 15 10 1 0.10435 
23 15 10 2 0.09075 
24 15 10 3 0.061 
25 15 15 1 0.035 
26 15 15 2 0.0575 
27 15 15 3 0.02 

 

f0 =0.40457 
f0 = [[0.40457 V2 - V1 V0]/ V1] *0.14971 
f0 = [[V1 V0 - 0.40457 V2]/ 6.6796V1] + V2]2=A 
f0 = A- f1 
f0 = sin A 
f0 =2 sin A 
f0 = 4sin A 
f0 = 4sin A/ V2 
f0 = 4sin A/ V2 + V2 
f0 = [4sin A+V22] / V2 =B 
f0 = sin B 
f0 = [2sin B/ V2] + 0.17607=C 
f0 = sin C 
f0 =2 sin C 
f0 =-2 sin C 
f0 =-0.209388 sin C 
f0 =0.043843 sin2 C 
f0 =0.08769 sin2 C 
f0 = [(0.08769 sin2 C+0.065403) 2 * (-2 sin C)/ V2] + 
0.0821141 
f0 = [(0.08769 sin2 C+0.065403) 2 * (-2 sin C)*V2] + 
0.0821141 
Where 
C= (2 sin B/ V2) + 0.17607 
B= (4 sin A+ V22)/ V2 
A= [[V1 V0 - 0.40457 V2]/ 6.6796V1] + V2]2 
Specimen calculation: 
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Variable Frequency Average Impact 

v[00]  0.73 0.29421 0.73464 
v[01]  0.63 0.28339 0.74690 

v[02]  1.00 0.57595 0.72940 

Checking                                      
V0=5 
V1= 5 
V2=10 
A= 112.941882 
B=10.36836 
C=0.21206 

  
4. Results and Discussion 

Experiments were carried out for collecting 
experimental data in a controlled manner. Such data were 
grouped separately at random for the genetic model (the 
model developed using GP) and further validating them.  
In the proposed concept the mathematical models for 
verifying the coating parameter are subject to adaptation. 
After many trials, with the help of validation and testing 
data, the fittest models were developed. Models generated 
for each output parameter (response) establish the 
relationship between the variable input parameters and the 
output parameter. The models generated for the output 
parameters were used to obtain the optimal set of coating 
parameters and also the order of their influence on the 
output parameter. In all the models above, Metallization 
time (C) is the dominant factor that influences the output 
parameter, followed by Sensitization time (A) and 
Activation time (B). Predicted values, using the models 
above, were compared with the actual values of training 
data set (Table 5) and the majority of the set of values are 
well within 10% variation and few sets have gone to an 
extent of 15% variation. This clearly shows that the 
experiments have been conducted for all sets of input 
variables in a controlled manner and the measurement 
errors are within the permissible limits. Secondly, the 
models developed through Genetic Programming are 
dependable since their fitness quality within the data 
chosen for training them is high. In addition, these models 
were validated using independent data sets and for these 
data sets also the comparison between predicted and actual 
values are well within the acceptable range.  

4.1. Morphology of Electroless Cu Coating  

Figure 1 (a) shows the SEM micrographs as received 
basalt fiber. Figure 1(b) and 1(c) show electroless copper 
coated basalt fibers with low and higher magnification 
[12]. As shown in Figure 1 (a), basalt fibers have smooth 
surface striations along the fiber axis. In spite of the 
different surface morphology, the electroless copper films 
have been deposited on the fiber surface with good 
adhesion as indicated in Figures 1(b) and 1(c). From 
Figure 1 (c), it is observed that the deposition of a copper 

layer on the surface of basalt fiber with a thickness of 
0.08207 µm as measured by SEM. A uniform and 
continuous coating of copper was given to a short basalt 
fiber by optimized value about 95% of the continuously 
coated fibers had a coating thickness range about 0.030-
0.10 µm and above this showed isolated dendrite deposit 
of copper as shown in Figure 1 (d). Figure 2, (a) and (b), 
shows the EDS pattern of uncoated and copper coated 
basalt fiber, respectively. Micrographs clearly reveal the 
deposition of copper on the short basalt fiber. Superior 
aggregations among the basalt fiber were observed due to 
the high chemical activity of copper atoms. The original 
basalt fiber exhibits a glossy surface. It can also be seen 
via the micrographs that, after successful coating, the 
surface appears dim. The EDS results confirm the presence 
of Cu, indicating a successful activation, sensitization and 
metallization process. 

Table 5.  Results of experimental & GP value 

Exp. No. Target Output GP Output 
1 0.09075 0.09094 
2 0.0552 0.04679 
3 0.0457 0.04972 
4 0.0541 0.04989 
5 0.0465 0.03625 
6 0.04295 0.04440 
7 0.10435 0.10183 
8 0.0617 0.05787 
9 0.1048 0.10528 

10 0.0981 0.07737 
11 0.0376 0.04920 
12 0.061 0.06498 
13 0.0993 0.08804 
14 0.0575 0.04487 
15 0.04424 0.04544 
16 0.0984 0.08596 
17 0.035 0.05115 
18 0.08395 0.07459 
19 0.0799 0.07454 
20 0.1112 0.10222 
21 0.0722 0.08192 
22 0.0536 0.06834 
23 0.0685 0.07238 
24 0.0394 0.05499 

4.2. GP Results 

GP results can be used as conformity test to validate the 
experimental values. For an easy understanding and an 
explicit depiction, plots were made for each output 
parameter. Plots made show the trend of the prediction 
capability of the model in both the training set and 
validation set of data; further the plots exhibit the trend of 
variables interaction in the process. This work resulted in 
developing a model for the coating parameters in a 
scientific manner with a reliability of 98%. This work 
gains significance in the sense with a reasonably minimum 
number of experiments (Figure 3), a reliable model has 
been generated, validated and, further, the process has 
been optimized 
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Figure 1. SEM micrographs (a) Uncoated basalt fiber, (b) Lower magnification copper coated basalt fiber,   (c) Higher magnification copper 
coated basalt fiber, and (d) Isolated dendrite deposit of copper 

 
Figure 2. EDS image pattern (a) Uncoated basalt fiber. 
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Figure 2. EDS image pattern  (b) Copper coated basalt fiber 

 
Figure 3. GP result analysis 

5. Conclusion 

The genetic models developed for optimizing a 
coating parameter (i.e., Sensitization time, Activation 
time and Metallization time) in electroless solution bath 
have a high order of fitness quality within the training 
data sets and also have a good comparison for the 
validation data sets. Hence, the models are found to be 
dependable and can be used for all practical purposes in 
the surface coating of fibers for choosing the set 
of coating parameters in order to obtain a thin and 
uniform copper coating on the fiber. Considering the 
experimental test results and also those of the analytical 
model results input parameters of V0=15 min V1=15 
min and V3=3 min is considered as an optimum set of 
parameter. It is also noted that this set of parameters has 
a good comparison of predicted values with that 
of experimental values. Genetic programming is 
considered to be time-consuming since the number of 
the taken iterations is fairly large; however, it is worth 
adopting this method, considering the prediction-
accuracy of the model developed both in the case of 

training and validation purposes. Capability of the 
genetic models for predicting the responses of a process 
is extremely good since they have a higher accuracy 
compared to the performance of other analytical 
methods.  
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Abstract 

In order to clear the state of shearer ranging arm shell under different temperature and load, a finite element model of the 
shell was established by analyzing an actual working condition, and the shell thermal boundary conditions are determined by 
combining with an actual working condition, then the thermal-structural analysis of the shell was carried out, according to 
analysis results, in working condition the maximum stress increasing 30.3% and the deformation increasing 94.7%, 
compared with regardless temperature field, which means that the shell stress and deformation are greatly affected by the 
thermal load. The loading test result indicates that temperature field attaches the great significance to ranging arm stress and 
deformation, and the analysis results of thermal-structural model for the shell are better able to reflect the change rule of the 
shell stress during the actual working process. Besides those, the parallelism error of the bearing axis caused by bearing 
holes deformation was analyzed. Furthermore, the influence caused by the parallelism error of bearing axis was calculated; 
its value was 61.5% of the permissible tolerances, which provides a guide for the size accuracy design of the bearing holes of 
the shell, meaning that the driving performance of the drive system was greatly affected by the shell deformation. 
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1. Introduction  

In order to meet the needs of mine production, cutting 
power of thin seams shearer has been growing, leading to 
the thermal output capacity increasing and heat dissipating 
reducing with the size limit, and mechanical properties of 
thin seams shearer housing are obviously affected by 
temperature field. Yuan Ye analyzed the load spectrum of 
a different drum in different conditions by means of 
MATLAB, and then obtained the influencing factors of 
drum load spectrum fluctuation [1]. By the analysis of 
cutting pieces for cutting pick and the test validation, 
Gunes Yilmaz N. obtained the prediction models of the 
cutting force for radial bits by using a multiple regression 
analysis [2]. Based on the analytical study on the load 
condition of the shearer cutting section in containing 
pyrites and thin coal seam using the coupled rigid-flexible 
model, Zhao Lijuan pointed out some questions such as 
more deformation for shearer ranging arm shell [3]. As for 
the present research on heat source, C. Changent held that 
the following sources of dissipation, i.e., power inputs in 
the model, are considered pick friction and rolling element 
bearings, and then obtained thermal resistances which 
account for conduction and convection by methods of 
lumped elements [4]. Deng G. conducted a study on gear 
flash temperature, concluding that the flash rise of 

temperature is greatly affected by initial temperature, 
frictional power loss and contact conditions [5]. Wang 
Liqin conducted a study on the temperature field of rolling 
bearing based on tribology and heat transfer and concluded 
that the extremely small clearance and its bad lubrication 
were the major factors behind the bearing overheating [6-
8]. Mruat Taburdagitan held that torque, rational speed and 
frictional heat flux were the major factors behind the 
transient temperature field of pick bearing, based on the 
study of friction thermal output for spur gear pick surface 
[9]. Lars Bobach calculated the transient temperature rise 
of pick bearing surface and obtained the computing 
method of the pick surface friction coefficient and 
frictional heat flux density [10]. 

The study of shearer cutting part load and transmission 
temperature field that has been taken mostly, but no being 
considered at this stage, is the influence of a coupled effect 
between thermal loading and mechanical loading to 
temperature field and deformation of shearer ranging arm 
shell, attaching the great significance to working 
performance of drive system, for instance, bearing holes 
deformation of shearer ranging arm shell leading to the 
varying of gears meshing position, causing an increase in 
the gears mesh error, unequal load distributing between 
gears pick, and so on [11]. The deformation of ranging arm 
structure, caused by force and thermal load, gives rise to 
bearing holes deformation, inevitably following with the 
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location shift of bearings installed on the bearing hole and 
the transmission precision problem of shearer ranging arm 
[12-13]. Therefore, the temperature field and thermal-
structural coupling effect of shearer ranging arm shell were 
analyzed in this study by means of ANSYS, which 
provides a guide for further optimal design of the thin 
seams shearer. The parallelism error of bearing axis, 
caused by bearing holes deformation, was studied in the 
present study; the influence of gears mesh error caused by 
parallelism error of bearing axis was also analyzed. 

2. The Establishment of the Finite Element Model 

Considering the complexity of the geometric model of 
shearer ranging arm shell, we should import the model 
framed by the means of three-dimensional software PRO/E 
into ANSYS. The model is meshed using 20 nodes 
hexahedron Solid90 unit, which is the high-order element 
for thermal analysis, having a higher precision and a strong 
flexibility for irregular shape. Solid90 unit would translate 
into structure unit Solid 95 in the analysis of thermal-
structural coupling [16]. 

The shearer ranging arm shell is casted entirely, 
mechanically used for cast steel ZG270-500, whose 
material properties are shown in Table 1. 

Table 1. The mechanical properties of ZG270-500 

 
Elastic 

Modulus 
Poisson 
Ratio 

Density 
Specific 

Heat 
Capacity 

Thermal 
Conductivity 

Coefficient 
of Thermal 
Expansion 

Shearer 
ranging 

arm 
shell 

1.75E11 
Pa 

0.3 
7800 

Kg/m3 
460.5 

J/Kg·K 
31 W/M·K 10E-6 /K 

To simplify every shell surface into flat plates, 
the convective heat-transfer formula for every surface was 
established using the model of fluid flowing over the flat 
plate surface [17-18]: 

1 3 1 20.332s r e
kh P R
l

= ⋅ ⋅ ⋅  Laminar Flow                  (1） 

( )0.8 1 30.037 850s e r
kh R P
l

= − ⋅ ⋅ Turbulent Flow  

where 
r pP c v kr=  is Prandtl criterion, eR ul v=  is 

Reynolds criterion, l is the size dimension, k is thermal-
conductivity coefficient, cp is isobaric heat capacity, r is 

density, v is kinematic viscosity, u is the average speed of 
fluid.  

3. The Analysis of Thermal-Structural Coupling 

The sample analysis of thermal and structural 
mechanics for shearer ranging arm shell can not reflect the 
practical working conditions, to obtain the influence of 
thermal load and force load on shearer ranging arm shell. 
Coupling analysis between thermal field and stress field 
was carried out. 
 

 
Figure 1. Stress distribution of thermal and structural coupling analysis for ranging arm 

javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);


 © 2015 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 9, Number 1  (ISSN 1995-6665) 19 

 
Figure 2. Deformation figure of thermal and structural coupling analysis for ranging arm 

Table 2. The temperature and deformation value of bearing hole 

Bearing Hole 1 2 3 4 5 6 7 8 

Temperature（°C） 69 68 66 59 58 59 59 60 

Force-deformation（Mm） 0.1 0.4 0.1 0.9 0.7 0.1 0.7 0.2 

Coupled-deflection（Mm） 0.6 2.1 0.7 0.2 0.2 0.7 0.3 0.5 

 
Figures 1 and 2 show the stress and deformation of 

shearer ranging arm shell after the thermal-structural 
coupling analysis，respectively. The result indicates that 
the stress and deformation of shearer ranging arm shell 
under the thermal load and force load increases when 
considering the temperature field and produces damage, 
which would have a negative effect on the performance 
of the drive system. 

Table 2 shows the surrounding temperature and the 
deformation value from load and coupling of every 
bearing hole for shearer ranging arm shell. The stress and 
deformation of each beating hole is bigger than those 
considered without the temperature field in the thermal-
structural coupling analysis, the maximum stress value 
increasing 10.2% and the deformation increasing 60% ~ 
80%, which shows that the thermal stress on the bearing 
hole is the compressed stress affected by the temperature 
field, and the stress of beating hole increases by the 
superposition of force load, in addition that the effect of 
thermal expansion performs significantly on the beating 
hole. Among these, the second bearing hole deformation 
is the biggest, 2.1 mm, mainly affected by its thin surface 
whose deformation is larger than the other bearing hole 
after the thermal load and attaches the great significance 
to clearance and sealing effect of bearings. 

4. The Result and Analysis of Shearer Arm Loading 
Test 

In order to verify the validity and the rationality of the 
finite element analysis and check the consistency of 
temperature field distribution for shearer ranging arm 
between in the working process and in the finite element 
analysis, the loading test bench of shearer arm was 
established to simulate the working process of shearer 
ranging arm, and then to determinate the experimental 
data. The test-bench structure is shown in Figure 3, 
composed primarily of a driving ranging arm, a 
determined ranging arm, a hydraulic dynamometer and a 
supporting component. 

The test principle was as follows; the tenon of the 
driving ranging arm and the determined ranging arm 
were connected by a sleeve, and the determined ranging 
arm and the hydraulic dynamometer were connected by a 
universal coupling. The driving ranging arm drove the 
transmission system to run, and the determined ranging 
arm got simulated load by the hydraulic dynamometer, 
meanwhile every bearing hole temperature of ranging 
arm was measured every ten minutes using the infrared 
thermometer. 
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Figure 3. Loading test bench of shearer arm 

4.1.  The Load-Thermal Analysis of Ranging Arm 

The rising temperature of each measuring point could 
be measured after temperature of arm housing increases 
from room temperature to the thermal equilibrium 
temperature during the loading process of shearer ranging 
arm [19].   

When the loading test of ranging arm was 
accomplished after reaching the thermal equilibrium 
temperature, we could measure the thermal equilibrium 
temperature of each measuring point using the infrared 
thermometer and acquire part of the lubricating oil through 
the drainage port of ranging arm to determine the thermal 
equilibrium temperature of oil, which is 67.4°C. 

The temperature of the bearing hole nodes on coal 
seam side and mined-out side and the temperature of the 
top and bottom surface was collected in the finite element 
steady-state thermal analysis of shearer ranging arm shell, 
compared with the thermal equilibrium temperature of 

shearer ranging arm shell in the loading test, as shown in 
Figures 4 and 5. 

According to the analysis of results (Figures 4 and 5), 
the consistency of the changing tendency between the 
finite element analysis temperature and the test 
temperature on every measured point of shearer ranging 
arm shell illustrates that the finite element analysis has 
roughly the same temperature field distribution as that of 
the test. Comparing between the finite element analysis 
temperature and the test temperature of every measured 
point, the test temperature of every measured point, except 
for the measured point 34 and the measured point 39, is 
higher than the finite element analysis temperature, whose 
maximum error rate is 16.9% and average error rate of 
each measuring point is 10.3%, which indicates that the 
mathematical model of thermal output and thermal loss 
and the calculating method of finite element simulation are 
correct and effective. 

 
 

(a）Comparison on coal seam side  （b） Comparison on mined -out side 

Figure 4. Comparison between finite element analysis temperature and test temperature on coal seam side and mined-outside of 
shearer ranging arm shell 
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（a） temperature on the top surface  （b） temperature on the bottom surface  

Figure 5. Comparison between finite element analysis temperature and test temperature on the top surface and the bottom surface of 
shearer ranging arm shell 

There are a lot of causes of error, mainly including: (1) 
the model of thermal output and thermal loss is simplified 
in the finite element analysis, and the heat-
transfer coefficient, the heat flux and other parameters is 
not the same as that under the test; (2) the ambient 
temperature is set to 11°C and the cooling water 
temperature is 12.3°C in the test, whereas the ambient 
temperature is set to 10°C and the cooling water 
temperature is 15°C in the finite element analysis. If we 
are able to troubleshoot the influence from the above 
causes on the analysis and the test, the error between the 
experimental and the finite element value would be 
decreasing. 

4.2. The Stress Analysis of Shearer Ranging Arm Shell 

In order to figure out how the temperature field impacts 
the stress of shearer ranging arm shell, the stress of the 
first idle shaft hole is measured under ambient temperature 
and under thermal equilibrium temperature using strain 
gauges，respectively. 

Owing to the different surface thickness of shearer 
ranging arm shell, the irregular shape, and punching too 
many holes and grooves, it is difficult to obtain an exact 
solution to a point of shearer ranging arm shell in theory. 
Meanwhile limited to testing and measuring facilities, the 
actual stress value of a point on the shearer ranging arm 
shell could not be obtained under the determinate load. 
Therefore, the bridge cannot be calibrated and the 
measured values are only conducted via a qualitative 
analysis. The voltage signals measured from the strain 
bridge represent the stress value of shearer ranging arm 
shell, to figure out how the stress of the same location on 
the shearer ranging arm shell is impacted by two different 
temperature under the same load. 

 
1. The Stress Measurement of Shearer Ranging Arm Shell 

under the Ambient Temperature  
Shearer ranging arm shell temperature is roughly the 

same as the ambient temperature at the beginning of 
ranging arm loaded. The voltage signal as a result of stress 
of the first idle shaft hole on shearer ranging arm shell 
could be measured using the strain bridge to represent the 
stress in this condition. The output voltage signal variation 

of stress on the first idle shaft hole for shearer ranging arm 
shell under ambient temperature is shown in Figures 6 and 
7. 

 
Figure 6. Output voltage signal variation curve of stress under 
ambient temperature  

 

Figure 7. Output voltage signal variation curve of stress under 
thermal equilibrium temperature 

As shown in the Figure 6, the stress and the 
deformation of the measured point on the first idle shaft 
hole nearly stays constant under ambient temperature 
when the ranging arm achieves stability, and the average 
voltage is 10.77 mV. Through the analysis of the second 
chapter, the finite element simulation value of stress 
measured point is 6.3 MPa. 
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2. The Stress Measurement of shearer ranging arm shell 
under Thermal Equilibrium Temperature 
When the ranging arm enters into the thermal 

equilibrium state, the temperature of shearer ranging arm 
shell is higher and the shearer ranging arm shell is affected 
by temperature field besides force load. We could measure 
the output time-varying voltage signal of the first idle shaft 
hole stress on shearer ranging arm shell under thermal 
equilibrium temperature using strain gauge bridge, shown 
in Figure 7. 

As shown in Figure 7, reaching the thermal equilibrium 
temperature, the housing temperature rises and the 
measured point stress of the first idle shaft hole on shearer 
ranging arm shell has a constant temperature, whose mean 
voltage is 12.36 mV against the finite element simulation 
value is 7.6 MPa. 

In conclusion, the stress on the first idle shaft hole 
attaching train gauges under the ambient temperature and 
the thermal equilibrium temperature, when conducting 
loading test for shearer arm on the test bench, were 
measured. The test results show that the voltage signal on 
the first idle shaft hole attaching train gauges under the 
ambient temperature is 10.77 mV and that under the 
thermal equilibrium temperature is 12.36 mV, which 
illustrates that the stress of the measured position on 
shearer ranging arm shell increases by 14.7% when 
considering the thermal equilibrium temperature field. 
Extracting the finite element calculation values of shearer 

ranging arm shell, the housing stress on the measured point 
under ambient temperature increases 22.2% from the 
thermal equilibrium temperature. Compared with the test 
results, the stress error of the measured point in the finite 
element calculation is 7.5%. The result shows that the 
temperature field attaches the great significance to the 
stress variation of shearer ranging arm shell and the 
analysis results of the thermal-structural coupling model in 
this thesis could reflect the changing law of the housing 
stress in the actual working conditions. 

5. The Analysis of Influences on Ranging Arm 
Deformation 

1. The Relationship between Housing Bearing Hole 
Deformation and Its Axis Parallelism 
The bearing hole tolerance of ranging arm house 

includes its parallelism, its roundness, etc., among which 
the parallelism of bearing holes is the equidistant level 
between two adjacent bearing holes’ center axes of shearer 
ranging arm shell. 

First of all, the thermal-structure coupling for housing 
bearing hole nodes in the finite element analysis results, 
including its nodes deformation data in shearer forward 
direction and the direction towards the roof. Secondly, the 
displacement value of bearing holes center by calculating 
the average value of node deformation in all directions 
could be obtained, as shown in Table 3. 

 

 
Figure 8. Thermal-Structural coupling stress of shearer ranging arm shell under transmission torque load 
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Table 3. Displacement Value of Bearing Holes Center 

  
Coupling 

Deformation 

The First Cutting Shaft 
Holes 

Coal seam 
side 

0.1857 

Mined-out 
side 

0.2890 

The First Idle Shaft Holes 

Coal seam 
side 

0.3360 

Mined-out 
side 

0.2890 

The Second Cutting Shaft 
Holes 

Coal seam 
side 

0.5781 

Mined-out 
side 

0.4725 

The Third Cutting Shaft 
Holes 

Coal seam 
side 

0.9231 

Mined-out 
side 

0.7714 

The Second Idle Shaft 
Holes 

Coal seam 
side 

1.2897 

Mined-out 
side 

1.1896 

The Forth Cutting Shaft 
Holes 

Coal seam 
side 

1.8565 

Mined-out 
side 

1.7733 

Table 3 shows that the total deformation values of the 
largest bearing hole center whose size are 1.95mm, 
1.22mm and 1.85mm, respectively. When the ranging arm 
house is tested under the static load, the thermal load and 
both, which shows that the static load attaches a greater 
significance than the thermal load to variation on bearing 
hole center, and the variability of housing bearing hole 
center under the thermal-structural coupling load is less 
than that under the static load. Therefore, the thermal load 
has a compensating effect on the deformation of bearing 
hole center on shearer ranging arm shell.  

For the relative location relationship between two 
adjacent bearing hole center lines you can consult Figure 
9, i.e., [19-20]. 

In order to ensure the parallelism of the output shaft, 
the parallelism error of the second idle shaft axis is 
calculated using the forth cutting bearing hole axis as the 

reference element. The parallelism error of the third 
cutting shaft axis is calculated using the second idle 
bearing hole axis as the reference element. The parallelism 
error of the second cutting shaft axis is calculated using the 
third cutting bearing hole axis as the reference element. 
The parallelism error of the first idle shaft axis is 
calculated using the second cutting bearing hole axis as the 
reference element. The parallelism error of the first cutting 
shaft axis is calculated using the first idle bearing hole axis 
as the reference element, as show in Table 4. 

Table 4. Parallelism error value of bearing holes axis 

Parallelism Error Value 
Vertical 

Direction 
Horizontal 
Direction 

Spatial 
Area 

The First Cutting Shaft 0.0143 0.0189 0.0237 

The First Idle Shaft 0.0372 0.0172 0.0410 

The Second Cutting Shaft 0.0596 0.0232 0.0501 

The Third Cutting Shaft 0.0500 0.0242 0.0555 

The Second Idle Shaft 0.0572 0.0336 0.0663 

 
Form Table 4, the parallelism error of the second idle 

bearing hole axis, under the thermal-structural coupling 
load, is larger than that of the forth cutting bearing hole 
axis in the horizontal plane, the vertical plane and spatial 
region, and the parallelism error decreases gradually from 
lower-speed shaft to high-speed shaft. The result indicates 
that the hole center deformation of the second idle shaft 
and the forth cutting shaft are relatively large. 

Form Table 3, we notice that the compared bearing 
holes center displacement data between the second idle 
shaft and the forth cutting shaft, the deformation of the 
second idle shaft hole is not the major reason for the larger 
parallelism error of the second idle shaft, which has two 
aspects. On the one hand, the forth cutting bearing of 
shearer ranging arm shell on mined-out side has a large 
hole diameter and a thin hole surface, as well as the 
bearing hole is lack of stiffness. On the other hand, the 
width dimension of shearer ranging arm shell is 
changeable so much from the second idle bearing hole and 
the forth cutting bearing hole that the arm housing 
structure is discontiguous, which is easy to cause 
deformation; this is shown in Figure 10. 

 
Figure 9. Relative position of lines 
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（a） Front View                                                                               （b） Top View  

Figure 10. Local Diagram of shearer ranging arm shell 

 
In Figure 10, the dimension of both bearing hole 

diameter, the second idle shaft Dd2 and the forth cutting 
shaft differential DJ4, has a great differential. Ld2 is 
significantly greater than LJ4, and the dimension of 
shearer ranging arm shell width has a greater change. It is 
suggested that bushing with sufficient stiffness be installed 
in the bearing hole of the forth cutting shaft and to reduce 
dimensional change of partial shearer ranging arm shell on 
the lower level as far as possible. 

In order to obtain the difference of every bearing hole 
axis with an ideal situation, the parallelism values of 
bearing hole centre under the static load were calculated, 
the thermal load and the thermal-structural coupling load 
in space area, as shown in Table 5. 

Table 5. Parallelism error value of bearing hole centre in space 
area. 

 Coupled effect 

The First Cutting Shaft 0.0237 

The First Idle Shaft 0.0410 

The Second Cutting Shaft 0.0501 

The Third Cutting Shaft 0.0555 

The Second Idle Shaft 0.0663 

The Forth Cutting Shaft 0.0735 

From the Table 5, the parallelism error value of bearing 
hole centre on shearer ranging arm shell in space area is 
not only one caused by static loadings; the thermal loads 
were also caused by them. In order to improve the 
transmission performance of the ranging arm driving 
system and the parallelism error to conform with the actual 
working condition, we have to consider the influence of 
the static loadings and thermal loads on shearer ranging 
arm shell when the parallelism error of bearing hole centre 
is calculated. 

 
2. The Influences Analysis of Housing Bearing Hole 

Deformation on Gear Mesh Error  
According to the finite element analysis, the shearer 

ranging arm shell has a larger deformation under the 
coupled action of the thermal load and the power load. The 
maximum parallelism error of bearing hole axis, namely 

the parallelism error caused by the bearing hole 
deformation of the forth cutting shaft and the second idle 
shaft, is used to calculate the influence on gear mesh error. 

The second idle gear axis and the forth cutting gear 
centre point form the horizontal plane, and crossing the 
second idle gear axis and perpendicular to the gear mesh 
plane form the meshing vertical plane. the gear axis offset 
caused by the bearing hole deformation in the meshing 
horizontal plane and the meshing vertical plane should be 
calculated, respectively. 

Vertical Plane 

1 2 cospc zf B
L

δ δ
α

−
= ∑ ∑                                        （2) 

Horizontal Plane 

1 2 sinps zf B
L

δ δ
α

−
= ∑ ∑                           （3) 

Engaging Plane 

2 2
p pc psf f f= +                                                          （4) 

where Σδ1 and Σδ2 represent the total clearance on both 
ends of bearings, respectively, mm.Bz is the gear pick 
width, mm. α is the pressure angle of reference circle, 
α=20°. L is the span at both ends of bearings, mm. 

02 2
r

r par
r fδδ δ∆

= + + +∑                                （5) 

where, Σδr is the total clearance on both ends of shaft 
bearings, mm. Δr is radial clearance of bearings, mm.δr is 
tolerance clearance between the shaft and the bearing hole, 
mm. fpar is the parallelism error of the bearing hole, mm. 
δ0  is elastic deformation of the bearing, mm. The second 
idle shaft uses tapered roller bearings, the forth cutting 
shaft using single-row cylindrical roller bearings, and the 
radial clearance of bearings is 0.145 mm and 0.13 mm, 
respectively, the tolerance clearance of bearings holes is 
0.016 mm. 

The error caused by bearing holes deformation was 
calculated, and the results are shown in Table 6. 
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Table 6. Error caused by deformation of bearing hole 

 
Vertical 

plane 
Horizontal 

plane 
Engaging 

plane 

The Second 
Idle Shafting 

0.0521 0.0189 0.0554 

The forth 
Cutting 
Shafting 

0.0405 0.0147 0.0431 

Because the bearing hole deformation direction of the 
second idle shaft and the forth cutting shaft points into the 
roof, the gear mesh error of driving gears on the second 
idle shafts and the forth cutting shafts is: 

0.0544 0.0431 0.0123 mmpd pjf f f= − = − =
where f is the gear mesh error of the driving gear in 
millimeters. fpd is the offset caused by the deformation of 
the second idle bearing hole in millimeters. fpj is the offset 
caused by the deformation of the forth cutting bearing hole 
in millimeters. 

The driving system of shearer ranging arm in the 
present study uses the seventh gear accurate, and the 
allowable gear mesh error of gears studied here is 0.020 
mm by consulting the standard of Precision of cylindrical 
gear GB10095-88. The gear mesh error caused by the non-
parallelism error on account of the housing bearing hole 
deformation under the thermal-structural coupling load, 
which is 0.0123 mm, 61.5% of the permissible value. That 
is to say, during the design process the above-mentioned 
content should be fully considered. 

6. Conclusions 

The shearer ranging arm shell is conducted via a 
thermal-structural analysis by means of ANSYS to obtain 
stress and deformation under the thermal-structural 
analysis. The result indicates that the thermal load attaches 
the great significance to the stress and the deformation of 
shearer ranging arm shell. The maximum stress on the 
bearing hole of shearer ranging arm shell under the 
thermal-structural coupling load is 106 MPa, increasing 
30.3%, and the maximum deformation is 2.59 mm, 
increasing 94.7%, which would affect the transmission 
performance of the driving system. In order to reduce the 
thermal effect on shearer ranging arm shell, the force 
cooling system of the thin seam shearer should be 
improved. 

According to the test research on the temperature 
field on every surface of ranging arm and the stress of arm 
housing on the loading test bench of shearer arm, the 
temperature of each measuring point is measured using the 
infrared thermometer, whose results indicate that the 
mathematical model of thermal output and thermal loss 
and the calculating method of finite element simulation is 
correct and reliable. The stress of the first idle bearing hole 
is measured under the thermal equilibrium temperature of 
shearer ranging arm shell using stress information 
acquisition system, whose results indicate that temperature 
field attaches the great significance to ranging arm stress 
and deformation, and the analysis results of thermal-
structural coupling model for shearer ranging arm shell are 
better in reflecting the change rule of shearer ranging arm 
shell stress during the actual working process. 

Using the deformation data of bearing holes from 
thermal-structural analysis of shearer ranging arm shell, 
the parallelism error of bearing axis caused by it was 
calculated to further analyze the influence of the 
parallelism error on the gear mesh error. The result 
indicates that the gear mesh error of the driving system 
caused by the housing deformation is 61.5% of the 
permissible tolerances, which provides a guide for the 
tolerance design of the bearing holes of shearer ranging 
arm shell. 
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Abstract 

Material Removal Rate (MRR) & Power Consumption (PC) prediction models using Dimensional Analysis (DA) have 
been developed to examine the effects of machining field parameters. En1A, En8 and S.S.304 were considered as a ferrous 
material for the dry turning process. The DA models of MRR & PC have been developed with machining field parameters. 
The parameters were the operator performing the turning operation, the cutting tool used to remove the material, the work 
piece, the cutting process parameters, such as cutting speed, feed rate, depth of cut etc., and lathe machining specifications 
and the turning environmental parameters, such as humidity, atmospheric temperature, air circulation, noise level, and light 
illumination etc. The experiments were planned according to a random plan of experimentations and the seasonal conditions 
in India. The mathematical models with few variables can be easily formulated with traditional methods, such as Response 
Surface Method (RSM). But it is seen that for large numbers of variables the traditional modelling tools could not be 
unproblematic in very less time. For this, an attempt has been made to formulate the model by using dimensional analysis 
techniques followed by the analysis, i.e., optimization and sensitivity analysis. 

     In order to develop DA model, the Buckingham’s pi theorem (BPIT) was used to group the variables. The linear 
programming using Ms-solver was used to perform the optimization and the sensitivity analysis for the model developed. 
The results reveal that the cutting condition and the lathe machine parameters have significant effects on the material 
removal rate and the power consumption, while the tool and the environment have the least effect. The developed DA 
models can be used for selecting the best set of input parameters which improve MRR and reduce PC. 
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1. Introduction  

Material Removal Rate (MRR) and Power 
Consumption (PC) are the most significant parameters to 
assess the productivity of machining industry as well as 
machined tools. Hence, achieving the maximum MRR and 
minimizing the PC are of great importance for the 
performance analysis of the machining industry. MRR and 
PC are used as an indicator for the machining process and 
have an influence on several performance parameters, such 
as human utilization, use of the machine and productivity 
measures. In today’s manufacturing industry, a special 
attention is given to cost, time, dimensional accuracy and 
surface finish. From an Indian perspective, convectional 
turning is a crucial and most essential operation in most of 
the production processes industry. The turning operation 

produces the components, which have critical features that 
require specific surface finish. Due to inadequate technical 
knowledge and factors affecting the MRR & PC in turning 
operation to improve the productivity, an improper 
decision may cause more machining time, higher 
production costs and lower machining quality. The proper 
selection of the operator, the cutting tools machine, the 
process parameters and the suitable environment for 
achieving a higher cutting performance, i.e., MRR & PC, 
in a dry turning operation is a critical task. Hence a proper 
estimation of different parameters affecting the MRR and 
PC is the focus of the present study. Researchers have 
developed various mathematical models to predict the 
surface roughness in terms of various process parameters 
during the turning of different materials. The model 
development by Response Surface Method (RSM), 
suggested by Montgomery, was an easy and convenient 
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method for the industry, which requires less experiments 
to be conducted, thus, reducing the cost and time of the 
experimentations. However, the RSM-based models have 
been restricted to a small range of independent input 
parameters only, and hence are not suitable for actual 
highly complex and non-linear processes. The man 
machine system use in the convectional machining 
environment, in the Indian context, is very complex and 
nonlinear in nature; hence it is very difficult to study and 
formulate the mathematical model for this system on the 
basis of RSM. In the past, with the developments in 
Artificial Neural Network (ANN), the researchers paid a 
great deal of attention to the solution of non-linear 
problems. A study was presented by S. S. Panda et al. [1] 
to predict the flank wear of the drill beat using back 
propagation neural network in drilling of mild steel work 
pieces. A neural network method was used by L. A. 
Dobrzanski et al. to study the mechanical properties of 
structured steel after heat treatment [2]. J. Paulo Davim et 
al. developed a model for the surface roughness 
parameters ( Ra & Rt)  with cutting condition as the 
cutting speed, the feed and the depth of the cut [3]. The 
objective of the ANN model development and prediction 
of the response is to replicate human brain so as to 
implement functions such as accuracy, association, self-
organization and general. However, the different 
theoretical models do not take into account all the 
uncontrollable parameters.  

A neural network was used by C. Natarajan et al. to 
predict the surface roughness [4]. ANN model was 
deliberated through back propagation network using 
MATLAB 7 software. Comparison of the observed data 
and ANN response proved that there was no significant 
difference and ANN was used assertively. A network 
method was used by Ilhan Asilturk to study the 
possessions of cutting parameters such as speed, feed, and 
depth of cut on surface roughness of AISI 1040 steel [5]. A 
full factorial experimental design was implemented to 
increase the assurance limit and dependability of the 
experimental data. ANN and multiple regression 
approaches were used to model the surface roughness of 
AISI 1040 steel. The ANN was likely to be competent for 
solving a convoluted crisis in a very proficient manner by 
distributing the acquaintance over the neurons and 
conducting parallel dispensation on information.  

M.Cema Cakir et al. examined the special effects of 
cutting parameters (cutting speed, feed rate and depth of 
cut) onto the surface roughness through the mathematical 
model developed by using the data gathered from a series 
of turning experiments performed [6]. A further 
investigation was agreed upon in order to assess the weight 
of two well-known coating layers onto the surface 
roughness. For this purpose, the experiments were 
repetitive for two CNMG 120408 (with an ISO 
designation) carbide inserts having finally the same 
geometry and substrate but diverse coating layers, in a 
manner that indistinguishable cutting conditions would be 
ensured. S. M. Ali et al. developed ANN model for the 
prediction of tool wear and surface roughness as a function 
of cutting  parameters [7;10]. The model proved to be 
booming in terms of agreement with investigational 
results. The planned model can be used in the optimization 
of the cutting process for proficient and profitable 

production by forecasting the tool wear and surface 
roughness in turning operations.The multilayer feed 
forward network consisting of four inputs, 25 hidden 
neurons (tangent sigmoid neurons) and four outputs 
(network architecture represented as 4-25-4  was found to 
be the optimum network for the model developed in this 
study. The back propagation learning algorithm was used 
in the developed feed forward single hidden layer network. 
A superior performance of the neural network was 
achieved with coefficient of determination (R2) between 
the model prediction and the experimental values, which 
were 0.9915, 0.9906. M. F. F. Ab. Rashid et al. has 
developed a model using multiple regressions and artificial 
neural network model for artificial intelligent technique. 
Spindle speed, feed rate, and depth of cut have been 
selected as predictors in order to predict surface roughness 
[8; 9]. 27 samples were run by using FANUC CNC 
Milling α-T14E. The experiment was executed by using 
full factorial design. Analysis of variances shows that the 
most considerable parameter was feed rate followed by 
spindle speed and lastly depth of cut. Komanduri R. and 
Hou ZB reviewed the various techniques for the 
measurement of heat and the temperatures generated in 
various manufacturing processes and tribological 
applications [13]. They observed that the proper technique 
for a given thermal problem depended on the situation 
under consideration, such as the effortlessness of 
accessibility of the sensor to the location of the subject, 
spot size, dynamics of the situation, accuracy needed, cost 
of instrumentation, advancements in sensor technology, 
and data collection and analysis. 

 K. Kadirgama focused on the optimization of the 
surface roughness when milling Mould Aluminium alloys 
(AA6061-T6) with carbide coated insert to reduce cost and 
time for machining mould [14]. The approach was based 
on Response Surface Method (RSM) and Radian Basis 
Function Network (RBFN). This network was used to 
predict thrust force and surface roughness in drilling. In 
this effort, the objectives were to find the optimized 
parameters, and to find out the most prevailing variables 
(cutting speed, federate, axial depth and radial depth). The 
optimized value was used to develop a blow mould. Both 
RSM and RBFN model divulge that feed rate was the most 
significant design variable in determining surface 
roughness response as compared to others. With the model 
equations obtained, a designer can subsequently select the 
best amalgamation of design variables for achieving 
optimum surface roughness. This ultimately will reduce 
the machining time.  

D. Dinakaran focused on an ultrasonic system to 
monitor the tool wear in the turning operation. This system 
reflected the wear region of flank wear [15]. Adaptive 
Neuro Fuzzy Inference System (ANFIS) was used to 
identify the tool wear. The experimental validation runs 
show the system can predict the tool wear with average 
error the Decision Making Algorithm (DMA) was 
presented to determine the status of wear. Ajay Goyal et 
al. [18] modified the previous author’s coding at 
MATLAB® with small changes to determine the 
temperature rise distribution at chip side due to primary 
deformation zone.  The modified MATLAB coding was 
simple to gain temperature rise contour in a few seconds 
early during the turning operation. The author validated 
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the result with the already obtained results of scientists at 
the time. The developed coding was used for EN31 Steel 
only when the work piece turned with MTCVD coated 
carbide inserts. The experimental data were used to 
generate temperature rise contour graphs for every 
experiment from developed coding. From the findings, it 
was observed that the cutting parameters were directly 
proportional to the developed forces and temperature rise 
during machining. Influence of Cutting Velocity was most 
and Depth of Cut was least. 

Ajay Goyal et al. [19] tested mathematical model(s) 
which serve(s) the purpose in a better way. The developed 
mathematical model(s) was/were practical and profitable 
as compared to the experimental methods for the set of the 
machining parameters. A numeral of mathematical 
methods was developed, and the results were compared 
with authenticity. In the present paper, the author has taken 
the efforts to review and systemize the study of all the 
most important analytical methods that have been 
developed through history to identify the prospect scope of 
research. Further, a qualified study of the virtues and the 
demerits of the experimental methods for measurement of 
temperature rise that were developed in the past are 
focused on. Ajay Goyal et al. [20] developed and tested 
from instance to instance, but none was established 
perfectly; some were improved at certain circumstances 
but failed at others. The apposite practice for a given 
problem depends on the situation under consideration, 
such as the ease of accessibility, situation dynamics, 
desired accuracy, spot size, and economics. These 
techniques were largely categorized in three categories, 
namely analytical, experimental, and finite element 
methods. The experimental was more matter-of-fact, and 
more correct among these three anchors. In the present 
paper, all experimental techniques for the measurement of 
tool, chip, and work piece temperatures distribution are 
considered in depth and exist in a user-friendly concise 
behavior. 

2. Dimensional Analysis 

2.1. Parameters under Study 

The formulation of a dimensional equation is the first 
step to formulate the model of convectional dry turning 
process. The variables to be predicted are called the 
dependent variables and the variables predicting the 
responses are called the independent variables (Ref. Table 
1). The functional relationship amongst the inputs and 
responses (MRR & PC), affecting the convectional dry 
turning process, is formulated using dimensional analysis. 
Following are the two methods for dimensional analysis: 

• Buckingham’s – theorem 
• Rayleigh’s method 
These two methods provide the same results in most 

cases, but they have a slightly different approach of 
formulation. Buckingham’s method of dimensional 
analysis is used in this work and it expresses a functional 
relationship of inputs and responses in the form of an 
exponential equation. The present work is concerned with 
the following input and output parameters. Input 
parameters and output parameters related with the 

convectional turning process are identified as the inputs 
and responses [10-12]. 
Inputs: machine operator, single point cutting tool, work 
piece, cutting process, lathe machine and the machining 
environment.  
Responses: material removal rate and power consumption. 
The lists of variables are as shown in Table 1. 
Table 1. List of Variables under Investigation 
S.N. Specification Parameter Unit Estimated  by 

1 Anthropometric of the 
operator. 

AN - Operator body 

2 Weight of the operator. Wp Kg Operator weight 
3 Age of the operator. AGP Year Operator 
4 Experience EX Year Operator 
5 Skill rating SK - Surface finished 
6 Educational 

qualifications 
EDU - Operator 

7 Psychological  Distress PS - Test 
8 Systolic Blood 

pressure 
SBP - B.P. Meter 

9 Diastolic  Blood 
pressure 

DBP - B.P. Meter 

10 Blood Sugar Level 
during Working 

BSG mm of 
Hg 

Gluco- meter 

11 Oxygen consumption 
in the body 

SPO2 - Oximeter 

12 Cutting Tool angles 
ratio. 

CTAR - Protector 

13 Tool nose radius R mm Micrometer 
14 Tool overhang length Lo mm Micrometer 
15 Approach angle α Degree Protector 
16 Setting angle β Degree Protector 
17 Single point cutting 

Hardness 
BHNT BHN Hardness tester 

18 Lip or Nose  angle of 
tool 

LP mm Protector 

19 Wedge angle WG Degree Protector 
20 Shank Length LS mm Micrometer 
21 Total length of the tool LT mm Micrometer 
22 Tool shank width SW mm Micrometer 
23 Tool shank Height SH mm Micrometer 
24 Work piece hardness BHNW Kg Micrometer 
25 Weight of the raw 

work piece. 
W Kg Hardness tester 

26 Shear stress of the 
work piece 

τ N/mm2 Laboratory 

27 Density of the work 
piece material 

DST Kg/mm3 Supplier 

28 Length of the raw 
work piece 

LR mm Micrometer 

29 Diameter of the raw 
work piece 

DR mm Micrometer 

30 Cutting Speed VC m/min Tachometer 
31 Feed f mm/rev. Machine 
32 Depth of cut D mm Micrometer 
33 Cutting force FC Newton Dynamometer 
34 Tangential Force. FT Newton Dynamometer 
35 Spindle revolution N r.p.m. Tachometer 
36 Tool interface 

Temperature 
TEMP oC Temperature 

gun 
37 Cutting tool vibration VBTool mm Vibrometer 
38 Machine Tool 

Vibration 
VBMC mm Vibrometer 

39 Machine Specification 
ratio 

MSP - Manual 

40 Power of the Machine 
motor 

HP HP Manual 

41 Weight of the machine Wmc Kg Manual 
42 Age of the machine AGM Year Machine shop 
43 Air flow Vf m/s Anemometer 



 © 2015 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 9, Number 1  (ISSN 1995-6665) 30 

2.2. Reduction of Variables 

According to the theories of engineering 
experimentation by H. Schenck Jr., the preference of 
primary dimensions requires at least three primaries, but 
the analyst is open to choose any reasonable set he wishes; 
the only requirement being that his variables must be 
expressible in his system [9]. Inspection of the above 
shows that the three quantities D, VC, and FC comprise a 
complete, dimensionally independent subset of the forty-
nine independent variables. The dimension of any one of 
these three cannot be made up of the dimensions of the 
other. The dimensions of the remaining independent 
variables and the dependent variable MRR can be made up 
of those of D, VC and FC as follows:

 
MRR= f (AN, Wp, AGP, Ex, Sk, EDU, PS, SBP, DBP, 

 BSG, CTAR,---------------------,DTO)
 

       (1) 

PC= f (AN, Wp, AGP, Ex, Sk, EDU, PS, SBP, DBP,  

BSG, CTAR,……………….., DTO) 
         (2) 

The general form can be defined as: total number of 
variables = 49 (Ref. Table 1), all these variables can be 
expressed in terms of three primary dimensions, i.e., mass 
(M), Length (L) and Time (T). According to Buckingham’s 
pi theorem, one should get = 49 – 03 = 46 dimensionless 
terms. Choosing D, VC and FC as repeating variables 

∅= f (AN, Wp, AGP, Ex, Sk, EDU, PS, SBP, DBP,  

BSG, CTAR,……………………, DTO, MRR, PC)             (3) 

𝜋𝜋1 = 𝐷𝑎  𝑉𝑉𝑏   𝐹𝑉𝑐AN  

𝑀0 𝐿0 𝑇0 =  (𝐿)𝑎  (𝐿𝑇−1)𝑏  (𝑀1 𝐿1 𝑇−1)𝑐  

(𝑀0 𝐿0𝑇0) 
 

For M :  0=1c +0   Hence c=0  
 

For L:  0= 1a -1b + 1c + 0 

Hence a = b= 
 

For T:  0= -1b-1c+0 

Hence a=0 and b=0 
 

πB1 =AN  

Similarly for other pi terms are evaluated and 
dimensionless equations are formed 

∅(𝜋𝜋1, 𝜋𝜋2,𝜋𝜋3,𝜋𝜋4,𝜋𝜋5,𝜋𝜋6 …  𝜋𝜋46) =0            (4) 

2.3. Dimensional Similarity 

 Dimensional analysis provides a similarity law for the 
phenomenon under consideration. Similarity in this 
context implies certain equivalence between two physical 
phenomena that are actually different. All the formulated 
46 pi terms are grouped according to the similarity of the 

function. The multiplication or division of the pi term is a 
dimensionless pi term. Hence, using the same logic for 
grouping all the formulated pi terms. The group’s 
similarity is classified into the operator, cutting tool, work 
piece, cutting process, lathe machine and the machining 
environment. The pi terms related with the independent   
and dependent variables are given below: 

1. Pi term related with the Machine Operator data. 

𝜋1 =
𝐴𝐴 × 𝑆𝜋𝑆 × 𝑆𝑆 × 𝐴𝐴 × 𝑊𝑊 × 𝑆𝑆𝑆2

(𝐷𝜋𝑆 × 𝑆𝑆 × 𝐸𝐷𝐸 × 𝐸𝐸 × 𝜋𝑆𝐵 ×  𝐷3)      (5.1) 

2. Pi term related with the single point cutting tool data.                            

𝜋2 =
𝐴𝐴 × 𝑟 × 𝛽 × 𝜋𝐵𝐴𝑇 × 𝐿𝑇 × 𝐿𝑆 × 𝐿𝑆

(𝛼 × 𝐿𝑆 × 𝑆𝑊 × 𝑆𝐵 × 𝑊𝐵)     (5.2) 

3. Pi term related with the work piece data.                                 

𝜋3 =
𝜋𝐵𝐴𝑊 × 𝑊𝑟𝑎𝑊 × 𝐿𝐴 × 𝜏

(𝐷 × 𝐹𝑉 × 𝐷𝑆𝑇 × 𝐷𝐴)                        (5.3) 

4. Pi term related with the cutting process data.                                

𝜋4 =
𝑓 × 𝐹𝑇 × 𝐴 × 𝑇𝐸𝑀𝑆 × 𝑉𝜋𝑇𝑉𝑉𝑉

(𝑉𝜋𝑀𝑉 × 𝐹𝑉 × 𝑉𝑉)  
      

(5.4) 

5. Pi term related with the lathe machine data.                                          
𝜋5 = (𝑆𝑆 × 𝐵𝑆 × 𝑊𝑀𝑐)/(𝐴𝐵𝑀 × 𝐹𝑉2) 

     (5.5) 

6. Pi term related with the machining environmental data. 

𝜋6 =
𝐵𝐸𝑀 × 𝐷𝑇𝑆 × 𝐷𝜋 × 𝑉𝑓 × 𝑉𝑉 × 𝐹𝑉

(𝐿𝐸𝐿 × 𝐷3)  (5.6) 

7. Pi term related with the Material Removal Rate (MRR) 

𝜋𝐷1 = 𝑀𝐴𝐴/(𝐹𝑉 × 𝐷3)                              (5.7) 

8. Pi term related with the Power Consumption (PC) 

𝜋𝐷2 = 𝑆𝑉/(𝐹𝑉 × 𝑉𝑉)                                 (5.8) 

For multifactor experiments, two types of plans, viz. 
classical plan or full factorial and factorial plan, are 
available; in this experimentation, a conventional plan of 
experimentation is recommended. All the data were 
collected from total 330 experiments of three ferrous 
materials S.S.304, En1A and En8. The experimental plan 
is as shown in Table 2. 

Table 2. Plan for CDT Experimentation 

Machine  Operator1 Operator2 Operator3 
M1 En1A En8 S.S.304 
M2 En8 S.S.304 En1A 
M3 S.S.304 En1A En8 

2.4. Dimensional Analysis (DA) Model Formulation: 

It is necessary to quantitatively correlate the various 
independent and dependent terms involved in this very 
complex phenomenon. This correlation is nothing but a 
mathematical model as a design tool for such a situation. 
The mathematical model for step turning operations is as 
given in [16;17] below.  

For the machining operation, six independent pi terms 
(πR1R, πR2R, πR3R, πR4R , πR5R and πR6R) and one dependent pi term (πRD1 
R& πRD2R) were decided during experimentation, and, hence, 
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are available for the model formulation. Each dependent π 
term is the function of the available independent terms. 

𝜋𝐷1 = 𝑓(𝜋1 ,𝜋2 ,𝜋3 ,𝜋4 ,𝜋5 ,𝜋6,)                          (6) 

A probable exact mathematical form for the 
dimensional equations of the phenomenon could be 
assumed to be of exponential form. For example, the 
model representing the behavior of dependent pi 
term π  D1 with respect to various independent pi 
terms can be obtained as:. 

𝜋𝐷1 =  𝐾1  ×  𝜋1
𝑎 × 𝜋2  

𝑏  ×  𝜋3
𝑐  ×  𝜋4

𝑑  ×  𝜋5
𝑒  ×  𝜋6

𝑓  
    (7) 

The values of exponent (a, b, c, d, e and f ) are 
established independently at a time on the basis of the data 
collected through classical experimentation. There are six 
unknown terms in equation (7). Curve fitting constant K1 
and indices a, b, c, d, e and f  to get the values of these 
unknowns we need minimum a set of  six set of all 
unknown dimensionless pi terms. 

Z= A + b X +CY  
                   (8) 

Equation (7) can be brought in the form of equation (8) 
by taking log on both sides. Model of dependent pi term 
πD1 for MRR or PC:    
𝜋𝐷1 =  𝐾1  ×  𝜋1

𝑎 ×  𝜋2  
𝑏  ×  𝜋3

𝑐  ×  𝜋4
𝑑  ×  𝜋5

𝑒  ×  𝜋6
𝑓      (9) 

Taking log on the both sides of the equation for 
πD1:  
log𝜋𝐷1 = log 𝐾1 + 𝑎 × log𝜋1 + 𝑏 × log𝜋2 + 

               𝑐 × log𝜋3 + 𝑑 × log𝜋4 + 𝑒 × log𝜋5 + 

              𝑓 × 𝑉𝑉𝐴 𝜋6 
       (10)   

Let, Z = log π D1,  K = log k1, 
A = log π 1,  B = log π 2 
C =log π 3,  D = log π 4, 
E = log π 5 and  F = log π 6   

Putting the values in equations 4, the same can be 
written as: 
𝑍 = 𝐾 + 𝑎 × 𝐴 + 𝑏 × 𝜋 + 𝑐 × 𝑉 + 𝑑 × 𝐷 + 

𝑒 × 𝐸 + 𝑓 × 𝐹            (11) 

Equation (12) is a regression equation of Z on A, B, C, 
D and E in a dimensional co-ordinate system: 

�𝑍 = 𝐴 × 𝐾 + 𝑎 × �𝐴 + 𝑏 × �𝜋 + 𝑐 × �𝑉 + 𝑑 × �𝐷  + 𝑒 × �𝐸 + 𝑓 × �𝐹 

�𝐴𝑍 = 𝐾�𝐴 + 𝑎 × �𝐴𝐴 + 𝑏 × �𝐴𝜋 + 𝑐 × �𝐴𝑉 + 𝑑 × �𝐷𝐴  + 𝑒 × �𝐴𝐸 + 𝑓 × �𝐴𝐹 

�𝜋𝑍 = 𝐾�𝜋 + 𝑎 × �𝜋𝐴 + 𝑏 × �𝜋𝜋 + 𝑐 × �𝜋𝑉 + 𝑑 × �𝜋𝐷  + 𝑒 × 𝜋𝐸 + 𝑓 × �𝜋𝐹 

�𝑉𝑍 = 𝐾�𝑉 + 𝑎 × �𝑉𝐴 + 𝑏 × �𝑉𝜋 + 𝑐 × �𝑉𝑉 + 𝑑 × �𝑉𝐷  + 𝑒 × �𝑉𝐸 + 𝑓 × �𝑉𝐹 

�𝐷𝑍 = 𝐾�𝐷 + 𝑎 × �𝐷𝐴 + 𝑏 × �𝐷𝜋 + 𝑐 × �𝐷𝑉 + 𝑑 × �𝐷𝐷  + 𝑒 × �𝐷𝐸 + 𝑓 × �𝐹𝐷 

�𝐸𝑍 = 𝐾�𝐸 + 𝑎 × �𝐸𝐴 + 𝑏 × �𝐸𝜋 + 𝑐 × �𝐸𝑉 + 𝑑 × �𝐷𝐸  + 𝑒 × �𝐸𝐸 + 𝑓 × �𝐸𝐹 

�𝐴𝐹 = 𝐾�𝐹 + 𝑎 × �𝐴𝐹 + 𝑏 × �𝜋𝐹 + 𝑐 × �𝐹𝑉 + 𝑑 × �𝐹𝐷  + 𝑒 × �𝐹𝐸 + 𝑓 × �𝐹𝐹 

                           (12) 

 
 

The equation above is written in the form where 
A,B,C,D,E & F are the dimensionless constant and 
a,b,c,d,e & f are arbitrary exponents. Dimensional 
equation so obtained can be formulated into a model using 
a multiple-linear regression analysis. Multiple-linear-
regression analysis is a statistical tool that utilizes the 
relation between two or more quantitative variables so that 
one variable can be predicted from another. By using this 
methodology the dimensional equation and model are 
formulated for the material removal rate. The formulated 
model is evaluated on the basis of correlation, solving 
these equations using ‘MATLAB’ is given below = 7 x 7 
matrix multipliers of k, reliability and root mean square 
error between the computed values by model and the 
estimated  values. In the set of equations above the values 
of the multipliers k, a, b, c, d, e and f are the set of 
equations calculated. After substituting these values in 

equation (12), one will get a set of five equations, which 
get the values of k , a, b, c, d, e and  f . The equations 
above can be verified in a matrix form and further values 
of k, a, b, c, d, e and f can be obtained by the matrix:  

𝐿1 = 𝑖𝑖𝑖(𝑊) × 𝑆1                                       (13) 

a, b, c, d, e and f, P1 = 7 x 1 matrix of the terms on L H 
S and X1 = 7 x 1 matrix of values of k, a, b, c, d, e and f. 
After solving, we get the following models for the 
Dimensional Analysis (DA). Figure 2 shows the program 
use to formulate the DA model using regression analysis.   

The geometry of the finish work piece is as shown in 
Figure 3a. The sample of work piece is as shown in Figure 
3b. The chemical composition for the ferrous materials 
under investigation is as shown in Table 3. 
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1) Camera 2) Machining set up 3) Data modelling system 
4) Data Storage system 5) DA Module 6) Experimental module 
7) Comparison module 8) Instrumentation system  

                               . 

Figure 1.  Experimental plan for dry turning a ferrous material. 

 

Figure 3.  (a) Geometry of finish work-piece, (b) Sample of finish work -piece 
 

Table 3. Chemical composition of the ferrous materials under investigation 

Material C % Si % Mn % Ni % Cr % Mo % S % P % Fe % 

En1A 0.07-0.15 0.10 Max 0.8 – 1.2 - - - 0.2-0.3 0.07 Max ≥ 97.91 

En8 0.35-0.45 0.1-0.35 0.6-1.0 - - - 
0.05 
Max 

0.05 Max 
≥ 97.91 

S.S.304 0.08 Max 0.75 Max 2.0 Max 8.0-10.5 18.0-20.0 - 
0.03 
Max 

0.045Max 
66.345-
74.00 
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Figure 2. Flow Chart for regression Analysis 

Output coefficients K, a, b, c, d, e & f 

  End  

Invert X Matrix, operate on Y with same act 
so as to get solution  

Set error to zero 

Are all experiments over? 

Compute Calculated Value 

∑E2   =   ∑E2   +   ---------- 

Start 

Set_parm ( ), getdata ( ) 

Initialize variables and set ∑ to zero 

Are all experiments over? 

Add to ∑ Next 

Generate X and Y Matrices 
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3. 3. Results and Discussion 

The model for MRR is given below: 

3.1.  Model Formulation  

Model: Material Removal Rate (MRR) Model 

𝜋𝐷1 =  0.00026743 ×  𝜋1
0.1408 ×  𝜋2  

−0.0293  × 

 𝜋3
0.324  ×  𝜋4

0.520  ×  𝜋5
−0.0415  ×  𝜋6

0.4412  
           

(14) 

• Correlation Coefficient = 0.982915516 
• Root Mean Square Errors=0.034305626 
• Reliability = 98.25331313%  

The pi term related to the cutting process has the most 
dominant effect on MRR, followed by the machining 
environment, work piece and machine operator. The pi 
term related to the cutting tool, lathe machine specification 
has an adverse effect on MRR in the turning of ferrous 
material. A high MRR is obtained with the combination of 
cutting process, machining environment and work piece 
material. Figure 4 shows the MRR values obtained by 

experimentation and the values predicted by the DA 
model. It is obvious that the predicted values by DA are 
very close to the experimental readings. 

Model: Power Consumption ( PC) Model  
𝜋𝐷2 =  9.65 𝐸−05 ×  𝜋1

−0.0545 ×  𝜋2  
−0.0495  × 

             𝜋3
0.5267  ×  𝜋4

−0.1369  ×  𝜋5
0.1072  ×  𝜋6

−0.1983  
    (15) 

• Correlation Coefficient = 0.98203603  
• Root Mean Square =0.03476825  
• Reliability = 98.1258013%  

The pi term related to the work piece has the most 
dominant effect on PC, followed by the machine. The pi 
term related to the cutting tool, machine operator, cutting 
process and the machining environment has an adverse 
effect on PC in the turning of ferrous material. A high PC 
is obtained with the combination of work piece material 
and machine. Figure 5 shows PC values obtained by 
experimentation and values predicted by the DA model. It 
is obvious that the predicted values by DA are very close 
to the experimental readings. 

 
Figure 4. Comparison between actual and computed output for material removal rate 

 
Figure 5. Comparison between actual and computed output for power consumption 
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3.2. Optimization of the Model  

The generalized models have the non-linear form 
(Eq.16); hence, it is to be converted into a linear form for 
optimization purpose:  

𝜋𝐷1 =  𝐾1  ×  𝜋1
𝑎 ×  𝜋2  

𝑏  ×  𝜋3
𝑐  ×  𝜋4

𝑑  ×  𝜋5
𝑒  ×  𝜋6

𝑓     (16) 

This can be achieved by taking the log of both 
programming technique applied, which is detailed as 
below for a step turning operation. Taking log of both the 
sides of Equation 16, we get:      

𝑉𝑉𝐴 𝜋𝐷1 = 𝑉𝑉𝐴 𝐾1 + 𝑎 × 𝑉𝑉𝐴 𝜋1 + 𝑏 × 𝑉𝑉𝐴 𝜋2 + 

                      𝑐 × 𝑉𝑉𝐴 𝜋3 + 𝑑 × 𝑉𝑉𝐴 𝜋4 + 𝑒 ×

                     𝑉𝑉𝐴 𝜋5 + 𝑓 × 𝑉𝑉𝐴 𝜋6  
 

 (17) 

The general linear equation can be written as equation 
16:  

𝑍 = 𝐾1 + [𝑎𝐿1] + [𝑏𝐿2] + [𝑐𝐿3] + [𝑑 𝐿4  ] +  

[ 𝑒 𝐿 5] + [𝑓 𝐿6  ] 
       (18) 

Comparing Eq. 17 and Eq. 18, we get: 

Z= Log (Π D1), K= Log (K1),  

X1= Log (Π1), X2 =  Log (Π2) 

X3= Log (Π3), X4= Log(Π4), 

X5= Log (Π5 and X6=Log (Π6)  
                       

(19) 

Z1 (Max MRR) = -8.228 +0.1408X1 -0.0293 X2 +0.324X3  

                          +0.5200 X4  - 0.0415X5  +0.4412X6 

Z2 (Min PC) = -9.2455 -0.0545X1 -0.0495 X2 +0.5267X3 

                      -0.1369 X4   +0.1072 X5  -0.1983 X6 

 

Subject to the following constraints: 
 

1 × 𝐿1 + 0 × 𝐿2 + 0 × 𝐿3 + 0 × 𝐿4 + 0 × 𝐿5 + 0 × 𝐿6 ≤ 𝑀𝑎𝐸 𝐿1  

1 × 𝐿1 + 0 × 𝐿2 + 0 × 𝐿3 + 0 × 𝐿4 + 0 × 𝐿5 + 0 × 𝐿6 ≥ 𝑀𝑖𝑖 𝐿1 

0 × 𝐿1 + 1 × 𝐿2 + 0 × 𝐿3 + 0 × 𝐿4 + 0 × 𝐿5 + 0 × 𝐿6 ≤ 𝑀𝑎𝐸 𝐿2  

0 × 𝐿1 + 1 × 𝐿2 + 0 × 𝐿3 + 0 × 𝐿4 + 0 × 𝐿5 + 0 × 𝐿6 ≥ 𝑀𝑖𝑖 𝐿2 

0 × 𝐿1 + 0 × 𝐿2 + 1 × 𝐿3 + 0 × 𝐿4 + 0 × 𝐿5 + 0 × 𝐿6 ≤ 𝑀𝑎𝐸 𝐿3  

0 × 𝐿1 + 0 × 𝐿2 + 1 × 𝐿3 + 0 × 𝐿4 + 0 × 𝐿5 + 0 × 𝐿6 ≥ 𝑀𝑖𝑖 3 

0 × 𝐿1 + 0 × 𝐿2 + 0 × 𝐿3 + 1 × 𝐿4 + 0 × 𝐿5 + 0 × 𝐿6 ≤ 𝑀𝑎𝐸 𝐿4  

0 × 𝐿1 + 0 × 𝐿2 + 0 × 𝐿3 + 1 × 𝐿4 + 0 × 𝐿5 + 0 × 𝐿6 ≥ 𝑀𝑖𝑖 𝐿4 

0 × 𝐿1 + 0 × 𝐿2 + 0 × 𝐿3 + 0 × 𝐿4 + 1 × 𝐿5 + 0 × 𝐿6 ≤ 𝑀𝑎𝐸 𝐿5  

0 × 𝐿1 + 0 × 𝐿2 + 0 × 𝐿3 + 0 × 𝐿4 + 1 × 𝐿5 + 0 × 𝐿6 ≥ 𝑀𝑖𝑖 𝐿5 

0 × 𝐿1 + 0 × 𝐿2 + 0 × 𝐿3 + 0 × 𝐿4 + 0 × 𝐿5 + 1 × 𝐿6 ≤ 𝑀𝑎𝐸 𝐿6  

0 × 𝐿1 + 0 × 𝐿2 + 0 × 𝐿3 + 0 × 𝐿4 + 0 × 𝐿5 + 1 × 𝐿6 ≥ 𝑀𝑖𝑖 𝐿6 

 
On solving the above problem by using MS solver, we 

get values of X1,X2, X3,X4,X5,X6 and Z. Thus, actual πD 
=Antilog of Z and corresponding to this value of the πD 
the values of the independent π terms are obtained by 
taking the antilog of X1,X2,X3,X4,X5,X6 and Z. A similar 
procedure is adopted to optimize all the models. The 
optimum values are tabulated in the Table 5. 

3.3.  Sensitivity Analysis  

The influence of the various independents π terms have 
been studied by analyzing the indices of the various π 
terms in the models. Through the technique of sensitivity 
analysis, the change in the value of a dependent π term 

caused due to an introduced change in the value of 
individual π term is evaluated. In this case, change of 
± 10% is introduced in the individual independent π term 
independently (one at a time). Thus, the total range of the 
introduced change is ± 20%. The effect of this introduced 
change on the change in the value of the dependent π term 
is evaluated. The average values of the change in the 
dependent π term are due to the introduced change of 
± 10% in each independent π term. This defines sensitivity. 
The total % change in output for ± 10% change in input is 
shown in Table 6. Figures 6 & 7 show the comparative 
sensitivity and the comparative indices for the MRR and 
PC models. 
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Table 4.  Sample observation for the MRR and PC 
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( π1) 
 

Tool                 
( π2) 

 

work 
piece                
( π3) 

 

Process                  
( π4) 

 

Machine 
( π5) 

 

Environment 
( π6) 

 

MRR  
(mm3/s) 

Power 
(KW) 

1 Op1 Mc1 S.S.304 Mansoon Morning 0.6886 1016.0 8147567 0.2089 0.098522 101.406951 6687.2 0.211497984 

2 Op1 Mc1 S.S.304 Mansoon Morning 0.083474 1016.09 2250978 0.2650 0.02700719 25.1731387 6652.8 0.211497984 

3 Op1 Mc1 S.S.304 Mansoon Morning 0.024924 1016.09 1073961. 0.4476 0.01229538 7.34918536 6629.4 0.105748992 

5 Op1 Mc1 S.S.304 Mansoon Morning 0.010462 1873.85 600244.6 0.5516 0.00711519 1.15619304 6545.1 0.105748992 

6 Op1 Mc1 S.S.304 Mansoon Afternoon 0.015239 1873.85 1039858. 0.4880 0.01201961 4.2220951 6640.6 0.158623488 

7 Op1 Mc1 S.S.304 Mansoon Afternoon 0.006538 4761.77 587390.5 0.6535 0.00698965 5.16938300 6584.9 0.158623488 

9 Op1 Mc1 S.S.304 Mansoon Afternoon 0.015540 4761.77 1080320. 0.4862 0.01218562 9.38396014 6620.2 0.105748992 

10 Op1 Mc1 S.S.304 Mansoon Afternoon 0.050371 5957.80 2284609. 0.4573 0.02646216 15.9097311 6650.0 0.105748992 

11 Op1 Mc1 S.S.304 Mansoon Evening 0.491155 5957.80 9072891. 0.2933 0.10229096 106.770365 6710.6 0.052874496 

12 Op1 Mc1 S.S.304 Mansoon Evening 0.00414 5957.80 396160.6 0.6807 0.00456860 5.06548084 6535.5 0.158623488 

13 Op1 Mc1 S.S.304 Mansoon Evening 0.063057 5219.26 2214347. 0.4424 0.02635513 13.3453003 6665.0 0.105748992 

14 Op1 Mc1 S.S.304 Mansoon Evening 0.517613 5219.26 9219451. 0.3136 0.09988655 53.2685411 6720.7 0.105748992 

15 Op1 Mc1 S.S.304 Mansoon Evening 0.004156 5219.26 338673.6 0.6475 0.00453795 3.78798675 6489.2 0.105748992 

- - - - - - 0.055121 8363.14 321393.6 0.1543 0.03062768 6.22044499 - - 

129 Op3 Mc3 En8 Mansoon Morning 0.023293 8363.14 184285.0 0.1545 0.01767357 5.21023595 6739.6 0.211497984 

130 Op3 Mc3 En8 Mansoon Afternoon 0.007859 8363.14 119021.5 0.1764 0.01156465 2.32077084 10159. 0.26437248 

131 Op3 Mc3 En8 Mansoon Afternoon 0.004685 8363.14 84231.84 0.1824 0.00813796 4.38177156 13504. 0.158623488 

132 Op3 Mc3 En8 Mansoon Evening 0.003702 8363.14 61412.14 0.1615 0.00604478 2.54547836 16914. 0.211497984 

133 Op3 Mc3 En8 Mansoon Evening 0.157719 8363.14 707981.7 0.1950 0.06523187 41.3166138 17122. 0.211497984 

- - - - - - 0.012485 182.257 172622.6 0.1826 0.01642545 0.80931012 - - 

135 Op3 Mc3 En1A Mansoon Morning 0.021488 182.257 290822.6 0.1229 0.03130714 1.95534777 9406.4 0.370121472 

137 Op3 Mc3 En1A Mansoon Afternoon 0.005646 182.257 112619.6 0.1990 0.00954766 2.67833723 9233.5 0.26437248 

138 Op3 Mc3 En1A Mansoon Evening 0.029860 182.257 301775.5 0.1830 0.02234496 4.56812758 9412.2 0.317246976 

139 Op3 Mc3 En1A Mansoon Evening 0.097161 182.257 443645.4 0.2204 0.02725797 16.2099348 9459.3 0.211497984 

Table 5.  Optimization of MRR and PC 

Variables 
Material removal Rate Power Consumption 

Log Value Antilog values Log Value Antilog values 

Z 1.389751886 4.013854037 -7.41936344 0.000599531 

X1 0.09327963 1.097768661 0.09327963 1.097768661 

X2 6.06803321 431.8305258 9.38627043 11923.5466 

X3 17.1963836 29396424.23 10.4741287 35388.0227 

X4 0.132500464 1.141679546 0.132500464 1.141679546 

X5 -15.14558 2.64459E-07 -15.14558 2.64459E-07 

X6 7.96337577 2873.757742 7.96337577 2873.757742 

Table 6.  Sensitivity analysis of MRR and PC Model 

Input Parameters 
Material Removal rate Power Consumption 

Sensitivity Indices Sensitivity Indices 

Operator 2.823538892 0.1408 -1.093960304 -0.0545 

Cutting Tool -0.588052562 -0.0293 -0.993571142 -0.0495 

Work piece 6.492296707 0.324 10.54629538 0.5267 

Cutting Process 10.41236705 0.5200 -2.74915883 -0.1369 

Lathe Machine -0.832959484 -0.0415 2.150072782 0.1012 

Environment 8.836869033 0.4412 -3.983530018 -0.1983 
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Figure 6. Sensitivity analysis for the formulated dimensional analysis models. 

 
Figure 7. Comparative indices for the formulated dimensional analysis model. 

 

 

 

4. Conclusion 

Dimensional Analysis (DA) modelling has been found 
to be the easiest and a well-known technique to perform 
the analysis of MRR and the PC with respect to various 
independent parameters, such as operator data, cutting 
tool, work–piece data, cutting process data, lathe machine 
specification and the machining environmental parameters. 
The models developed by using DA approach have been 

found to accurately represent MRR and PC values with 
respect to the experimental results.  

Both MRR and PC dimensional analysis models reveal 
that the feed rate is the most significant design variable in 
determining surface roughness response as compared to 
others. With the model equations obtained, a designer can 
subsequently select the best combination of design 
variables for achieving optimum surface roughness. This 
will eventually reduce the machining time and save the 
cutting tools.  
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With the model equations obtained, a researcher can 
subsequently select the most excellent combination of 
design variables for achieving optimum MRR and PC. 
Finally, this will improve productivity. The analysis of the 
DA model shows that the DA model can predict PC and 
MRR with a correlation of more than 0.98. Hence, the DA 
model is presented to correlate the large number of 
variables effectively and efficiently. 
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Abstract 

Surface roughness is a main parameter in Computer Numerical Control (CNC) turning technology. The aim of the 

present paper is to obtain the optimal parameters of turning process (cutting speed, spindle speed, feed rate and depth of cut) 

which results in an optimal of surface roughness for machining aluminum alloy ENAC43400 shaft (46×150mm) in a CNC 

turning machine type StarChip 450 by using a carbide cutting tool type DNMG 332; surface roughness was measured using 

the POCKET SURF EMD-1500 tester. The results obtained show that the surface roughness (Ra) was about (1.06-1.41μm). 

The developed objective model is modeled using the regression method then was optimized by the simulated annealing 

method in order to determine the best set of turning parameter values. The present work concludes that the simulated 

annealing method can be used forhigh precision modeling and estimation of turning parameters. 
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1. Introduction 

Machining operation has been the core of the 

manufacturing industry since the industrial revolution [1]. 

A surface manufactured by cutting processes is one of the 

most important criteria for quality. Surface roughness is a 

significant factor which is not only important for wear, 

friction and lubrication, which became traditional for 

tribology, but it is also important for sealing, 

hydrodynamic, electric, heat transfer. Surface roughness 

depends on many variables, such as material couple, 

manufacturing type, cutting conditions, etc. Surface 

roughness is one of the most important characteristic 

variables to be monitored in the cutting processes owing to 

the direct relation between the change of surface roughness 

and the cutting conditions [2]. For many years, it has been 

recognized that the conditions during machining, such as 

Cutting Speed, Feed and Depth of Cut (DOC), should be 

selected to optimize the economics of the machining 

operations. Manufacturing industries in developing 

countries suffer from a major drawback of not running the 

machine at their optimal operating conditions. Machining 

industries are dependent on the experiences and skills of 

the machine tool operators for the optimal selection of 

cutting conditions. In machining industries, the practice of 

using hand book-based conservative cutting conditions are 

in progress at the process of the planning level. The 

disadvantage of this unscientific practice is the decrease of 

productivity due to the sub optimal use of machining 

capability [3]. The existing optimization research for CNC 

turning is simulated within particular manufacturing 

circumstances [4]. 

In machining operation, the quality of the surface finish 

is an important requirement for the work-pieces and 

parameters in manufacturing engineering. During the 

turning operation, the cutting tool and the metal bar are 

subjected to a prescribed deformation as a result of the 

relative motion between the tool and work-piece, both in 

the cutting speed direction. As a response to the prescribed 

deformation, the tool is subjected to thermal loads on those 

faces that have interfacial contact with the work-piece or 

chip. In the metal-cutting process, during which chips are 

formed, the work-piece material is compressed and 

subjected to a plastic deformation. Usually, the material 

removal occurs in a highly hostile environment with high 

temperature and pressure in the cutting zone. The ultimate 

objective of the science of metal cutting is to solve 

practical problems associated with efficient material 

removal in the metal cutting process. To achieve this, the 

principle governing the cutting process should be 

understood. Knowledge of this principle predicts the 

practical result of the cutting process and, thus, the select 

the optimum cutting conditions for each particular case 

[5]. 

Surface roughness is commonly considered as a major 

manufacturing goal for turning operations in many of the 

existing research works. The machining process on a CNC 
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lathe is programmed by speed, feed rate and cutting depth, 

which are frequently determined based on the machine 

performance; the product characteristics are not guaranteed 

to be acceptable. Therefore, the optimum turning 

conditions have to be accomplished. It is mentioned that 

the tool nose run-off will be the performance of the 

machining process [6].   

Parameter optimization for surface roughness is a hard-

solving issue because of the interactions between the 

parameters. Problems related to the enhancement of the 

product quality and production efficiency can always be 

related to the optimization procedures [7]. 

The convergence speed of evolutionary optimization 

techniques to the optimal results is better than that of the 

conventional approaches. Therefore, evolutionary 

algorithms, such as immune algorithm, differential 

evolution algorithm and artificial bee colony algorithm, 

have been used in many applications instead of the 

conventional techniques [8-12].     

The use of the traditional optimization methods, such 

as differential measures and enumeration of all possible 

solutions, is not very efficient and accurate. The use of met 

heuristic algorithms in such incidents can improve the 

speed and the accuracy of the computations [13]. 

Simulated annealing method is one of the efficient 

innovative optimization algorithms for solving the 

optimization problems. This method was introduced in 

1982 by “Kirkpatrik”, “Gelatt”and “Vecchi” [14, 15]. 

Adaptability and ease of programming over the 

optimization problems and tolerability of feasible non-

improving solutions are the most important features of this 

method. 

The related literature review revealed that several 

researchers have attempted to calculate the optimal cutting 

conditions in turning operations. 

Basim A. Khidhir and Bashir Mohamed et al. [16] 

investigate the effect of cutting speed feed and the depth of 

cut on surface roughness. It was found that the good 

surface roughness is obtained with a higher cutting speed, 

a minimum feed rate, and a lower depth of cut. 

Ali R. Yildiz [17] developed a hybrid artificial immune 

algorithm (AIHC) based on immune algorithm and hill 

climbing local search algorithm to solve optimization 

problems. The AIHC was effectively applied to a multi-

objective I-beam design problem and machine tool spindle 

design problem as well as to manufacturing optimization 

problems. 

Ali R. Yildiz [18] developed a new optimization of 

immune algorithm based on immune algorithm and hill 

climbing local search algorithm to solve optimization 

problems. The hybrid immune algorithm was effectively 

applied to a single objective test problem, multi-objective 

I-beam and machine-tool spindle optimization problems. 

The results obtained by the proposed approach for milling 

operations indicate that the hybrid approach is more 

effective in optimizing the cutting parameters for milling 

operations than the immune algorithm and hybrid immune 

algorithm. 

Anil Gupta et al. [19] investigated the effect of cutting 

speed, feed rate, depth of cut, nose radius and cutting 

environment on surface roughness, tool life, cutting force 

and power consumption. It has been found that the cutting 

speed of 160 m/min, nose radius of 0.8 mm, the feed of 0.1 

mm/rev, the depth of cut of 0.2 mm and the cryogenic 

environment are the most favorable cutting  parameters for 

the high speed CNC turning of AISI P-20 tool steel. 

Ilhan Asiltürk et al. [20] investigated the effect of 

cutting speed, feed rate and depth of cut on surface 

roughness of AISI 1040 steel. It was implemented to full 

factorial experimental design to increase the confidence 

limit and reliability of the experimental data, Artificial 

Neural Networks (ANN) and multiple regression 

approaches; it was compared with multiple regression and 

neural network using statistical methods. It has been found 

that the proposed models are capable of predicting the 

surface roughness. The ANN model estimates the surface 

roughness with high accuracy compared to the multiple 

regression model. 

Attanasio et al. [21] investigated a series of orthogonal 

hard turning tests that were conducted to study the effects 

of tool wear and cutting parameters (cutting speed and 

feed rate), on white and dark layer formation in hardened 

AISI 52100 bearing steel. It has been found that the crater 

wear rate is influenced by both cutting speed and feed rate, 

while flank wear rate seems to be mainly affected by 

cutting speed. It was also found that the thickness of the 

white and dark layers increases with the increase of the 

tool flank wear. Moreover, a higher cutting speed 

generates thicker white layers and thinner dark layers. In 

addition, smaller feed rates moderately influence the white 

layers thickness, while the latter rises with a higher feed 

rate. In contrast, the dark layers thickness decreases with 

the increase of the feed rate, especially when flank wear 

values of higher than 0.075 mm were observed. 

Ali R. Yildiz [22] studied the optimization of cutting 

parameters in turning operations. The population-based 

optimization technique, such as differential evolution 

algorithm, is becoming more popular in the design and 

manufacturing tasks because of the availability and 

affordability of high-speed computers.  

Ilhan Asiltürk and Süleyman Neseli [23] tried to 

determine the effect of cutting parameters, namely cutting 

speed, depth of cut and feed rate on surface roughness 

during machining of AISI 304 austenitic stainless. Then, 

the model for the surface roughness, as a function of 

cutting parameters, is obtained using the Response Surface 

Methodology (RSM). It was found that the feed rate is the 

dominant factor affecting the surface roughness, which is 

minimized when the feed rate and depth of cut are set to 

the lowest level, while the cutting speed is set to the 

highest level. The percentages of error all fall within 1%, 

between the predicted values and the experimental values. 

Suleyman Neseli et al. [24] investigated the effect of 

tool geometry parameters on the surface roughness during 

turning of AISI 1040 steel. They developed a prediction 

model related to average surface roughness (Ra) using 

experimental data. It was found that the tool nose radius 

was the dominant factor on the surface roughness with 

51.45% contribution in the total variability of model. Also, 

the approach angle and the rake angle are significant 

factors on surface roughness with 18.24% and 17.74% 

contribution in the total variability of model, respectively. 

In addition, a good agreement between the predicted and 

measured surface roughness was observed. 

H. K. Dave et al. [25] investigated the machining 

characteristics of different grades of EN materials in CNC 
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turning process using Tin coated cutting tools. The present 

study focuses on the analysis of optimum cutting 

conditions to get the lowest surface roughness and 

maximum material removal rate in CNC turning of 

different grades of EN materials by Taguchi method. It 

was found that ANOVA showed that the depth of cut has 

plays a significant role in producing higher MRR and that 

insert has a significant role in producing a lower surface 

roughness. Thus, it is possible to increase the machine 

utilization and decrease the production cost in an 

automated manufacturing environment. 

M. Kaladhar et al. [26] investigated the effects of 

process parameters on surface finish and Material 

Removal Rate (MRR) to obtain the optimal setting of these 

process parameters. The Analysis Of Variance (ANOVA) 

is also used to analyze the influence of cutting parameters 

during machining. In the present work, AISI 304 austenitic 

stainless steel work-pieces are turned on Computer 

Numerical Controlled (CNC) lathe by using Physical 

Vapor Deposition (PVD) coated cermets insert (TiCN-

TiN) of 0.4 and 0.8 mm nose radii. It was found that the 

feed and nose radius are the most significant process 

parameters on the work-piece surface roughness. However, 

the depth of cut and feed are the significant factors on 

MRR. Optimal range and optimal level of parameters are 

also predicted for responses. 

Anderson P. Paiva et al. [27] conducted an experiment 

on AIAI 52100 with different parameters (cutting speed, 

feed rate and depth of cut). The outputs considered were 

(the mixed ceramic tool life, processing cost per piece, 

cutting time, the total turning cycle time, surface 

roughness and material removing rate). The results 

indicated that the multi response optimization was 

achieved at a cutting speed of 238 m/min, with a feed rate 

of 0.08 mm/rev and at a depth of cut 0.32 mm.  

Tian Syung Lan [28] investigated the effect of cutting 

speed, feed, cutting depth, tool nose runoff with three 

levels (low, medium, high) n MRR in finish turning based 

on L9(34) orthogonal array. It was found that the material 

removal rates from the fuzzy Taguchi deduction 

optimization  parameters were all significantly advanced 

compared to those from the benchmark. Also it has been 

declare that contributed the satisfactory fuzzy linguistic 

approach for the MRR in CNC turning with profound 

insight. 

2. Experimental Part 

In machining operations, the quality of the Surface 

Roughness (Ra) plays an important role for many turned 

work-piece. ENAC43400 Aluminum alloy shaft 

(46×150mm) was machined on CNC lathe (type StarChip 

450) by using a carbide cutting tool, as shown in Figure 1. 

 
Figure 1. CNC lathe use in experimental work [29] 

The chemical composition of ENAC43400 aluminum 

alloy is shown in Table 1. 

Table 1. Chemical composition of ENAC43400 aluminum alloy 

Element Si Fe Mg Mn Cr Cu Ti Zn Other Al 

Wt % 10.40 0.70 0.30 0.20 0.02 0.10 0.05 0.13 0.15 Bal. 

Surface roughness was measured using an automatic 

digital POCKET SURF EMD-1500. Table 2 lists the range 

of machining parameters use in experimental work. 

Table 2. Experimental machining parameters 

Cutting parameters Operational Range 

Cutting Speed (m/min) 165-250 

Spindle Speed (RPM) 1142-1941 

Feed Rate (mm/rev) 0.5-0.7 

Depth of cut (mm) 0.5-1 

The measured Surface Roughness (Ra) values from experimental 

data is shown in Table 3.  

Table 3. Data obtained from experimental work for Surface Roughness 
Experiment No. Cutting Speed 

(m/min) 

Spindle Speed 

(RPM) 

Feed Rate 

(mm/rev) 

Depth of cut 

(mm) 

Surface Roughness 

(µm) 

1 165 1142 0.05 0.5 1.4 

2 165 1447 0.06 0.75 1.18 

3 165 1941 0.07 1 1.41 

4 200 1142 0.06 1 1.06 

5 200 1447 0.07 0.5 1.3 

6 200 1941 0.05 0.75 1.26 

7 250 1142 0.07 0.75 1.16 

8 250 1447 0.05 1 1.13 

9 250 1941 0.06 0.5 1.2 

All specimens are cylindrical with a diameter equal to 

46 mm, and a length equal to 150 mm, Surface Roughness 

for the specimens before machining are equal to 3.16µm. 

3. Multiple Regression Modeling 

After the surface roughness is obtained for all 

experiments, a table needs to be filled in order to obtain 

several values for the analysis. In order to obtain 

regression coefficient estimates β0, β1, β2, β3, and β4, it is 

necessary to solve the given simultaneous system of linear 

equations. 

 

nβ0 + β1Σ X1i + β2 Σ X2i + β3 Σ X3i + β4 Σ X4i = Σ Yi                                                                                                                                      (1) 
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β0Σ X1i + β1 Σ X2
1i + β2 Σ X1i X2i+ β3 Σ X1i X3i + β4 Σ X1i X4i = Σ X1i Yi                                                                                                                                                                                         (2) 

β0Σ X2i + β1 Σ X1i X2i + β2 Σ X2
2i + β3 Σ X2i X3i + β4 Σ X2i X4i = Σ X2i Yi                                                                                                                                                                                       (3) 

β0Σ X3i + β1 Σ X1i X3i + β2 Σ X2i X3i + β3 Σ X
2
3i + β4 Σ X3i X4i = Σ X3i Yi                                                                                                                                                                                         (4) 

β0Σ X4i + β1 Σ X1i X4i + β2 Σ X2i X4i + β3 Σ X3i X4i + β4 Σ X
2

4i = Σ X4i Yi                                                                                                                                                                                         (5) 

The simultaneous system of linear equations above can be simplified into a matrix form. The values of regression 

coefficients estimated can then be more easily obtained. 

�
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After the simultaneous system of the linear equations 

above is solved, the regression coefficient estimates will 

be substituted by the following regression model for 

surface roughness. 
Yi= β0 + β1 X1i + β2 X2i + β3 X3i + β4 X4i                                      (7) 

Where: 

Yi= surface roughness (µm) 

X1i= cutting speed (m/min) 

X2i = spindle speed (RPM) 

X3i = Feed rate (mm/rev) 

X4i = depth of cut (mm) 

After solving the system of the equations above, the 

regression equation obtained to predict surface roughness 

is: 

Surface Roughness = 1.52 - 0.00189 Cutting Speed + 

0.000111 Spindle Speed + 1.33 Feed Rate - 0.200 Depth of 

cut 

4. Simulated Annealing Method 

In the present work, the simulated annealing method 

has been applied to determine the optimal set of machining 

parameters required in turning ENAC43400 Aluminum 

alloy. This method begins with an initial solution and 

stepwise searches the solution domain for optimal solution. 

At each iteration, a new solution in the neighborhood of 

the current solution is generated and evaluated. A move to 

new solution is then made under the following conditions 

[30]: (a) If the objective functions value of the new 

solution is better than the current one, and (b) If the value 

or the probability function implemented in simulated 

annealing has a higher value than a randomly generated 

number between zero and one. 

For the simulated annealing of turning operation, every 

feasible solution is a combination of cutting speed, spindle 

speed, feed rate and depth of cut within their specified 

ranges (constraints lower and upper bounds, shown in 

Table 2, (cutting speed, spindle speed, feed rate, depth of 

cut) are: Lower: 165, 1142, 0.05, 0.5. Upper: 250, 1941, 

0.07, 1). The optimal solution is a combination of 

machining parameters that result in minimum surface 

roughness.  

The parameters of applying simulated annealing 

method are: 

 Start point: 165, 1142, 0.05, 0.5 

 Annealing Function: fast annealing 

 No. of iteration: 2346 

The final objective function value found by the 

simulated annealing method for surface roughness is 

(1.049 µm) which corresponds to the following machining 

parameters, shown as the best point in Figure 2: 

 Cutting speed: 249.43 m/min,  

 Spindle speed: 1210.077 rev/min,  

 Feed rate: 0.05 mm/rev,  

 Depth of cut: 0.999 mm 

Conclusions 

CNC turning process modeling of ENAC43400 

aluminum alloy, based on multiple regression models, is a 

successfully implemented and developed model and it is 

optimized with simulated annealing algorithm. The surface 

roughnesses (Ra) in the present work are about (1.06-

1.41μm).  

Selecting Cutting speed in 249.43 (m/min), Spindle 

speed in 1210.077 (rev/min), Feed rate in 0.05 (mm/rev) 

and Depth of cut value in 0.999 (mm) conclude an 

optimum machining condition in multi performance 

characteristics. This work shows that the multiple 

performance characteristics, such as surface roughness, 

can be improved by using this method. Also, the simulated 

annealing due to adaptability and ease of programming are 

a powerful tool for optimum condition determination. 

Analysis of variance suggests that the insert is the most 

significant factor for Ra. 
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Figure 2. Results of Simulated Annealing Method. 
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Abstract 

In the daily electrical load cycle, peak load that lasts for few hours is the most expensive electrical production. In the 

present paper, Sahab Industrial District (SID), as an example, has its peak load occurring during daylight hours. Therefore, it 

is suggested that a PV plant be installed to shave off the peak load. The location of the proposed large-scale grid-connected 

PV generation system will be in the Al-Risha area because of the land low cost, and of a link to the national grid. The 

proposed PV system is designed with 20 MW installed capacity. It is found that the generation cost for all power is US$ 

0.170 per kWh, which is much lower than the electrical production cost of the peak load generation. In addition, a cost 

comparison is conducted between kWh generated from conventional units (gas turbine in this case) and that generated from 

PV system. It was found that the cost of kWh generated from the PV system for peak shaving can be very competitive 

compared to gas turbines after 6 years of operation; so the cost of PV compared to the cost of gas turbines after 25 years was 

found to be 0.170$/ WP, 0.375 $/ WP, respectively. Also, the overall CO2 reduction in the life cycle of PV system is about 

541,798 tons of CO2. So, there is no doubt that PV can be an effective tool to replace the conventional power generation, 

fighting against climate change.  

The results of the present study clearly illustrate that it is possible to use photovoltaic generation at large-scale for peak 

load shaving because it is a very cost-effective project and could be generalized to other industrial districts, and to other load 

types, such as Industrial, and economic loads. The results of this work should encourage governments to impose new 

legislations regarding modifying the peak time to coincide with the solar generation time, (at least one operating peak hour).. 
© 2015 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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Nomenclature 

CA                       Cable Cross Sectional Area  (mm
2 
) 

A                         Annuity Payment                                                                                          

CF                      Plant Capacity Factor Per Month 

PVC                    Capital Costs 

COD                   Directional Over-Current Relay 

feD                    Directional Earth-Faulty Relay 

E                         Irradiation Level CmkW .( 2
) 

PVF                      Fuel Costs ( $ ) 

VF                        Future Worth Value ( $ )            

I                          Current Through Cable  (ADC) 

 

SCI                      Short Circuit DC Current  (ADC) 

mpI                     Optimum Operating current 

i                           Interest Rate (%) 

L             Total Length of Cable  (m) 

n              Number of Years 

NOCT                 Nominal Operating Cell Temperature (°C) 

PVMO &           Operation & Maintenance costs 

maxP             Maximum Rated Power of PV Module (Wp/m
2
) 

PV              Present Worth Value ( $ ) 

PVIF                 Present Value Interest Factor 

PVIFA               Present Value Interest Factor annually 

feR                     Restricted Earth-Fault Relay 

PVR                     Replacement Costs ( $ ) 
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feS             Sensitive Earth Fault 

PVS              Salvage Costs ( $ ) 

UPW              Uniform Present Worth ( $ ) 

V                   Operating Voltage (VDC) 

mpV       Optimum Operating Voltage  (VDC) 

OCV              Open Circuit Voltage 

dV                Voltage drop in a cable (VDC) 

X                 Distance Between Rows (m)                                                                                                                  

(m) 

Y                 Height of Tilted PV Panel (m) 

XT               Temperature derate factor per month 

aT                Ambient temperature (C)  

mT               Module Operating temperature (C)  

      Voltage Temperature Coefficient                                                  

     Tilt Angle (Degrees) 

      Azimuth Angle (Degrees) 

                  The resistivity of copper wire (0.0183 mm/m
2
) 

     Latitude Angle (Degrees) 

                 Efficiency 

PV           Overall Efficiency of the PV Module 

Abbreviations 

DNI                   Direct Normal Irradiation 

ERC                  Electricity Regulatory Commission 

FV         Future Value 

GW                   Giga Watts  

JD         Jordanian Dinar  

JEPCO             Jordan Electric Power Company 

kV                     Kilo-Volt 

kW                    Kilo-Watt 

LCA                  Life Cycle Analysis  

LCC                  Life Cycle Cost 

MMP                 Maximum Power Point 

MEMR               Ministry of Environment and Mineral Resources 

NEPCO             National Electric Power Company 

NPV                  Net Present Value 

PV                    Photovoltaic 

PVGC               Photovoltaic Grid Connected   

PVIF                 Present Value Interest Factor 

PVIFA              Present Value Interest Factor Annually 

SID                   Sahab Industrial District 

UPW                Uniform Present Value         

VT                     Voltage Transformer 

1. Introduction 

1.1. The Present Situation of the Jordanian Energy Sector  

The Jordanian energy sector currently faces a number 

of significant challenges (Mason M. et al.) [1]. These 

challenges are the following:  

 A high level of dependence on energy imports, with 

approximately 96% of Jordan energy demands being 

imported from outside the country. This is likely to 

continue in the near future given the modest 

endowment of commercially available fossil fuel 

resources.  

 A heavy fiscal burden caused by a substantial energy 

import bill. This was estimated at 2.28 billion JD 

(US$3.21 billion) in 2012.  

 Rapidly rising energy demand. According to JEMR, 

Jordan's primary energy requirements are projected to 

rise 5.5% annually from 7.6 million tons of oil 

equivalent (Mtoe) in 2007 to 15 Mtoe in 2020. 

Furthermore, demand for electric power is predicted to 

rise 7.4% annually from 2.1 GigaWatts (GW) in 2007 

to 5.77 GW in 2020, requiring an additional power 

generation capacity of 4 GW (Arab Union of 

Producers, Transporters and Distributors of Electricity) 

.  

 High energy consumption density in Jordan (where 

energy consumption density is defined as the amount of 

energy required to produce one unit of national 

production). In 2006, the energy consumption density 

for developing countries was 590 kg oil equivalent per 

$1,000, on average, and for the developed countries, it 

was 310 kg oil equivalent per $1,000. However, the 

energy consumption density in Jordan was 640 kg oil 

equivalent per $1,000.  

1.2. Peak Loads in Jordan  

Jordan’s peak load of the electric power system is 

2790 MW in the year 2012 compared with 2680 MW in 

2011 with a 4.1% annual growth. The annual peak load for 

the interconnected system is 2770 MW in July 2012 

compared with 2660 MW in August 2011. This represents 

an annual growth of (4.1 %) as shown in Table 1 (National 

Electric Power Company (NEPCO) annual report) [2].  

Table 1 System peak loads (MW) - NEPCO annual report, 2012 

 

Year 

Interconnected system (MW) Interconnections(MW) All Jordan (MW) 

Generated Sent-out Growth (%) Imported Exported Generated Sent-out Growth (%) 

2008 2230 2120  282 ____ 2260 2150  

2009 2300 2200 3.8 223 132 2320 2220 3.3 

2010 2650 2540 15.5 ____ ____ 2670 2560 15.3 

2011 2770 2660 4.7 49 ____ 2790 2680 4.7 

2012 2880 2770 4.1 ____ 40 2900 2790 4.1 
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1.3. Electricity Consumption Pattern in Sahab Industrial 

District (SID) 

1.3.1.  Sahab Industrial District (SID)  

SID represents the largest consumption district of the 

Jordanian Electric Power Company ltd. (JEPCO). The 

largest main distribution substation which receives power 

from NEPCO at 33 kV voltage to 11 kV step down voltage 

level was installed. Four step-down power transformers 

(33kV/11kV) were used. The rating power for 

transformers T1 and T4 is 25 MVA for each and 20 MVA 

for both T2 and T3. This resulted in 90MVA overall 

installed capacity.  

1.3.2. Daily Load Curve for SID 

Loads for all the months of the year for SID at 33 kV 

side are recorded each 60 minutes. The day with the 

largest load in each month is taken as the worst case to 

ensure that all days in the month can be covered by the 

generated energy. The daily load curve is a strong tool to 

analyze the load pattern, peak loads and the time they 

occurred. Data are collected from the Supervisory Control 

and Data Acquisition (SCADA) center in JEPCO, annual 

report, 2012, [3]. The daily load curve for September is 

shown in Figure 1 as a typical daily load. It is obvious that 

the peak load starts from 7:00 AM, which is the starting 

time for industrial loads, and reaches about 64 MW in 

midday, and then it decreases at night. 

 
Figure 1. Daily load curve of SID, 2010, SCADA Center, JEPCO 

[3] 

The photovoltaic generation period is considered to be 

from sunrise to sunset, 6:00 AM - 6:00 PM. This is shown 

in Figure 2. There is a degree of symmetry between the 

daily load curve and a PV output.  

 

Figure 2. Photovoltaic generation output, JEPCO [3] 

Peak loads for all months were recorded as shown in 

Figure 3, which represents the monthly peak loads for the 

year 2012. 

 

Figure 3. Peak loads for SID in year 2012 

1.3.3. Load Types in SID 

Any electrical consumption is usually divided into 

three main sectors, namely Industrial loads, residential 

loads and commercial loads. Unfortunately, there is no 

measured specific data that can specify the load types in 

SID, and this enforces an extra effort to distinguish loads. 

SID comprises 236 distribution substations (11 kV/0.415 

kV) with 243 distribution transformers with power ratings 

varying from 250 kVA to 1500 kVA, with 224.75 MVA 

installed capacity. All SID distribution substations were 

visited as part of this work and loads were measured as 

shown in Table 2.  

Table 2 Measured loads in SID distribution substations 

Classification of Load 

Shares in SID 

Measured 

Load 

Percentage 

Installed 

Capacity 

(MVA) 

Number of 

Transformers 

Pure residential 

loads 
100 % 163.94 173 

Pure industrial loads 100 % 13.09 30 

Industrial loads 

+ 

Residential loads 

80 % 

+ 

20 % 

16.008 

+ 

4.002 

23 

Industrial loads 

+ 

Residential loads 

70 % 

+ 

30 % 

11.417 

+ 

4.893 

 

3 

Commercial loads 

+ 

Residential loads 

80 % 

+ 

20 % 

3.6 

+ 

0.9 

 

4 

 

Commercial loads 

+ 

Residential loads 

70 % 

+ 

30 % 

0.91 

+ 

0.39 

 

2 

Commercial loads 

+ 

Residential loads 

50 % 

+ 

50 % 

2 

+ 

2 

 

5 

Commercial loads 

+ 

Residential loads 

50 % 

+ 

50 % 

0.23 

+ 

1.28 

 

3 

Total  224.75 243 
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Load types distribution, including losses, is shown in 

Figure 4. 

 
Figure 4.  Load types distribution including losses in SID 

1.4. Time of Peak Loads 

Peak loads become more effective from 7:00 AM - 

6:00 PM, as shown in Figure 1. The daily load curve of the 

Jordanian network has two peak periods, in midday and 

evening hours. A large sector of Jordanian electrical load 

can greatly benefit from the high irradiance and long 

sunny days whether these loads are connected to grid or 

stand alone as reported by Al Zou'bi [4].  However, Badran 

et al. [5] stated that the great importance of electricity 

from solar technologies is due to the considerable 

associated benefits namely, maximum power generation at 

peak load hours in hot climate countries like Jordan, 

reduction of greenhouse gas emissions, and others. 

As mentioned previously, the major load type in SID is 

industrial, followed by residential and then commercial 

loads. Cost analysis is based on the fact that the peak load 

in SID will increase and a new generation power plant will 

be needed to be installed to overcome this incremental 

demand. So, a comparison between a kWh, generated by 

conventional unit and Photovoltaic system, is held. The 

peak period for medium industries, was decided to be 

modified by the Electricity Regulatory Commission 

(ERC).  

1.5. Solar Radiation in Jordan 

Jordan lies between Latitude 28.4° - 33.30° N and 

between Longitude 35° - 39° E and has an annual solar 

radiation average that ranges from 3.8kWh/m2/day in 

winter up to 8.0 kWh/m2/day in summer. This is classified 

as one of the solar belt countries according to the 

international classification Al-Salaymeh [6]. According to 

the solar atlas of Jordan, SID is characterized as part of the 

eastern region with an annual daily irradiance between 5.5-

6 kWh/m2.day. 

1.6. Aim of the Work 

A serious problem takes place, in all countries, 

including Jordan, when loads, especially industrial loads, 

reach the bottleneck situations or the peak due to hard 

overloading condition. Finding the best and cheapest 

solution for peak load shaving is a difficult challenge for 

the operation and control engineer, of course to avoid 

cascaded blackouts in the grid. The demand generated 

during the peak is too expensive. Power plants designed to 

provide emergency or opportunist power are called peak 

shaving plants. They are mostly gas turbine plants which 

can be brought on stream very quickly, in case there is a 

sudden unplanned demand. This is the main problem 

which needs a solution and finding alternative resources. 

Any available solution to supply the grid should enforce 

the reliability of the system. Reliability benefits reflect that 

the Jordanian national system should be stable during the 

peak periods with low cost, and to qualify better "electrical 

security" and less dependency on the neighboring 

countries through electrical interconnection during peak 

load times.  

1.7. Proposed Solution 

The photovoltaic system has shown that it could be one 

of the most appropriate options for peak load shaving and 

can generate electricity in large-scales during the day peak 

period. This is of course besides the challenges regarding 

the present situation of the energy sector in Jordan; the 

challenges which reflect an urgent need for large-scale 

photovoltaic generation. Therefore, photovoltaic system 

can generate both energy value (the system’s ability to 

save energy) and capacity value (in the form of coincident 

peak demand reduction) as well as its environmental 

benefits. In the present paper, a large-scale grid-connected 

photovoltaic system is designed with 20 MW installed 

capacity. The generated output power from the PV system 

is at 0.4 kV voltage level and steps up through two steps to 

132 kV. In addition, a cost comparison is conducted 

between kWh generated from conventional units (gas 

turbine in this case) and that generated from PV system.  

2. Previous Studies 

Research on photovoltaic power generation has gained 

momentum for the past few years in the world due to the 

rapid rise of oil prices.  PV generators range from small 

scale to large ones as reported by Hammad and Ebaid [7]. 

Also, PV resources [8], which state that more than 750 

large-scale PV power plants are located in Spain, more 

than 500 are in Germany and a little more than 370 in 

USA.  

The literature review in this paper is divided into the 

following two sections: 

2.1. Photovoltaic Power Generation 

Abdallat et al. [9] showed that the main driver behind 

the increase in the energy demand, between years 1998 

and 2005, was the rapid increase in industrial production 

output. They believed that their work could be considered 

as a milestone for improving and restructuring the 

Jordanian industrial sector then for the purposes of 

reducing its energy use. 

Hussain et al. [10] determined the potential of grid-

connected solar PV system in Bangladesh utilizing 

GeoSpatial toolkit, NASA SSE solar radiation data and 

HOMER optimization software. Financial viability of solar 

PV, as an electricity generation source for Bangladesh, 

was assessed utilizing a proposed 1 MW grid-connected 

solar PV system using RETScreen simulation software for 

14 widespread locations in Bangladesh. Results showed a 
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favorable condition for developing the proposed solar PV 

system for all the sites considered in Bangladesh.  

EL-Shimy [11] investigated, from techno-economic 

and environment, the feasible sites in Egypt to build a 10 

MW grid-connected PV power plant using RETScreen 

software. Also, Khresat [12] analyzed the viability of 5 

MW grid-connected solar PV power plant as an electricity 

generation source for Jordan. The annual electricity 

production of the plant, the specific yield and the 

economic indicators were performed using RETScreen 

software. EL-Shimy's study concluded that a pilot 5 MW 

grid-connected solar PV power plants should be installed 

at each of Karak and Tafila. A similar 5 MW PV power 

plant system was installed in Saudi Arabia, as reported by 

Rehman et al. [13]. The study utilized RetScreen software 

for energy production and economical assessment. 

Denholm and Margolis [14] analyzed the potential of large 

scale PV generator to provide a large fraction of a system's 

electricity and they found that the system will have excess 

PV generation during certain periods of the year. Hardran 

[15] described a centralized PV power system and its 

operation in grid connection mode in a small village 

situated in Aleppo.  

AI-Hasan et al. [16] discussed the optimization of 

electrical load pattern in Kuwait using grid connected PV 

system as the electric load demand can be satisfied from 

both the PV array and the utility grid. They found during 

the performance evaluation that the peak load matches the 

maximum incident solar radiation in Kuwait. This 

emphasized the role of using the PV plants to minimize the 

electrical load demand, and that the significant reduction 

in peak load can be achieved by grid connected PV 

systems. The work of Sechilariu et al. [17] focused on the 

design and implementation applied to building-integrated 

microgrid system with energy storage and smart grid 

communication aiming at reducing grid peak consumption, 

avoiding undesirable grid power injection, making full use 

of local PV production. Their results showed that the 

system maintains stability and confirms the relevance of 

the proposed local energy management giving perspectives 

on better integration of small urban PV plant in power 

grid. Chow et al. [18] investigated the short-term load 

forecasts of the power generated by PV systems using 

artificial neural networks modelling. Their results showed 

that forecasting plays a critical role in power system 

management in saving on peak load energy generation for 

PV plants.  

Ito et al. [19] and Kurokawa et al. [20] studied the 

economic and environmental potential of a 100MW PV 

power generation system in the Gobi and Sahara desert. 

Issues such as generation cost, payback, life cycle cost, 

and CO2 emission were analyzed. They concluded that 

very large scale PV systems are economically feasible on 

sufficient irradiation sites. 

Muneer et al. [21] explored the long term prospects of 

large scale PV generation in rid/semi- arid locations, 

around the globe and the transmission of PV generation 

using hydrogen as the energy vector. Cunow and Giesler 

[22] described a1 MW rooftop PV plant at the new Munich 

Trade Fair Centre. They mainly studied the system 

technology, the components employed, the operational 

control and the costs. Alajlan [23] studied a 6 kWp PV 

grid-connected system at the solar Village in Riyadh. 

Issues such as PV array output per year for different tilt-

angles, the effect of dust, and the degree of agreement 

between the predictions from simulation, and the 

experimental data were investigated and analyzed. Oha et 

al. [24] suggested a cost-effective method for the 

integration of existing grids with new and renewable 

energy sources in public buildings in Korea. Numerical 

calculations based on the hourly energy demand pattern 

data, obtained from field studies for buildings, showed that 

the additional cost by installing the energy systems can be 

minimized.  

2.2. CO2 Emission Reduction Due to Photovoltaic System 

Harder and Gibson  [25] studied the potential for a 10 

MW photovoltaic power plant in Abu Dhabi using 

RetScreen modeling software to predict energy production, 

the financial feasibility and the reductions of Green House 

Gas (GHG) emissions. The benefits of reducing GHG and 

air pollution emissions by replacing natural gas with PV 

generation were calculated to have a net present value of 

USA $47million in the life cycle cost analysis.  

A study of the operational performance for a grid-

connected building integrated PV system in Hong Kong 

was conducted by Li et al. [26]. The output energy ranged 

from 10 to 360 kWh with an average value of 116.3 kWh. 

They found that the emissions of CO2, SO2, NOx and 

particulates could be reduced, respectively, by 32 tons, 

43.3 kg, 41.8 kg and 2.07 kg, and GHG payback period 

was estimated at 5.5 years. 

Tezuka et al. [27] proposed a new method for 

estimating the amount of CO2-emission reduction in the 

case where the carbon-tax revenue is used as the subsidy to 

promote PV-system installations. They concluded that the 

amount of CO2-emission reduction increases by 

advertising the PV system with subsidy policy even under 

the same tax-rate and the CO2-payback time of the PV 

system reduces by half if the Gross Domestic Product is 

assumed not to change after the introduction of carbon 

taxation.  

Krauter et al. [28] examined a CO2 comprehensive 

balance within the life-cycle of a photovoltaic energy 

system and found that the actual effect of the PV system in 

terms of net reduction of carbon dioxide is the difference 

between the sum of electrical yield related to the local grid 

and the value for recycling and the sum of the production 

requirements and the transport emissions. Hondo H. [29] 

presented the results of a life cycle analysis of greenhouse 

gas emissions from power generation systems in order to 

understand the characteristics of nine different types of 

power generation systems that included PV from the 

perspective of global warming and life cycle GHG 

emission per kWh of electricity generated. 

Based on previous studies, it can be noted that the 

potential for grid connected PV systems is quite high. 

However, no work on the use of a photovoltaic solar 

electrical generator for peak load shaving is found in open 

literature; this is what motivated the present study, where 

the main objective is to use a photovoltaic solar electrical 

generator for peak load shaving in SID of 20 MW demand 

capacity of peak value. 
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3. Design Procedure 

3.1. The Generated Power by the Photovoltaic System  

In the present study, a large-scale grid-connected 

photovoltaic system is designed with 20 MW installed 

capacity. This work will address two situations: (a) 

photovoltaic power generation of 20 MW at Al-Risha city 

at the eastern part of Jordan, and (b) grid-connected 

photovoltaic system as a peak-shaving tool in SID. The 

present study also combines these two situations to gain 

the benefits of power generation and to make use of the 

benefits of peak-shaving in SID and any other industrial 

district.  

3.2. System Design  

In the present study, the main system design is 

undertaken based on the amount of generated power 

(20MW). The generated output power from the PV system 

is at 0.4 kV voltage level. It stepped up through two 

stages: 

 First stage: voltage step-up from 0.4 kV to 11 kV by 10 

step-up distribution transformers with 2 MVA rating 

each.  

 Second stage: voltage step-up from 11 kV to 132 kV by 

one step-up power transformer with 20 MVA rating. 

 

The output of the power transformer is synchronized to 

the national grid at Al- Risha main substation at 120 km 

east of the supply point, SID in this case. To achieve the 

power ratings, 10 arrays with 2 MW for each array 

resulting at 20 MW generated power were adopted. 

3.3. Al-Risha Power Station 

3.3.1. Selection and Description of the Site  

Al-Risha is located in the eastern part of Jordan, near 

the Iraqi borders, at (31.33 North) latitude and 35.35 East) 

longitude). It was selected as a site for the photovoltaic 

generation system. Al-Risha has high solar radiations. 

Also, the national grid is located in Al-Risha, which makes 

the cost of connection to the grid low. On the other hand, 

the cost of the land is very low, which encourages 

investing there. Al-Risha gas power station is one of the 

major Jordanian generation centers which are used for 

local peak demand (Halasa) [30]. There are four gas 

turbines of 40 MW each and one unit of 45 MW 

generation capacities, AL-Risha station comprises the 

national grid at 132 kV voltage level which connects Al-

Risha with Sahab substation, and also 11 kV busbar with 

six feeders.  

3.3.2. Radiation Potential in Al-Risha Station   

Calculations of the monthly mean solar radiation on the 

tilted surface at Al-Risha are conducted for each month of 

the year. Calculations are based on different inclination 

angles from the horizontal surface,  

( 0 ) to vertical surface ( 90 ) with 6 degrees 

difference each time passing through the approximately 

latitude value of the site W·= 30°. The average yearly 

values of the solar irradiance at AI-Risha range from 5.12 

kWh/m2 day to 7.22 kWh/m2 day and the average tilt angle 

throughout the year was found to be 30  . 

3.3.3. Specifications of Al-Risha Transmission Line 

The specifications of the transmission line of the 

national grid are shown below in Table 3:  

Table 3. Specifications of the transmission line of Al-Risha power 

station  

Voltage level 132 kV 

Number of circuits Double circuits 

Maximum capacity / circuit 629 Ampere 

Maximum resistance 0.06908 Ω/km 

The transmission line from Al-Risha power station is 

not directly connected to Sahab substation, but it passes 

via Al-Rewishid (80km), Al-Safawi (108km), Al-Azraq 

(50km) and Al-Kharaneh broadcasting (47km) to finally 

reach Sahab substation. The overall distance is about 320 

Km.  

3.4. Design of Large scale PV System  

3.4.1. Design and Selection of PV modules  

The main factors affecting the selection of a PV 

module for grid connected systems are the efficiency of 

the module and the product warranty because the grid 

connected systems are designed to last for a long time. To 

decide whether to use poly-crystalline or mono-crystalline 

modules is not easy; it requires weighing costs against 

efficiencies. And since the cost has a higher importance 

due to the large number of modules expected to be needed, 

poly-crystalline modules are more likely to be selected, 

bearing in mind that its efficiency has also to be 

considerably high.  

For the intended system, a large variety of PV panel 

options were studied in terms of type, power, cost and 

warranty. The Canadian Solar Power (CS6P) [31] of 250 

Wp production is selected and adopted in the present work. 

CS6P is a robust solar module and can be used for grid-

connected applications and solar power stations. Typical 

electrical characteristics of the PV module CS6P are 

measured under standard test conditions, irradiance of 

1000W/m2, air mass of 1.5 solar spectrum and an effective 

cell temperature of 25°C).  

3.4.2. Design and Selection of Inverter  

In the present study,, two designs of the PV system are 

conducted. The first design is based on using a central 

inverter system, while the other design is based on using 

multi-string inverter. Although the multi-string inverter 

has many advantages over the central one, the very high 

cost of the multi-string inverter compared with the central 

inverter leads to the selection of the central inverter. 

Another reason is that the central inverter is used widely 

all over the world in large-scale applications. In this work, 

the design of the central inverter will be described, and the 

other design is not included for brevity. 
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3.4.2.1. Design Considerations of Central Inverter 

The aim of the present study is to design a large scale 

grid connected PV generator which has a size of 20 MW at 

Al-Risha district, and then to use this amount of power for 

peak load shaving in SID. The arrays and the inverters will 

be sized simultaneously. Maximum modules in the array 

for a large scale inverter size and the restrictions of the 

inverter input voltage and current are considered. The 

overall PV modules of 20 MW are divided into 10 arrays 

with 2 MW for each array. The design for one array of 

2MW is conducted and then the design is generalized to all 

arrays in a similar way, and again the peak power for the 

selected PV module is 250 Wp. Based on that, two central 

inverters, each of 1000kW rated power, are considered for 

each array. Sinvert 1000 MS (Master-Slave from Siemens) 

central inverter is accordingly selected at rated input power 

1119 kW, MPP voltage ( DCMPP VV 750450 ), 

DCMax VV 820 , and maximum efficiency 96.5%.  

1.   Design Calculations for the Central  Inverter 

The number of the estimated modules for each array = 

8000
250

2000


W

kW PV module.  

 

The operating voltage mpV , and the open circuit voltage 

OCV
 at CT 10min   and  CT 70max   were obtained, 

respectively, by using Eq. (1), and the required input 

values were taken from Krauter and Ruther [28] 

   TVTV C  125@                                         (1) 

Where:   T1  = temperature derate factor 

It is found that VV Cmp 68.3310@ 
 and  

VV Cmp 49.2570@   Also , VV COC 63.4110@   and  

VV COC 51.3170@                   

It should be noted that both values of  mpV  and OCV  

were maximum at the lowest temperature CT 10  and 

minimum at the maximum temperature CT 70 that the 

module could reach. 

The next step was calculating the number of modules 

per string (Eqs. 2 & 3), according to the maximum values 

of both operating voltage 
VV Cmp 68.3310@   and open 

voltage VV COC 63.4110@  as shown below: 

 

No. of modules/string 

 

 
2327.22

68.33

750

10@



 Cmp

inverterMPP

V

V
                     (2) 

module/string  

                                                              

No. of modules/string  

 

 
2070.19

62.41

820

10@

max


 COC

inverter

V

V

                       

(3) 

 module/string                                                                

For safety conditions, 20 modules / string were 

selected. Now, the maximum number of strings in parallel 

can be found using Eq. (4) based on the selected inverter 

Sinvert 1000 MS, we have;  

Maximum No. of strings in paralle 

       

 
    

20725.207
25020

965.0000,1000

/mod20
modmax

max,









ule

inveterkWoutput

Pstringule

P 

          (4) 

string      

For each inverter, the total number of PV modules 

required can be found from Eq. (5) 

 

No. of modules/string X No. of parallel strings 

 = 414020720                                      (5) 

modules    

2. Layout of Grid-Connected PV System with the 

Central Inverters 

Since the distribution transformer rating is 2 MVA, 

each array will accordingly contain 2 inverters. Each 

inverter is connected with 207 parallel strings, and 20 

modules per string in a series, as shown in Figure 5. 

 
Figure 5 The array configuration of the central inverter 

The wiring diagram connection of the inverters output 

to the main combiner box is shown in Figure 6. It must be 

mentioned here that the output of the main combiner box 

was connected to a step-up distribution transformer. This 

transformer is selected to be (0.4/11) k V, since it receives 

the voltage from the inverter at 0.4 kV level, and the 11 kV 

voltage level is selected because in Al-Risha station there 

is an 11 kV busbar. 

3.4.3. Sizing of Cables  

As much as the design/sizing of the grid connected PV 

system is important, the accurate selection of system 

wiring cables is vital so that the system will be safe. The 

wiring must not reduce the performance of any of the 

components of the system. The cables in a grid connected 

system must be sized correctly to reduce the voltage drop 

in the cable and to make sure that the safe current handling 

capacity of the cable is not exceeded. In the present work, 

a maximum cable voltage drop of 5% was used and this is 

the maximum allowable drop in PV grid connected 

systems. Calculations were carried out for sizing the 

required cables of the system and the results are shown in 

Table 4. It should be noted here that any DC cable of cross 

sectional area above the given value in Table 4 can be 

used. 
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Figure 6. Wiring diagram of connection of inverters output to 

main combiner box 

Table 4. Cable sizing for the PV system 

Cable Cable 

Length 

(m) 

Minimum DC 

Cable Rating 

(Cross-sectional 

area, mm2) 

Sizing cables between PV 

modules 
1.5 0.41 

Sizing of DC cable from PV 

array bus-bar (from array 

collection point) to inverter 

20 44.80 

Sizing of AC cables from 

inverter to main combiner 

box 

20 99.90 

Sizing of AC cables from 

main combiner box and 

transformer. 

20 199.80 

A summary of wiring ratings of the system is shown in 

Figure 7:  

 
Figure 7. Summary of wiring ratings and lengths of the 
system 

3.4.4. Sizing of System Circuit Breakers  

 

Circuit breakers are installed in the system to operate 

for over current protection and sized below 125% of the 

current flowing through the wiring. Calculations were 

made and the results are shown in Table 5. 

Table 5. Circuit breaker rating for the PV system 

Circuit breaker position Minimum DC current 

rating (ADC) 

Circuit protection between PV array 

and inverter 

13.98 

Circuit protection on every phase 

output of inverter 

1942.5 

Inverter AC output disconnect 2000 

3.4.5.  Synchronization with the System 

 For this design, synchronization must be assured in 

two places, upon the interconnection with the national grid 

since there is another source of power supply to the grid 

from another source, and when connecting the   kV114.0  

transformer with the kV11  busbar since there is outgoing 

feeders. In other words, synchronization must be achieved 

when there is a closed loop system; this is implemented by 

using Synchro-check relay. Two voltage transformers 

(VTs) on yellow phase measure the voltages, one on the 

circuit side and the second on the busbar. The synchro-

check relay compares the line voltage and the bus-voltage, 

and then a closing pulse command comes from the 

SCADA center, and closes a normally open contactor if 

the synchronization conditions are achieved, then the 

circuit breaker closes.  

3.5. PV System Output Generation 

The PV system considered in this study is a fixed axis 

system with an array slope of 
30  (maximum annual 

energy production) and array azimuth angle
0 . 

3.5.1. PV system Losses 

There are many factors that affect the output of a PV 

system. These factors are quantified as losses and are listed 

in Table 6. Temperature loss, mismatch and wiring losses, 

and DC to AC inversion loss values are given by German 

Energy Society [32]. Normally, for design purposes, 2 to 

6% of the PV panel output can be subtracted to 

compensate for the losses caused by dirt and dust on 

panels (Hussein et al.) [33]. 

Table 6. Type of losses of PV system 

Type of Losses Loss value (%) 

Temperature loss %4  per C  above C25  

Mismatch and wiring 

losses 
%5  

DC to AC inversion losses %5  

Dust losses %5  

3.5.2. Overall efficiency of the PV system per month 

)( PV  

The overall efficiency of the proposed system for each 

month is calculated according to Eq. (6). 
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)( PV  = [(Temperature derate factor  X 

inverter efficiency) X (mismatch and wiring losses   
factor)  X (dust factor)]                                             (6) 

For Al-Risha, the temperature derate factor XT per 

month is calculated based on the data measured by the 

Jordanian Meteorological Department as shown in Table 7 

below,  and by using Eqs. (7) and (8), given by Pate and 

Foster  [34]  

)(2.14.20 CTT avgm
                                (7) 

)%43.0()(1 CTTT amX
      (8) 

Table 7 Al-Risha solar radiation and average daily maximum 

temperature (Jordanian Meteorological Department) 

Month Solar irradiance 

(KW/m2.day) 

Avg. Daily Max. 

Temp C (Ta) 

January 7.24 20.00 

February 8.05 21.00 

March 7.51 23.00 

April 6.64 29.00 

May 7.10 34.00 

June 7.08 38.00 

July 7.08 41.00 

August 6.56 39.00 

September 7.08 34.00 

October 7.40 32.00 

November 8.04 26.00 

December 6.55 28.00 

XT for January can be estimated as follows: 

CTa

25 , and  CTavg
20  (January)    

CTm
4.44202.14.20   

  916.0)254.44(0043.01 
JanXT   (9) 

Similarly, XT  can be estimated for all months of the 

year (see Table 8). By using Eqn. (6) and the value of 

916.0XT Eqn. (9), the overall efficiency JanPV )(  can 

be calculated. For January as an example, 

781.0)95.0(

)95.0()95.0916.0()(



JanPV
                        (10) 

Similarly,  PV  can be estimated for all months of the 

year, (see Table 8). However, solutions can be adopted to 

reduce the losses due to PV module temperature which 

reduces efficiency and power output of the module such as 

 Include Aluminum fins at the rear of the module for 

cooling which reduces the thermal resistance and 

increases the surface area for convection. 

 Another proposed solution is to mount the PV modules 

above the ground at 1.5 m to enhance heat transfer by 

convection.  

 Installing water tanks at the bottom of the PV panels or 

flowing cold water. 

3.5.3. Calculation of Generated kWh of the system per 

month 

Full nameplate capacity for each month (kWh) = 

[installed modules (kW)] x [24 (hour/day)] X [number of 

days of month (day)]                                                       (11) 

CF = [solar irradiance in (kWh/m
2
.day)] x [PV 

system efficiency] I [24 (hour/day] x [1 (kW/m
2
)]   (12) 

So, the plant capacity factor [35] for an average day of 

January is calculated as follows :  

 

2370.0
124

718.024.7
)( . 




JanofdayavgCF  

(Solar irradiance in (kWh/m
2
.day) = 7.24 from Table 

7). 

Similarly,  CF  can be estimated for all months of the 

year, (see Table 8). Combining Eq. 11 and Eq. 12 to get 

the generated kWh of the system yields to 

The generated kWh of the system = Full nameplate 

capacity X Capacity factor CF                              (13) 

So, the full nameplate capacity for January = 

(20000kW x 24 hour/day) x 31 = 14.88 MWh  

Similarly, full nameplate capacity can be estimated for 

all months of the year, (see Table 8) 

So, the generated MWh of the system (Eq. 13) for 

January = (14.88 x 106 ) x 0.237=3.528 MWh  

Similarly, this is calculated for all months, the average 

generated MWh for all months in the first year is 3.236 

MWh. Finally, the total generated kWh of the system for 

the first year is the summation of all months, which equal 

38.829 MWh. The overall results are shown in Table 8. 

3.5.4. Required Land  

 According to the mechanical data of the PV 

module, the length of the selected PV module is 

mmL 1638 , and the width is mmW 982 . The needed 

spacing between the rows of modules has to be taken into 

consideration. The spacing needed depends on the length 

L  of the modules, the tilt angle 30 and altitude 

angle , which corresponds to the elevation of the sun at 

which shadows are undesirable. The geometrical 

relationship between the angles and module is shown in 

Figure 8 
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Table 8. Al-Risha 20 MW PV system plant performance summary 

Month Avg. Daily 

Max. Temp. 

 (oC) 

Avg. Module 

Temp.  

(oC) 

Temp. 

Derate  

(%) 

PV system 

efficiency (%) 

Plant Capacity 

Factor  

(%) 

Energy KWh 

produced 
(MWh) 

Full nameplate 

Capacity 
(MWh) 

January 20.00 44.40 91.658 0.786 23.707 3.528 14.880 

February 21.00 45.60 91.142 0.781 25.210 3.523 13.440 

March 23.00 48.00 90.110 0.773 24.175 3.597 14.880 

April 29.00 55.20 87.104 0.746 20.640 2.972 14.400 

May 34.00 61.20 84.434 0.724 21.416 3.186 14.880 

June 38.00 66.00 82.370 0.706 20.686 2.978 14.400 

July 41.00 69.60 80.822 0.693 20.442 3.041 14.880 

August 39.00 67.20 81.854 0.702 19.182 2.854 14.880 

September 34.00 61.20 84.434 0.724 21.356 3.075 14.400 

October 32.00 58.80 85.466 0.733 22.594 3.362 14.880 

November 26.00 51.60 88.562 0.759 25.437 3.663 14.400 

December 28.00 54.00 87.530 0.750 20.481 3.048 14.880 

AVG. 30.42 56.90 86.283 0.740 22.194 3.236  

     Annual Total 38.829  

 

Figure 8. Illustration of values in Eq. (11) for the shading distance 

The minimum module spacing between rows 





tan

sinL
X   

Where: mmmL 819.081930sin1638sin   

Since the module in this design is south facing, i.e., the 

azimuth angle equals zero, the tilt angle 30 , and 

values of the altitude angles   from 10° - 80° are taken, 

and the average value of the corresponding X  is 

calculated according to Eq. (12) above, and tabulated in 

Table 9.  

Table 9. The minimum spacing between rows for different 

altitude angles 

Altitude angle X (m) Altitude angle X (m) 

10° 4.65 50° 0.69 

20° 2.25 60° 0.48 

30° 1.42 70° 0.30 

40° 0.98 80° 0.15 

Average X value 1.37 

For this design, there are 10 arrays, each of which 

consists of two zones; 

The life-cycle cost methodology is a useful tool used to 

conduct financial analysis of large-scale PV power system 

as compared to conventional alternatives.  PV modules are 

guaranteed by manufacturers up to 25 years of 80% of 

rated wattage at standard test conditions (25°C and 1,000 

W/m2). The only way to make a fair economic assessment 

of the equipment is to look at a levelized life-cycle cost 

analysis over reasonable time frame. There is a variety of 

methods used for calculating the financial feasibility of 

solar energy projects. For life-cycle cost comparison 

considered here, the Net Present Value (NPV) method of 

comparison is most easily applied and commonly used for 

this type of analysis. The NPV can be calculated as 

follows [34]: 

yieldnLiquidatio

tsInvestmentreturnAnnualNPV  cos
    (14) 

3.6. Life-Cycle Costing Methodology (LCC) 

It is reasonable to use a life-cycle cost approach, 

particularly when dealing with renewable energy 

technologies which typically have high initial capital costs. 

Costs of electrical generation can be broken down into five 

main categories:  capital costs, operation and maintenance 

costs, fuel costs, and replacement parts costs. However, 

viable economic decisions cannot be made only on the 

basis of one type of costs (e.g., capital cost), but rather 

must consider all the costs incurred over the lifetime of the 

system. Levelized LCC analysis method makes it possible 

to compare different alternatives by adding up the project 

costs over its lifetime. The LCC can be calculated as 

follows [34]: 

PVPVPV

PVPV

SRF

MOCLCC

)()()(

)&()(




                            (15) 

Where the salvage value PVS)( after 25 years are 

assumed to be zero in this design. 
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In order to accurately estimate the average incremental 

economic cost of the project alternatives, a project life 

time must be selected. The project life time is taken to be 

25 years since it is the warranty period of the solar panel 

which is the most costly part of the system. 

3.6.1. AI-Risha PV System Economic Assumptions 

Economic assumptions for Al-Risha PV system is 

summarized in Table10.  

Table 10. AI-Risha PV System Economic Assumptions 

Solar system Parameter 

25 years Project Lifetime 

None Salvage Value 

None Fuel Cost 

None Demand Cost 

4% Per year Fuel (Grid) Escalation Rate 

$0.012/Wp installed per year O&M Costs 

6% per year General Inflation 

5% per year Discount Rate 

1% per year Real Discount Rate 

The LCC analysis was conducted to bring all costs into 

their present worth. This information is included in Table 

11. In these calculations, the total installation cost is 

124,070,000 $, dividing this value by 20 MWp yielding to 

6.20 $/Wp installation cost. Again, this analysis 

optimistically assumes no PV system downtime during 

daylight hours. Obviously, the PV system will not be 

available for night-time usage. If energy storage was 

added, the system cost would approximately double. To 

the best of our knowledge, there are no MW sized PV 

systems in the world using energy storage due to the high 

cost.  

Table 11.   Al-Risha 20 MWp PV system estimated Component 

Costs 

Total Costs Costs $ Approximation 

$40,000,000,00 PV modules $2.000 $/Wp 

$20,000,000,00 Mounting structure $1.000 $/Wp 

$15,000,000,00 Switch gear and 

interconnect 

$0.750 $/Wp 

$750,000,00 One power transformer $0.038 $/Wp 

$200,000,00 10 distribution 

transformer 

$0.010 $/Wp 

$16,000,000,00 20 Inverters $0.800 $/Wp 

$8,000,000,00 Monitoring $0.400 $/Wp 

$16,000,000,00 Design and installation $0.800 $/Wp 

$120,000,00 Land costs $0.006 $/Wp 

$8,000,000,00 Miscellaneous 

(contingency) 

$0.400 $/Wp 

$124,070,000,00  $6.000 Total 

$ 6.2035 Installation cost ($/WP)   

To calculate present worth value, the following Eq. is 

used [34]:  

 ni

FV
PV




1

                                                           (16) 

To calculate the present worth value where annual 

payments are known and the total present worth of all 

payments needs to be determined, the following Eq. can be 

used [34]:  

UPWAPV                                                       (17) 

Where: 
 

 n
n

ii

i
UPW






1

11
                               (18) 

Operation and maintenance cost (O&M) is considered 

as labor cost (0.012 $/Wp/year), which is equal to (0.012 x 

20,000,000 = 240,000 $/Year). This annual value must be 

converted to the present value using Eq. (18) as follows:  

 
 

02.22
01.0101.0

101.01
25

25





UPW  

$800,284,5000,24002.22 PV  

Now, the replacement cost of the inverters is 

16,000,000 $. For operation purposes, these inverters 

should be replaced after the half life-cycle (say 12 years). 

The present value is calculated using Eq. (16) as follows:  

 
$000,032,18

01.01

000,000,160
12




PV  

The NPV total LCC of Al-Risha 20 MWp PV system 

with O&M cost is calculated and found to be equal to 

147,387,557 $, yielding to 7.37 $/Wp; these results are 

summarized in Table 12. 

It must be noted that PV modules degrade slightly each 

year. For this analysis, the PV array was considered to 

degrade at an average rate of 0.8% each year. After 25 

years, the total array degradation is expected to be 20% 

below nameplate rating. This is typical of the warranty 

offered by several manufacturers (i.e., Sharp). Actual PV 

array degradation will vary according to climate and 

module manufacturing methods.  

The annual expected energy production, the electricity 

value saved and the NPV at Al-Risha 20 MWp solar 

system for the load types of SID, which are industrial 

loads (80.89 %), residential load (11.22%) and commercial 

load (2.90%), of each load type are calculated for the 

operation period of 25 years and listed in Table 13. 

The PV LCC generation cost for all the system is 

calculated as follows:  

PV LCC generation cost = NPV total life cycle cost ($) / 

Total PV Energy production (kWh)  = $ (147,387,557.0 / 

857,937,559.0) = 0.170 $ / kWh                                (19) 

3.7. Cost Comparison between kWh Generated from 

Conventional Units and PV System  

It is possible to evaluate the total cost of the kWh 

production at Al-Risha from conventional unit  (gas 

turbine generation units in this case) if it is used during 

peak hours and compare this with the kWh generated from 

PV system. The assumption, based on that, is that the peak 

happens 6 months in a year, 3 hours in a day, the discount 

rate is 5%. This calculation is based on an annual value 

method; the cost of kWh production from gas turbine is 

shown in Table 14. 
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Table 12. Net Present Value of AI-Risha 20 MWp PV system 

with O&M 

Net present 

value $ 

PVIF, 

PVIFA 
Cost $ Year Item 

    1-Price 

$40,000,000 (1) $40,000,000 0 PV modules 

$20,000,000 (1) $20,000,000 0 
Mounting 

structure 

$15,000,000 (1) $15,000,000 0 
Switch gear and 

Interconnect 

$750,000 (1) $750,000 0 
One Power 

Transformer 

$200,000 (1) $200,000 0 
10 distribution 

transformer 

$16,000,000 (1) $16,000,000 0 20 Inverters 

$8,000,000 (1) $8,000,000 0 Monitoring 

$16,000,000 (1) $16,000,000 0 
Design and 

Installation 

$120,000 (1) $120,000 0 Land costs 

$8,000,000 (1) $8,000,000 0 
Miscellaneous 

(contingency) 

     

    2- O&M 

$5,285,557.37 $22.023 $240,000 
Per 

year 

Labour 

0.012/WP 

     

    3-Replacement 

$18,032,000 $ 1.127 $160,000,000 12 20 inverters 

 

$ 147,387,557 

 

$ 7.37 

 

$/ WP 
 

 

NPV Total Life 

Cost Cycle 

3.7.1. Gas Turbine Cost  

The operating peak hour = (6 months/year) x (30 

day/month) x (3 hours/day) = 540 

Annual cost for gas turbine = 400 x (1+ 0.05)25 x (0.05 / [ 

(1+0.05)25 -1]) = 28.83 $  

Cost of kWh = 28.83 /540 = 0.053 $/kWh  

Total cost = 0.053+ 0.009+0.0707 = 0.133 $/kWh  

This value is calculated for the first year; but to 

calculate the total cost for the generated kWh from gas 

turbine for all life-cycle, the increase of fuel cost must be 

considered. The fuel escalation rate is considered to be 

4%.  

3.7.2. PV System Cost 

The total cost of PV system is calculated previously 

and equals 0.170 $/kWh. In PV system, the capital cost per 

installed Wp peak is 7.37 $/Wp (Table 12), and the total 

generated energy is 857,937,559.0 kWh  

From the above analysis, it can be seen that the cost of 

kWh generated from the PV system for peak shaving can 

be very competitive compared to gas turbines after 6 years 

of operation. This cost comparison between PV and gas 

turbine is shown in Figure 9. 

Table 13. Annual expected energy production, electricity value 

saved and NPV at Al-Risha 20 MWp solar system 

Load type Annual expected 

energy production 

(25 years) 

( kWh) 

Electricity value 

saved 

(USA $) 

Net present 

energy value 

(USA $) 

Industrial 

loads 
730,434,367.0 80,944,260.0 100,084,193.0 

Residential 

loads 
101,316,276.0 18,272,248.0 20,757,273.0 

Commercial 

loads 
26,186,916.0 5,383,699.0 6,115,882.0 

Total 857,937,559 104,600,207 126,957,348 

Table 14. Cost of kWh production from gas turbine 

Type of cost Gas turbine 

Capital cost 400 $/kW 

Operating and Maintenance 0.009 $/kWh 

Fuel cost 0.0707 $/kWh 

Life cycle 25 years 
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Figure 9. Cost comparison between PV system and gas 
turbine 

4. Discussion 

4.1. PV System 

The present study clearly illustrate that it is possible to 

use PV generation at large-scale (20MW) for peak load 

shaving in Sahab Industrial District. In preparation for this 

study, peak loads for SID were recorded. Also, the daily 

load curve for each month was plotted and it was a typical 

curve for industrial peak load. Another preparation for this 
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study was the load types in SID, which were classified as 

industrial loads, sharing 80.89%, residential loads, sharing 

11.22%, and, finally, commercial loads, sharing 2.90%.  

The design of the PV system is based on two different 

inverters, a central inverter and a multi-string inverter. 

Despite of the advantages of the multi-string inverter, the 

very high price of this type leads to opting for the 

conventional inverter (i.e., the central inverter). PV system 

is selected to be fixed structure, the array slope 

is
30 , and the array azimuth is 

0 (due south). 

PV generation yield, the temperature derate factor, and the 

overall PV system efficiency ( PV ) are all calculated for 

each month. The average PV  for all months in the first 

year is 0.74.  

The plant capacity factor is calculated for each month, 

it is a very important factor, and the average capacity 

factor for all months in the first year is 0.22, which is a 

typical value. The full nameplate capacity (installed 

capacity) for each month is calculated and finally, the total 

generated kWh of the system for the first year is equal to 

8,828,975.19 kWh. 

4.2. Economic Viability 

The LCC analysis was conducted to bring all the costs 

into their present worth. In these calculations, the total 

installation cost was 124,070,000 $, dividing this value by 

20 MWp yielding to 6.20 $/Wp installation cost. Also, the 

NPV total LCC of Al-Risha 20 MWp PV system with 

O&M cost was calculated, and it was equal to 147,387,557 

$, yielding to 7.37 $/Wp. For this analysis, the PV array 

was considered to degrade at an average rate of 0.8% each 

year. After 25 years, total array degradation is expected to 

be 20% below nameplate rating.  

For the load types of SID considered in this work, the 

total expected energy production, total electricity value 

saved, and the Net Present Value for the 25 years 

operation period were equal to 857,937,559.0 kWh, 

$104,600,207, and $126,957,348.0 (6.35$/Wp), 

respectively.  

 A cost comparison between PV and gas turbine 

is held. The assumption is based on that the peak occurs at 

6 months in the year, 3 hours in a day, with a discount rate 

of 5%. It is based on an annual value method, and it was 

found that the cost of kWh generated from the PV system 

for peak shaving can be very competitive under the 

assumptions mentioned and that after 6 years of operation 

of gas turbine from now. 

4.3.  Environmental Analysis 

The amount of CO2, saved by grid-connected PV 

systems, depends on the existing energy mix for power 

generation in various countries. It has been assumed that 

PV installations will save, on average, 0.6 kg of CO2 

equivalent per kilowatt-hour. This takes into account 

emissions during the life-cycle of the PV system of 

between 12 and 25 g of CO2 equivalent per kWh 

(European Photovoltaic Industry Association (EPIA)) [36]. 

 
Figure 10. Annual CO2 reduction by using PV system 

The overall CO2 reduction in the life-cycle of PV 

system is about 541,798 tons of CO2. So, there is no doubt 

that PV can be an effective tool to replace the conventional 

power generation and can fight against climate change.  

4.4. Dust Effect 

The accumulation of dust particles on the surface of PV 

panel greatly affects its performance, especially in desert 

areas. But desert countries are of course best suited to PV 

power generation due to the abundant availability of 

sunlight throughout the year. Nowadays, the idea for 

setting up vast solar arrays in desert countries and 

exporting the power to other countries is being discussed. 

In bigger PV solar power plants, more work force and 

machines will be needed to keep making rounds and 

cleaning the panels, especially after a sand storm. Dust 

accumulation on the PV panel surface depends on different 

parameters, like PV panel inclination, kind of installation 

(stand alone or on tracker), humidity, etc. Many research 

results discussed the performance of panels with dust 

concentration on the surface in g/m2. But for a common 

PV user, it is important to know how frequent the panel 

has to be cleaned. There are several techniques to clean the 

modules, such as manual or semi-manual cleaning if labor 

is cheap. If water is restricted, brushes are used for 

cleaning, and in places where water is available, trucks or 

hosing systems spraying off surfaces, or installs sprinkler-

like systems that spray off panel surfaces. New 

technologies such as using automated robotic cleaning 

devices or a new technology using transparent, electrically 

sensitive material is deposited on a transparent plastic 

panel cover. Embedded sensors detect dust and activate an 

electric, dust-repelling charge. The technology requires 

little electricity and removes about 90 percent of deposited 

dust [37]. However, in case if the frequent cleaning is not 

feasible, it is important to know the performance loss due 

to dust for additional estimation to compensate for the loss. 

An average of 5% dust losses is considered for this design 

(Hussein et al.) [33]. 

5. Conclusion 

Large-scale grid-connected PV generation system of 

20MW power output is suggested to be installed in Al-

Risha area to shave off the peak load in Sahab Industrial 

area in Amman. Such systems can generate both energy 
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value (the system's ability to save energy) and the capacity 

value (in the form of coincident peak demand reduction). 

However, if the PV system is generated to save energy 

only, it is not a cost effective project, since the Net Present 

Value with the O&M for the LCC is $147,387,557 (7.37$/ 

WP) and the Net Present Value of the energy saved is 

$126,957,348 (6.35$/ WP). So, the difference does not 

make this project cost effective. Unfortunately, this is 

because the times of peak loads used are based on the book 

of the Electricity Regulatory Commission (ERC), which 

does not include peak times during solar generation time 

(6:00 AM- 6:00 PM), in both winter and summer seasons. 

It is found that the generation cost for all power is US$ 

0.170 per kWh which is much lower than the electrical 

production cost of the peak load generation. It must be 

mentioned that the peak load according to ERC is 4.26 

($/kW/Month), while the daily energy cost is 6.7 

(cent/kWh). If it is assumed that there is at least one peak 

hour during solar generation time, it is a very cost- 

effective project.  

Also, this study shows that the cost of kWh generated 

from the PV system for peak shaving can be very 

competitive compared to gas turbines after 6 years of 

operation, so the cost of PV compared to the cost of gas 

turbines after 25 years was found to be 0.170$/ WP, 0.375 

$/ WP, respectively. Moreover, the overall CO2 reduction 

in the life cycle of PV system is about 541,798 tons of 

CO2. So, there is no doubt that PV can be an effective tool 

to replace the conventional power generation and to fight 

against climate change.  
This project could be generalized to other industrial 

districts as well as other load types (i.e., industrial, 

economic, etc.). The results of this work should encourage 

governments to impose new legislations regarding 

modifying the peak time to coincide with the solar 

generation time, at least one operating peak hour. 
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Abstract 

The present paper describes the development of sub models for combustion analysis in direct injection (DI) diesel engine 
fuelled with Pongamia Pinnata biodiesel-diesel blend as a fuel. In the present study, the Computational Fluid Dynamics 
(CFD) code FLUENT was used to model a complex combustion phenomenon in Compression Ignition (CI) engine. The 
experiments were performed on a single cylinder direct injection diesel engine, with a full load condition at a constant speed 
of 1500 rpm. Combustion parameters, such as cylinder pressure and heat release rate, were obtained from experimental data. 
The numerical modeling was solved by CFD code Fluent, taking into account the effect of turbulence. For modeling 
turbulence Renormalization Group Theory (RNG) k-ε model was used. The sub models such as droplet collision model and 
Taylor Analogy Breakup (TAB) model were used for spray modeling. Modeling in cylinder combustion, species transport 
and finite rate chemistry model were used. The results obtained from modeling were compared with experimental 
investigation. The peak modeling heat release rate was 30 J/s whereas the experimental peak heat release rate was 25 J/s at 
364 degree CA for biodiesel. Similarly, for the diesel peak modelling, the heat release rate was 34.41 J/s whereas the 
experimental peak heat release rate was 27 J/s at 364 degree CA. Simulated results including the in-cylinder pressure, rate of 
pressure rise and heat release rate profiles have been analysed. A good agreement between the modelling and experimental 
data ensures the accuracy of the numerical predictions collected in this work.  Including peak values of in-cylinder pressure, 
rate of pressure rise and heat release rate shows a good agreement between modelling and the measured data. All in all, this 
study demonstrates the feasibility of integrating a compact multi-component surrogate fuel mechanism with CFD to 
elucidate the in-cylinder combustion of biodiesel fuels. 

© 2015 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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Abbreviations 

θ         Crank angle, degree 
µ Dynamic viscosity 
ν Kinematic viscosity 
ρ Density 
ϕ Equivalence ratio 
Qn Net heat release 
Qw Heat transfer to the cylinder wall 
Qg Gross heat release 
RNG    Renormalization Group Theory 

1. Introduction  

The combustion research is more extensive, diverse and 
interdisciplinary due to a powerful modeling tool like the 
Computational Fluid Dynamics (CFD). In CI engine, the 
in-cylinder multiphase fluid dynamics like fuel spray, 

chemical reaction kinetics influence the combustion. The 
fluid flow in an internal combustion engine presents one of 
the most challenging fluid dynamics problems to the 
model. This is because the flow is associated with large 
density variations. So, a detailed understanding of the flow 
and combustion processes is required to improve the 
performance of the engine [7,9]. Substantial differences in 
viscosity, surface tension, density and thermal conductivity 
were obtained relative to reference diesel fuels and among 
the different source materials. The combustion model 
revealed differences in the temperature and emissions of 
biodiesel when compared to reference diesel fuel [1-8]. 
The combustion chamber flow field and its effect on fuel 
spray characteristics play an important role in improving 
the efficiency and reducing the pollutant emission in a 
direct injection diesel engine, in terms of influencing 
processes of breakup, evaporation, mixture formation, 
ignition, combustion and pollutant formation. CFD 
modeling was a valuable tool for acquiring detailed 
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information about these important processes [2,5]. The 
longer ignition delay leads to a rapid burning rate and the 
pressure and temperature inside the cylinder rise suddenly. 
Hence, most of the fuel burns in premixed mode causes a 
maximum peak heat release rate, a maximum cumulative 
heat release and a shorter combustion duration [9-17]. The 
CFD results clearly indicate the impact of the system 
parameter variations on the NO and soot emission 
characteristics and the ability of the adopted models to 
reflect the results sensitivity [18]. The simulation carried 
out in the present work to model DI diesel engine with 
bowl in piston for a better understanding of the in-cylinder 
gas motion with details of the combustion process. An 
attempt was made to study the combustion processes in a 
compression ignition engine; a simulation was done using 
CFD code FLUENT, Turbulent flow modeling and 
combustion modeling were analyzed in formulating and 
developing a model for the combustion process by using 
Karanja biodiesel and diesel blend.  

2. Experimental Set Up 

The schematic diagram of the experimental set up was 
shown in Figure 1. The engine was of a single cylinder 
four stroke direct injection water cooled diesel engine. The 
engine has rated output 5.2 kW at speed 1500 rpm with 
compression ratio 17.5, injection pressure 180 kg/cm2 and 
coupled with rope brake dynamometer. The detailed 
specification of the engine is given in Table 1. 
Performance tests were carried out on compression 
ignition engine using various blends of biodiesel and diesel 
as a fuel. 

3. Geometry Development and Meshing of 

Computational Domain 

In the present study, geometry is modeled in 
preprocessor by using a workbench tool design modeler 
and then meshed in ICEM, respectively. Figure 2 shows 
the computational domain of two dimensional combustion 
chamber geometry counting inlet and exhaust ports. Both 
intake ports have been meshed with the same orientation in 
the flow direction and they were joined with a cylindrical 
structured mesh in the zone upstream of the valves.  The 
combustion chamber is bowl in piston type, which has a 
hemispherical groove on piston top.    

The geometry was modeled at its zero crank angle 
position at TDC as shown in Figures 2 and 3. In ICE, it 
was necessary that, for obtaining realistic simulations, the 
computation must include a combustion chamber geometry 
with an inlet and an exhaust valve. The computations 
performed on bowl in piston type combustion chamber 
reveled that, instead of suction stroke at the end of 
compression stroke, the geometry plays an important role 
to access the combustion when both the valves were 
closed. 

4. Model Development 

In the present paper, the problem is attempted to be 
solved as an unsteady first order implicit with turbulence 
effects considered to simulate the combustion for CI, DI 
engine. The numerical methodology was a segregated 

pressure based solution algorithm. For solving species, the 
discrete phase injection with species transport equation 
and finite rate chemistry reactions were used. The upwind 
scheme was employed for the discretization of the model 
equations. FLUENT uses a control volume based 
technique to convert the governing equations to algebraic 
equations that can solve numerically. The governing 
equations for mass, momentum and energy equations were 
used and appropriate initial boundary conditions were 
chosen for the combustion analysis [15,19]. 

4.1. Turbulance Model 

Turbulence was distinguished by the fluctuation of the 
velocity field. In the present work, the well-known RNG k-

ε model was used for modelling turbulence. The RNG k-ε 
model was derived using a thorough statistical technique. 
It was analogous in form to the standard k-ε model but had 
the advantage of including effect of swirl, which was 
important for ICE combustion analysis. Transport 
equations for the RNG k-ε Model were defined as: 
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4.2. Combustion Modeling  

The ignition/combustion model was based on a 
modified Eddy Dissipation Concept (EDC) which was 
implemented into the CFD code. Multiple simultaneous 
chemical reactions can be modelled, with reactions 
occurring in the bulk phase (volumetric reactions) and/or 
on wall surfaces [13,16]. The conservation equation takes 
the following general form: 

𝜕

𝜕𝑡
�𝜌𝑌𝑖 + ∇. �𝜌ʋ  𝑌𝑖 = −∇. 𝐽 𝑖 + 𝑅𝑖 − 𝑆𝑖   

where Ri is the net rate of production of species i by 
chemical reaction and Si is the rate of creation by addition 
from the dispersed phase. 

4.3. Engine Ignition Modeling 

For the present study the auto-ignition model (Harden-
burg model) was the most suitable for simulating a direct 
injection diesel engine. The transport equation for an 
ignition species Yia is given by: 
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 where Yig is a "mass fraction'' of a passive 
species representing radicals which form when the fuel in 
the domain breaks down. Sct is the turbulent Schmidt 
number. The term Sig is the source term for the ignition 
species which has the form:  
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4.4. Spray Break Up Model 

In the present work, TAB model was used. The TAB 
model was based on the analogy between an oscillating 
and distorting droplet and a spring mass system. The 
distorting droplet effect was considered in the present 
study. The equation governing a damped, force oscillator 
is: 

𝐹 − 𝑘𝑥 − 𝑑
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𝑑𝑡
= 𝑚

𝑑2𝑥
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where the displacement of the droplet equator from its 
spherical position and the coefficients of this equation are 
taken from Taylor's analogy: 
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where ρi and ρa are the discrete phase and continuous 
phase densities, Vr was the relative velocity of the droplet, 
r was the undisturbed droplet radius, σ was the droplet 
surface tension and µi was the droplet viscosity [16,17]. 

4.5. Droplet Collision Model 

The droplet collision model includes tracking of 
droplets for estimating the number of droplet collisions 
and their outcomes in a computationally efficient manner. 
The model is based on O'Rourke's method, which assumes 
stochastic approximation of collisions [14-17]. When two 
parcels of droplets collide an algorithm further establishes 
the type of collision. Only coalescence and bouncing 
outcomes are measured. The probability of each outcome 
was calculated from the collision Weber number and fit to 
experimental observations. The Weber number was given 
as: 
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𝜌𝑉𝑟

2𝑙
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 where Vr  is the relative velocity between two parcels 
and l is the arithmetic mean diameter of the two parcels. 

The state of the two colliding parcels is modified based on 
the outcome of the collision. 

4.6. Wall Film Model 

The spray wall interaction is an important element of 
the mixture creation process in diesel engines. In a DI 
engine, the fuel was injected directly into the combustion 
chamber, where the spray can impinge upon the piston. 
The modeling of the wall film inside a DI engine was 
compounded by the occurrence of carbon deposits on the 
surfaces of the combustion chamber. This carbon deposit 
soak up the liquid layer. It was understood that the carbon 
deposits adsorb the fuel later in the cycle. The wall film 
model in FLUENT allows a single constituent liquid drop 
to impinge upon a boundary surface and form a thin film. 
Interactions during impact with a boundary and the criteria 
by which the regimes are detached are based on the impact 
energy and the boiling temperature of the liquid [13-17]. 
The impact energy is defined by: 
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where ρ is the liquid density, Vr  is the relative velocity 
of the particle in the frame of the wall, D is the diameter of 
the droplet, and s is the surface tension of the liquid. Here, 
dbl is a boundary layer thickness. 

5. Engine Specifications  

Table 1. Engine Specifications 

Specification Details 

Number of strokes 4 
Power output 5.2 kW / 7BHP 
Bore x Stroke 87.5 mm x 110 mm 
Number of cylinder One 
Dynamometer Mechanical loading 
Drum diameter 35 cm 
Orifice diameter 20 cm 
Coefficient of discharge 0.6 
Injection pressure 180 – 200 bar 
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Figure 1. Schematic diagram of experimental set up. 

1) Water inlet to the calorimeter and engine (T1C) 
2) Water outlet from the engine jacket (T2C) 
3) Water outlet from the calorimeter (T3C) 
4) Exhaust gas inlet to the calorimeter (T4C) 

5) Exhaust gas outlet from the calorimeter (T5C) 
6) Atmospheric air temperature (T6C) 
7) Fuel flow 
8) Pressure transducer, EGA- Exhaust gas analyser 
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6. Properties of Liquid Fuel Droplet  

Table 2. Properties of liquid fuel droplet  

Droplet properties Diesel PME 

Density (kg/m3) 

Specific heat capacity (J/kg.K) 

Thermal conductivity (W/m.K) 

Viscosity (kg/m.s) 

Latent heat (J/kg) 

Vaporisation temperature (K) 

Boiling point (K) 

Volatile component fraction (%) 

Binary diffusivity (m2/s) 

Saturation vapour pressure 
(Pascal) 

Droplet surface tension (N/m) 

Critical temperature (K) 

Critical pressure (Pascal) 

Critical specific volume (m3/kg) 

850 

2090 

0.149 

0.004 

277,000 

341 

447.10 

100 

3.79 10-6 

1329 
0.02521 

617.7 

2,110,000 

0.004386 

876 

1810 

0.158 

0.006 

231,436 

341 

664.65 

100 

7.4210-6 

1329 
0.02616 

832.3 

1,307,500 

0.003740 

 
Figure 2. Geometry of combustion chamber with valves 

 
Figure 3. Mesh structure of computational domain for model 
geometry 

 
Figure 4. Comparisons between modeling and experimental 
pressure (p-θ) diagram of Biodiesel blend 

 
Figure 5. Comparisons between modeling and experimental 
pressure (p-θ) diagram of Diesel 

 
Figure 6. Pressure distribution in (Bar) CA = 3600  (max. Load) 
for biodiesel blend 

 
Figure 7. Pressure distribution in (Bar) CA = 3600 (maximum 
load) for Diesel 
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Figure 8. Comparison between modeling and experimental heat 
release rate for biodiesel blend 

 
Figure 9. Comparison between modeling and experimental heat 
release rate for Diesel 

 
Figure 10. Temperature distribution in (K) CA = 3600 (maximum 
load) for biodiesel blend 

 
Figure 11. Gas velocity magnitude (m/s) CA = 3600 (Max.  Load) 
for biodiesel blend. 

7. Results and Discussion 

Figures 4 and 5 show modeling and experimental max. 
in-cylinder pressure traces operating at full load condition. 
The modelled cylinder pressure data show a good 

agreement with the experimental results. The maximum 
pressure rise depends upon the quantity of fuel vaporized 
during the delay time and occurs in the state of 
combustion, some degrees after the beginning of the 
combustion. Note that the modeling peak pressure was 47 
bar at 360 degree CA, and the experimental peak pressure 
was 45 bar at 360 degree CA for biodiesel. Therefore, both 
scale and timing of occurrence of peak pressure were 
precisely predicted by the model. The observed cylinder 
pressure profiles reflect the effect of the in-cylinder heat 
release rate. The heat release rate was determined from 
pressure data. Figures 8 and 9 compare the heat release 
rates computed from modeling and experimental pressure 
traces. The heat release rate decreases from the start of 
injection to the start of combustion which was the ignition 
delay period because of the fuel evaporation occurring 
during this period. The first peak, due to premixed 
combustion, strongly depends on the amount of the fuel 
prepared for combustion during the ignition delay period. 
The second peak, due to diffusion combustion, was 
controlled by the fuel air mixing rate. Diffusion 
combustion continues until the combustion is completed. 
Note that the peak modeling heat release rate was 30 J/s 
whereas the experimental peak heat release rate was 25 J/s 
at 364 degree CA for biodiesel. Figure 4 shows the 
comparison of the measured and CFD modelled cylinder 
pressures. 

The peak pressure and the pressure gradient over the 
combustion period produced by CFD simulation match 
closely with experimental. The peak cylinder pressure was 
over predicated by about 4%. Also, from heat release rate 
graph, the experimental validation of combustion is 
shown. Figure 7 shows the temperature contour diagram at 
maximum loads. This shows that increasing the load, 
which corresponds to increasing the fuel mass flow rate, 
results in increasing the combustion temperature. The 
Figure shows that the temperature of the air at the end of 
compression was sufficiently high for the droplets of fuel 
to vaporize and ignite as they enter the cylinder. The 
maximum temperature that occurs in case of biodiesel was 
1990 K. Figure 8 shows the velocity magnitude contour for 
biodiesel and diesel fuel respectively. The velocity 
magnitude of diesel was 18 m/s while biodiesel had 26 
m/s. This difference was due to the variation in viscosity 
according to the change in temperature and pressure of 
diesel and biodiesel as given in Table 2. Also, there were 
changes in the velocity contour of diesel and biodiesel 
because of their chemical characteristics. 

8. Conclusion 

The CFD code FLUENT was used to simulate the 
combustion characteristics of direct injection diesel engine 
fuelled with biodiesel blend. The fluid flow in DI diesel 
has bowel in piston with turbulence and combustion 
processes modelled with sufficient generality to include 
spray formation, delay period, chemical kinetics and onset 
of ignition.  A good agreement between the modeling and 
experimental data ensures the accuracy of the numerical 
predictions collected in this work. The model was 
validated through the comparison of the predicted p-θ 

curve with the experimental p-θ curves and heat release 
rate. It shows that CFD can be a reliable tool for the 
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combustion modelling of CI engine fuelled with biodiesel 
blend. Pongamia Pinnata biodiesel blend can be a suitable 
replacement to diesel; hence it can be used as an 
alternative fuel for a future work. 
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Abstract 

In line with the global markets’ current trend, the Palestinian market has recently witnessed consecutive implementations 
of different sales technologies by leading firms in different industries; one of these technologies is the Sales Force 
Automation (SFA) technology. However, although the adoption and use of sales technologies have been attractive topics for 
IT literature over the last two decades, the Palestinian empirical research remains silent in this regard, leaving the outcomes 
of implementing and using the SFA technology in the Palestinian market unveiled yet. Accordingly, this study unfolds the 
outcomes of SFA usage and uncovers whether this technology tells a success- or a failure-story among the Palestinian firms 
employing it. Based on literature review and a case study of SFA implementation by one of the leading Palestinian firms, a 
group of expected outcomes was hypothesized to measure the realization of the SFA technology benefits from three 
perspectives: sales managers, salespersons, and customers. The results show that using SFA technology in the Palestinian 
commercial firms has achieved all of its expected outcomes as indicated by responses of sales managers, salespersons, and 
related customers who were totally appreciating this technology and its key benefits. 
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1. Introduction  

In today’s world, so intense markets’ competition sales 
managers are confronting unsurpassed pressures to 
maintain effective selling strategies [1; 2], enforcing an 
additional burden on sales forces to create a competitive 
advantage [3]. Consequently, most firms, in every 
industry, are closely observing the area of Information 
Technology (IT) and rushing to invest significant 
resources in Sales Force Automation (SFA) technology 
with the goal of improving sales performance and 
enhancing customer services [4; 5]. In spite of the fact that 
there is no conclusive definition for SFA technology, it can 
be regarded as the deployment of technology in the form 
of computer hardware, software, and telecommunication 
by sales personnel to automate selling and administration 
[6]. By definition, SFA technology seems to come up with 
momentous potentials [7]. Order processing, order 
tracking, inventory control, customer management, sales 
performance evaluation [8], and most importantly, speed 
of information flow and sharing [9] are just a few 
examples of the business areas an SFA system aims to 
improve by means of automation. 

In accordance with the current global market trend, the 
Palestinian market has recently witnessed consecutive 
implementations of different sales technologies by leading 
firms in different industries along with the growing 

number of vendors who offer specialized implementation 
and support services on SFA and Customer Relationship 
Management (CRM) technologies. Interestingly, mobile 
solutions, GSM wireless technology, and centralized 
databases have been employed with SFA systems to 
support the business nature of hosting firms, which clearly 
indicates that SFA local projects are not basic or simple, 
but rather, they embody an advanced model of latest 
technologies. 

The empirical study, however, has provided no ample 
scholarly evidence on the benefits gained from using SFA 
technology [10]; one of the noticeable findings is that a 
successful utilization of SFA technology is viewed as 
rather a sophisticated and unguaranteed task; it entails an 
additional in-depth examination of the conditions and 
circumstances in which the use of this technology 
produces satisfying results [2; 8; 11-14]. Some recent 
evidence went beyond this notion, Buehrer et al. [12] 
report that more than 50% of SFA adoption projects turned 
to be unsuccessful by leaving no positive impact on the 
firm’s sales. On the other hand, some studies empirically 
document favorable links between SFA systems and sales 
staff productivity (for example, see [15-17]; others testify 
on the SFA benefits [18; 19], and anecdotally, some 
believe that SFA is a nowadays-survival tool [9; 20-24]). 
However, other studies [25-30] believe that judgment on 
SFA benefits has not been completed yet, and the current 
empirical research is still lacking ample evidence. 
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In the presence of this paradox, it is not surprising to 
find a long line of study intensively investigating SFA 
adoption and usage, while the academic community calls 
for more investigations in this area. Yet, the Palestinian 
empirical study remains silent in this regard, leaving the 
outcomes unveiled. In summary, the main premise of this 
study, however, resides in the notion of using SFA 
technology; the current attempt is to play a catalyst role in 
this field through unfolding whether this technology tells a 
success- or a failure-story among the Palestinian firms 
embracing it. 

2. Conceptual Background 

Employing technology in sales has a considerable 
impact on relationship-building processes among the 
manager, the salesperson, and ultimately, the customer 
[31]. On the grounds of this notion, the primary effort is to 
form a three-dimensional conceptual framework of SFA 
technology in which the potential benefits are addressed 
from the perspective of the customer in addition to sales-
manager and the salesperson. In this study, related 
literature has been used to develop a conceptual 
framework. Since the SFA benefits, circulated in related 
literature, stem from the functions and capabilities of SFA 
international packages that are usually implemented in 
well developed markets, using literature to develop the 
study’s conceptual framework may increase the probability 
of underestimating SFA benefits due to the high standards 
of used benchmark. To overcome this issue, a thorough 
review of a local SFA system has been introduced before 
embarking on the conceptual framework. Doing so should 
keep the hypotheses of this study within reasonable 
boundaries.   

2.1. Hypotheses Development 

2.1.1. Sales Managers’ Perspective 
According to Stoddard et al. [17], managers spend only 

37% of their time doing these roles while the other 63% is 
used in administrative work and preparing reports; one 
way to avoid this ineffectiveness in a sales manager job is 
through adopting SFA. In Boujena et al. [3], it is indicated 
that 90% of managers decided to automate their sales force 
because they believed it made a salesperson appear more 
competent and representative.  

Less Administrative Work 

Automating and standardizing selling and 
administrative activities are one of the major outcomes 
sales managers pursued through using SFA [32]. SFA 
reduces the time spent on paperwork by standardizing 
sales reporting forms and, therefore, improves managers’ 
efficiency when having more time for reading and 
analyzing sales data [8; 33]. Therefore, the first hypothesis 
is stated as follows: 
1. H1a: Using SFA technology allows sales managers to 

have more time for sales management. 

Accessibility to more Accurate and Relevant Information 

To be managers updated on-time with accurate 
information about sales activities would enhance sales 
decision-making, such as better resources allocation and 
ranking of customer orders priorities, which should in turn 
be transmitted into higher sales rates. The role of SFA in 
increasing the access to timely accurate information has 
been much emphasized in sales IT literature (see, for 
example, [2; 9; 11; 34; 35]). Thus, we formulate the 
second hypothesis as follows: 
2. H1b: Using SFA technology provides sales managers 

with more accurate and timely information. 

Better Customer Management 

By capturing more information about customers’ 
purchases and payments history, and this is what an SFA 
system is supposed to provide, sales managers can manage 
customers according to their profitability [19]. With such 
information, customer needs would also be addressed more 
appropriately across sales functions since sales managers 
are assumed to be in a better position to inform and guide 
internal processes responsible for meeting customer 
expectations [3]. Adequate coverage of customers is 
another benefit of using SFA in this regard [2]. 
Accordingly, the third hypothesis is formulated as follows:  
3. H1c: Using SFA technology allows sales managers to 

efficiently manage customer relationships. 

Additional Monitoring and Control 

With an SFA system, managers are able to scan and 
analyze the frequency of and time allocated for sales by 
their salespersons, leading to more monitoring [1]. More 
specifically, SFA enables sales managers to monitor their 
salespersons’ field activities as they occur, which allows 
manager to call reports on sales activities for territories, 
groups, or customers aggregated over time; leading to 
more effective and efficient management of the sales force 
[11; 19]. Therefore, the forth hypothesis is stated below: 
4. H1d: Using SFA technology allows sales managers to 

exert additional control over sales activities.    

2.1.2. Salespersons’ Perspective 
Because the profitability of sales firms is highly 

dependent on the effectiveness of their salespersons, when 
studying factors affecting the firm’s sales performance, the 
job of the salesperson entails pausing and much 
contemplation [36]. One of the biggest promises of SFA 
technology is to enhance a salesperson's performance. As a 
result, a considerable field study (see, for example, [15; 
37], among others) is surely needed. Schillewaert and 
Ahearne [38] concentrate on how SFA technology helps 
sales forces to improve their performance. 

More Competent Salesperson 

Adding to salespersons’ competence entails optimizing 
SFA to increase the salespersons' knowledge about the 
products they sell, the customers they serve, the volume 
and the quality of market information they need [3]. One 
approach to have informed salespersons is to grant them 
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the privilege to access up-to-the-minute information 
regardless of location and time [8; 11; 17]. The accuracy 
of information and reporting is also a necessary input in a 
salesperson's competency and is considered one of the key 
factors to encourage investments in SFA technology [9; 
34; 35]. Therefore, the fifth hypothesis is stated as follows:  
5. H2a: Using SFA technology leads to more competent 

salesperson. 

 More Time for Selling 

Stoddard et al. [17] indicate that using SFA technology 
increases salespersons’ productivity by 10% and, on 
average, provides them with two working days of selling 
time per month. Time saving, therefore, is one of the 
anticipated outcomes of using SFA system. Based on 
previous studies, time saving means reducing the 
downtime in the salespersons’ workday, minimizing 
repetitive manual back-office activities that are handled 
manually by salespersons for control and monitoring 
purposes, faster sales orders entry and fulfillment [2], 
decreasing the time consumed in supporting [3], and, yet, 
eliminating the errors encountered with manual sales 
processing [19]. Providing a salesperson with extra time, if 
utilized efficiently, should be translated into higher sales 
rates and revenue growth [6; 15; 37-39], suggesting that 
increasing technology usage, accompanied with other 
supportive inputs, is the way to improve sales rates 
nowadays. To summarize, the sixth hypothesis is stated 
below: 
6. H2b: Using SFA technology allows more selling time 

for salesperson.   

2.1.3. Customers’ Perspective 
While the customer is addressed in fewer SFA research 

studies – since it has strong connections with studies on 
Customer Relationship Management (CRM) [40] – 
enhancing customer support is still viewed as a strategic 
goal of SFA implementations [9; 39]. In the present study, 
customer services are supposed to improve when a 
customer is served by a salesperson with SFA. 

On the assumption that the firm’s effort to accrue a 
good return on SFA investment has been attained by 
improving sales efficiency, such return produces no more 
than internal values; without adding value for the 
customer, those values would be evaporated [41]. In this 
context, Serdaroglu [2] considers the successful sales 
technology as the one that enhances customer services 
rather the one which increases the firm's profits.  

Better Communications  

Helping salespersons to gain more information about 
their customers is what firms look for when using SFA 
[42]. With internet, firms usually perceive SFA as a 
powerful and low-cost way to communicate with 
customers [43; 44]. The pending question is that how 
customers perceive communications with salespersons 
who use SFA. Boujena et al. [3] answers this question by 
assuming that a salesperson with a SFA system is more 
informed and able to show the customers his/her 
knowledge in selling contexts, presenting a salesperson’s 
interest about customer needs. Schillewaert and Ahearne 

[38] support this theory empirically by documenting a 
positive effect of SFA on sales presentation and adaptive 
selling techniques. Therefore, hypothesis number seven is 
stated as follows: 
7. H3a: Using SFA technology enhances communications 

between customer and salesperson 

Higher Service Quality 

The increasing knowledge of today’s customers results 
in making customer service the backbone of the selling 
function. Many firms are keen to improve service quality 
[45; 46]; SFA is an option to do so. Proposing that SFA is 
an investment in service quality might be justified by 
many reasons. Stoddard et al. [17] discuss some of these 
reasons including fast scanning of product problems, the 
more accurate pricing, and the availability of online 
customer profile information.  Similarly, according to 
Schillewaert and Ahearne [38], SFA enables a salesperson 
to review customer orders and payments history, 
understand customer current and future requirements. 
Finally, Barker et al. [11] indicate that one primary goal of 
this technology is to provide a salesperson with all the 
information needed to close orders more efficiently. Thus, 
the eighth hypothesis is formulated as follows: 
8. H3b: Using SFA technology leads to higher quality of 

customer’s services. 

3. Methodology 

3.1. Setting and Participants 

Three leading Palestinian distribution firms that use 
SFA technology were selected to achieve the purpose of 
the present study. The three firms have a total of 26 sales 
managers, 120 salespersons, and 150 customers who were 
referred by participating sales managers and salespersons. 
Inspired by the work of [4; 10; 12; 14], we, first, adopted a 
qualitative approach to interview three sales managers; one 
manager in each firm. The aim of these interviews was to 
(1) supplement the current developed theory, (2) check the 
face validity of adapted SFA benefits realization measures, 
and (3) to assess the validity of our conceptual model, 
including the study hypotheses. After conducting these 
interviews, a quantitative approach was followed to solicit 
quantitative data via close-ended questionnaires. 
Questionnaires were decided upon since they fit better 
with the study purposes in comparison to other 
instruments. Specifically, they ensure a high rate of 
response specially when they are distributed and collected 
in person, they are less expensive and easier to administer, 
and, among others, they assure confidentiality. 

Three questionnaires were designed for each of the 
sales managers, salespersons, and customers. Sales 
managers in each firm were contacted by telephone and 
informed of the purpose of the study and asked to 
participate in the study to coordinate with their subordinate 
of salespersons for completing the questionnaires assigned 
to them. All customers, referenced by sales managers and 
salespersons, were used to fill customers questionnaires. 
All participants were informed that their responses would 
be confidential and solely used for academic purposes. In 
total, response rates of 100%, 95%, and 98% have been 
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obtained for sales managers, salespersons, and customers, 
respectively. After filled questionnaires were returned, the 
responses were edited to ensure completeness, consistency 
and readability. All incomplete questionnaires were 
discarded and the final usable rates were 100%, 92%, and 
95% for sales managers, salesperson, and customers, 
respectively.  

3.2. Measurement 

Each questionnaire included two sections of questions: 
(1) a participant information section and (2) questionnaire 
categories and questions section. Section one aims to 
gather information about the participant profile; it has two 
questions that were developed in order to group the 
participants of sales managers and salespersons by age and 
experience while the participants of customers are to be 
grouped by gender and education. The questionnaires 
comprised close-ended questions using the Likert scale. 
This mode of preference indication was deemed the most 
preferable and the most common as compared to other 
modes of scales. The Likert scale was easy to construct 
and could be easily understood by the respondents. It 
allowed the respondents a sufficient range of choices when 
answering the questions, thus enabling the collection more 
accurate information particularly from the non-experts 
such as customers and salespersons. For the purpose of 
statistical analysis, numbers were assigned to each anchor. 
The anchors used are: Strongly Disagree (=1); Disagree 
(=2); I Don’t Know (=3); Agree (=4); Strongly Agree (=5). 
To ensure the reliability of data collection instrument, 
Cronbach’s alpha coefficient [47] was calculated using 
equation (1), for each element in the three questionnaires. 
Table 1 shows Cronbach’s Alpha for each questionnaire’ 
paragraphs; all coefficients were above 0.7 which insure 
the internal consistency among questionnaires constructs. 
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3.3. Approach 

A five-item Likert scale was used in each 
questionnaire; all responses were obtained on a five-point 
range “strongly agree” to “strongly disagree” with a total 
score of 15 and average 3. Accordingly, being an item 
mean above 3 would be considered a positive opinion and 
vice versa. However, to accept a particular hypothesis, the 
descriptive statistics of a related questionnaire paragraph 
should yield a 95% confident that the paragraph’s true 
mean with a lower interval limit of more than 3.5. Such 
conservatism should add more reliability and 
confidentiality on the analysis results. To outline the 
statistical difference among respondents, independent 

samples test (t-test for Equality of Means) and one-way 
ANOVA Test are used. T-test method compares the means 
of a qualitative independent variable which has two levels 
(in our case, experience and gender variables), whereas 
one-way ANOVA compares means of a qualitative 
independent variable which has more than two levels (in 
our case, age and education variables). 

4. Results  

Table 2 shows the descriptive statistics for the 
hypotheses developed in the present study. The first set of 
hypotheses was concerned with the main effects of SFA 
technology on sales managers’ work. The results indicate 
that sales managers convey a positive perception on the 
SFA technology benefits as indicated by questionnaire 
paragraphs related to each hypothesis; confidence intervals 
with lower limits above 3.5 mean. The confidence 
intervals [48] are calculated using equation (2):  

n
stXmeanforCI n 025.0,1%95 −±=          (2) 

Where X is the sample mean, 025.0,1−nt is the t-value at 

025.0
2
=

α confidence and 1−n  degrees of freedom, s  is 

the sample standard deviation and n is the sample size. For 
example, the number of sales managers surveyed is 26, 
hence n = 26 and the degrees of freedom (n-1) becomes 
25. For paragraphs one (Less administrative work) in 
Table (2), the mean ( =X 3.9835) and the sample standard 
deviation ( =s 0.64565). From the t-table, we found that 

025.0,25t =2.06. Substituting in equation (2), one can easily 

find that the 95% CI for the mean of the first paragraph is 
[3.7227, 4.2443]. Other tabulated values for confidence 
intervals for means of other paragraphs could be computed 
similarly using equation (2). 

Table 1. Cronbach’s alpha for questionnaires’ paragraphs 

 
Paragraph 

Number 
of 

Items 

Cronbach’s 
Alpha 
(α ) 

Sales 
Managers 

Less administrative 
work 

7 0.731 

Accessibility to 
more accurate and 

relevant information 
8 0.887 

Better customer 
management 

6 0.770 

Additional 
monitoring and 

control 
5 0.962 

Salespersons 

More competent 
salesperson 

11 0.928 

More time for 
selling 

9 0.945 

Customers 

Better 
communications 

9 0.710 

Higher service 
quality 

10 0.825 

The results in Table 2 reveal that sales managers, sales 
persons as well as customers are in favor of using SFA in 
sales management. More specifically, utilizing SFA 
technology substantially improves the performance of all 
stakeholders involved in the sales management process in 
Palestine.      
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Table 2.  Descriptive statistics and confidence intervals 

Questionnaire Paragraph 

Mean 

 

( X ) 

Std. Dev. 

 

( s ) 

95% Confidence Interval for 
Mean ( X ) Conclusion 

Less administrative work 3.9835 .64565 3.7227 4.2443 Accept H1a 

Accessibility to more accurate and 
relevant information 

3.9038 .84218 3.5637 4.2440 Accept H1b 

Better customer management 3.8654 .71960 3.5747 4.1560 Accept H1c 

Additional monitoring and control 3.9308 1.02128 3.5183 4.3433 Accept H1d 

Sales Managers Questionnaire’s 
Paragraphs Average 

3.9234 .66837 3.6534 4.1933 
Positive attitude towards 

SFA use 

More competent salesperson 3.7215 .93035 3.5465 3.8965 Accept H2b 

More time for selling 3.7888 1.05568 3.5902 3.9874 Accept H2c 

Salespersons Questionnaire’s 
Paragraphs Average 

3.7518 .94947 3.7518 3.9304 
Positive attitude towards 

SFA use 

Better communications 3.6169 .55987 3.5244 3.7095 Accept H3a 

Higher service quality 3.6769 1.05568 3.5902 3.9874 Accept H3b 

Customers Questionnaire’s 
Paragraphs Average 

3.7518 .61549 3.5752 3.7787 
Positive attitude towards 

SFA use 

4.1. Hypotheses 1 

Table 3 (the four hypotheses (H1a, H1b, H1c, and H1d) 
on the SFA benefits for sales managers’ field work) shows 
the t-values for the statistical differences among 
responding sales managers according to their profiles. All 
coefficients were not significant at the significance level of 

05.0=α . This indicates that all sales managers have the 
same positive perception towards SFA technology benefits 
regardless of their age as all t-vales in Table 3 belong to 
the interval 06.206.2 ≤≤− t . Likewise, all sales 
managers have the same positive perception towards SFA 
technology benefits regardless of their experiences as all p-
values in Table 3 are greater than the significance 
level 05.0=α . Herein, we assume the general case of 
unequal variances of normally-distributed categories of the 
independent variables.  

Table 3. t-Test and ANOVA results summary for hypotheses 1 
(sales managers) 

Dependent Variable 
Independent Variables/Test 

Age/ANOVA Experience/t-Test 

H1a: Less 
administrative work  

.839a .543b 

H1b: Accessibility to 
more accurate and 
relevant information 

.398 -.145 

H1c: Better customer 
management 

.341 -.145 

H1d: Additional 
monitoring and control 

.288 .486 

a The hypothesis is true (accepted) if the tabulated p-values are 
greater than 05.0=α . 
b The hypothesis is true (accepted) if the tabulated t-vales lie in the 
interval 06.206.2 ≤≤− t . 

4.2. Hypotheses 2 

With respect to how salespersons perceive the benefits 
of SFA technology, two hypotheses were developed. The 
descriptive statistics and confidence intervals for 
salespersons average responses were also above the mean 
threshold of 3.5, which implies the acceptance of the 
assumed SFA benefits by salespersons. Thus, both 
hypotheses (H2a and H2b) are accepted (true). Testing for 
statistical differences among salespersons responses, 
according to their personal profiles, reveals that all 
salespersons, regardless of experience and age, accept that 
the assumed SFA benefits; t-values as well as the p-values 
were not significant at the significance level 05.0=α , as 
shown in Table 4.   

Table 4. t-Test and ANOVA results summary for hypotheses 2 
(salespersons) 

Dependent Variable 
Independent Variables/Test 

Age/ANOVA Experience/t-Test 

H2a: More competent 
salesperson 

.056a -.015b 

H2b: More time for 
selling 

.111 .680 

a The hypothesis is true (accepted) if the tabulated p-values are 
greater than 05.0=α . 
b The hypothesis is true (accepted) if the tabulated t-vales lie in the 
interval 06.206.2 ≤≤− t . 

4.3. Hypothesis 3 

Better communications and higher service quality are 
the two hypotheses that were developed to evaluate SFA 
technology benefits from a customer perspective. The 
descriptive statistics and confidence intervals for 
customers’ average responses on these two benefits also 
have a value greater than 3.5, which means customers’ 
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acceptance to the assumed SFA benefits. This supports the 
hypothesized SFA benefits (H3a and H3b) under a 
customer perspective. With regards to statistical 
differences among customers’ perspectives according to 
their personal profiles, regardless of gender and education 
level, customers are in favor of SFA technology at the 
significance level of 5%, as shown in Table 5. This leads 
to concluding that customers convey a positive perspective 
towards the assumed SFA benefits regardless of their 
gender and education. 

Table 5. t-Test and ANOVA results summary for hypotheses 3 
(customers) 

Dependent Variable 
Independent Variables/Test 

Education/ANOA Gender/t-Test 

H3a: Better 
communications 

.615a .222b 

H3b: Higher service 
quality 

.201 1.292 

a The hypothesis is true (accepted) if the tabulated p-values are 
greater than 05.0=α . 
b The hypothesis is true (accepted) if the tabulated t-vales lie in the 
interval 06.206.2 ≤≤− t . 

5. Discussion 

The ultimate purpose of this study was to empirically 
evaluate whether the SFA presumed benefits have been 
realized by the key users of this technology. Therefore, the 
study empirically distinguishes among the different 
impacts of SFA based on the users who utilize this 
technology; each is expected to have different points of 
interest accordingly. Sale managers are of the users who 
have been given the highest attention since they were 
assumed as key makers of the decision to invest in SFA 
technology; their feedback on whether SFA returns 
valuable benefits is the backbone of our evaluation. For 
this reason, the first question that this study sought to 
answer was “does SFA technology use impact sales 
managers’ performance positively?”    

To answer this question, four aspects within a sales 
manager work’s domain were investigated: the excess-
unproductive administrative work, accessibility for 
accurate-relevant sales information, customer 
management, and the mentoring and control function. The 
SFA technology was considered an added value tool when 
it results in a less administrative work and enhances the 
other three areas of sales managements. With respect to 
these areas of investigation, the analysis of sales 
managers’ questionnaire survey clearly indicates that sales 
managers are better off with SFA technology and 
statistically support the hypotheses drawn about them. 
More specifically, by taking the responses averages on 
each benefit as a scaling tool to rank in descending order 
how sales managers perceive these benefits of SFA 
technology, the less administrative work will be at the top 
while the efficiency in customer relationship management 
will be the least important benefit. This means that sales 
managers appreciate SFA technology as an internal more 
than as an external tool. Such a result was supported 
regardless of the sales managers’ different personal 
profiles.     

The second question sought the same previous answers 
but on the salespersons side; “does SFA technology use 
impact salesperson’s performance positively?” To answer 
this question, two benefits were evaluated; the 
salesperson's competency and the salesperson's time for 
selling. The analysis of salespersons’ questionnaire results 
reveals that, by using SFA technology, the salespersons, 
regardless of their personal profiles, felt more competent 
and representative in their work and found extra time for 
selling; the two related hypotheses were supported 
accordingly.  

In reference to customers, the study question was “does 
SFA technology use lead to maintain better customer 
service?” The investigation around this question covers 
customers who are in direct contact and communicate with 
salespersons using SFA technology. Two SFA benefits 
were targeted in the customers’ questionnaire survey: the 
better communication with and the better service quality 
from salespersons who use this technology. The results of 
the questionnaire analysis show that all the sampled 
customers were positively impacted by this technology in 
terms of quality of service first and communications with 
salespersons second as ordered based on average 
responses. The results also support the hypotheses 
formulated on these two benefits without statistical 
differences among customers’ various personal 
characteristics.   

6. Implications 

This study has implications for academics in 
information systems disciplines and for the sales 
management practitioners too. It also has implications for 
sales technology local vendors. From an academic 
perspective, the conceptual framework developed in this 
study provides a reasonable understanding of how sales 
function could be impacted by technology applications. 
From a practical perspective, however, sales management 
practitioners who plan to introduce SFA technology in 
their firms could utilize the finding of this study to know 
what this technology actually renders in the field and how 
to start thinking about more advanced benefits than the 
standard achieved ones. Suppliers may also benefit from 
these study findings as they are assumedly looking for a 
better understanding of what sales managers, salespersons 
and customers should realize from this technology and 
how to upgrade their products. However, the work 
accomplished in this study has its limitations. These 
limitations steer our suggestions for future studies. 

7. Limitations 

As the case of any research study, the present study has 
its own limitations. One limitation is the population size. 
Three Palestinian commercial firms were considered; this 
is due to the limited commercial firms that adopt SFA 
technology in Palestine. Thus, if more firms were 
available, the results of this study could be more 
generalized. Another limitation is the dependence on 
secondary data (questionnaires) for analysis; the use of 
primary data (such as studying the relationship between 
the use of SFA and sales dollar amounts, inventory 
turnover ratio, and other financial data) would support the 
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findings of this study. Moreover, investigating the 
realization of SFA promised benefits is not enough as long 
as understanding all SFA’s dimensions entails 
investigating, among many other things, the reasons of and 
the barriers to making this technology business value-
adding. 
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