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ABSTRACT 
This article examines heat transfer and entropy generation analysis for 
boundary layer flow, considering the impacts of frictional heating and non
linear Rosseland thermal radiation. The equations governing momentum 
and energy in a two-dimensional boundary layer are transformed into self- 
similar equations via similarity operations. The generalized differential 
quadrature method (GDQM) is then used to numerically solve the no- 
dimensional governing equations. Entropy generation and Bejan numbers 
are computed using the acquired solutions and are then plotted against 
the emerging flow parameters. An in-depth analysis of temperature distri
bution, entropy generation, velocity profile, and Bejan number. A high 
level of agreement was seen when the results from the literature were 
replicated using GDQM to verify the accuracy of the numerical code. It is 
found that a self-similar solution exists in the presence of viscous dissipa
tion. The primary contributor to entropy generation at the interface is fluid 
friction, in contrast to heat transfer. Further, the findings indicate that 
entropy generation positively correlates with the Prandtl number, heating 
parameter, radiation parameter, and Eckert number. Notably, the results 
show that a decrease in operational temperature causes a decrease in 
entropy production.
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1. Introduction

Any object with a temperature greater than absolute zero will release electromagnetic waves as a 
form of energy. In high-temperature environments, including cooling systems, solar power tech
nologies, hypersonic flights, and rocket combustion chambers, thermal radiation has a consider
able impact on the consequences of heat transfer. The initial investigation on the influence of 
thermal radiation on boundary layer flow was carried out by Smith [1]. He found that the pres
ence of gas radiation in the boundary layer can result in elevated temperatures on the wedge, 
which in turn impacts the recovery factors downstream in flat-plate wind-tunnel models that 
have laminar boundary layers.

When accounting for both convection and thermal radiation, the process of solving the energy 
conservation equation becomes mathematically complex. To simplify this complexity, the 
Rosseland approximation is employed. The effects of thermal radiation within the boundary layer 
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have been investigated by researchers, as demonstrated by the work of Perdikis and Raptis [2]. 
This work examines the flow of a micropolar fluid past a stationary plate in a steady state, taking 
into account the influence of radiation. A numerical solution for the temperature distribution has 
been obtained and the impact of the radiation parameter on the temperature field is addressed.

Researchers applied the linearized Rosseland approximation, which is dependable only when 
there is a limited temperature differential between the solid border and the surrounding fluid 
[3–7]. In contrast to the previously accepted two-parameter approach, Magyari and Pantokratoras 
[8] presented evidence indicating that a single-parameter solution is adequate for addressing the 
linear Rosseland approximation problem. Pantokratoras and Fang [9–10] investigated the effects 
of nonlinear Rosseland thermal radiation on conventional Blasius and Sakiadis flows. The 
research findings show that the nonlinear Rosseland radiation approximation is correct for a wide 
range of temperature differences between the wall and the bulk fluid, including both low and 
high values. The temperature profile in the nonlinear Rosseland approximation differs from the 
linear approximation, exhibiting an S-shaped curve.

Numerous scientific, commercial, and technical applications exist for the study of boundary 
layer flow across a solid boundary. These applications include glass fiber production, wire draw
ing, and crystal growth. They also include operations such as extruding a polymer sheet from a 
die and producing materials via extrusion methods. To optimize the manufacturing process and 
guarantee the caliber and uniformity of the finished product, it is essential to comprehend the 
dynamics of boundary layer flow over a solid surface. Sakiadis [11] initially investigated the flow 
of a boundary layer that is propelled by a rigid flat surface. This study formulates fundamental 
differential and integral momentum equations for boundary-layer motion over unbroken solid 
boundaries, with a specific emphasis on two-dimensional and axisymmetric motion, introducing 
a novel category of boundary-layer challenges. Tsou et al. [12] subsequently conducted experi
ments on the aforementioned problem in controlled laboratory settings and observed a strong 
correlation with theoretical findings. Based on the findings from the laminar experiments and the 
strong correspondence observed between the measured profiles and theoretical predictions, they 
concluded that a mathematically describable boundary layer on a continuously moving surface 

Nomenclature 

aR Rosseland absorption 
coefficient. 

Be Bejan number 
cp Specific heat at constant 

pressure 
Cf Skin friction coefficient 
eb Black body emissive power 
Ec Ecker number 

f ðgÞ, f 0ðgÞ
� �

Unitless velocity functions 
k Thermal Conductivity 
NR Radiation parameter 
NsðgÞ Unitless entropy generation 
Nux Nusselt’s Number 
Pr Prandtl number 
qr Radiative heat flux 
_S 000gen Entropy generation  
ð _S 000Þ0 Characteristic entropy 

generation 
T Temperature 
Tw Temperature at boundary 
T1 Free-stream temperature 

u, vf g Velocity components 
uw Velocity of moving boundary 
ðx, yÞ Cartesian coordinates 

Greek Symbols 

q Density
rSB Stefan-Boltzmann constant
h Unitless temperature
hr Heating Parameter
l Dynamic viscosity,
g Unitless coordinate along the 

y-axis
v Kinematic viscosity
HðgÞ Temperature function, ½−�
H0ðgÞ, H00ðgÞ
� �

Derivatives of the function 
HðgÞ w.r.t. g, ½−�

q Nanofluid density, kg:m−3
� �

Operator 

rh¼ @
@x î þ @

@y ĵ þ @
@z k̂i Del operator
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represents a feasible flow phenomenon. Subsequently, numerous scholars conducted studies on 
the Sakiadis flow while altering different physical parameters. In a study conducted by Cortell 
[13], the impact of linear Rosseland thermal radiation on Sakiadis flow was examined. The find
ings indicated that in fluids with lower values of Pr number, the surface temperature was 
observed to be high, and the surface temperature was low when NR is large. In their research, 
Takhar et al. [14] investigated the flow of the boundary layer over a flat plate that is continuously 
moving. The study also considered the impact of variable fluid properties. The findings of the 
study revealed a positive correlation between the heating parameter Tw

T1 and the velocity and tem
perature profile of the flow. The impact of suction and injection on the flow over a flat plate 
with constant velocity was examined by Fox et al. [15]. They concluded that the Von Karman- 
Pohlhausen technique, adapted to incorporate suction and injection effects, holds a broad scope 
of validity. This approach yields satisfactory results for the transfer coefficients associated with 
heat, mass, and momentum exchange across a wide range of parameters. The study conducted by 
Afzal et al. [16] involved an analysis of the characteristics of momentum and heat transfer in the 
context of fluid flow over a flat surface that is continuously moving in a parallel stream. Ishak 
[17] extended the examination conducted by Afzal et al. [16] to incorporate the impacts of linear 
thermal radiation. In this study, they reported that the radiation hinders the heat transfer process 
on a moving plate within a parallel flow, resulting in the emergence of two solutions in cases 
where the plate and fluid exhibit opposite movements. The Sakiadis flow of nanofluids with 
Newtonian heating in the presence of viscous dissipation was investigated by Makinde [18]. It 
reveals a rise in heat transfer as the nanoparticle volume fraction and Newtonian heating increase, 
while a decrease is observed with the Brinkmann number. The study conducted by Pantokratoras 
[19] focused on analyzing the effects of Blasius and Sakiadis flow on a Riga plate. The study 
assumed that the fluid properties were dependent on temperature.

The examination of fluid flows and their second law, specifically the generation of entropy, 
holds significant importance in the discipline of engineering systems. Prior research has investi
gated this subject matter in diverse physical flow scenarios [20–26]. However, there is a lack of 
comprehensive research on the analysis of entropy generation in boundary layer flows [27–31]. 
The primary aim of this scientific paper is to investigate the phenomenon of entropy production 
in the Sakiadis flow by considering the nonlinear Rosseland thermal radiation with viscous heat
ing. Through the utilization of suitable similarity transformations, the fundamental governing 
equations undergo a conversion process, resulting in the production of a system of nonlinear 
ordinary differential equations. By means of these modifications, a dimensionless equation for the 
rate of entropy generation per unit volume is produced. To obtain numerical results, the 
Generalized Differential Quadrature Method (GDQM) is used. The model discription and steps 
of differential qudrature scheme is shown in Figure 1.

2. Problem formulation

Let us consider the laminar, two-dimensional, steady, and incompressible boundary layer flow of 
a Newtonian fluid over a thin, rigid, and flat plate. The plate is impermeable and presumed to 
move at a constant velocity uw: The coordinate system is established by situating its origin at the 
foremost edge of the plate, where the x − axis is aligned in parallel with the plate, while the y − 
axis is oriented perpendicular to it as shown in Figure 2. It is further assumed that the plate’s 
temperature ðTwÞ remains unchanged. The derivation of the mass, momentum, and energy con
servation equations is conducted by employing the Prandtl boundary layer approximation as [21]

@u
@x
þ
@v
@y
¼ 0 (1) 
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u
@u
@x
þ v

@u
@y
¼ �

@2u
@y2 (2) 

u
@T
@x
þ v

@T
@y
¼

1
qcp

k
@2T
@y2 þ l

@u
@y

� �2

−
@qr

@y

 !

(3) 

Figure 1. Flowchart for the system description and applied numerical algorithm.
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The relative Boundary conditions are [9]

u x, y ¼ 0ð Þ ¼ uw

v x, y ¼ 0ð Þ ¼ 0
T x, y ¼ 0ð Þ ¼ Tw

9
>=

>;
: (4) 

u x, y!1ð Þ ! 0
T x, y!1ð Þ ! T1

)

: (5) 

In the provided context, the variables u and v are used to denote the components of velocity 
in the x and y directions, respectively. The symbol “T1” is used to represent the temperature of 
the fluid outside the boundary layer. The symbol “�” represents the kinematic viscosity of the 
fluid. The symbol “k” indicates the thermal conductivity of the fluid. The symbol “l” represents 
the dynamic viscosity of the fluid. The symbol “cp” denotes the specific heat at constant pressure. 
The symbol “qr” represents the radiative heat flux. Lastly, the symbol “q” represents the density 
of the fluid. The expression for the radiative heat flux in the case of optically thick materials can 
be expressed using the Rosseland approximation as follows [1]

qr ¼ −
4

3aR
rðebÞ, (6) 

where r � î @
@xþ ĵ @

@yþ k̂ @
@z is vector differential operator, ebðWm−2Þ and aRð1=mÞ respectively indi

cate black body emissive power and Rosseland absorption coefficient. Using the Stefan-Boltzmann law 
ðeb ¼ rSBT4, rSB is Stefan-Boltzman constantÞ, Equation (6) takes the following form

qr ¼ −
16rSB

3aR
T3 @T

@y
: (7) 

Upon substitution of Equation (7) into Equation (3), we get

u
@T
@x
þ v

@T
@y
¼

1
qcp

k
@2T
@y2 þ

4rSB

3aR

@2ðT4Þ

@y2 þ l
@u
@y

� �2
 !

: (8) 

The subsequent similarity transformations are employed to derive similarity equations.

g ¼ y
ffiffiffiffiffiffi
uw

x�

r

, u ¼ uwf 0ðgÞ, v ¼
1
2

ffiffiffiffiffiffiffiffi
uw�

x

r

gf 0 − f
� �

, hðgÞ ¼
T − T1

Tw − T1
: (9) 

Figure 2. Geometry of the flow configuration.
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Using Equation (9), the self-similar form of Equations (2 and 3) is

f 000 þ
1
2

ff 00 ¼ 0 (10) 

NRh00 þ EcPrNRf 002 þ
1
2

PrNRh0f þ
1
3

hðhr − 1Þ þ 1ð Þ
4� �

hr − 1

00

¼ 0: (11) 

The boundary conditions are

f ð0Þ ¼ 0, f 0ð0Þ ¼ 1, f 0ð1Þ ¼ 0, (12) 

hð0Þ ¼ 1, hð1Þ ¼ 0, (13) 

where

Ec ¼
uw

2

cp ðTw − T1Þ
Eckert numberð Þ,

NR ¼
aRk

4rSBT3
1

Radiation parameterð Þ,

Pr ¼
�

a
Prandtl numberð Þ,

hr ¼
Tw

T1
Heating parameterð Þ:

8
>>>>>>>>>>>><

>>>>>>>>>>>>:

The local skin friction coefficient and the local Nusselt number are the two main physical 
characteristics of importance. Fundamentally, the skin friction coefficient represents the dimen
sionless shear stress at the wall, while the Nusselt number represents the rate of heat transfer at 
the wall. According to a precise definition, the local skin friction coefficient is

Cf ¼
2swðxÞ
q uwð Þ

2 ; (14) 

here

sw ¼ l
@u
@y

� �

y¼0
(15) 

The local Nusselt number is given by

Nux ¼
qwx

k Tw − T1ð Þ
; (16) 

here

qw ¼ −k
@T
@y

� �

y¼0
þ qrð Þy¼0 ¼ − kþ

16rSB

3aR
Tw

3
� �

@T
@y

� �

y¼0
: (17) 

The Nusselt number and skin friction coefficient can be written as follows after applying the 
changes mentioned in Equation (9).

1
2

Cf x Rexð Þ
1=2
¼ f 00ð0Þ

Nux

Rexð Þ
1=2 ¼ −h0ð0Þ 1þ

4
3NR

hrð Þ
3

� � :

8
>>><

>>>:

(18) 
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3. Entropy generation

The Prandtl boundary layer assumptions and the second law of thermodynamics can be utilized 
to express the entropy production that features frictional dissipation and nonlinear Rosseland 
thermal radiation as [21]

_S000gen ¼
k

T2
@T
@y

� �2

1þ
16rSBT3

3aRk

� �

þ
l

T
@u
@y

� �2

: (19) 

Equation (19) illustrates that in the presence of gradients in velocity or temperature, the 
entropy production rate is both positive and finite. Equation (19) illustrates the existence of two 
distinct sources of entropy generation, represented by the two terms located on the right-hand 
side. The initial term denotes the thermal energy transfer irreversibility, whereas the subsequent 
expression signifies the generation of entropy caused by fluid friction.

3.1. Entropy generation number

Through the utilization of dimensionless variables, Equation (19) can be reformulated in relation 
to the entropy generation number NsðgÞ, which represents the volumetric rate of entropy pro
duction in a dimensionless form.

NsðgÞ ¼
_S000gen

_S000gen

� �

o

¼
hr − 1ð Þ

2
h0

2

hðhr − 1Þ þ 1ð Þ
2 þ

Ec Pr f 002ðhr − 1Þ
hðhr − 1Þ þ 1

þ
4ðhðhr − 1Þ þ 1Þh02 hr − 1ð Þ

2

3NR
, (20) 

here

NH ¼
hr − 1ð Þ

2
h0

2

hðhr − 1Þ þ 1ð Þ
2 þ

4ðhðhr − 1Þ þ 1Þh02 hr − 1ð Þ
2

3NR
,

NF ¼
Ec Pr f 002ðhr − 1Þ

hðhr − 1Þ þ 1
,

_S000gen

� �

0
¼

kU
�x

:

8
>>>>>>>><

>>>>>>>>:

(21) 

3.2. Bejan number

Although the entropy generation number Ns offers insights into the spatial distribution of the 
entropy generation profile, it may not be adequate for addressing energy optimization issues. 
Such problems necessitate a comprehensive comprehension of the proportional contributions of 
the thermal component and fluid friction to the overall entropy production. The Bejan number is 
defined as a measure for quantifying the dominance of two sources and defined as follow:

Be ¼
k

T2
@T
@y

� �2
1þ 16rSBT3

3aRk

� �

l

T
@u
@y

� �2
þ k

T2
@T
@y

� �2
1þ 16rSBT3

3aRk

� � : (22) 

Using Equation (9), the reduced form of Equation (22) is

BeðgÞ ¼
3NR þ 4 h hr − 1ð Þ þ 1ð Þ

3� �
h0

2
hr − 1ð Þ

3NR hr − 1ð Þh0
2
þ 3NREcPrf 002 h hr − 1ð Þ þ 1ð Þ þ 4 hr − 1ð Þ h hr − 1ð Þ þ 1ð Þ

3
h0

2 : (23) 
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When Be < 0:5, the impact of fluid friction on entropy generation surpasses that of heat 
transfer. In contrast, when Be > 0:5 the impact of heat transfer on the production of entropy sur
passes that of fluid friction. When Be ¼ 0:5 the generation of entropy is equally influenced by 
both fluid friction and heat transfer.

4. Solution methodology

The computational domain is 0 1½ � therefore before applying the GDQM we will convert the 
computational domain to 0 1½ �: In order to achieve this objective, we have established the fol
lowing transformations.

g ¼ gðnÞ
f ðgÞ ¼ f gðnÞ

� �
¼ FðnÞ

hðgÞ ¼ h gðnÞ
� �

¼ HðnÞ

9
>=

>;
: (24) 

Here

gðnÞ ¼ ng1, (25) 

and g1 is the value g where velocity and thermal boundary conditions meet asymptotically.
Using (24), we can express

f ðnÞðgÞ ¼
1

gn
1

FðnÞðnÞ

hðnÞðgÞ ¼
1

gn
1

HðnÞðnÞ

9
>>=

>>;

: (26) 

Here n in the superscript of f ðgÞ, FðnÞ, hðgÞ and HðnÞ represents the nth ordinary derivative 
w.r.t to the independent variable involved in the corresponding functions. Using (24) and (25)
the nonlinear system (10)-(13) can be rewritten in the following way

LFðFÞ þ NF F, Hð Þ ¼ 0, (27) 

LHðHÞ þ NH F, Hð Þ ¼ 0, (28) 

Fð0Þ ¼ 1, F0ð1Þ ! 0, F0ð0Þ ¼ g1, (29) 

Hð0Þ ¼ 1, Hð1Þ ! 0: (30) 

Here LFðFÞ, NFðF, HÞ, LHðHÞ and NHðF, HÞ are defined as

LFðFÞ ¼
1

g3
1

Fð3ÞðnÞ, (31) 

NF F, Hð Þ ¼
1

2g2
1

FðnÞFð2ÞðnÞ, (32) 

LHðHÞ ¼
NR

g2
1

Hð2ÞðnÞ, (33) 

NH F, Hð Þ ¼

EcPrNR

g2
1

Fð2ÞðnÞ þ
PrNRFðnÞHð1ÞðnÞ

2g1
þ

4
g2
1

hr − 1ð Þ H hr − 1ð Þ þ 1ð Þ
2 Hð1ÞðnÞ
� �2

þ
4

3g2
1

Hð2ÞðnÞ H hr − 1ð Þ þ 1ð Þ
3
:

8
>>><

>>>:

(34) 
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The expression for Bejan number and entropy generation can be re-written as

NsðnÞ ¼¼
hr − 1ð Þ

2 Hð1Þð Þ
2

g2
1 Hðhr − 1Þ þ 1ð Þ

2 þ
Ec Pr Fð2Þð Þ

2
ðhr − 1Þ

g4
1Hðhr − 1Þ þ 1

þ
4ðHðhr − 1Þ þ 1Þ Hð1Þð Þ

2
hr − 1ð Þ

2

3g2
1NR

, (35) 

BeðnÞ ¼
3NR þ 4 H hr − 1ð Þ þ 1ð Þ

3� �
Hð1Þ
g1

� �2
hr − 1ð Þ

3NR hr − 1ð Þ Hð1Þ
g1

� �2
þ 3NREcPr Fð2Þ

g2
1

� �2
H hr − 1ð Þ þ 1ð Þ þ 4 hr − 1ð Þ H hr − 1ð Þ þ 1ð Þ

3 Hð1Þ
g1

� �2 :

(36) 

The Gauss-Lobatto grid points, which are well-suited for non-uniform spatial variable discret
ization, can be calculated using the formula presented below.

ni ¼
1
2

1þ cos
1 − ið Þp

N − 1

� �� �

: (37) 

Here N denotes a total count of Gauss-Lobatto grid points. The following formulas yield the 
derivative of the functions F and H with respect to n at the grid points ni

dnF nið Þ

dnn ¼
XN

j¼1
DðnÞij F nj

� �
¼
XN

j¼1
DðnÞij Fj, 1 � , i, j � N (38) 

dnH nið Þ

dnn ¼
XN

j¼1
DðnÞij H nj

� �
¼
XN

j¼1
DðnÞij Hj, 1 � , i, j � N: (39) 

As stated by Shu [31]

Dð1Þij ¼

P
N

l¼1, l6¼i
ni − nlð Þ

ni − nj
� �

P
N

l¼1, l6¼j
nj − nl
� �

for i 6¼ j,

Dð1Þij ¼ −
XN

j¼1, j6¼i
Dð1Þij for i ¼ j,

8
>>>>>>>>><

>>>>>>>>>:

(40) 

DðnÞij ¼ n D n−1ð Þ
ii Dð1Þij −

D n−1ð Þ

ij

ni − nj
� �

0

@

1

A for i 6¼ j,

DðnÞij ¼ −
XN

j¼1, j6¼i
DðnÞij for i ¼ j:

8
>>>>>><

>>>>>>:

(41) 

Here, n � 2 and 1 � i, j � N:
By implementing the discretized form of the variables F, H, and their derivatives into the sys

tem (27–30), the resulting discretized system can be written as follows
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SNL nið Þ ¼

H nið Þ ¼ 1, when i ¼ 1,
LHðiÞ nið Þð Þ þ NHðiÞ H nið Þ, G nið Þð Þ ¼ 0, for 2 � i � N − 1,
H nið Þ ¼ 0, when i ¼ N,

F nið Þ ¼ 0,
XN

j¼1
Dð1Þij Fj − g1 ¼ 0, when i ¼ 1,

LFðiÞ F nið Þð Þ þ NFðiÞ F nið Þ, H nið Þð Þ ¼ 0, for 3 � i � N − 1
XN

j¼1
Dð1Þij Fj ¼ 0, when i ¼ N:

:

8
>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>:

(42) 

LFðiÞ Fið Þ ¼
1

g3
1

XN

j¼1
Dð3Þij Fj, (43) 

NFðiÞ Fi, Hið Þ ¼
1

2g2
1

F nið Þ
XN

j¼1
Dð2Þij Fj, (44) 

LHðiÞ Hið Þ ¼
NR

g2
1

XN

j¼1
Dð2Þij Hj, (45) 

NHðiÞ Fi, Hið Þ ¼

EcPrNR

g2
1

XN

j¼1
Dð2Þij Fj þ

PrNRFi
PN

j¼1Dð1Þij Hj

2g1
þ

4
g2
1

hr − 1ð Þ Hi hr − 1ð Þ þ 1ð Þ
2 XN

j¼1
Dð1Þij Hj

0

@

1

A

2

þ
4

3g2
1

Hi hr − 1ð Þ þ 1ð Þ
3X

N

j¼1
Dð2Þij Hj

8
>>>>>><

>>>>>>:

(46) 

SNLðniÞ, which stands for an algebraic system of nonlinear equations, is the discretized and trans
formed form of the nonlinear system SNLðnÞ: The Newton-Raphson method is used repeatedly to 
solve this discretized system. Further, Figure 2 shows a brief description of the applied numerical 
technique. It is possible to create the relationships shown below in order to compute the discre
tized solution with respect to the variable g, velocity f 0ðgÞ, temperature hðgÞ, entropy generation 
NsðgÞ and BeðgÞ:

df ðgiÞ

dg
¼

1
g1

XN

j¼1
Dð1Þij F vjð Þ, (47) 

h gið Þ ¼ H nið Þ, (48) 

Ns gið Þ ¼ Ns nið Þ, (49) 

where

gi ¼ g1 1þ cos
p 1 − ið Þ

N − 1

� �� �

: (50) 

5. Results and discussion

The purpose of this section is to examine the effects of different physical parameters on the varia
bles of interest. To attain this objective, we have plotted Figures (3–6).
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Figure 3. (a) Influence of Pr on hðgÞ: (b) Influence of Pr on Ns: (c) Influence of Pr on Be:
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Figure 4. (a) Impact of Ec on hðgÞ: (b) Impact of Ec on Ns: (c) Influence of Ec on Be:
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Figure 5. (a) Influence of hr on hðgÞ: (b) Influence of hr on Ns: (c) Influence of hr on Be:
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Figure 6. (a) Influence of NR on hðgÞ: (b) Influence of NR on Ns: (c) Influence of NR on Be:
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As shown in Table 1, we compared the current findings with those found in the literature in order 
to validate our numerical solution. Strong agreement between the two was found in the comparison, 
supporting the accuracy of our computations. Table 2 depicts the effect of several physical parameters 
on the Nusselt number. The negative and positive slopes represent a drop and an increase in the 
Nusselt number values related to changes in these physical parameters, respectively. It has been noted 
that the Nusselt number declines as the Eckert number rises. Convective heat transmission is less 
effective than conductive heat transfer as the Eckert number rises, indicating a more energetic flow. 
The Nusselt number declines as a result of this. Table 2 shows that the Nusselt number grows as the 
Prandtl number increases. The fluid’s capacity to transfer heat through convection, as compared to 
conduction, decreases as the Prandtl number rises. The Nusselt number falls as a result of a weaken
ing of convective heat transport within the boundary layer. The less effective convective heat transfer 
caused by, the shorter thermal boundary layer and decreased temperature gradient linked to higher 

Table 1. Comparison with existing literature.

fðgÞ f 0ðgÞ −f
00

ðgÞ

g Cortell [13] Present Results Cortell [13] Present Results Cortell [13] Present Results

0.0 0.0 0.01 1.0 1.0 0.44374733 0.44374831
0.1 0.0977822 0.0977821 0.9556616 0.9556617 0.4426557 0.4426566
0.2 0.1911395 0.1911395 0.9115386 0.9115387 0.4394617 0.43946280
0.3 0.2801039 0.2801039 0.8678343 0.8678345 0.4343068 0.43430792
0.4 0.3647266 0.3647266 0.8247367 0.8247371 0.4273539 0.42735500
0.5 0.4450772 0.4450772 0.7824172 0.7824175 0.4187816 0.41878276
0.6 0.5212411 0.5212412 0.7410279 0.7410282 0.4087787 0.40878000
0.7 0.5933182 0.5933184 0.7007023 0.7007027 0.3975390 0.39754030
0.8 0.6614207 0.6614210 0.6615546 0.6615549 0.3852561 0.38525733
0.9 0.7256714 0.7256718 0.6236793 0.6236797 0.3721195 0.37212075
1.0 0.7862015 0.7862019 0.5871525 0.5871531 0.3583114 0.35831280
1.5 0.7862015 1.0380131 0.4262417 0.4262425 0.2847749 0.28477603
2.0 1.0380120 1.2185531 0.3017830 0.3017838 0.2145047 0.21450575
3.0 1.2185520 1.4327317 0.1440157 0.1440163 0.1098343 0.10983493
4.0 1.4327300 1.5330833 0.0662434 0.0662437 0.0521594 0.05215975
5.0 1.5330800 1.5788469 0.0299497 0.0299498 0.0239226 0.02392277
10 1.6154630 1.6154659 0.0005329 0.0005328 0.0004305 0.00043052
15 1.6161120 1.6161138 0.0000094 0.0000093 0.0000076 0.00000757
20 1.6161120 1.6161252 0.0000001 0.0000001 0.0000001 0.00000013

Table 2. Numerical values of Nux

ðRexÞ
1=2 ¼ −h0ð0Þ 1þ 4

3NR
ðhrÞ

3
� �

against various values of Ec, Pr, NR and hr :

Ec Pr NR hr

Nux

ðRex Þ
1=2 ¼ −h0ð0Þ 1þ 4

3NR
ðhrÞ

3
� �

0.2 1.2059307
0.5 3.0 10.0 3.0 1.0097893
0.8 0.8123688

Slp : Slope (Linear Regression) −0.655

3.0 0.9441230
0.6 5.0 10.0 3.0 1.2275531

6.8 1.4189249

Slp : Slope (Linear Regression) 0.125

3.0 1.3623372
0.6 3.0 5.0 3.0 1.1714394

100.0 0.5962210

Slp : Slope (Linear Regression) −0.007

1.1 0.5852195
0.6 3.0 10.0 2.0 0.7127636

4.0 1.2108934

Slp : Slope (Linear Regression) 0.221
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Prandtl numbers is the underlying physical cause. The Nusselt number reduces with NR but the low 
value of Slp show a weak relation. The positive value of Slp indicates that Nusselt number rises with 
enhancing values of hr:

5.1. Impacts of Prandtl number

The Prandtl number, a non-dimensional parameter, establishes a connection between the viscosity 
and thermal conductivity of a fluid. It evaluates the interplay between the fluid’s momentum transfer 
and thermal diffusion capabilities. Figure 3(a) in the research illustrates the influence of the Prandtl 
number on the temperature profile. The study revealed that an increase in the Prandtl number 
resulted in a gradual decrease in temperature within the boundary layer. Furthermore, the tempera
ture approached zero asymptotically as the transverse distance increased. The observed reduction in 
temperature as a function of increasing Prandtl number can be related to the inverse correlation 
between the Prandtl number and the thermal diffusivity of the fluid. Physically, as the Prandtl num
ber rises, it signifies a higher thermal diffusivity in relation to momentum diffusivity. To put it differ
ently, heat is conveyed with greater efficiency in comparison to the transmission of momentum. 
Figure 3(b) illustrates the impact of the Prandtl number on the entropy generation number. The 
study revealed that the entropy observed at the surface of the plate exhibited a positive correlation 
with the Prandtl number. The entropy generation number increased in proximity to the plate at a 
fixed Pr value, followed by a subsequent decrease beyond a certain g value until reaching the bound
ary layer’s edge. Additionally, it was observed that the impacts of irreversibility were more pro
nounced in the vicinity of the plate surface for fluids with high Prandtl number in contrast to those 
with low Prandtl number. Figure 3(c) depicts the impact of the Prandtl number on the Bejan num
ber. The study revealed that, at a constant Pr value, the Bejan number exhibited an initial rise fol
lowed by a decline beyond a specific g value. Furthermore, the predominance of frictional effects in 
the generation of entropy was observed in comparison to the heat transfer effect in the proximity of 
the plate surface. With an increase in transverse distance ðgÞ, there was a corresponding increase in 
the proportion of heat transfer involved in entropy generation.

5.2. Impacts of Eckert number

The Eckert number establishes a connection between the kinetic energy and the enthalpy of a fluid. 
Physically, this parameter is used to explain the impact of self-heating within a fluid due to dissipation 
phenomena. The impact of Eckert number on the temperature profile is depicted in Figure 4(a). The 
rise in Ec leads to a corresponding increase in temperature due to heightened fluid friction among adja
cent fluid layers, resulting in the conversion of kinetic energy into thermal energy. Furthermore, it can 
be observed that an increase in Ec results in a corresponding increase in the thickness of the thermal 
boundary layer. The Figure 4(b) illustrates the impact of Ec on the entropy generation number Ns: It is 
observed that Ns increases in proximity to the surface of the plate at a specific transversal distance ðg ¼
2:0Þ but subsequently decreases and ultimately ceases within the primary flow region. The decrease in 
the Bejan number is observed in Figure 4(c) as the value of Ec increases. The production of entropy 
when the potential energy is at zero is solely attributed to the transfer of heat. For non-zero value of 
Ec, the Bejan number exhibits an initial increase until reaching a fixed value, followed by a continuous 
decrease and eventual disappearance within the primary flow region.

5.3. Impacts of heating parameter

Heating parameter is the ration of wall temperature and ambient temperature. In present prob
lem, it’s values should be greater than one because the wall temperature is greater than the ambi
ent temperature. Physically, increasing values of heating parameter shows the increasing 
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temperature difference between wall and ambient fluid. Figure 5(a) displays the effect of the heat
ing parameter hr on the temperature profile. An elevation in the parameter hr induces a wider 
temperature distribution, plausibly attributable to an escalation in the operational temperature 
DT: This, in turn, leads to a greater fraction of the fluid within the boundary layer attaining high 
temperature, characterized by high thermal diffusivity aþ 16rSB

3qCpaR
T3

� �
and a thick thermal bound

ary layer. The impact of hr on the entropy generation number Ns is illustrated in Figure 5(b). 
The results indicate that the entropy exhibits an upward trend with hr in the vicinity of the 
boundary and its immediate surroundings. However, it experiences a decline after attaining the 
highest point. Furthermore, it has been demonstrated that the existence of nonlinear Rosseland 
thermal radiation results in increased entropy generation in comparison to the linear Rosseland 
thermal approximation. The findings presented in Figure 5(c) indicate a positive correlation 
between the Bejan number Be and the heating parameter. The role of fluid friction in generating 
entropy is significant both at the boundary and in the surrounding region. As the temperature 
ratio hr increases, the contribution of heat transfer to entropy production becomes increasingly 
important.

5.4. Impacts of radiation parameter

The radiation parameter NR is used to specify the proportionate impact of conductive heat transfer in 
comparison to thermal radiation transfer. The impact of radiation parameter NR on the temperature 
profile h is depicted in Figure 6(a). It can be observed that an increase in NR results in a reduction of 
fluid temperature and a thinner temperature profile. For a given value of k and aR, a rise in NR ¼

kaR
4rsbT3

1
results in a drop in ambient temperature T1, implying that a major portion of the fluid inside 

the boundary layer has a low temperature and a low thermal diffusivity aþ 16rSB
3qCpaR

T3
� �

with a thin 

thermal boundary layer. As an alternative, Equation (7) states that a drop in aR causes a rise in the 
term qr, which reduces the amount of heat that is transferred to the fluid via radiation and thus lowers 
the fluid’s temperature. The findings depicted in Figure 6(b) indicate that the entropy generation num
ber experiences an increase in proximity to the surface as well as in its immediate vicinity, while it 
undergoes a decrease in the region that is situated at a distance from the boundary, as the value of NR 
is raised. The evidence suggests that the maximum entropy is located within the boundary layer rather 
than at its boundary. Moreover, it has been observed that the Bejan number, denoted as Be, exhibits 
an increasing trend in the vicinity of the surface and in its proximity as the values of NR increase. 
Conversely, it shows a decreasing trend away from the boundary, indicating that the impact of fluid 
friction becomes more pronounced in the vicinity of the boundary layer’s edge.

6. Concluding remarks

The present investigation examined the Sakiadis flow under the influence of nonlinear Rosseland 
thermal radiation and energy dissipation, with a focus on entropy generation. Some of the signifi
cant findings of the study are

� A self-similar solution can be obtained in the presence of viscous dissipation.
� The reduction of entropy generation can be achieved through the minimization of the differ

ence in temperature between the ambient temperature and the wall.
� As the parameters Pr and NR are augmented, the entropy exhibits an increment in proximity to the 

boundary, whereas it experiences a decrement in the area that is distant from the surface.
� The boundary does not contribute significantly to the generation of entropy. Rather, the high

est number of entropy generation is observed within the boundary layer.
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� The dominant factor cause entropy generation at the boundary is fluid friction, as compared 
to heat transfer.

� The quality of energy is enhanced through the reduction of the heating parameter.
� The widening of the temperature profile is observed with an increase in both Ec and hr:

Future work

The mathematical model exhibits local non-similarity when subjected to a constant magnetic field 
and is a topic for future investigation. Despite common practice among many authors to consider 
it as self-similar, addressing the local non-similarity as self-similar leads to imprecise outcomes. 
Moreover, the examination of electrical conductivity as a function of temperature is a topic that 
requires further investigation and may generates significant interest.
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