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Editorial

Scientific publishing has brought many challenges to authors. With increasing 
number of scientific journals, varying scopes and reviewing requirements, and 
cost of publishing to authors, finding the right journal to publish an article is a 
decision many authors must bitterly confront and resolve. The publication of 
scientific findings is an integral part of the life of researchers; and the process of 
publishing has evolved to become an efficient system of decimating knowledge and 
collaboration among scientists.  Science journals have institutionalized procedures 
to manage large volume of article submissions per year; in many cases, journals 
began to define narrower scopes for a dual purpose: managing submissions and 
delivering outstanding research. 

Based on recent studies, the scientific publishing world consists of more than 
25 thousands active journals in various disciplines and fields. Science Direct hosts 
3,348 journals (as of February 2014).  The Directory of Open Access Journals lists 
in its search engine more than 9,800 open access online journals. 

According to recent estimates, the number of scientific journals grows by 3% 
per year worldwide. With this large number of journals, journals may find it harder 
to stay afloat. 

 In its inauguration, the board of editors is honored to introduce to the scientific 
community the Journal of Engineering and Applied Sciences - JEAS, another 
scientific journal from Majmaah University. The board has pledged a commitment 
to JEAS authors and readers to bring the most dynamic and vibrant journal 
management with better satisfaction. 

Dr. Sameh S. Ahmed
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Abstract

Similarity solution for the problem of hydrodynamic dispersion and radiation in non- Darcy 
mixed convection heat and mass transfer from vertical surface embedded in porous media is 
presented. The Forchheimer extension is considered in the governing equations. The heat and 
mass transfer in the boundary layer region for aiding and opposing buoyancies in both flows 
has been analyzed. The Rosseland approximation is used to describe the radiative heat flux 
in the energy equation. The dimensionless velocity, temperature and concentration fields in 
the non-Darcy porous media are governed by complex interactions among the diffusion rate, 
buoyancy ratio and radiation parameter in addition to the flow driving parameter. Numerical 
results for details of the dimensionless velocity, temperature and concentration which shown 
on graphs and tables have been presented and compared against previously published work on 
special cases of the problem and found to be in excellent agreement. The combined effects of 
radiation, thermal dispersion and solutal diffusivity, for the non-Darcy porous medium, on the 
dimensionless velocity and heat and mass coefficients are discussed.      
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1. Introduction 
        Thermal and solutal transport by fluid 

flowing through a porous matrix is a 

phenomenon of great interest from both the 

theory and application point of view. The 

flow phenomenon is relatively complex 

rather than that of the pure thermal 

convection process. Heat and mass transfer 

processes in porous media are often 

encountered in the study of dynamics hot 

and salty springs of a sea, and in the 

chemical industry, in reservoir engineering 

about thermal recovery process. 

Underground spreading of chemical wastes 

and other pollutants, grain storage, 

evaporation cooling, and solidification are 

the few other application areas where the 

combined thermo-solutal mixed convection 

in porous media are observed. 

Combined heat and mass transfer by free 

convection under boundary layer 

approximations has been studied by Bejan 

and Khair [1] and Murthy and Singh [2]. 

Mixed convection boundary layer flow on a 

surface in a saturated porous medium was 

studied by Merkin [3]. Coupled heat and 

mass transfer by mixed convection in 

Darcian fluid-saturated porous medium has 
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been analyzed by Lai [4]. Thermal 

dispersion effects have been studied by Lai 

and Kulacki [5], Amiri and Vafai [6] and 

Murthy and Singh [7]. Coupled heat and 

mass transfer phenomenon in non-Darcy 

flows are studied by Karimi-Fard et al. [8] 

and Murthy and Singh [2]. The effect of 

solutal and thermal dispersion effects in 

homogeneous and isotropic Darcian porous 

media has been analyzed by Dagan [9]. A 

systematic derivation of the governing 

equations with various types of 

approximations used in applications has 

been presented. Using scale analysis 

arguments, Telles, and Trevisan [10] 

analyzed the double dispersion phenomenon 

in a free convection boundary layer adjacent 

to a vertical wall in a Darcian fluid-saturated 

porous medium. Murthy and Singh [11] 

studied the convective heat transfer in non-

Darcy porous media. The effect of double 

dispersion on mixed convection heat and 

mass transfer in non-Darcy porous medium 

has been analyzed under boundary layer 

approximations using the similarity solution 

technique by Murthy [12]. Mansour and El-

Amin [13] studied the thermal dispersion 

effects on non-Darcy axisymmetric free 

convection in a saturated porous medium. 

Double dispersion effects on natural 

convection heat and mass transfer in non-

Darcy porous medium studied by El-Amin 

[14]. 

At high temperature, thermal radiation 

can significantly affect the heat transfer and 

the temperature distribution in the boundary 

layer flow of participating fluid. Hossain 

and Takhar [15] studied the effects of 

thermal radiation on mixed convection along 

a vertical plate subjected to uniform surface 

temperature. The problem of steady two-

dimensional free convection flow through a 

very porous medium bounded by a vertical 

infinite porous plate by the presence of 

thermal radiation was considered by Raptis 

[16]. The problem of thermal dispersion-

radiation effects on non-Darcy natural 

convection in a fluid saturated porous 

medium studied by Mohammadien and El-

Amin [17]. Thermal radiation effect on non-

Darcy natural convection with lateral mass 

transfer investigated by El-Hakiem and El-

Amin [18]. El-Hakiem [19] studied radiative 

effects on non-Darcy natural convection 

from a heated vertical plate in saturated 

porous media with mass transfer for non-

Newtonian fluid. Heat and mass transfer by 

non-Darcy free convection from a vertical 

cylinder embedded in porous media with a 

temperature   dependent viscosity 

investigated by Chamkha, et al.  [20]. Effect 

of rotation on thermal convection in an 

anisotropic porous medium with temperature 

dependent viscosity was studied by 

Vanishree [21]. El-Hakiem et al. [22] 

studied Natural convection boundary layer 

of non-Newtonian fluid about a permeable 

vertical Cone embedded in porous medium 

saturated with a nanofluid. Chamkha, A.J., 

et.al. [23] studied Coupled heat and mass 

transfer by MHD free convection flow along 

a vertical plate with streamwise temperature 

and species concentration variations. Nield 

and Bejan [24] explained about convective 
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heat transfer in porous medium in their 

book. Kairi and Murthy [25] investigated the 

effect of double dispersion on mixed 

convection heat and mass transfer in a non-

Newtonian fluid-saturated non-Darcy porous 

medium. Srinivasacharya, D., et. al. [26] 

studied mixed convection heat and mass 

transfer along a vertical plate embedded in a 

power-law fluid saturated Darcy porous 

medium with chemical reaction and 

radiation effects. 

 The present work, investigates the effects 

of double dispersion-radiation on mixed 

convection heat and mass transfer in non-

Darcy porous medium. The Forchheimer 

flow model is considered and the porous 

medium porosity is assumed to be low so 

that the boundary effects in the medium may 

be neglected. The heat and mass transfer in 

the boundary layer region has analyzed for 

aiding and opposing buoyancies for both 

aiding and opposing flows. The 

dimensionless velocity, temperature and 

concentration fields in non-Darcy porous 

media are observed to be governed by 

complex interactions among the diffusions 

rate Le, buoyancy ratio N , 
γ

Pe  and 
ξ

Pe  

the dispersion thermal and solutal diffusivity 

parameters respectively and radiation 

parameter R . The Rosseland approximation 

is used to describe the radiative heat flux in 

the energy equation. 

2. Analysis 

Mixed convection heat and mass transfer 

from the impermeable vertical flat wall in a 

fluid-saturated porous medium is considered 

for the study. The x -axis is taken along the 

plate and the y -coordinate normal to it. The 

wall is maintained at constant temperature 

and concentration, 
w

T  and 
w

C  respectively, 

and these values are assumed to be greater 

than the ambient temperature and 

concentration 
∞

T  and 
∞

C  respectively. The 

gravitational acceleration g is in a direction 

opposite to x -direction. The radiative heat 

flux in the x -direction is consider negligible 

in comparison with that in the y -direction. 

The governing equations for the boundary 

layer flow, heat and mass transfer from the 

wall 0y =  into the fluid-saturated porous 

medium 0x ≥  and 0y >  (after making use 

of the Boussinesq approximation). 

0=

∂

∂

+

∂

∂

y

v

x

u

  (1)  

y

CKg

y

TKg

y

uKc

y

u
CT

∂

∂

⎟

⎠

⎞

⎜

⎝

⎛
+

∂

∂

⎟

⎠

⎞

⎜

⎝

⎛
=

∂

∂

+

∂

∂

ν

β

ν

β

ν

2

,(2)   

 ,

y

q

ky

T

yy

T

v

x

T

u

r

ff

∂

∂

−
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

∂

∂

∂

∂

=

∂

∂

+

∂

∂ α

α           

(3) 

),

y

C

D(

yy

C

v

x

C

u
C

∂

∂

∂

∂

=

∂

∂

+

∂

∂

                       

(4) 

The boundary conditions are:  

 :0y =      ,0v =         ,TT
w

=        
w

CC =         

:y ∞→     ,uu
∞

=    ,TT
∞

=         
∞

= CC   

(5) 

 Author name / Journal of Engineering and Applied Sciences 00 (00) 000–000 3 

heat transfer in porous medium in their 

book. Kairi and Murthy [25] investigated the 

effect of double dispersion on mixed 

convection heat and mass transfer in a non-

Newtonian fluid-saturated non-Darcy porous 

medium. Srinivasacharya, D., et. al. [26] 

studied mixed convection heat and mass 

transfer along a vertical plate embedded in a 

power-law fluid saturated Darcy porous 

medium with chemical reaction and 

radiation effects. 

 The present work, investigates the effects 

of double dispersion-radiation on mixed 

convection heat and mass transfer in non-

Darcy porous medium. The Forchheimer 

flow model is considered and the porous 

medium porosity is assumed to be low so 

that the boundary effects in the medium may 

be neglected. The heat and mass transfer in 

the boundary layer region has analyzed for 

aiding and opposing buoyancies for both 

aiding and opposing flows. The 

dimensionless velocity, temperature and 

concentration fields in non-Darcy porous 

media are observed to be governed by 

complex interactions among the diffusions 

rate Le, buoyancy ratio N , 
γ

Pe  and 
ξ

Pe  

the dispersion thermal and solutal diffusivity 

parameters respectively and radiation 

parameter R . The Rosseland approximation 

is used to describe the radiative heat flux in 

the energy equation. 

2. Analysis 

Mixed convection heat and mass transfer 

from the impermeable vertical flat wall in a 

fluid-saturated porous medium is considered 

for the study. The x -axis is taken along the 

plate and the y -coordinate normal to it. The 

wall is maintained at constant temperature 

and concentration, 
w

T  and 
w

C  respectively, 

and these values are assumed to be greater 

than the ambient temperature and 

concentration 
∞

T  and 
∞

C  respectively. The 

gravitational acceleration g is in a direction 

opposite to x -direction. The radiative heat 

flux in the x -direction is consider negligible 

in comparison with that in the y -direction. 

The governing equations for the boundary 

layer flow, heat and mass transfer from the 

wall 0y =  into the fluid-saturated porous 

medium 0x ≥  and 0y >  (after making use 

of the Boussinesq approximation). 

0=

∂

∂

+

∂

∂

y

v

x

u

  (1)  

y

CKg

y

TKg

y

uKc

y

u
CT

∂

∂

⎟

⎠

⎞

⎜

⎝

⎛
+

∂

∂

⎟

⎠

⎞

⎜

⎝

⎛
=

∂

∂

+

∂

∂

ν

β

ν

β

ν

2

   

,(2)   

 ,

y

q

ky

T

yy

T

v

x

T

u

r

ff

∂

∂

−
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

∂

∂

∂

∂

=

∂

∂

+

∂

∂ α

α        (3) 

),

y

C

D(

yy

C

v

x

C

u
C

∂

∂

∂

∂

=

∂

∂

+

∂

∂

               (4) 

The boundary conditions are:  

 :0y =      ,0v =         ,TT
w

=        
w

CC =         

:y ∞→     ,uu
∞

=    ,TT
∞

=      
∞

= CC   (5) 

 



Journal of Engineering and Applied Sciences, Vol. 3, Issue (1) May, 2016Journal of Engineering and Applied Sciences , Vol. 3, Issue (1) November, 2016

M. A. El-Hakiem and Abdullah: Effect of Radiation and Double Dispersion on Mixed Convection Heat ... 4

4 Author name / Journal of Engineering and Applied Sciences 00 (00) 000–000 

 

 Here x  and y  are the Cartesian 

coordinates, u  and v  are the averaged 
velocity components in x

 
and y -directions 

respectively; T is the temperature; C  is the 

concentration; ν  is the kinematic viscosity 

of the fluid; 
T

β  is the coefficient of thermal 

expansion; 
C

β  is the coefficient of solutal 

expansion; K  the permeability of the porous 

medium; k  the thermal conductivity; c  an 

empirical constant; g  the acceleration due 

to gravity; α  the equivalent thermal 

diffusivity of the porous medium; 
ff

α  and 

C

D  are the effective thermal and solutal 

diffusivities, respectively. Telles and 

Trevisan (1993) investigate

 

du
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ξ+= , whereas duγ  and duξ  

represent dispersion thermal and solutal 

diffusivities, respectively. The quantity 
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represents the radiative heat flux in the y-

direction. The radiative heat flux term is 

simplified by using the Rosseland 

approximation as: 
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Rayleigh number, respectively. The inertial 

parameter is 
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present study 0.1PeF
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= ) the buoyancy 

ratio is 
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=  and the diffusivity ratio 
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the forced convection flow. The flow 
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the positive and negative signs represent 
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0N >  indicates the aiding buoyancy and 

0N <  indicates the opposing buoyancy. 

The heat and mass transfer coefficients, in 

terms of the Nusselt and Sherwood numbers 

in the presence of radiation and thermal and 

solutal dispersion diffusivities, can be 

written as 
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when ,0=R  0==
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PePe , Eqs. (12)-
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2/1

θ ′−=

x

Pe

Nu

 and 

)0(
2/1

φ ′−=

x

Pe

Sh

. For 0==

ξγ
PePe , 0≠R

then   

 )0(]))0(C(R

3

4

1[

Pe

Nu
3

T2/1

x

θθ ′++−=      

3. Results and Discussion 

   The resulting ordinary differential Eqns. 

(8)-(10) are integrated by giving appropriate 

initial guess values for )0(f ′ , )0(θ ′  and 

)0(φ ′  to match the values with the 

corresponding boundary conditions at 

)(f ∞′ , )(∞θ  and )(∞φ  respectively. 
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NAG software (D02HAFE routine) is used 

for integrating the corresponding first-order 

system of equations and shooting and 

matching the initial and boundary 

conditions. The step size 05.0=ηΔ  is used 

while obtaining the numerical solution with 

12
max

=η  and five –decimal accuracy as the 

criterion for convergence. Extensive 

calculations have been performed to obtain 

the flow, temperature and concentration 

fields for a wide range of parameter 

100Pe/Ra0 ≤≤ , 0.10 ≤≤ R , 0.1PeF
0

= , 

,5.0N −=  1.0, ,100Le1.0 ≤≤  01.0C
T

= , 

,5Pe0 ≤≤
γ

 and .5Pe0 ≤≤
ξ

 With ,0R =  

,0PeF
0

=  (Darcian  case), 0Pe =

γ

 and 

0Pe =

ξ
 the present problem reduces to heat 

and mass transfer by Darcian mixed 

convection in porous media analyzed by Lia 

[4], and for  0.1PeF
0

=  with variation of 

another parameter compared with Murthy 

(2000). 

          Aiding flow: when buoyancy is aiding 

the flow, for 0N >  (aiding buoyancy case) 

the tangential velocity evolves from nonzero 

wall velocity to uniform freestream velocity 

for all values of 0N > . The vertical 

component of velocity attains negative 

values near the wall and well inside the 

boundary layer. 
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The wall temperature gradient values for 

0.1
0

=PeF  for two values of 5.0−=N  and 

0.1=N  are presented in Tables (II-III). The 

value of )0(f ′  is independent on R . From 

these tables, it is clear that )0(f ′  depends 

on the buoyancy ratioN . The variation of 

the heat transfer coefficient with PeRa /  for 

nonzero values of 
γ

Pe  is studied for a wide 

range of values of .Le  The effect of thermal 

dispersion on the heat transfer is studied 

keeping 0=

ξ
Pe . Consistent with the results 

presented in Lai and Kulacki (1991b), the 

value of )0(θ ′−  decreases as the thermal 

dispersion coefficient 
γ

Pe  increases.  

Table (III): Variation of )0(θ ′−  for varying of R , 

PeRa / , 
γ

Pe  and Le  with 0=

ξ
Pe , 0.1=N . 
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Also for large 
γ

Pe , in a very small region 

near the wall, temperature gradient is greatly 

increased and as a result heat transfer is 

greatly enhanced due to thermal dispersion. 

The value of )0(θ ′−  decreases as the 

radiation parameter R  increases. The value 

)0(θ ′−  increases with increase PeRa / , and 

the value of Le  enhances of )0(θ ′−  when  

5.0−=N , but, it reduce when 0.1=N . 

Table I: Values for (0)f ′  and )0(θ′−  for varying PeRa/ ,  
γ

Pe  with 0=
ξ
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NAG software (D02HAFE routine) is used 

for integrating the corresponding first-order 

system of equations and shooting and 

matching the initial and boundary 

conditions. The step size 05.0=ηΔ  is used 

while obtaining the numerical solution with 

12
max

=η  and five –decimal accuracy as the 

criterion for convergence. Extensive 

calculations have been performed to obtain 

the flow, temperature and concentration 

fields for a wide range of parameter 

100Pe/Ra0 ≤≤ , 0.10 ≤≤ R , 0.1PeF
0

= , 

,5.0N −=  1.0, ,100Le1.0 ≤≤  01.0C
T

= , 

,5Pe0 ≤≤
γ

 and .5Pe0 ≤≤
ξ

 With ,0R =  

,0PeF
0

=  (Darcian  case), 0Pe =

γ

 and 

0Pe =

ξ
 the present problem reduces to heat 

and mass transfer by Darcian mixed 

convection in porous media analyzed by Lia 

[4], and for  0.1PeF
0

=  with variation of 

another parameter compared with Murthy 

(2000). 

          Aiding flow: when buoyancy is aiding 

the flow, for 0N >  (aiding buoyancy case) 

the tangential velocity evolves from nonzero 

wall velocity to uniform freestream velocity 

for all values of 0N > . The vertical 

component of velocity attains negative 

values near the wall and well inside the 

boundary layer. 
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NAG software (D02HAFE routine) is used 

for integrating the corresponding first-order 

system of equations and shooting and 

matching the initial and boundary 

conditions. The step size 05.0=ηΔ  is used 

while obtaining the numerical solution with 
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max

=η  and five –decimal accuracy as the 

criterion for convergence. Extensive 

calculations have been performed to obtain 

the flow, temperature and concentration 

fields for a wide range of parameter 
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 the present problem reduces to heat 

and mass transfer by Darcian mixed 

convection in porous media analyzed by Lia 

[4], and for  0.1PeF
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=  with variation of 

another parameter compared with Murthy 

(2000). 

          Aiding flow: when buoyancy is aiding 

the flow, for 0N >  (aiding buoyancy case) 

the tangential velocity evolves from nonzero 

wall velocity to uniform freestream velocity 

for all values of 0N > . The vertical 

component of velocity attains negative 

values near the wall and well inside the 

boundary layer. 
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The wall temperature gradient values for 

0.1
0

=PeF  for two values of 5.0−=N  and 

0.1=N  are presented in Tables (II-III). The 

value of )0(f ′  is independent on R . From 

these tables, it is clear that )0(f ′  depends 

on the buoyancy ratioN . The variation of 

the heat transfer coefficient with PeRa /  for 

nonzero values of 
γ

Pe  is studied for a wide 

range of values of .Le  The effect of thermal 

dispersion on the heat transfer is studied 

keeping 0=

ξ
Pe . Consistent with the results 

presented in Lai and Kulacki (1991b), the 

value of )0(θ ′−  decreases as the thermal 

dispersion coefficient 
γ

Pe  increases.  

Table (III): Variation of )0(θ ′−  for varying of R , 

PeRa / , 
γ

Pe  and Le  with 0=

ξ
Pe , 0.1=N . 
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Also for large 
γ

Pe , in a very small region 

near the wall, temperature gradient is greatly 

increased and as a result heat transfer is 

greatly enhanced due to thermal dispersion. 

The value of )0(θ ′−  decreases as the 

radiation parameter R  increases. The value 

)0(θ ′−  increases with increase PeRa / , and 

the value of Le  enhances of )0(θ ′−  when  

5.0−=N , but, it reduce when 0.1=N . 
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Table (II): Variation of )0(θ ′−  for varying of R , PeRa / , 
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The wall temperature gradient values for 

0.1
0

=PeF  for two values of 5.0−=N  and 
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Also for large 
γ

Pe , in a very small region 

near the wall, temperature gradient is greatly 

increased and as a result heat transfer is 

greatly enhanced due to thermal dispersion. 

The value of )0(θ ′−  decreases as the 

radiation parameter R  increases. The value 

)0(θ ′−  increases with increase PeRa / , and 

the value of Le  enhances of )0(θ ′−  when  

5.0−=N , but, it reduce when 0.1=N . 
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     The effect of radiation and solutal 

dispersion on the mass transfer coefficient 

has been analyzed keeping 0=

γ

Pe . The 

values of )0(φ ′−  have been tabulated for 

0.1
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Tables (VI-V). Analogous to the pure 
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)0(φ ′−  decreases with increasing values of 

ξ
Pe . But the increase value of radiation 

parameter   R  enhance )0(φ ′−  with fixed 

the other parameters. Interestingly, at large

ξ
Pe , for large values of PeRa / , in a 

relatively large region (larger than that 

observed for thermal gradients) near the 

wall, the concentration gradient is greatly 

increased. But, against this expectation 

peculiar behavior in the mass transfer 

coefficient is observed (see Murthy (2000)). 

The imbalance between the Lewis number 

and buoyancy parameter influence more 

against the enhancement of the mass transfer 

results.  
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Table (III): Variation of )0(θ ′−  for varying of R , PeRa / , 
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For 0=

ξ
Pe , the value of )0(φ ′−  increases 

with increasing values of PeRa /  for all 

values of Le  and N . For large 
ξ

Pe , the 

value of )0(φ ′−  decreases rapidly to near 

zero values with increasing PeRa / . 
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      The variation of 
2/1

x

Pe

Nu

−  with R  and 

PeRa /  in the opposing flow is presented in 

Table (VI) with 0.1
0

=PeF  for different 

value of ( 0=

γ

Pe , 1, 5) and ( 5.0−=N , 

1.0). Thermal dispersion and radiation 

enhances the heat transfer rate in both 

5.0−=N , 1.0 for all values of 0>Le . 

Interestingly, for fixed Le , and nonzero 
γ

Pe

, there exists one critical value of PeRa /  

before which the 
2/1

x

Pe

Nu

−  for 0.1=N  is 

more than that for 5.0−=N  and after which 

its reverse is seen. The 
2/1

x

Pe

Sh

−  is presented 

against PeRa /  for 0.1
0

=PeF  and for six 

combinations of 
ξ

Pe  and N in Table (VII). 
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For 0=

ξ
Pe , the value of )0(φ ′−  increases 

with increasing values of PeRa /  for all 

values of Le  and N . For large 
ξ

Pe , the 

value of )0(φ ′−  decreases rapidly to near 

zero values with increasing PeRa / . 
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      The variation of 
2/1

x

Pe

Nu

−  with R  and 

PeRa /  in the opposing flow is presented in 

Table (VI) with 0.1
0

=PeF  for different 

value of ( 0=

γ

Pe , 1, 5) and ( 5.0−=N , 

1.0). Thermal dispersion and radiation 

enhances the heat transfer rate in both 

5.0−=N , 1.0 for all values of 0>Le . 

Interestingly, for fixed Le , and nonzero 
γ

Pe

, there exists one critical value of PeRa /  

before which the 
2/1

x

Pe

Nu

−  for 0.1=N  is 

more than that for 5.0−=N  and after which 

its reverse is seen. The 
2/1

x

Pe

Sh

−  is presented 

against PeRa /  for 0.1
0

=PeF  and for six 

combinations of 
ξ

Pe  and N in Table (VII). 
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Table (IV): Variation of )0(φ ′−  for varying of 

R , PeRa / , 
ξ

Pe  and Le  with 0=

γ

Pe , 

5.0−=N  
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     The effect of radiation and solutal 

dispersion on the mass transfer coefficient 

has been analyzed keeping 0=

γ

Pe . The 

values of )0(φ ′−  have been tabulated for 

0.1
0

=PeF , 5.0−=N  and 0.1=N  in 

Tables (VI-V). Analogous to the pure 

thermal convection process, the value of 

)0(φ ′−  decreases with increasing values of 

ξ
Pe . But the increase value of radiation 

parameter   R  enhance )0(φ ′−  with fixed 

the other parameters. Interestingly, at large

ξ
Pe , for large values of PeRa / , in a 

relatively large region (larger than that 

observed for thermal gradients) near the 

wall, the concentration gradient is greatly 

increased. But, against this expectation 

peculiar behavior in the mass transfer 

coefficient is observed (see Murthy (2000)). 

The imbalance between the Lewis number 

and buoyancy parameter influence more 

against the enhancement of the mass transfer 

results.  
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Table (III): Variation of )0(θ ′−  for varying of R , PeRa / , 
γ

Pe  and Le  with 0=

ξ
Pe , 0.1=N . 
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values of Le  and N . For large 
ξ

Pe , the 

value of )0(φ ′−  decreases rapidly to near 

zero values with increasing PeRa / . 
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      The variation of 
2/1

x

Pe

Nu

−  with R  and 

PeRa /  in the opposing flow is presented in 

Table (VI) with 0.1
0

=PeF  for different 

value of ( 0=

γ

Pe , 1, 5) and ( 5.0−=N , 

1.0). Thermal dispersion and radiation 

enhances the heat transfer rate in both 

5.0−=N , 1.0 for all values of 0>Le . 

Interestingly, for fixed Le , and nonzero 
γ

Pe

, there exists one critical value of PeRa /  

before which the 
2/1

x

Pe

Nu

−  for 0.1=N  is 

more than that for 5.0−=N  and after which 

its reverse is seen. The 
2/1

x

Pe

Sh

−  is presented 

against PeRa /  for 0.1
0

=PeF  and for six 

combinations of 
ξ

Pe  and N in Table (VII). 
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Table (IV): Variation of )0(φ ′−  for varying of R , PeRa / , 
ξ

Pe  and Le  with 0=

γ

Pe , 5.0−=N  
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Figure 1 illustrate velocity profiles as a 

function of the similarity variable η  for case 

aiding buoyancy. Fig. 1 shows the velocity 

distribution for varying values of radiation 

parameter R  for non-Darcy case  

( 0.1PeF
0

= ), 0==

ξγ
PePe  (aiding flow) 

with 0.1=Le , 5.0−=N . From this figure 

we, observe that the velocity profiles 

increases with increase of parameter 

radiation. Also, we observe that the 

increases of PeRa /  enhances the velocity 

at fixed the other parameters. 

The temperature profile for the case aiding 

buoyancy is presented in Fig. 2. It is evident 

from this figure the radiation parameter R  

enhances the temperature profiles. It can be 

seen that as the buoyancy parameter N  

increases, the temperature profiles 

decreases. Also, this figure clearly indicates 

the favorable influence of the thermal 

dispersion on the temperature profiles. The 

temperature profiles θ  as a function of η  

increases with increase of thermal dispersion 

γ
Pe  for 5.0−=N , 0.1=N . 

The effect of radiation parameter R , solutal 

dispersion 
ξ

Pe  and buoyancy parameter N  

on concentration profiles is plotted in Fig. 3. 

From this figure, we observe the 

concentration profiles for the case aiding 

buoyancy increases with increase the solutal 

dispersion 
ξ

Pe , also, it increase with 

radiation parameter increase. It is 

noteworthy, from Fig. 3, that as the 

buoyancy parameter increases the 

concentration profiles decreases. 
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Figure 1 illustrate velocity profiles as a 

function of the similarity variable η  for case 

aiding buoyancy. Fig. 1 shows the velocity 

distribution for varying values of radiation 

parameter R  for non-Darcy case  

( 0.1PeF
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= ), 0==

ξγ
PePe  (aiding flow) 

with 0.1=Le , 5.0−=N . From this figure 

we, observe that the velocity profiles 

increases with increase of parameter 

radiation. Also, we observe that the 

increases of PeRa /  enhances the velocity 

at fixed the other parameters. 

The temperature profile for the case aiding 

buoyancy is presented in Fig. 2. It is evident 

from this figure the radiation parameter R  

enhances the temperature profiles. It can be 

seen that as the buoyancy parameter N  

increases, the temperature profiles 

decreases. Also, this figure clearly indicates 

the favorable influence of the thermal 

dispersion on the temperature profiles. The 

temperature profiles θ  as a function of η  

increases with increase of thermal dispersion 

γ
Pe  for 5.0−=N , 0.1=N . 

The effect of radiation parameter R , solutal 

dispersion 
ξ

Pe  and buoyancy parameter N  

on concentration profiles is plotted in Fig. 3. 

From this figure, we observe the 

concentration profiles for the case aiding 

buoyancy increases with increase the solutal 

dispersion 
ξ

Pe , also, it increase with 

radiation parameter increase. It is 

noteworthy, from Fig. 3, that as the 

buoyancy parameter increases the 

concentration profiles decreases. 
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Figure 1 illustrate velocity profiles as a 

function of the similarity variable η  for case 

aiding buoyancy. Fig. 1 shows the velocity 

distribution for varying values of radiation 

parameter R  for non-Darcy case  

( 0.1PeF
0

= ), 0==

ξγ
PePe  (aiding flow) 

with 0.1=Le , 5.0−=N . From this figure 

we, observe that the velocity profiles 

increases with increase of parameter 

radiation. Also, we observe that the 

increases of PeRa /  enhances the velocity 

at fixed the other parameters. 

The temperature profile for the case aiding 

buoyancy is presented in Fig. 2. It is evident 

from this figure the radiation parameter R  

enhances the temperature profiles. It can be 

seen that as the buoyancy parameter N  

increases, the temperature profiles 

decreases. Also, this figure clearly indicates 

the favorable influence of the thermal 

dispersion on the temperature profiles. The 

temperature profiles θ  as a function of η  

increases with increase of thermal dispersion 

γ
Pe  for 5.0−=N , 0.1=N . 

The effect of radiation parameter R , solutal 

dispersion 
ξ

Pe  and buoyancy parameter N  

on concentration profiles is plotted in Fig. 3. 

From this figure, we observe the 

concentration profiles for the case aiding 

buoyancy increases with increase the solutal 

dispersion 
ξ

Pe , also, it increase with 

radiation parameter increase. It is 

noteworthy, from Fig. 3, that as the 

buoyancy parameter increases the 

concentration profiles decreases. 
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the favorable influence of the thermal 

dispersion on the temperature profiles. The 

temperature profiles θ  as a function of η  
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From this figure, we observe the 
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radiation parameter increase. It is 

noteworthy, from Fig. 3, that as the 
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Le, N and R with CT=0

Fig.2: Variation of temperature profiles for varying N, R, and 
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Fig. 3: Variation of concentration profiles for varying R, Peξ, N 

with Ra/Pe=1, Peγ=0, Le=1, CT=0.01 

The heat transfer coefficient as a function of 

Lewis number Le  for the without dispersion 
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ξγ
PePe  is plotted in Fig. 4. 

From this figure it can be seen that an 

increase in the value of the mixed 

convection and radiation parameter R  

increases the heat transfer rates. The heat 

transfer coefficient is observed to increase 

with the radiation parameter and diffusivity 

ratio in the opposing buoyancy case, 

whereas it decreases in the aiding buoyancy 

case. For fixed values of other parameters 

the magnitude of 
2/1

x
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Nu

 for 0.1=N  is 

higher than 5.0−=N  for all values of Le  

considered in the study. This clearly 

indicates that the buoyancy ratio has 

significant effect on the heat transfer 

coefficient than the diffusivity ratio. 

 

Fig.4: Heat transfer coefficient as a function of Lewis 

number FPe=1, Peγ= Peξ=0 (aiding flow) 

 

Fig.5: Mass transfer coefficient for varying Ra/Pe, R and N 

with Peγ= Peξ=0, CT=0.01 

Fig. 5 clearly indicate the favorable effect of 

the Lewis number on the mass transfer 

coefficient in both opposing and aiding 
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Fig.5: Mass transfer coefficient for varying Ra/Pe, R and N 

with Peγ= Peξ=0, CT=0.01 
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0.1=Le  when 0.1=N . These results are in 
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solutal dispersion becomes insignificant at 
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Opposing flow. The flow field becomes 

more complex when the freestream flow is 

opposing the buoyancy. Like in the aiding 

flow case, the wall velocity depends only the 
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ratio. Flow separation is the most common 

feature observed in the opposing flows. The 
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=PeF ) the occurrence of the flow 
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flow. The heat and mass transfer coefficients 

in opposing flow are presented in Fig. 8. As 

expected the heat transfer decreases with Le  
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reverse mechanism to the aiding flow case 

and is clearly seen also, in Fig. 8. The 
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are at higher level than those for aiding 

buoyancy. It is evident from the Fig. 8 that 

the mass transfer coefficient increases with 

Le  also, the 
2/1

x

Pe

Sh

−  values in opposing 

buoyancy are higher level than those in 

aiding buoyancy. The radiation parameter 

enhance the heat transfer coefficient and 

reduce the mass transfer coefficient. Aiding 

buoyancy is hindrance to the freestream 

flow in the opposing flow case, so a 

reduction in the transport quantities is 

observed. 

1. Concluding Remarks 

Similarity solution for hydrodynamic 

dispersion-radiation in mixed convection 

heat and mass transfer near vertical surface 

embedded in a porous medium has been 

presented. The heat and mass transfer in the 

boundary layer region has been analyzed for 

aiding and opposing buoyancies in both the 

aiding and opposing flows. The structure of 

the flow, temperature and concentration 

fields in the non-Darcy porous media are 

governed by complex interactions among 

the diffusion rate Le  and buoyancy ratio N  

in addition to the flow driving parameter 

PeRa / . For small values of Le  in the 

opposing buoyancy, flow reversal near the 

wall is observed. The heat transfer 

coefficient always increases with
 

PeRa / . 

Thermal dispersion-radiation favors the heat 

transfer.  As Le  increases the effect of 

solutal dispersion on the non-dimensional 

mass transfer coefficient becomes less 

predictable in both aiding and opposing 

buoyancies. In the opposing flow case, the 

flow separation point is observed to depend 

on the inertial parameter and buoyancy ratio. 

A reduction in the heat and mass transfer 

coefficients is seen with increasing values of 
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more complex when the freestream flow is 

opposing the buoyancy. Like in the aiding 

flow case, the wall velocity depends only the 

inertial, radiation parameters and buoyancy 

ratio. Flow separation is the most common 

feature observed in the opposing flows. The 

flow separation point also depends on the 

buoyancy ratio. In the Forchheimer flow  

( 1
0

=PeF ) the occurrence of the flow 

separation is delayed the separation points 

are observed to occur at ,1.0/ =PeRa  1 for 

5.0−=N , 1.0 and 0=R , 0.5, 1.0. The 

presence of the radiation, thermal and 

solutal dispersion diffusivity will not alter 

the point of flow separation in non-Darcy 

flow. The heat and mass transfer coefficients 

in opposing flow are presented in Fig. 8. As 

expected the heat transfer decreases with Le  

for opposing buoyancy, where as it increases 

with Le  for aiding buoyancy. It is just a 

reverse mechanism to the aiding flow case 

and is clearly seen also, in Fig. 8. The 

2/1

x

Pe

Sh

−  values for the opposing buoyancy 
2 Author name / Journal of Engineering and Applied Sciences 00 (00) 000–000 

 

are at higher level than those for aiding 

buoyancy. It is evident from the Fig. 8 that 

the mass transfer coefficient increases with 

Le  also, the 
2/1

x

Pe

Sh

−  values in opposing 

buoyancy are higher level than those in 

aiding buoyancy. The radiation parameter 

enhance the heat transfer coefficient and 

reduce the mass transfer coefficient. Aiding 

buoyancy is hindrance to the freestream 

flow in the opposing flow case, so a 

reduction in the transport quantities is 

observed. 

1. Concluding Remarks 

Similarity solution for hydrodynamic 

dispersion-radiation in mixed convection 

heat and mass transfer near vertical surface 

embedded in a porous medium has been 

presented. The heat and mass transfer in the 

boundary layer region has been analyzed for 

aiding and opposing buoyancies in both the 

aiding and opposing flows. The structure of 

the flow, temperature and concentration 

fields in the non-Darcy porous media are 

governed by complex interactions among 

the diffusion rate Le  and buoyancy ratio N  

in addition to the flow driving parameter 
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flow separation point is observed to depend 
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Fig. 5 clearly indicate the favorable effect of 

the Lewis number on the mass transfer 

coefficient in both opposing and aiding 

buoyancies, but the effect of radiation 

parameter reduced the mass transfer 

coefficient. Uniform trend in the Sherwood 

number results is observed with increase in 

the buoyancy ratio N  from –0.5 to 1.0. 

The variation of the heat transfer 

coefficient with PeRa /  for nonzero values 

of 
γ

Pe  is studied for a wide range of values 

of Le  and plotted in Fig. 6. For 0.1=Le  

this figure clearly indicate the favorable 

influence of thermal dispersion and radiation 

on the heat transfer results. The value of 
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x

Pe

Nu

−  increases with increasing PeRa / . 

Aiding buoyancy and radiation parameter R  

favors the heat transfer, whereas this 

favorable action is aided by 0.1=Le  when

5.0−=N , and is suppressed by the 

0.1=Le  when 0.1=N . These results are in 

agreement with the results reported by 

Murthy (2000) and Lai (1991). 

The complex interaction between R , N , 

ξ
Pe  and PeRa /  show complex behavior 

for 
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x

Pe

Sh

−  curve. The result presented in 

Fig. 7 with 0.1=Le , 0.1
0

=PeF  and 

0=
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Pe . In the case of aiding buoyancy, 

when 0.1=Le , the mass transfer coefficient 

increases with PeRa /  and, the dispersion 

mechanism augments the mass transfer, 

when 5.0−=N , 
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−  increases with R  

and PeRa /  for 0=
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Pe . When 5=

ξ
Pe , it 

increases with PeRa /  upto the value 5 and 

the decreases thereafter. Its value becomes 

less than the corresponding value for 

0.1=
ξ

Pe  from 20/ =PeRa  on wards: it 

may be inferred that the strength of the 

solutal dispersion becomes insignificant at 

higher values of PeRa /  in the case of 

opposing buoyancy. 

Opposing flow. The flow field becomes 

more complex when the freestream flow is 

opposing the buoyancy. Like in the aiding 

flow case, the wall velocity depends only the 

inertial, radiation parameters and buoyancy 

ratio. Flow separation is the most common 

feature observed in the opposing flows. The 

flow separation point also depends on the 

buoyancy ratio. In the Forchheimer flow  

( 1
0

=PeF ) the occurrence of the flow 

separation is delayed the separation points 

are observed to occur at ,1.0/ =PeRa  1 for 

5.0−=N , 1.0 and 0=R , 0.5, 1.0. The 

presence of the radiation, thermal and 

solutal dispersion diffusivity will not alter 

the point of flow separation in non-Darcy 

flow. The heat and mass transfer coefficients 

in opposing flow are presented in Fig. 8. As 

expected the heat transfer decreases with Le  

for opposing buoyancy, where as it increases 

with Le  for aiding buoyancy. It is just a 

reverse mechanism to the aiding flow case 

and is clearly seen also, in Fig. 8. The 
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observed. 
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predictable in both aiding and opposing 

buoyancies. In the opposing flow case, the 

flow separation point is observed to depend 
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Similarity solution for hydrodynamic 

dispersion-radiation in mixed convection 

heat and mass transfer near vertical surface 

embedded in a porous medium has been 

presented. The heat and mass transfer in the 

boundary layer region has been analyzed for 

aiding and opposing buoyancies in both the 

aiding and opposing flows. The structure of 

the flow, temperature and concentration 

fields in the non-Darcy porous media are 

governed by complex interactions among 

the diffusion rate Le  and buoyancy ratio N  

in addition to the flow driving parameter 

PeRa / . For small values of Le  in the 

opposing buoyancy, flow reversal near the 

wall is observed. The heat transfer 

coefficient always increases with
 

PeRa / . 

Thermal dispersion-radiation favors the heat 

transfer.  As Le  increases the effect of 

solutal dispersion on the non-dimensional 

mass transfer coefficient becomes less 

predictable in both aiding and opposing 

buoyancies. In the opposing flow case, the 

flow separation point is observed to depend 

on the inertial parameter and buoyancy ratio. 

A reduction in the heat and mass transfer 

coefficients is seen with increasing values of 

PeRa / . The Lewis number has complex 

impact on the heat and mass transfer 

mechanism. 
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1. Introduction
Several types of reactors are used 

in chemical or petrochemical industries. 
Plug flow reactors (PFRs), also known as 
continuous tubular reactors, play a key role 
in chemical industries. Tubular reactors are 
often used when continuous operation is 
required but back-mixing of products and 
reactants is not desired. The use of plug flow 
reactors becomes especially important when 
continuous large-scale production is needed. 
PFRs are associated with high volumetric unit 
conversion because the occurrence of side 

Abstract
This work presents an experimental study of the saponification reaction of ethyl acetate by so-
 dium hydroxide in a tubular reactor at 1 atmosphere (atm) of pressure. The objective of this study
is to analyze the effect of operating conditions on the rate constant and conversion in order to ex-
 plore the tubular reactor performance. The temperature, reactant flow rate, and residence time are
 the parameters considered for analyzing the reactor performance. The steady-state conversion is
 achieved after a period of 30 minutes. Conversion decreases with the increased reactant flow rate,
owing to the resulting decrease in residence time. The rate constant first decreases and then in-
 creases with feed flow rate. The rate constant and conversion increase with increased temperature
 within the studied temperature range. The residence time declines with increased reactants flow
 rates leading to decreased NaOH conversion. The obtained NaOH conversion values at different
 temperatures have been compared with literature data. The outcomes of this study may be useful
 in maximizing the conversion of ethyl acetate saponification reaction for industrial scale synthesis
.of sodium acetate and ethanol synthesis in a tubular reactor
Keywords: Saponification; Plug flow reactor (PFR); Conductivity; Conversion; Hydrolysis.
Article history: Received: May 04, 2016, Accepted: November 08, 2016

reactions is minimal. In plug flow reactors, 
reactants are fed from one end of reactor 
and flows continuously through the length of 
reactor as a series of plugs and the products 
are discharged from the other end of reactor.

Advantages of PFRs include high 
volumetric unit conversion and the capability 
of running for longer periods without any 
maintenance or less maintenance. For the 
same conversion and reaction conditions, 
PFR volume is usually lower than CSTR 
volume for isothermal reactions greater than 
zero order (Fogler, 2006). For the industrial 
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application, PFRs can be assembled as a 
single long tube or in the form of a coil. 
PFRs are extensively used in the industry 
for gaseous/liquid phase systems. PFRs are 
commonly used for gasoline production, oil 
cracking, oxidation of sulphur dioxide to 
sulphur trioxide, synthesis of ammonia and 
polymer manufacturing along with other 
applications.   

According to Bursali et al., 2006, the 
hydrolysis of a fat or oil in alkaline condition 
produces soap and the reaction that occurs in 
alkaline conditions is known as saponification. 
Hydrolysis of an ester to produce an alcohol 
and the salt of a carboxylic acid, under basic 
conditions, is called saponification and it is 
normally referred as the reaction of antacid 
in the presence of fat/oil to produce soap. 
Saponification is the hydrolysis of ethyl 
acetate by sodium hydroxide to produce 
sodium acetate and ethanol. A lot of studies 
are available in the literature on the process 
improvement of this saponification reaction.

The effect of operating conditions on CSTR 
performance for ethyl acetate saponification 
has been investigated experimentally by 
Danish et al., 2015. The parameters selected 
for analysis were temperature, feed flow rate, 
residence time, reactor volume and stirrer 
rate. It was found that conversion decreases 
with increased flow rate due to decrease of 
residence time and agitation rate has a positive 
effect on the conversion and rate constant. It 
was also concluded that specific rate constant 
and conversion increases with increased 
temperature within the studied range.

The hydrolysis of ethyl acetate is one 
of the most important reactions, and it is 
characterized as second-order reaction in 
the literature (e.g. Kapoor, 2004). Various 
measurement techniques (Daniels et al., 
1941; Schneider et al., 2005) have been 
used by several investigators at different 
temperatures to study saponification reaction. 
The techniques depend on the conductometric 
measurements to evaluate the composition at 
any time was reported by Walker, 1906 and 
this measurement approach circumvents 
regular removal of product samples for 
analysis.

Tsujikawa et al. 1966 estimated the rate 
constant and activated energy at an initial 
temperature of 25 oC as 0.112x10-3 m3/mol.
sec and 8.37 KJ/mol respectively for alkaline 
hydrolysis of ethyl acetate in a polyethylene 
batch reactor. It was also observed that the 
reaction rate reaction rate of ethyl acetate 
saponification is not expressed adequately 
by a second-order rate equation as given in 
literature (e.g Kapoor, 2004).

Other investigators focused their attention 
on online data recording, using a conductivity 
measurement technique to make the 
procedure much simpler. Researchers have 
conducted several studies on saponification 
reaction; the data exhibit wide scatter for the 
saponification of ethyl acetate with sodium 
hydroxide. Kuheli et al. 2011 conducted 
studies on the saponification of ethyl 
acetate by utilizing innovative conductivity-
monitoring instruments. Rate constants 
of the saponification reaction at various 
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temperatures (range, 35°C to 55°C) were 
evaluated, and observed that outcomes were 
in agreement with some of the data reported 
in literature.

Ahmad et al. 2013 carried out a 
comparative study of ethyl acetate hydrolysis 
using full two level factorial design in batch 
(volume: 1x10-3 m3 and plug flow reactors 
(volume: 0.4 x10-3 m3). The maximum 
fractional conversion of 0.97 was obtained at 
a residence time of 300 seconds in both type 
of reactors under optimum concentrations 
of NaOH (0.01 mol/L) and CH3COONa 
(0.07 mol/L). It was also concluded that 
reaction conversion increases positively with 
increased absolute initial concentration of 
CH3COOC2H5. 

Saponification of ethyl acetate by sodium 
hydroxide to optimize the conversion in 
a continuous stirred tank reactor (CSTR) 
has been studied using two level factorial 
design and response surface methodology by 
Ullah et al., 2015. The maximum conversion 
of 96.71 % was obtained corresponding 
to sodium hydroxide and ethyl acetate 
concentration of 0.01 mol/L and 0.1 mol/L 
while it was suggested that the influence of 
feed ratio, agitation rate and temperature was 
insignificant which contradicts the findings ( 
effect of reaction temperature on conversion) 
of other researchers  (Wijayarathne et al., 
2014; Danish et al., 2015). On other hand, 
the reactants concentration to maximize the 
conversion of sodium hydroxide reported 
by Ahmed et al. 2013 was different from the 
concentrations calculated by Ullah et al. 2015.

A comparative study of ethyl acetate 
saponification and an-oxidation-reduction 
reaction has been conducted in a batch and 
semibatch reactor by Grau et al., 2002. It was 
concluded that it is practicable to operate the 
reactor in both modes of operation to study 
the saponification reaction.  

Hydrolysis of ethyl acetate by sodium 
hydroxide in a tubular reactor using Aspen 
Plus has been investigated by Wijayarathne 
and Wasalathilake, 2014. The simulated 
results were verified by the experimental data 
and it proves that predicted results were in 
agreement satisfactorily with experimental 
results. The model developed can be used as 
a reference to comprehend reaction kinetics 
of plug flow reactor. The objective of the 
current study is to investigate the influence 
of operating conditions on tubular reactor 
performance using hydrolysis of ethyl acetate 
by sodium hydroxide. The temperature, 
reactant flow rates and residence time are 
the parameters considered for analyzing 
the influence on steady-state conversion of 
NaOH and rate constant. The obtained result 
of sodium hydroxide conversion as a function 
of temperature of reaction mixture has been 
compared with literature data (Wijayarathne 
et al. 2014) in order to validate the outcome 
of current study.

2. Materials and methods
2.1 Chemicals

Analytical-grade reagents (AR) were used 
to carry out the research work. Ethyl acetate 
of purity 99.5% and sodium hydroxide of 
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concentration 98.0%-100% were utilized to 
conduct the experiments. The distilled water 
generated using distilled water unit (Type 
2008,GFL) was used to prepare the  solutions 
of sodium hydroxide NaOH (~0.1 M) and 
ethyl acetate CH3COOC2H5 (~0.1 M).

2.2 Experimental Setup 
The tubular reactor (reactor coil: 

length—20.9 m; internal diameter—5.0x10-3 

m; total volume of reactor V—0.41x10-3 m3) 
obtained from Armfield (U.K.) has been used 
for the experiments for the investigation 
as shown in Fig.1 and designed properly to 
facilitate the detailed study.  

The tubular reactor in which the chemical 
reaction takes place made up of a pliable 
coil. The volume of the reactor in the form 
of coil is 0.41x10-3 m3. The conductivity 
and temperature sensors are inserted into 
the gland for online data acquisition. In 
order to conduct an experiment at a fixed 

temperature, the reactor coil is immersed 
in water, which is maintained at a fixed 
temperature by temperature controller. Water 
enters the reactor through non-return valve 
and this valve prevents water draining back 
from reactor when pump is under switch off 
position.

The reactants i.e. NaOH and CH3COOC2H5 

enter the reactor coil from one end and leave 
the reactor vessel through the other end of the 
coil. The conductivity probe housing allows 
the conductivity probe to be fixed in the 
stream of products mixture coming out from 
the reactor coil. The progress of the hydrolysis 
reaction is recorded by conductivity probe 
as the conductivity of solution varies with 
conversion. The conductance of the reaction 
mixture varies with conversion. Priming 
vessel attached with reactor service unit is 
used to fill the reactor coil and returned back 
into the hot water circulator system. The 
reactants flow rates from the storage vessel 

Fig. 1: Setup diagram of tubular reactor (adopted from Armfield, U.K.)
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are controlled by using two peristaltic pumps; 
these pumps are calibrated so that any desired 
reactants flow rate can be adjusted.

2.3 Experimental Procedure
Solutions of sodium hydroxide and 

ethyl acetate were prepared to perform 
the experiments under different process 
conditions. Two peristaltic pumps were used 
to pump the reactant from feed tanks and enter 
the reactor vessel. The reactants pass through 
pre-heating coils submerged in the water; 
here, the reactants are individually brought 
up to the desired reaction temperature. The 
reactants are mixed together at the inlet of 
reactor coil and reaction proceeds as reaction 
mixture pass through the reactor coil.     

After acquiring the required process 
conditions in the reactor, actual-time 
conductivity was recorded by the probe 
and displayed on control panel. The degree 
of conversion and hence, rate constant 
are tabulated by utilizing the conductivity 
data. One of the products of saponification 
reaction i.e. the sodium acetate ascribes for 
the conductivity after infinite time.

3. Results and Discussion
3.1 Steady-State Condition

 Feed flow rates of 13.33x10-7 m3/
sec sodium hydroxide and 13.33x10-7 m3/
sec ethyl acetate were fixed using peristaltic 
pumps. Solutions of 0.1M NaOH and 0.1M 
CH3COOC2H5 were used for conducting the 
experiments; and the saponification reaction 
were performed at a fixed temperature of 30°C. 
Conductance of reaction mixture was recorded 

at 5-minute intervals until steady-state condition 
was reached. The steady-state condition was 
reached after 30 minutes as shown in Fig.2.
 Sodium hydroxide and sodium 
acetate contributed conductance to the 
reaction mixture and on the other hand, ethyl 
acetate and ethyl alcohol do not. The sodium 
hydroxide solution conductivity at a given 
concentration and temperature is not equal 
to that of CH3COONA solution at the same 
concentration and reaction conversion. 
     The rate constant and reaction conversion 
were calculated at steady-state conditions. 
Reaction mixture conductivity decreases 
with time as the reaction proceeds, and it 
attains a steady-state value of conductivity 
after approximately 30 minutes. This 
occurs because as the reaction proceeds, 
the concentration of NaOH decreases, 
resulting indecreased conductivity values. A 
conversion of sodium hydroxide X ~ 0.727; 
and rate constant k ~ 1.27x10-3 m3/mol.sec 
were obtained under steady state conditions. 
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     3.2 Reactant Flow Rate
     Influence of the flow rates of NaOH and 
CH3COOC2H5 on the conversion and rate 
constant were investigated. Three different 
feed flow rates (i.e. 6.67x10-7 m3/sec, 
8.33x10-7 m3/sec and 10.0x10-7 m3/sec) were 
selected to analyze the reaction performance 
and the experiments were conducted at a fixed 
temperature of 30°C. Actual-time conductivity 
data were collected with the different flow rates. 
Fig.3 shows the variation of conductivity and 
conversion with various reactant flow rates.
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reaction temperature, and variation is almost 
linear. 

Fig.5: Rate constant and conversion versus 

temperature curves

 Conversion varies from 52.6% 
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30 °C to 40 °C respectively. The change 
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et al. 2014 is higher (80 % at 40 oC) 
compared with the value obtained in present 

study (73.4 % at 40 oC) and it may be due 
to the large volume of reaction mixture and 
lower reactant flow rate compared with. 
Residence time increases with decreased 
flow rate and this leads to increased reaction 
conversion.
 The effect of reaction mixture 
temperatures on reactor performance have 
not been explored by the researchers (Ahmed 
et al. 2013) although it was suggested 
that conversion increases with increased 
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al., 2015; Wijayarathne et al., 2014).
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hydrolysis reaction. Experiments were 
performed at a pressure of 1 atmosphere (atm) 
and a concentration of 0.1 M of both reactants. 
The influence of operating conditions such 
as reactant flow rate, residence time, and 
temperature on conversion and specific rate 
constant has been analyzed. The research 
outcomes may be outlines as follows:
•	 Decline in the value of actual 
time conductivity with time signifies the 
progress of the hydrolysis reaction.
•	 A steady-state conversion value of 
72.7% and specific rate constant equal to 
1.27x10-3 m3/mol.sec were achieved after 
time interval of 30 minutes.
•	 The reaction conversion 
diminishes with an increased reactant 
flow rate; this is due to the decrease of 
residence time. 
•	 On the other hand, the rate 
constant first decreases and then increases 
within the studied range of reactant flow 
rates.
•	 Conversion increases almost 
linearly with temperature, from 0.526 
to 0.734 for a temperature change from 
30°C to 40°C. The maximum factional 
conversion of 0.734 was achieved at a 
temperature of 40 oC under studied range 
of temperatures. 
•	 The specific rate constant also 
increases with increased temperature but 
not as profoundly as does conversion.
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72.7% and specific rate constant equal 
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after time interval of 30 minutes.

• 	 The reaction conversion diminishes 
with an increased reactant flow rate; this 
is due to the decrease of residence time. 

• 	 On the other hand, the rate constant first 
decreases and then increases within the 
studied range of reactant flow rates.

• 	 Conversion increases almost linearly 
with temperature, from 0.526 to 0.734 
for a temperature change from 30°C 
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hydrolysis reaction. Experiments were 
performed at a pressure of 1 atmosphere (atm) 
and a concentration of 0.1 M of both reactants. 
The influence of operating conditions such 
as reactant flow rate, residence time, and 
temperature on conversion and specific rate 
constant has been analyzed. The research 
outcomes may be outlines as follows:
•	 Decline in the value of actual 
time conductivity with time signifies the 
progress of the hydrolysis reaction.
•	 A steady-state conversion value of 
72.7% and specific rate constant equal to 
1.27x10-3 m3/mol.sec were achieved after 
time interval of 30 minutes.
•	 The reaction conversion 
diminishes with an increased reactant 
flow rate; this is due to the decrease of 
residence time. 
•	 On the other hand, the rate 
constant first decreases and then increases 
within the studied range of reactant flow 
rates.
•	 Conversion increases almost 
linearly with temperature, from 0.526 
to 0.734 for a temperature change from 
30°C to 40°C. The maximum factional 
conversion of 0.734 was achieved at a 
temperature of 40 oC under studied range 
of temperatures. 
•	 The specific rate constant also 
increases with increased temperature but 
not as profoundly as does conversion.
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k         Rate constant                                m3/mol.sec 
T        Temperature                                 oC 
t          Time                                             sec   
 
 
Greek Symbols 
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1. Introduction
Cracking in road can occurs at an 

intermediate and low temperatures, and 

permanent deformation can occurs at high 
temperatures. These are the most serious 
distresses for the flexible pavements. These 
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distresses are reducing the pavement life; 
in addition to increasing maintenance cost  
(KACST, 1993).  Permanent deformation is 
important type of distresses and the principle 
class of this type is rutting. Rutting occurs in the 
flexible pavements when vehicles loads cause 
shear stresses which are more than the shear 
strength of the materials used to construct the 
pavement so that it depends on the vehicular 
loads and the visco-elastic properties of the 
bitumen. This means bitumens are required 
to have high stiffness at high temperature to 
resist rutting. The bitumen behavior affects 
by its chemical composition. The atoms in 
molecules and its type of structures are the 
affecting factors to the bitumen behavior, 
therefore, it is more necessary than the total 
amount of each element. On the other hand, 
the study of chemical properties is more 
complicated, this is why the physical and 
rheological properties are used to characterize 
the asphalt binder because they are easy to 
understand in addition, they give indication 
about the chemical components (http://
www. new-technologies.org, 2016). The fast 
increase in the number of vehicles in KSA 
and associated loads lead to development of 
different problems to the layered structure 
of the pavement. This means the existing 
design approaches need to be reviewed for 
effectiveness specifically the methods which 
depend on empirical analysis of loads. The 
performance of flexible pavement affected 
mainly as material properties, vehicles loads, 
environment and methods of construction. 
Most of the design methods based on the 

field tests and experience gained from the 
American Association of State Highway 
Officials (AASHTO). The new approaches 
for the pavement design are based on the 
analysis of stresses and strains or deflection 
to calculate the permanent deformation and 
pavement fatigues using multilayers system 
(AASHTO, 2010).  The tensile strains under 
the bituminous layers  can leading to fatigue 
cracking and rutting due to strain at top of 
subgrade layer. Saeed and Ali explore the 
uses of fibers in asphalt mixtures. They said 
that use of fibers as an additives materials 
is not a new phenomenon, bitumen-fiber 
material have been used since 1950. Today 
in developed countries most of concrete 
used in construction industry are improved 
by additives (Saeed  et al., 2008). Extensive 
research works are undergoing using 
different fibers and asphalt binder  (Vikas 
and Shweta, 2006; Hossam et al. 2005). 
It can be concluded that they affect the 
performance of asphalt mixes. Any addition 
of fiber can lead to significant changes to 
mixture properties, even more investigation 
and experimental works  are required to 
prove their effects (Pyeong  et al. 2010).  
Extensive research has been conducted or in 
progress all over the world including costly 
accelerated dynamic field testing to replace 
or modernize the existing conventional 
design methods. The dynamic-response 
parameters are needed as fundamental 
inputs to modern evaluation and mechanistic 
design of pavements. These properties will 
also allow characterization and comparative 
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studies of available conventional, marginal 
and treated highway materials. The results 
of laboratory test, related with the theoretical 
predictions, will permit comparison with 
actual pavement performance available from 
field measurements. The findings from such 
studies will ultimately lead to adoption and 
use of new or improved materials based on 
satisfactory performance (Preston, 1997).  

Fatigue of mixtures can be assessed 
reasonably satisfactorily in a number of ways 
and such tests are now routinely carried out 
in many countries as part of a mixture design 
process. However, the relative importance 
of the different mixture components is not 
well understood, nor is the real relationship 
between fatigue in laboratory tests and that 
in the road pavement. Currently several 
factors, such as temperature and moisture 
are considered in the different modeling 
techniques applied for paving mixtures and 
flexible pavements. However, in regions 
where hot climate prevails, like in KSA, 
the following two main factors ought to be 
accounted for when investigating for the 
permanent deformation and fatigue cracking:
     a. Environmental effects, basically high 
temperature during most of the year, and
     b. Use of the materials available in the 
project area.
 The primary methods of modeling 
and analysis include elastic, viscoelsticity, 
elasto-plasticity, visco-plasticity and finite 
element. The most important parameters used 
in these analytical methods are the resilient 
modulus and the complex modulus (Qi and 

Witczak, 1998).  Asphalt binder is complex 
materials due to heterogeneous structure. 
Many researches carried out worldwide to 
understand its behavior. Recently research 
works carrying out to simulate fatigue 
cracking and permanent deformation through 
models of materials [Lee et al. 2000;  Lytton, 
1993; and Park, 1996). There is an obvious 
difference between the relatively uniform 
stress conditions present in a pure binder 
specimen and the highly variable stresses 
present in the binder around numerous filler 
particles. The analysis demands innovative 
thinking (Osman, 2005). Permanent 
deformation or rutting and fatigue cracking 
are the main distresses facing the flexible 
pavement. Polymer modification has been 
proven to be an effective way to improve 
bitumen properties to some extent by many 
researchers and has been used widely in 
practice (Nahal et al 2014, Zhu et al 2014)

Abdulaziz, 2001 conducted a research that 
stated; that the fatigue cracking and rutting in 
the shape of longitudinal depression are the 
main distresses in KSA in spite other failure 
modes. Due to heavily trucked highways and 
overweight of trucks pressure of tire rutting 
is almost the dominant distresses in Eastern 
province. So to overcome these problems 
asphalt mixture materials, design and method 
of construction should be changed to obtain 
high quality pavement (Abdulaziz, 2001). 
Some researchers have found that adding 
polymers to asphalt may increase the product 
price by between 60 and 100% owing to 
following reasons (Al-Dubeeb  et al. 1998).
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and treated highway materials. The results 
of laboratory test, related with the theoretical 
predictions, will permit comparison with 
actual pavement performance available from 
field measurements. The findings from such 
studies will ultimately lead to adoption and 
use of new or improved materials based on 
satisfactory performance (Preston, 1997).  
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reasonably satisfactorily in a number of ways 
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in many countries as part of a mixture design 
process. However, the relative importance 
of the different mixture components is not 
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in the road pavement. Currently several 
factors, such as temperature and moisture 
are considered in the different modeling 
techniques applied for paving mixtures and 
flexible pavements. However, in regions 
where hot climate prevails, like in KSA, 
the following two main factors ought to be 
accounted for when investigating for the 
permanent deformation and fatigue cracking:
     a. Environmental effects, basically high 
temperature during most of the year, and
     b. Use of the materials available in the 
project area.
 The primary methods of modeling 
and analysis include elastic, viscoelsticity, 
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in these analytical methods are the resilient 
modulus and the complex modulus (Qi and 

Witczak, 1998).  Asphalt binder is complex 
materials due to heterogeneous structure. 
Many researches carried out worldwide to 
understand its behavior. Recently research 
works carrying out to simulate fatigue 
cracking and permanent deformation through 
models of materials [Lee et al. 2000;  Lytton, 
1993; and Park, 1996). There is an obvious 
difference between the relatively uniform 
stress conditions present in a pure binder 
specimen and the highly variable stresses 
present in the binder around numerous filler 
particles. The analysis demands innovative 
thinking (Osman, 2005). Permanent 
deformation or rutting and fatigue cracking 
are the main distresses facing the flexible 
pavement. Polymer modification has been 
proven to be an effective way to improve 
bitumen properties to some extent by many 
researchers and has been used widely in 
practice (Nahal et al 2014, Zhu et al 2014)

Abdulaziz, 2001 conducted a research that 
stated; that the fatigue cracking and rutting in 
the shape of longitudinal depression are the 
main distresses in KSA in spite other failure 
modes. Due to heavily trucked highways and 
overweight of trucks pressure of tire rutting 
is almost the dominant distresses in Eastern 
province. So to overcome these problems 
asphalt mixture materials, design and method 
of construction should be changed to obtain 
high quality pavement (Abdulaziz, 2001). 
Some researchers have found that adding 
polymers to asphalt may increase the product 
price by between 60 and 100% owing to 
following reasons (Al-Dubeeb  et al. 1998).
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Price of polymer and content of polymer 
can decrease, Pavement cycle cost increase 
by 10 folds, Most used polymer in asphalt 
modification is Styrene ButyleStyrene and 
crumbed tire rubber. Fig. 3 shows temperature 
zoning map and performance Grade (PG) 
binder That can be used in Kingdom of Saudi 
Arab.

2. Materials and Methods
Asphalt grade 60/70 Pen was used in this 

research collected from Ras-Tanora refinery. 
Fifty liters of asphalt were collected and 
distributed into small containers after heating 
to avoid repeating of heating samples which 
may change the characteristics of asphalt 
binder.  Polymers samples were collected 
from three sources: SABIC polymers: two 
types of High Density Polyethylene (HDPE); 
HDPE M80064 and HDPE M200056, one 
type of Linear Low Density Polyethylene 
(LDPE), Exxon Chemical (EE2) and Eastman 
Polybilt Polymer (PB-101). 

Fig. 1. Temperature Zoning Map and binder PG for 
the Kingdom of Saudi Arabia (Hamad, 1996).

2.1 Preparation of polymer and asphalt blend 
Five polymers were used in this research, 
individual polymer blended with asphalt 
grade 60/70 Pen. To insure homogeneity 
of the product the heating temperature 
and blending time had been followed as 
per manufacture’s recommendation. Of 
course experience playing a major role in 
defining the polymer concentration of the 
selected types. The specified percentage 
of each polymer was used to produce the 
Polymer Modified Bitumen. Aggregate from 
different sizes were blended by trial and 
error to achieve the aggregate skeleton as per 
specifications (MOM &RA – KSA, 2011).  
Marshal mixture design was used to evaluate 
the asphalt mixture. Aggregate mixture was 
heated to160-180°C. Bitumen also heated to 
170°C.  

2.2 Asphalt Mixture Design
Asphalt mix is designed using different 
polymers types. A control mix was designed 
using the specifications of Ministry of 
Transport in Eastern Province. Asphalt mixes 
sample were prepared (see Fig. 2):

Fig. 2.Samples of control mix, mix1
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Mix 1: Control mix as used in eastern 
province specifications, KSA without 
using  asphalt modifier 3 samples per 
bitumen content by weight  has been 
used. 

Mix 2: Modified Asphalt with HDPE M80064 
polymer 3 samples per bitumen content. 

Mix 3: Modified Asphalt with LLDPE 
M200024 polymer 5 samples with 
bitumen content. 

Mix 4: Modified Asphalt with HDPE Polybilt 
polymer 5 samples with bitumen content. 

Mix 5: Modified Asphalt with HDPE EE2 
polymer 5 samples with bitumen content.

3. Results and Discussions 
3.1 Aggregate Testing Results

Aggregate is a mix of granular particles 
with different sizes and shapes produced by 
mechanical crushing of natural or industrial 
stones. Samples of coarse and fine crushed 
aggregates materials were obtained from Abu 

Mean company. Cement filler was used in 
asphalt mixture as a filler material. Coarse 
aggregates were evaluated using different 
methods such as: abrasion test, impact value, 
crushing value, gradation, water absorption 
and specific gravity, angularity, flakiness 
index and elongation. Finer materials were 
evaluated by using sieve analyses, specific 
gravity and absorption. Table 1 presents 
the specific gravity and other properties of 
the aggregate samples. Table 1 presents the 
results of physical properties of the asphaltic 
materials.

3.2 Testing of Asphalt Binders
The total numbers of asphalt binders tested 

are five including the neat (un-aged) asphalt 
binder 60/70 pen grade and four modified 
binder. Two percentages of polymer contents 
for each types is used to achieve different PG 
grades. Series of testing was established to 
get the physical and consistency properties 

Table 1. Properties of aggregate used in asphaltic concrete 

Test Test used 

Aggregate size 

3/4" 3/8" Crushed  sand Filler 

Magnesium Sulphate 

soundness loss, %  

ASTM C88-05 10 10 11 - 

Los Angles Abrasion  

Value, %   

AASHTO T-96 

ASTM C 131 

29.2 29.5 - - 

Aggregate Impact Value   BS 812-112 11.2 11.2 - - 

Specific gravity for Bulk  AASHTO T85 2.572 2.25 2.636 2.673 

Specific gravity for 

Saturated Surface Dry  

2.627 2.28 2.684  

Apparent Specific Gravity 2.72 2.34 2.777  

Absorption of Water, % 2.1 1.74 2.0 - 

Flakiness index,% ASTM D4791-05 4.8 31 - - 

Elongation index,% ASTM D4791-05 2.5 21.3 - - 

Clay content, % AASHTO T-112 0.20  0.17  

Coating and stripping, %, 

min. 

AASHTO T-182 95    

Liquid Limit ASTM D4318 - - N.L N.L 

Plastic Limit ASTM D4318 - - N.P N.P 
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in the laboratory as shown in Table 2. For 
each test, four samples were experimented 
to eliminate the percentage of error. Table 3 
gives summary of binder characterization test 
results. Asphalt binder properties evaluated 
through superpave tests corresponding to 
different temperature range like low, medium 
and high as shown in Table 3. Dynamic Shear 

Rheometer (DSR) AASHTO TP-5 is used for 
properties determination at intermediate and 
high temperatures to evaluate both neat and 
modified asphalt. 

The (DSR) test conducted to determine 
the rheological properties for aged and 
un-aged asphalt binder samples. The DSR 
test provides different parameters - at a 
temperature  range from 22 to 40°C, and for 
flexural creep between -6 to -12°C as shown 
in table 3- as listed below:

• Complex Shear Modulus, G* = Peak Stress 
/ Peak Strain

• Phase Angle, d (defined as the phase 
difference between stress and strain) 

• Shear Storage Modulus, G′ = G* Cos δ
• Shear Loss Modulus, G″ = G* sin δ
• G* / sin δ

The established sequenced  is followed 
to determine the PG grade of asphalt 
binder samples. Bending Beam Rheometer 
(BBR) test is used for the low temperature 
properties (creep stiffness (S) and creep 

Table 2. Bitumen Physical Properties Tests Results 

 
Mean 

test 

value  

Penetra

-tion 

Grade 

60-70 

AAS

HTO 

Test 

 

 

Property 

2.21 

68 T-49 Penetration at 25 

Degrees C, 100g, 5sec. 
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rate (m-value)) evaluation. Pressure Aging 
Vessel (PAV) (AASHTO PP-1) residue are 
the samples used for BBR test for both neat 
and modified asphalt binder. As a definition 
the creep rate is the slope of log loading 
time versus log stiffness. The Rotational 
Viscosity test at 135ºC performed using 
Rotational viscometer (RV AASHTO TP-
48) is a valuable conducting test to evaluate 
the workability, pumping and handling for 
both types of binder (neat and modified). 
One advantage of the RV test is that the 
result could be used to determine the 
mixing and compaction temperatures based 
on temperature versus viscosity chart by 
testing the viscosity at 163 ºC. The Rolling 
Thin Film Oven (RTFO, ASTM D-2982) 
and PAV method were used to simulate the 
short and long term aging respectively for 
modified and un-modified (60/70 pen grade) 
asphalt binders samples. There was no need 
to conduct the Direct Tension Test (DDT) 
because of the BBR test results. 

3.3 Asphalt Mixture Results
Fig. 3 to Fig 7 shows asphalt mixture 

properties for Marshall testing.

Fig.3. Bitumen contents Vs. mix stability

Fig. 4.  Bitumen contents Vs mix density(kg/m3)

Fig. 5. Bitumen contents Vs air voids

Fig. 6. Bitumen contents Vs Voids in mineral 
aggregate

Fig. 7. Bitumen contents vs Voids filled with bitumen
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3.4 Discussion 
AASHTO specifications are used for 

sample preparation and polymer blend 
with provided recommendations by the  
manufacturer. Appropriate percentage 
selection of the polymer was a considerable 
point and this selection of the previous 
percentage of polymers contents based on 
the experience. Bitumen binder is a visco-
elastic material and its properties affected 
by two factors - which are load time and 
temperature - extensive evaluation had been 
done using Superpave tests methods and PG 
grade system. The PG grade was determined 
to see whether it satisfies the specification 
requirements according to the Temperature 
Zoning in KSA as shown in Fig. 3 above. So 
that, resistance to rutting and fatigue cracking 
was covered. In addition to that workability, 
safety, pumping and handling characteristics 
are evaluated.       

Based on SHRP Superpave System the 
performance of asphalt binders in specified 
location is controlled by two factors, these are: 
the average seven day maximum pavement 
design temperature and the minimum 
pavement design temperature. As a result of 
the research, the temperature zoning of KSA 
which is shown in Figure 3 are identified 
(-10 ºC) as the minimum pavement design 
temperature and (70 ºC) as the maximum 
pavement design temperature, but the asphalt 
binder samples which are collected from the 
refinery had the minimum required G*/sin (δ) 
which is 1.0 KPa at 64ºC. So that, the produced 
asphalt binder from the refinery do not meet the 

performance requirements of more than 60% 
of KSA area. So this type of asphalt (60/70 
pen Grade) can be used without modification 
in some locations, if the traffic condition 
does not require developing of PG based on 
Table 3, otherwise modification is required. 
For the other areas asphalt modification is 
needed to improve asphalt binder properties 
to satisfy the required PG grade, because 
60/70 pen grade asphalt do not exhibit 
adequate visco-elastic properties to resist 
high temperature distresses in areas when the 
high pavement design temperature exceed 
64 ºC. In this regard, two types of polymers 
from international producer used to modify 
the 60/70 pen grade asphalt binder samples 
from the refinery. Modification of asphalt 
does not mean to check the requirements at 
high temperature only, so that, it is important 
to note that, although the performance of low 
temperature requirement of asphalt binder in 
KSA (-10 ºC) is satisfied by 60/70 pen grade 
asphalt binder, the polymer modified binders 
must be evaluated for their low temperature 
behavior to insure that the modification does 
not affect their behavior at low temperatures 
as a tradeoff for the improvement of their 
behavior at high temperatures. 

According to the laboratory results which 
were shown in Table 3 it is evident that the 
PG 76 could be achieved by using the same 
percentage of the two different types of 
polymers (5%) but, the low temperature is 
different. On the other hand, the PG 70 can 
be achieved by using 4% of EE2 or 4% of 
Polybilt. It is important to note that, the 
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rheological properties of modified bitumen 
binder using two or more different types 
of polymers were not depending on the 
percentage of polymers, even they gave same 
high temperature properties requirement at 
one percent.

On the basis of the asphalt mixture 
results obtained,  comparison can be 
establish in the optimum asphalt content 
between the control mix and the modified 
polymers as following:
•	 Target optimum asphalt content 
for HDPE M200056 polymer is less than 
Control mix 
•	 Target optimum asphalt content 
for LLDPE M200024 polymer is less than 
Control mix 
•	 Target optimum asphalt content for 
Polybilt polymer is less than Control mix 
•	 Target optimum asphalt content for 
EE2 polymer is less than Control mix 

4. Conclusion
Based on the above Marshal design 

results the following points can be 
concluded:

•	 Mixture Flow of unmodified 
asphalt is higher compared with all 
modified asphalt. Lower value of flow 
obtained when using EE2 polymer and 
HDPE.
•	 Low stability was obtained from 
unmodified mixture whereas high stability 
was obtained when using EE2 and HDPE 
polymers. Polybilt modified mixture 

gave lower stability compared with other 
modified polymers.
•	 EE2 modified mixture gave a 
higher density compared with other mixes. 
But a polybilt mixture gave low density 
than the control mix.
•	 Polybilt mixture gave high air 
voids content even higher than the control 
mix. The others modifiers gave lower air 
voids compared with control mix. Similar 
results were obtained for voids in mix 
aggregate (VMA).
•	 As a consequence the polybilt 
mixture gave lower voids filled with 
bitumen compared with other modifiers.
•	 Based on the testing results and 
analysis, for modified and un-modified 
asphalt binder, the following conclusion 
can be stated:
•	 The asphalt 60/70 Pen grade which 
is used today in Eastern province, KSA, 
meets the performance requirements 
to resist the main distress of flexible 
pavement (Fatigue cracking and permanent 
deformation), where the maximum 
temperature of pavement at the specified 
depth does not exceed (70 ºC) and the 
minimum temperature of pavement is not 
below (-10 ºC).
•	 Use of plastomer polymers types 
(e.g. Polybilt-101, EE2) to modify the 
asphalt binder by improving their physical 
and rheological properties to meet the 
performance requirements is effective.
•	 It is possible to use different types 
of polymers and different percentage of 



Journal of Engineering and Applied Sciences, Vol. 3, Issue (1) May, 2016

34

Journal of Engineering and Applied Sciences , Vol. 3, Issue (1) November, 2016

Sami A. Osman et al: Development of a Polymer Modified Flexible Pavement Material...

rheological properties of modified bitumen 
binder using two or more different types 
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percentage of polymers, even they gave same 
high temperature properties requirement at 
one percent.

On the basis of the asphalt mixture 
results obtained,  comparison can be 
establish in the optimum asphalt content 
between the control mix and the modified 
polymers as following:
•	 Target optimum asphalt content 
for HDPE M200056 polymer is less than 
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•	 Target optimum asphalt content 
for LLDPE M200024 polymer is less than 
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•	 Target optimum asphalt content for 
Polybilt polymer is less than Control mix 
•	 Target optimum asphalt content for 
EE2 polymer is less than Control mix 

4. Conclusion
Based on the above Marshal design 

results the following points can be 
concluded:

•	 Mixture Flow of unmodified 
asphalt is higher compared with all 
modified asphalt. Lower value of flow 
obtained when using EE2 polymer and 
HDPE.
•	 Low stability was obtained from 
unmodified mixture whereas high stability 
was obtained when using EE2 and HDPE 
polymers. Polybilt modified mixture 

gave lower stability compared with other 
modified polymers.
•	 EE2 modified mixture gave a 
higher density compared with other mixes. 
But a polybilt mixture gave low density 
than the control mix.
•	 Polybilt mixture gave high air 
voids content even higher than the control 
mix. The others modifiers gave lower air 
voids compared with control mix. Similar 
results were obtained for voids in mix 
aggregate (VMA).
•	 As a consequence the polybilt 
mixture gave lower voids filled with 
bitumen compared with other modifiers.
•	 Based on the testing results and 
analysis, for modified and un-modified 
asphalt binder, the following conclusion 
can be stated:
•	 The asphalt 60/70 Pen grade which 
is used today in Eastern province, KSA, 
meets the performance requirements 
to resist the main distress of flexible 
pavement (Fatigue cracking and permanent 
deformation), where the maximum 
temperature of pavement at the specified 
depth does not exceed (70 ºC) and the 
minimum temperature of pavement is not 
below (-10 ºC).
•	 Use of plastomer polymers types 
(e.g. Polybilt-101, EE2) to modify the 
asphalt binder by improving their physical 
and rheological properties to meet the 
performance requirements is effective.
•	 It is possible to use different types 
of polymers and different percentage of 
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polymer concentration to achieve the 
performance requirements (e.g. PG 70 can 
be achieved by using 3% of EE2 or 4% of 
Polybilt).
•	 The concentration and type of 
polymer affect the rheological properties 
and workability of modified asphalt binder.
•	 Blending and mixing of polymers 
produces a homogenous mix with 
complete dispersion within the body of 
asphalt binder.
•	 The plastomer types of polymers 
are easiest in processing of asphalt blend 
because it does not need high shear mixer 
and some types (e.g. Polybilt-101) can be 
added directly in the asphalt plant during 
the production of asphalt mixes. 
•	
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1. Introduction
The incident light on the surface of a 

concentrating solar cell is strongly non-
uniform (Baig et al., 2012). As a result, the 
majority of light is intensified onto a small 
area of the cell surface, causing a hot spot in 
this part of cell. This in turn causes a current 
mismatch and degradation in the overall 
efficiency of the CPV. Several researchers 
have investigated the effect of non-uniform 
incident light on electrical performance 
(Franklin and Conventry, 2003), but few have 
studied the thermal impact of the problem. 

The experimental study by Conventry et 
al. (2002) showed that a silicon solar cell 
under non-uniform incident illumination 
has less open-circuit voltage and efficiency 
compared to a cell under uniform light. 
Domenech-Garret (2011) explored the 
influences of a combination of non-uniform 
illumination and non-uniform temperature 
on a silicon solar cell. Gaussian and inverse 
Gaussian profiles were used to describe the 
temperature in the cell, which simulated a 
general cell cooling device. Chemisana and 
Rosell (2011) investigated, both numerically 
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and experimentally, the effects of Gaussian 
and anti-Gaussian temperature profiles on 
the electrical performance of the cell under 
various types of concentrated radiation. They 
found that electric conversion efficiency 
increases under a Gaussian temperature profile 
and decreases when the cell is subjected to 
an inverse Gaussian temperature curve. 
They concluded that the temperature profile 
could be tailored to maximize efficiency 
under determined radiation conditions. Al-
Amri and Mallick (2014) investigated the 
combined effects of surface radiation and 
forced convection on the concentrating 
triple-junction solar cell temperature under 
non-uniform illumination and at medium 
solar concentration. They found that surface 
radiation exchanged inside the channel 
reduced cell temperature. Recently, Xing et 
al. (2016) studied the electrical and thermal 
performances of a silicon triple-junction solar 
cell under non-uniform light. As the degree 
of non-uniformity increased, a remarkable 
increment in cell temperature was observed.

It is well observed and documented in 
the literature that the cooling of PV panels 
increase the electrical efficiency of such 
systems. Presently several PV cooling 
methodologies exist that include active water 
and air cooling and passive techniques such 
as PCM cooling, conductive cooling, etc 
(Kumar & Rosen, 2011). The passive cooling 
techniques have an advantage of using 
natural means to provide cooling yet such 
systems are comparatively larger in size, need 
higher capital investment and have complex 

maintenance. This limits the applicability 
of passive cooling system. On the contrary, 
plain channel air/water cooling is still far 
better than the others because of its simplicity, 
smaller size, less capital investment and easy 
maintenance although they require electrical 
input for continuous operation (Grubisic-
Cabo et al. 2016).    

To the best of our knowledge, at low solar 
concentrations, the non-uniformity effect of 
the incident light has not been investigated. 
Therefore, in this study, a numerical model 
was developed to determine the temperature 
distribution on the low concentrating 
solar cells under non-uniform incident 
illumination. The results of this work will aid 
estimation of the overall efficiency of a CPV 
system and assessment of the adequacy of a 
conventional cooling system in maintaining 
cell temperatures below the acceptable limit.

2. Mathematical Formulations
The triple-junction solar cell employed in 

this work consisted of three semiconducting 
materials, galium indium phosphide (GaInP), 
galium arsenide (GaAs), and germanium 
(Ge), each absorbing a different spectrum 
of incident light, and a front contact, Cu-
Ag-Hg, for capturing the generated current. 
It was attached to a front cover glass and a 
rear aluminum duct via adhesives (see Figure 
1). The properties and dimensions of these 
components can be found elsewhere (Al-
Amri and Mallick, 2013). The duct walls were 
considered to be gray, opaque, and diffuse 
surfaces, and the inlet and exit areas were 



Journal of Engineering and Applied Sciences, Vol. 3, Issue (1) May, 2016

38

Journal of Engineering and Applied Sciences , Vol. 3, Issue (1) November, 2016

Fahad G. Al-Amri: Non-uniform Incident Illumination Effect on the Thermal Performance...

and experimentally, the effects of Gaussian 
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techniques have an advantage of using 
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systems are comparatively larger in size, need 
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plain channel air/water cooling is still far 
better than the others because of its simplicity, 
smaller size, less capital investment and easy 
maintenance although they require electrical 
input for continuous operation (Grubisic-
Cabo et al. 2016).    

To the best of our knowledge, at low solar 
concentrations, the non-uniformity effect of 
the incident light has not been investigated. 
Therefore, in this study, a numerical model 
was developed to determine the temperature 
distribution on the low concentrating 
solar cells under non-uniform incident 
illumination. The results of this work will aid 
estimation of the overall efficiency of a CPV 
system and assessment of the adequacy of a 
conventional cooling system in maintaining 
cell temperatures below the acceptable limit.

2. Mathematical Formulations
The triple-junction solar cell employed in 

this work consisted of three semiconducting 
materials, galium indium phosphide (GaInP), 
galium arsenide (GaAs), and germanium 
(Ge), each absorbing a different spectrum 
of incident light, and a front contact, Cu-
Ag-Hg, for capturing the generated current. 
It was attached to a front cover glass and a 
rear aluminum duct via adhesives (see Figure 
1). The properties and dimensions of these 
components can be found elsewhere (Al-
Amri and Mallick, 2013). The duct walls were 
considered to be gray, opaque, and diffuse 
surfaces, and the inlet and exit areas were 
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considered to be black surfaces. In addition, 
it was assumed that the external wall was 
adiabatic, that air flow entered at a constant 
velocity ( ∞u ), that ambient temperature was 
constant, that cell conversion efficiency (η) 
was 0.38, and that reflectivity was 0.85 for the 
front metal contact and zero for all other cell 
components. The illumination distribution 
incident on the concentrating cell surface was 
strongly non-uniform and took the shape of 
a Gaussian profile (Franklin and Conventry, 
2003). Therefore, the formula of the light 
intensity adopted in the current model was:
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the standard deviation of the illumination, 
measuring how far the illumination is spread 
out.
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Amri, 2008; Al-Amri and El-Shaarawi, 2010):
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channel are determined by applying the first 
law of thermodynamic per unit surface area 
on the channel plate element (Al-Amri, 2008; 
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in this study, a numerical model was developed to 
determine the temperature distribution on the low 
concentrating solar cells under non-uniform incident 
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and assessment of the adequacy of a conventional 
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determine the temperature distribution on the low 
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estimation of the overall efficiency of a CPV system 
and assessment of the adequacy of a conventional 
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concentrations, the non-uniformity effect of the 
incident light has not been investigated. Therefore, 
in this study, a numerical model was developed to 
determine the temperature distribution on the low 
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illumination. The results of this work will aid 
estimation of the overall efficiency of a CPV system 
and assessment of the adequacy of a conventional 
cooling system in maintaining cell temperatures 
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flow entered at a constant velocity ( u ), that 
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conversion efficiency ( ) was 0.38, and that 
reflectivity was 0.85 for the front metal contact and 
zero for all other cell components. The illumination 
distribution incident on the concentrating cell 
surface was strongly non-uniform and took the 
shape of a Gaussian profile (Franklin and 
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When surface radiation is absent (i.e.,   = 0), 
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Dimensionless boundary conditions must be 
defined. 

At the channel entrance (Z = 0 and 0 < Y < 1): 

U = 1, V = P = 0, and                                       
 (11a) 

At the first wall of the channel (Z > 0 and Y = 0): 

U = V = 0                                                               
 (11b) 

At the second wall of the channel (Z > 0 and Y = 1): 
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 (11c) 
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Dimensionless boundary conditions must be 
defined.
At the channel entrance (Z = 0 and 0 < Y < 1):
U = 1, V = P = 0, and ∞θ=θ                    (11a)
At the first wall of the channel (Z > 0 and Y = 0):
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At the second wall of the channel (Z > 0 and Y 
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When surface radiation is absent (i.e.,   = 0), 
equations (6) and (7) are reduced to: 
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Dimensionless boundary conditions must be 
defined. 

At the channel entrance (Z = 0 and 0 < Y < 1): 
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When surface radiation is absent (i.e.,   = 0), 
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Dimensionless boundary conditions must be 
defined. 

At the channel entrance (Z = 0 and 0 < Y < 1): 

U = 1, V = P = 0, and                                       
 (11a) 

At the first wall of the channel (Z > 0 and Y = 0): 

U = V = 0                                                               
 (11b) 

At the second wall of the channel (Z > 0 and Y = 1): 
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 (11c) 

At the solid-solid interface of the solar cell 
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Dimensionless boundary conditions must be 
defined.
At the channel entrance (Z = 0 and 0 < Y < 1):
U = 1, V = P = 0, and ∞θ=θ                    (11a)
At the first wall of the channel (Z > 0 and Y = 0):
U = V = 0                                                (11b)
At the second wall of the channel (Z > 0 and Y 
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When surface radiation is absent (i.e.,   = 0), 
equations (6) and (7) are reduced to: 
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Dimensionless boundary conditions must be 
defined. 

At the channel entrance (Z = 0 and 0 < Y < 1): 
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For 
76mYY


  and Zc ≤ Z ≤ (Zc + Lc): 

When surface radiation is absent (i.e., ε  = 0), 
equations (6) and (7) are reduced to:
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When surface radiation is absent (i.e.,   = 0), 
equations (6) and (7) are reduced to: 

0
Y 0Y

f 





                                        (9) 

 
 







1Y

f

1Y

s
fs YY

KR
1

                 (10) 

 

Dimensionless boundary conditions must be 
defined. 

At the channel entrance (Z = 0 and 0 < Y < 1): 

U = 1, V = P = 0, and                                       
 (11a) 

At the first wall of the channel (Z > 0 and Y = 0): 

U = V = 0                                                               
 (11b) 

At the second wall of the channel (Z > 0 and Y = 1): 

U = V = 0                                                             
 (11c) 

At the solid-solid interface of the solar cell 
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3. Method of Solution
The conjugate convection equations 

(continuity, momentum, and energy) are 
solved using a finite difference numerical 
marching technique while the two radiation 
constraint equations are solved iteratively 
using the Gauss-Seidel method. As a first 
iteration, the continuity, momentum, and 
energy equations, subject to the boundary 
conditions (Equations 9-11), are solved 
assuming that surface radiation is absent. The 
obtained solution is then utilized to solve the 
radiation constraint equations to update the 
temperature. These updated temperatures are 
used as new boundary conditions to resolve 
the convection equations. These procedures 
are repeated until convergence is achieved. 
Details of this method of solution and 

validation of the code can be found elsewhere 
(Al-Amri, 2008; Al-Amri and El-Shaarawi, 
2010).

4. Results and Discussion
Temperature distribution on a solar cell 

surface is influenced by parameters related 
to the optical system, such as concentration 
ratio (C), the degree of non-uniformity of the 
incident light (as described by the S), and 
parameters related to the cooling system, such 
as the Reynolds number (Re) and channel wall 
emissivity (ε). In this study, the effects of three 
parameters (S, ε, and C) on cell temperature 
were investigated. Figure 2 illustrates how 
the solar cell temperature varies with the 
axial distance from the channel entrance 
for both uniform and non-uniform incident 
light at three values of S (0.0005, 0.001, and 
0.002). Results show that when distribution is 
uniform, the solar cell temperature increases 
until reaching its maximum value at the 
channel exit. This maximum is less than 75°C, 
indicating that the triple-junction solar cell 
can be operated with acceptable conversion 
efficiency. However, when the distribution is 
non-uniform, the temperature profile takes 
the shape of a Gaussian distribution, and 
the maximum temperature occurs where 
maximum illumination occurs on the cell 
surface. In this case, the maximum temperature 
is extremely elevated relative to that seen 
with uniform light distribution. The lower 
the S, the higher the maximum temperature. 
Figure 3 shows the temperature distribution 
on the solar cell surface for three values of 
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3. Method of Solution 

The conjugate convection equations (continuity, 
momentum, and energy) are solved using a finite 
difference numerical marching technique while the 
two radiation constraint equations are solved 
iteratively using the Gauss-Seidel method. As a first 
iteration, the continuity, momentum, and energy 
equations, subject to the boundary conditions 
(Equations 9-11), are solved assuming that surface 
radiation is absent. The obtained solution is then 
utilized to solve the radiation constraint equations to 
update the temperature. These updated temperatures 
are used as new boundary conditions to resolve the 
convection equations. These procedures are repeated 
until convergence is achieved. Details of this method 
of solution and validation of the code can be found 
elsewhere (Al-Amri, 2008; Al-Amri and El-
Shaarawi, 2010). 

4. Results and Discussion 

Temperature distribution on a solar cell surface is 
influenced by parameters related to the optical 
system, such as concentration ratio (C), the degree 
of non-uniformity of the incident light (as described 
by the S), and parameters related to the cooling 
system, such as the Reynolds number (Re) and 
channel wall emissivity (ɛ). In this study, the effects 
of three parameters (S, ɛ, and C) on cell temperature 
were investigated. Figure 2 illustrates how the solar 
cell temperature varies with the axial distance from 
the channel entrance for both uniform and non-
uniform incident light at three values of S (0.0005, 

0.001, and 0.002). Results show that when 
distribution is uniform, the solar cell temperature 
increases until reaching its maximum value at the 
channel exit. This maximum is less than 75 °C, 
indicating that the triple-junction solar cell can be 
operated with acceptable conversion efficiency. 
However, when the distribution is non-uniform, the 
temperature profile takes the shape of a Gaussian 
distribution, and the maximum temperature occurs 
where maximum illumination occurs on the cell 
surface. In this case, the maximum temperature is 
extremely elevated relative to that seen with uniform 
light distribution. The lower the S, the higher the 
maximum temperature. Figure 3 shows the 
temperature distribution on the solar cell surface for 
three values of emissivity, highlighting a small 
noticeable drop in maximum solar cell temperature 
as emissivity increases while the balance of the cell 
surface is nearly unchanged. This means that the 
effect of surface radiation on temperature 
distribution is negligible at low values of C, the 
opposite of what is seen at higher values (Al-Amri 
and Mallick, 2014, 2013). 

Figures 4 and 5 show, for S = 0.0005, z0 = 0.5, Re 
= 500, and   = 0.95, the variations in cell 
temperature with axial distance from the channel 
entrance at three values of C and for non-uniform 
and uniform light profiles, respectively. It is obvious 
from the figures that maximum temperature 
increases significantly with C. Specifically, as C 
increased from 10 to 30 (i.e., by 200%) the 
maximum solar cell temperature increased by 
approximately 114% and 72% under non-uniform 
and uniform light, respectively. In addition, when 
the light distribution is non-uniform (Figure 5), the 
maximum temperature was above 100 °C even when 
the concentration ratio was as low as 10, indicating 
that under non-uniform light distribution, a 
conventional plain channel is not appropriate for 
cooling the cell, even at low values of C. 

Figure 6 shows the variation of fluid bulk 
temperature with the axial distance from the duct 
entrance under various incident illumination 
profiles. Results reveal that the shape of the incident 
light visibly affects the fluid bulk temperature 
profile inside the channel. However, the effect of the 
incident radiation profile on the fluid bulk 
temperature at the duct exit is insignificant. Figure 7 
illustrates the emissivity effect of the two duct walls 
on the fluid bulk temperature. Surface radiation was 
found to have an insignificant effect on the fluid bulk 
temperature; therefore, it can be neglected. The 
effect of junction hotspot and temperature rise as a 
Non-Linear Function of the Three Parameters (S, ɛ, 
C) are shown in 3-D Plots given by figures 8, 9 & 10 
respectively 
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emissivity, highlighting a small noticeable 
drop in maximum solar cell temperature as 
emissivity increases while the balance of 
the cell surface is nearly unchanged. This 
means that the effect of surface radiation on 
temperature distribution is negligible at low 
values of C, the opposite of what is seen at 

higher values (Al-Amri and Mallick, 2014, 
2013).

Figures 4 and 5 show, for S = 0.0005, z0 = 
0.5, Re = 500, and ε  = 0.95, the variations 
in cell temperature with axial distance from 
the channel entrance at three values of C and 
for non-uniform and uniform light profiles, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Schematic of the geometry of the employed system. 
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emissivity, highlighting a small noticeable 
drop in maximum solar cell temperature as 
emissivity increases while the balance of 
the cell surface is nearly unchanged. This 
means that the effect of surface radiation on 
temperature distribution is negligible at low 
values of C, the opposite of what is seen at 

higher values (Al-Amri and Mallick, 2014, 
2013).

Figures 4 and 5 show, for S = 0.0005, z0 = 
0.5, Re = 500, and ε  = 0.95, the variations 
in cell temperature with axial distance from 
the channel entrance at three values of C and 
for non-uniform and uniform light profiles, 
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Fig. 2. Variations in solar cell temperature at various values of S when z0 = 0.5, Re = 500,   = 0.95, and C = 30. 

 

 

Fig. 3. Variations in solar cell temperature at various values of   when S = 0.0005, z0 = 0.5, Re = 500, and C = 30. 

 

Fig. 4. Variations in solar cell temperature at various values of C when S = 0.0005, z0 = 0.5, Re = 500, and   = 0.95. 
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Fig. 5. Variations in solar cell temperature at various values of C when S = 0.0005, z0 = 0.5, Re = 500, and   = 0.95. 

 

 

Fig. 6. Variations in fluid bulk temperature at various values of SD when z0 = 0.5, Re = 500,   = 0.95, and C = 30. 
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Fig. 5. Variations in solar cell temperature at various values of C when S = 0.0005, z0 = 0.5, Re = 500, and   = 0.95. 
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Fig. 8. 3-D Plot of Solar Cell Temperature as a Non-Linear Function of S along the length of solar cell. 

 
Fig. 9. 3-D Plot of Solar Cell Temperature as a Non-Linear Function of   along the length of solar cell. 

 
Fig. 10. 3-D Plot of Solar Cell Temperature as a Non-Linear Function of C along the length of solar cell. 
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respectively. It is obvious from the figures that 
maximum temperature increases significantly 
with C. Specifically, as C increased from 
10 to 30 (i.e., by 200%) the maximum solar 
cell temperature increased by approximately 
114% and 72% under non-uniform and 
uniform light, respectively. In addition, 
when the light distribution is non-uniform  
(Figure 5), the maximum temperature was 
above 100°C even when the concentration 
ratio was as low as 10, indicating that under 
non-uniform light distribution, a conventional 
plain channel is not appropriate for cooling 
the cell, even at low values of C.

Figure 6 shows the variation of fluid bulk 
temperature with the axial distance from 
the duct entrance under various incident 
illumination profiles. Results reveal that the 
shape of the incident light visibly affects 
the fluid bulk temperature profile inside the 
channel. However, the effect of the incident 
radiation profile on the fluid bulk temperature 
at the duct exit is insignificant. Figure 7 
illustrates the emissivity effect of the two duct 
walls on the fluid bulk temperature. Surface 
radiation was found to have an insignificant 
effect on the fluid bulk temperature; therefore, 
it can be neglected. The effect of junction 
hotspot and temperature rise as a Non-Linear 
Function of the Three Parameters (S, ε, C) are 
shown in 3-D Plots given by figures 8, 9 & 10 
respectively

5. Conclusions
When this numerical heat transfer model is 

used to simulate the temperature distribution 

on a concentrated solar cell under non-uniform 
incident radiation at low values of C, non-
uniformity strongly alters the temperature 
distribution in the solar cell, causing hot 
spots in some regions. Maximum solar cell 
temperature increases as SD or C increases. 
However, surface radiation exchange inside 
the channel has only a slight effect on the 
solar cell temperature. In addition, plain 
channel cooling is inadequate for cooling the 
solar cell, even at low values of C. Although 
in the current study, the non-uniformity of the 
incident radiation was assumed to be normally 
distributed however, in practice, it is possible 
to have Biased Distribution Model which 
could be positively or negatively skewed 
due to varying shadowing/cloudy conditions. 
Still the results of the current study will be 
valid while the temperature distribution 
and location of hot spots would be shifted 
based on the skewness of the illumination 
distribution model.
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43
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avgq          average input heat flux, avgI)1(  , 

W/m2 

Re              Reynolds number, 

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t                 solar cell assembly thickness, m 

T                temperature at any point, K  

T              inlet temperature, K  

SD             standard deviation 

u              entrance axial velocity, m/s 

u                 longitudinal velocity component at any 

point, m/s 

U               dimensionless longitudinal velocity, u/

u  

v              transverse velocity component at any point, 

m/s 

V              dimensionless transverse velocity, b * v / 
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y              horizontal coordinate, m 

Y              dimensionless horizontal coordinate, y / b 

z              vertical coordinate, m 

z0              position of the maximum incident light, 

m 

Z                dimensionless vertical coordinate, z / (b 

* Re) 

Greek Symbols 

            kinematic fluid viscosity 

ρ                 fluid density, 3mkg  

μ                 dynamic fluid viscosity, smkg   

α                 absorptivity 

                 efficiency of the solar cell 

                 dimensionless temperature at any point 
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                 Stefan Boltzman constant, 5.67*10-8 

W/m2 k4 

Subscripts 

c             Cu-Ag-Hg front contact 

e                exit 

f                fluid 

m              material  

s               solid 

w              wall of the channel 

             ambient or inlet 

1               duct wall at Y = 0 

2               duct wall at Y = 1 



48

Journal of Engineering and Applied Sciences , Vol. 3, Issue (1) November, 2016

Fahad G. Al-Amri: Non-uniform Incident Illumination Effect on the Thermal Performance...

radN         radiation number, 4
f

43
avg k/bq  

avgq          average input heat flux, avgI)1(  , 

W/m2 

Re              Reynolds number, 


bu o  

t                 solar cell assembly thickness, m 

T                temperature at any point, K  

T              inlet temperature, K  

SD             standard deviation 

u              entrance axial velocity, m/s 

u                 longitudinal velocity component at any 

point, m/s 

U               dimensionless longitudinal velocity, u/

u  

v              transverse velocity component at any point, 

m/s 

V              dimensionless transverse velocity, b * v / 

  

y              horizontal coordinate, m 

Y              dimensionless horizontal coordinate, y / b 

z              vertical coordinate, m 

z0              position of the maximum incident light, 

m 

Z                dimensionless vertical coordinate, z / (b 

* Re) 

Greek Symbols 

            kinematic fluid viscosity 

ρ                 fluid density, 3mkg  

μ                 dynamic fluid viscosity, smkg   

α                 absorptivity 

                 efficiency of the solar cell 

                 dimensionless temperature at any point 













bq
Tk

avg

f  

               dimensionless inlet temperature at any 

point 













bq
Tk

avg

f  

ε                  wall emissivity 

                 Stefan Boltzman constant, 5.67*10-8 

W/m2 k4 

Subscripts 

c             Cu-Ag-Hg front contact 

e                exit 

f                fluid 

m              material  

s               solid 

w              wall of the channel 

             ambient or inlet 

1               duct wall at Y = 0 

2               duct wall at Y = 1 




