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Entropy production in the flow of Bingham-Papanastasiou 
fluid having temperature and shear rate-dependent viscosity

Muhammad Idrees Afridia , Zafar Alib, Muhammad Qasimb, and Ali J. Chamkhac 

aSchool of Mathematics and Computer Science, Hanjiang Normal University, Shiyan, China; bDepartment 
of Mathematics, COMSATS University Islamabad (CUI), Pakistan; cFaculty of Engineering, Kuwait College of 
Science and Technology, Doha District 

ABSTRACT 
This article comprehensively examines entropy production in a peristaltic 
flow of Bingham-Papanastasiou fluid in an asymmetric wavy wall channel. 
The viscosity of the fluid is selected to depend on the temperature in add
ition to the shear rate. Furthermore, viscous dissipation is considered. The 
equations governing momentum and energy are adjusted to incorporate 
the existence of a nonlinear correlation between stress and strain rate. The 
energy dissipation caused by viscosity in the energy equation exhibits vari
ation between Newtonian and non-Newtonian fluids due to their distinct 
rheological behaviors and response to shear forces. Newton’s law of viscos
ity states that the viscous dissipation term for Newtonian fluids follows a 
simple linear relationship between shear stress and shear rate. In contrast, 
non-Newtonian fluids exhibit more complex rheological behaviors, with 
the correlation between shear stress and shear rate described by various 
constitutive equations, depending on the specific type of non-Newtonian 
behavior. Consequently, the energy equation for non-Newtonian fluid flow 
problems becomes more intricate and nonlinear compared to the energy 
equation for Newtonian fluids, resulting in a more challenging analysis. 
Modeling of the equations is traditionally obtained using all steps involved 
in analyzing peristaltic flow. Using MATLAB’s bvp5c solver, the obtained 
coupled set of differential equations is numerically solved. The research 
explores how the Bingham number and stress growth exponent parame
ters affect different dimensionless variables, including velocity, streamlines, 
temperature, axial pressure gradient, entropy production, and the Bejan 
number.
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1. Introduction

Peristaltic flows entail fluid transfer in a tube or channel through sequential wall contractions 
and relaxations within the conduit. It is a fundamental mechanism for moving substances within 
the human body and other living organisms. In physiology, peristaltic flow is observed in several 
biological systems, including capillaries, the gastrointestinal tract, the ureter, the bile duct, the 
esophagus, and the reproductive tracts. This rhythmic and coordinated motion plays a fundamen
tal role in propelling fluids and substances through these anatomical structures, ensuring the 
transport and functionality of vital physiological processes. It is not limited to biological systems; 
peristaltic flow can also be used in various industrial and engineering applications, such as trans
porting fluids with precision and controlled through blood pumps for dialysis, roller pumps, 
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finger pumps, and in the transportation of corrosive fluids which necessitates the prevention of 
direct contact between the fluid and machinery components. Latham [1] was the pioneer 
researcher to study fluid movement through peristaltic pumping and opened a new research door 
to study fluid flows. After Latham’s seminal research, numerous scientists and engineers have sig
nificantly contributed to understanding and applying peristaltic flows in various fields, particu
larly physiology, biological systems, and engineering.

Non-Newtonian fluids, including substances like oils, paints, lubricants, drilling muds, molten 
plastics and polymers, gels, rubber solutions, and various biological fluids, exhibit behaviors that 
deviate from the classical laws of fluid viscosity, commonly referred to as Newton’s law of viscos
ity. When it comes to non-Newtonian fluids the nonlinear correlation between shearing stress 
and shear rate adds a level of complexity that is now crucial to understanding these fluids in 
modern scientific and technical fields. The significance of understanding non-Newtonian fluids 
has grown considerably, particularly in the realms of modern chemical engineering, lubrication 
technology, soil mechanics, biophysics, and related fields. This is due to the wide-ranging applica
tions and implications of these fluids in various industrial and biological processes. Multiple fac
tors contribute to the departure of these fluids from Newtonian characteristics. Two key factors 
include structural changes occurring within the fluid as it experiences shear forces and the 
dependence of the stress tensor on the immediate deformation state. The fact that this depend
ence is essentially nonlinear and can be described as a function of the strain tensor’s rate high
lights the complexity of these fluids. This nonlinearity in the behavior of non-Newtonian fluids 
has led to the establishment of various classifications to describe their diverse responses to differ
ent conditions and forces. Therefore, no constitutive equation can accurately predict the behavior 
of all non-Newtonian fluids. In recognition of this complexity, rheologists, experts in the study of 
the flow and deformation of matter, have proposed a multitude of constitutive equations [2–5] to 
provide a framework for comprehending and characterizing the features of non-Newtonian fluids 
across different scenarios and applications. Studies [6–14] have reported the peristaltic flows of 
different non-Newtonian fluids. One of the groups of non-Newtonian fluids called viscoplastic 
materials possesses a yield stress limit which on exceeding the threshold makes deformation in 
the fluids. Linear Bingham [15], nonlinear Herschel-Bulkley [16], and the Casson models [17] 
relations are proposed to define stress-strain relations in such fluids. Viscoplastic fluids lack 
deformations when the force applied is less than the set threshold. Bingham fluid is also the case 

Nomenclature 

A1, A2 Amplitudes of upper and lower waves 
Be Bejan number 
Br Brinkman number 
Bn Bingham number 
c Wave speed 
Cp Specific heat 
_E 000gen Volumetric Entropy generation rate 
ð _E 000genÞ0 Characteristic entropy 
F Dimensionless flow rate in wave frame. 
G� Stress growth parameter 
�H1, �H2 Upper and lower walls 
k Thermal conductivity 
Ns Entropy generation number 
�P, �p Pressure fields in laboratory and wave 

frame 
�Q, q Dimensional flow rate in laboratory and 

wave frame 

Re Reynolds number 
T Dimensional temperature fields 
�U , �V Dimensional velocity components in 

laboratory frame 
�u, �v Dimensional velocity components in wave 

frame 
�X , �Y Space coordinates in laboratory frame 
�x, �y Space coordinates in wave frame 
a Variable viscosity parameter 
c Variable thermal conductivity parameter 
l Dynamic viscosity 
q Density of fluid 
k Wavelength 
/ Phase difference 
w Dimensionless stream function 
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of a viscoplastic fluid named after Bingham [18]. In industrial processes, Bingham fluid modeling 
is important since many materials show viscoplastic characteristics [19]. Yet, the model of the 
Bingham fluid is not capable of being studied and exploited in complex situations because of fact 
that some part of the fluid flows while other remains solid. This created difficulties in locating 
and understanding the shape of yield surfaces because two different constitutive equations were 
used across them. Also, the apparent viscosity of Bingham model becomes infinite on vanishing 
the shear rates, this creates discontinuity in the equations and numerical difficulties. 
Papanastasiou [20] overcame the issue by introducing the modified Bingham fluid model. Thus, 
the rheological behavior of the Bingham fluid is approximated by Bingham-Papanastasiou 
fluid model [21–24]. Soto et al. [25] numerically investigated the yield stress of Bingham- 
Papanastasiou fluid through sudden planar expansion. Daniel et al. [26] chose Bingham- 
Papanastasiou regularization as a source to explain the nonlinear yield stress and the 
shear-dependent viscosity of Magneto-Rheological Fluids. Khan and Sultan [27] numerically 
studied the flow of Bingham-Papanastasiou fluid generated by infinite rotating disk. Modeling the 
peristaltic flow of Bingham-Papanastasiou fluid is of prime interest because of the fact that such 
flows are suitable for highly viscous fluids like; sterile fluids, waxy oils, foams, and solids slurries 
[28,29]. Physiological fluids like blood, mucus, etc. behave like Bingham-Papanastasiou fluid that 
is transported by peristaltic motion. Tripathi and Beg [30] theoretically investigated the peristaltic 
flow of rheological viscoplastic fluids inside the physiological ducts. The electro-osmotically 
enhanced peristaltic motion of Bingham-Papanastasiou fluid in an asymmetric channel was 
reported by Aslam and Noreen [31].

In heat transfer and fluid flow problems, the second law of thermodynamics is used to meas
ure the irreversibility of the systems, called entropy. It is the measure of disorder in the system 
due to an irreversible process. Analysis of entropy generation is used to explain and locate the 
sources that decay the energy of the system and find ways to obtain optimal energy by diminish
ing such sources. The concept of entropy was pioneered by Bejan [32], in which he studied four 
configurations of the convective heat transfer phenomenon. Entropy generation minimization was 
also proposed by Bejan [33] in the pursuit of optimizing thermal designs and efficiency of ther
modynamical systems. Here, Bejan [33] disclosed that heat transfer and viscous dissipation arising 
from the fluid’s viscous effects are the two primary sources of entropy creation in thermal sys
tems. Thereafter, many researchers around the globe have been engaged and encouraged to study 
the entropy generation in Newtonian and non-Newtonian fluids due to its essential applications. 
Makinde and Eegunjobi [34] explored the entropy generation of Magnetohydrodynamic MHD 
Newtonian fluids in porous media. Shit and Mondal [35] explored the entropy generation of 
non-Newtonian fluid by considering the impacts of radiation. The entropy generation of a three- 
dimensional flow of a dissipative hybrid nanofluid was examined by Afridi et al. [36]. Qasim 
et al. [37] conducted a study to examine the entropy generation in a flow around a slender radia
tive needle moving within a parallel stream. Qasim et al. [38] again explored the entropy gener
ation in nanofluids inside a sinusoidal wavy channel. A considerable amount of work on entropy 
generation of peristaltic flows is done for Newtonian and non-Newtonian fluids as because of its 
importance in biomedical systems. Entropy generation of MHD fluids with joule heating is ana
lyzed by Ranjit and Shit [39] in an electro-osmotic and peristaltic flow. Akbar and Butt [40] per
formed the analysis of nanofluids flowing peristaltically in a tube with viscous dissipation. Hayat 
et al. [41] studied the irreversibility analysis of nanomaterial in a rotating frame. Saleem [42] 
studied entropy of peristaltic flows in asymmetric channel using space-dependent viscosity. Narla 
et al. [43] observed entropy production of MHD fluids in curved channels taking Ohmic heating 
in action.

Several materials’ transport properties (viscosity, electric, and thermal conductivity) vary sig
nificantly with temperature. The researchers examine peristaltic flows with variable transport 
properties [44–48]. The entropy formation during peristaltic flow with varying fluid properties 
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was scrutinized by Qasim et al. [49]. A review of relevant literature witnessed that no research 
has been conducted on the peristaltic flow of Bingham-Papanastasiou fluid in an asymmetric 
channel. Therefore, the present research is being performed to explore the entropy production in 
this flow by considering variable thermal conductivity and viscosity. In this study, the resulting 
equations are coupled and nonlinear, so to find the approximate solution of this nonlinear sys
tem, a numerical solution is computed using bvp5c MATLAB [50,51]. The impact of physical 
parameters, namely, the Bingham number ðBnÞ and the stress growth exponent parameter ðGÞ on 
different dimensionless quantities, including entropy generation number, velocity, axial pressure 
gradient, temperature, streamlines, and Bejan number are examined.

2. Problem statement

We considered the peristaltic flow of the Bingham-Papanastasiou fluid in an asymmetric channel 
whose walls have the mathematical expressions defined below.

Y ¼ H1 X , tð Þ ¼ L1 þ A1cos
2p

k
X − ctð Þ

� �

, 

Y ¼ H2 X , tð Þ ¼ −L2 − A2cos
2p

k
X − ctð Þ þ /

� �

: (1) 

where �H2ð�X ,�tÞ is the lower whereas �H1ð�X ,�tÞ is the upper wall. The rectangular coordinates �X 
and �Y are taken along the channel length and normal to the walls of the channel, respectively 
and the time coordinate is denoted by �t: c is the wave speed, A1 and A2 are the amplitudes of the 
upper and lower waves, k is the wavelength, and / 2 0, p½ � is the phase difference. The Cauchy 
stress tensor of this model by considering temperature-dependent viscosity is expressed in the fol
lowing form [20–24]:

�C ij ¼ �l �Tð Þ þ
sy

_c
�
�
�
�

1 − e−G� _cj j
� �� �

_c ij: (2) 

where _c ij is defined as

_c ij ¼
@ui

@xj
þ
@uj

@xi

 !

: (3) 

In Eq. (2), where G� is the stress growth parameter, sy denotes the yield stress, and _c
�
�
�
� is the 

second invariant of the rate of strain tensor expressed by

_c
�
�
�
� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2

_c ij _c ij

r

: (4) 

The component form of the governing equations (continuity, momentum, and energy) in a 
fixed frame are

@ �U
@�X
þ
@ �V
@�Y
¼ 0, (5) 

q
@

@�t
þ �U

@

@�X
þ �V

@

@�Y

� �

�U ¼ −
@�P
@�X
þ

@

@�X
C�X �Xð Þ þ

@

@�Y
C�X �Yð Þ, (6) 

q
@

@�t
þ �U

@

@�X
þ �V

@

@�Y

� �

�V ¼ −
@�P
@�Y
þ

@

@�X
C�Y �Xð Þ þ

@

@�Y
C�Y �Yð Þ, (7) 
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qCp
@

@�t
þ �U

@

@�X
þ �V

@

@�Y

� �

�T ¼ �r � �kð�TÞ �r�T
� �

þ C�X �X
@ �U
@�X
þ C�X �Y

@ �U
@�Y
þ C�Y �X

@ �V
@�X

: (8) 

In Eqs. (5)–(8), components C�X �Y , C�X �Y , C�Y �Y computed through the relations defined in Eqs. 
(2)–(4) are

C�X �X ¼ 2 �l �Tð Þ þ
sy

_c
�
�
�
�

1 − e−G� _cj j
� �� �

@ �U
@�X

,

C�X �Y ¼ C�Y �X ¼ �l �Tð Þ þ
sy

_c
�
�
�
�

1 − e−G� _cj j
� �� �

@ �U
@�Y
þ
@ �V
@�X

� �

,

C�Y �Y ¼ 2 �l �Tð Þ þ
sy

_c
�
�
�
�

1 − e−G� _cj j
� �� �

@ �V
@�Y

,

_c
�
�
�
� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 @ �U
@�X

� �2
þ @ �U

@�Y þ
@ �V
@�X

� �2
þ 2 @ �V

@�Y

� �2
r

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

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

(9) 

In wave frame, using the transformations.

�X ¼ �x þ c�t

�Y ¼ �y

�U �X , �Y , �tð Þ ¼ �u �x, �yð Þ þ c

�V �X , �Y , �tð Þ ¼ �v �x, �yð Þ

�P �X , �Y , �tð Þ

�T �X , �Y , �tð Þ

¼

¼

�p �x, �yð Þ

T �x, �yð Þ

,

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

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

(10) 

Equations (5)–(8) becomes
@�u
@�x
þ
@�v
@�y
¼ 0, (11) 

q �u
@�u
@�x
þ �v

@

@�y

� �

¼ −
@�p
@�x
þ
@

@�x
C�x�xð Þ þ

@

@�y
C�x�y
� �

, (12) 

q �u
@�v
@�x
þ �v

@�v
@�y

� �

¼ −
@�p
@�y
þ
@

@�x
C�y�x
� �

þ
@

@�y
C�y�y
� �

, (13) 

qCp �u þ cð Þ
@T
@�x
þ �v

@T
@�y

� �

h ¼
@

@�x
k0 1þ c� T − T0ð Þ
� � @T

@�x

� �

þ
@

@�y
k0 1þ c� T − T0ð Þ
� � @T

@�y

� �

þ C�x�x
@�u
@�x
þ C�x�y

@�u
@�y
þ C�y�x

@�v
@�x
þ C�y�y

@�v
@�y

� �

,

(14) 
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C�x�x ¼ 2 �l �Tð Þ þ
sy

_c
�
�
�
�

1 − e−G� _cj j
� �� �

@�u
@�x

,

C�x�y ¼ �l �Tð Þ þ
sy

_c
�
�
�
�

1 − e−G� _cj j
� �� �

@�u
@�y
þ
@�v
@�x

� �

,

C�y�y ¼ 2 �l �Tð Þ þ
sy

_c
�
�
�
�

1 − e−G� _cj j
� �� �

@�v
@�y

,

_c
�
�
�
� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 @�u
@�x

� �2
þ @�u

@�y þ
@�v
@�x

� �2
þ 2 @�v

@�y

� �2
r

,

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

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

(15) 

Introducing the following dimensionless numbers to decrease the number of independent vari
ables utilized in the physical system

x ¼
�x
k

, y ¼
�y
L1

, u ¼
�u
c

, v ¼
�v
cd

, d ¼
L1

k
, p ¼

�p
kcl0=L2

1
,

Re ¼
qcL1

l0
, Cxx ¼

k

g0c
C�x�x , Cyy ¼

L1

g0c
C�y�y , Cxy ¼

L1

g0c
C�x�y ,

Bn ¼
syL1

cl0
, G ¼

G�c
L1

, a ¼ a� T1 − T0ð Þ, c ¼ c� T1 − T0ð Þ,

h ¼
T − T0

T1 − T0
, Pr ¼

l0Cp

k0
, Ec ¼

c2

Cp T1 − T0ð Þ
, Br ¼

lc2

k0 T1 − T0ð Þ
:

9
>>>>>>>>>>>>=

>>>>>>>>>>>>;

(16) 

Utilizing quantities (14) in Eqs. (11)–(15) gives the following dimensionless equations.

d
@u
@x
þ d

@v
@y
¼ 0, (17) 

Re d u
@

@x
þ v

@

@y

� �

u ¼ −
@p
@x
þ d2 @

@x
Cxxð Þ þ

@

@y
Cxy
� �

, (18) 

Re d3 u
@v
@x
þ v

@v
@y

� �

¼ −
@p
@y
þ d2 @

@x
Cyx
� �

þ d
@

@y
Cxy
� �

, (19) 

Pr Re d uþ 1ð Þ
@h

@x
þ v

@h

@y

� �

¼ d
@

@g
1þ chð Þ

@h

@x

� �

þ
@

@y
1þ chð Þ

@h

@y

� �

þ Br d2Cxx
@u
@x
þ Cxy

@u
@y
þ d2Cyx

@v
@y
þ dCyy

@v
@y

� �

,
(20) 

Cxx ¼ 2 lðhÞ þ
Bn

!
1 − e−G!ð Þ

� �
@u
@x

,

Cxy ¼ lðhÞ þ
Bn

!
1 − e−G!ð Þ

� �
@u
@y
þ d

@v
@x

� �

,

Cyy ¼ 2 lðhÞ þ
Bn

!
1 − e−G!ð Þ

� �
@v
@y

,

! ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2d2 @u
@x

� �2
þ @u

@y þ d @v
@x

� �2
þ 2d2 @v

@y

� �2
r

,

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

>>>>>>>>>>>>>:
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In terms of stream function

u ¼
@w

@y
, v ¼ −

@w

@x
(21) 

Equations (16)–(20) takes the form

d
@2w

@x@y
− d

@2w

@y@x
¼ 0, (22) 

Re d
@w

@y
@

@x
−
@w

@x
@

@y

� �
@w

@y
¼ −

@p
@x
þ d2 @

@x
Cxxð Þ þ

@

@y
Cxy
� �

, (23) 

−Re d3 @w

@y
@

@x
−
@w

@x
@

@y

� �
@w

@x
¼ −

@p
@y
þ d2 @

@x
Cyx
� �

þ d
@

@y
Cxy
� �

, (24) 

Pr Re d
@w

@y
þ 1

� �
@h

@x
−
@w

@x
@h

@y

� �

¼ d
@

@g
1þ chð Þ

@h

@x

� �

þ
@

@y
1þ chð Þ

@h

@y

� �

þBr d2Cxx
@u
@x
þ Cxy

@u
@y
þ d2Cyx

@v
@y
þ dCyy

@v
@y

� �

,
(25) 

Cxx ¼ 2 lðhÞ þ
Bn

!
1 − e−G!ð Þ

� �
@2w

@x@y
,

Cxy ¼ lðhÞ þ
Bn

!
1 − e−G!ð Þ

� �
@2w

@y2 − d
@2w

@x2

 !

,

Cyy ¼ −2 lðhÞ þ
Bn

!
1 − e−G!ð Þ

� �
@2w

@x@y
,

! ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2d2 @2w
@x@y

� �2
þ

@2w
@y2 − d

@2w
@x2

� �2
þ 2d2 @2w

@x@y

� �2
r

,

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

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

(26) 

Supposition of small Reynolds number ðRe � 0Þ and long wavelength ðd � 0Þ, the continuity 
equation is automatically fulfilled, and Eqs. (22)–(26) are simplified to:

@p
@y
¼ 0, (27) 

@p
@x
¼
@

@y
Cxy
� �

, (28) 

@

@y
kðhÞ

@h

@y

� �

þ Br Cxy
@2w

@y2

" #

, (29) 

Cxy ¼ lðhÞ þ
Bn

!
1 − e−G!ð Þ

� �
@2w

@y2

 !

,

! ¼
@2w

@y2 :

(30) 

From Eqs. (27) and (28) after elimination pressure gradient we have

@

@y
@

@y
lðhÞ

@2w

@y2

 !

þ BnG
@3w

@y3

 !

e−G@2w

@y2

" #

¼ 0, (31) 
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@

@y
kðhÞ

@h

@y

� �

þ Br lðhÞ
@2w

@y2

 !2

þ Bn 1 − e−G@2w

@y2

� �
@2w

@y2

0

@

1

A ¼ 0 (32) 

Utilizing the relations of temperature-dependent properties defined in Refs. [44–48], Eqs. (31)
and (32) takes the form:

@

@y
@

@y
1 − ahð Þ

@2w

@y2

 !

þ GBn
@3w

@y3

 !

e−G@2w

@y2

" #

¼ 0, (33) 

@

@y
1þ chð Þ

@h

@y

� �

þ Br 1 − ahð Þ
@2w

@y2

 !2

þ Bn 1 − e−G@2w

@y2

� �
@2w

@y2

0

@

1

A ¼ 0 (34) 

In laboratory frame (fixed frame) and in the wave frame (moving frame) the volume flow rate 
�Q and q ae respectively, defined by

Q ¼
ðH 1 X , tð Þ

H 2 X , tð Þ

U X , Y , tð ÞdY : (35) 

q ¼
ðh1 xð Þ

h2 xð Þ

u x, yð Þdy: (36) 

From Eqs. (35) and (36) we obtain
�Q ¼ qþ c �h1 − �h2

� �
: (37) 

The time averaged flow over a period P� at a fixed position �X is defined as

Q� ¼
1

P�

ðP�

0

Qdt: (38) 

Utilizing Eq. (37) in (38) leads to the following result:

Q� ¼ qþ c L1 þ L2ð Þ: (39) 

Non-dimensional time-mean flows Q and F are

Q ¼
Q�

cL1
, F ¼

q
cL1

: (40) 

Therefore, we can establish the following relationship between the flow rates:

Q ¼ F þ 1þ L: (41) 

Also, from (36) we can define the dimensionless mean flow rate in terms of stream function 
as

F ¼
ðh1 xð Þ

h2 xð Þ

@w

@y
dy ¼ w h1ð Þ − w h2ð Þ: (42) 
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The appropriate boundary conditions are as follows:

w ¼ −
F
2

,
@w

@y
¼ −1, h ¼ 1 at y ¼ h2 ¼ −L − Bcos 2pxþ /ð Þ,

w ¼ þ
F
2

,
@w

@y
¼ −1, h ¼ 0 at y ¼ h1 ¼ 1þ Acos 2pxð Þ:

8
>>><

>>>:

(43) 

For a two-dimensional flow of an incompressible and dissipative Bingham-Papanastasiou fluid, 
the rate of entropy formation can be expressed as follows:

_S000gen ¼
�j �Tð Þ

�T 2
@�T
@�X

� �2

þ
@�T
@�Y

� �2
" #

þ
l �Tð Þ

�T

C�X �X
@ �U
@�X
þ C�X �Y

@ �U
@�Y

þC�Y �X
@ �V
@�X
þ C�Y �Y

@ �V
@�Y

2

6
6
4

3

7
7
5 (44) 

In dimensionless form, after applying above stated transformations and assumptions Eq. (44)
becomes:

Ns ¼
_S000gen

Sg0

¼
1þ chð Þ

hþ Kð Þ
2
@h

@y

� �2

þ
Br

hþ Kð Þ
1 − ahð Þ

@2w

@y2

 !2

þ Bn 1 − e−G@2w

@y2

� �
@2w

@y2

2

4

3

5: (45) 

Figure 1. Velocity profiles uðx, yÞ for Bingham number Bn.

Figure 2. Axial pressure gradient profiles dp
dx for Bingham number Bn.
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3. Graphical presentation and interpretation

This section is dedicated to the investigation of alterations in the behavior of fluid flow uðx, yÞ, 
axial pressure gradient dp

dx , heat transfer hðx, yÞ, entropy generation Ns, and the Bejan number Be 
across an expanding array of dimensionless parameters inherent in the flow phenomenon. The 
analysis of fluid flow is illustrated in Figure 1, depicting distinct values of the Bingham number 
Bn: It is evident that as the Bingham number Bn increases, the flow intensifies along the upper 
wall, while it diminishes in the vicinity of the lower wall region. Figure 2 is drawn to see the 
impact of Bingham number Bn on the axial pressure gradient dp

dx : Magnitude of the axial pressure 
gradient dp

dx gradient increases as the Bingham number Bn increases. With an increase in the 
Bingham fluid parameter (indicating higher yield stress), the fluid’s tendency to initiate flow is 
reduced. This implies that a greater external force or stress must be applied to surpass the yield 
stress threshold and induce flow. The response of the fluid to pressure gradients is influenced by 
the yield stress. A higher yield stress necessitates a greater pressure gradient to originate the flow. 
As the yield stress elevates, the fluid’s resistance to flow initiation intensifies, demanding a more 
robust pressure gradient to surmount this resistance and prompt flow. Figure 3 is designed to 
show the effects of the Bingham number on the temperature profile, it is seen that the heat flow 

Figure 3. (a): Trapping phenomena when Bingham number Bnð¼ 0:1Þ: (b) Trapping phenomena when Bingham number 
Bnð¼ 1:0Þ:
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Figure 6. Entropy generation number profiles Be for Bingham number Bn.

Figure 4. Temperature profiles hðx, yÞ for Bingham number Bn.

Figure 5. Entropy generation number profiles Ns for Bingham number Bn.
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decreases with the increase of the Bingham number Bn: Effect of Bingham number on the stream
lines pattern is plotted in Figure 4(a, b), inside the conduit it is observed through this graph that 
the number of boluses is increasing on the increase of Bingham number; this is natural because 
Bingham number describes the amount of fluid motion. The effect of Bingham number on 
entropy generation is plotted in Figure 5, it is seen that entropy is proactive near the channel 
walls, however, stable and minimum at the center. For the analysis of Bejan number under the 
influence of Bingham number is displayed in Figure 6. The ratio of heat generated entropy to 
entropy generated by other factors affecting fluid flow is known as Bejan number. Bejan number 
is observed to be constantly rising along with Bingham number, but it changes after reaching its 
maximum value and begins to fall close to the channel’s upper wall. Figures 7–12 are portrayed 
to capture the variation of nondimensional stress growth parameter G on velocity uðx, yÞ, axial 
pressure gradient dp

dx trapping phenomena wðx, yÞ, heat transfer hðx, yÞ, entropy generation ðNsÞ, 
and the Bejan number ðBeÞ The impact of stress growth parameter G on all the aforementioned 
fields is qualitatively similar to the Bingham number Bn: In Figures 13 and 14, we analyzed the 
dimensionless shear stress with increasing values of Bn and stress growth component G: We 
observed from these figures that dimensionless shear stress Cxy has increasing behavior with large 
values of Bn and stress growth component G: Figures 15 and 16 respectively, portrayed the 

Figure 7. Velocity profiles uðx, yÞ for stress growth component G.

Figure 8. Axial pressure gradient profiles dp
dx for stress growth component G.
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Figure 9. (a) Trapping phenomena when stress growth component Gð¼ 0:1Þ: (b) Trapping phenomena when stress growth 
component Gð¼ 0:5Þ:

Figure 10. Temperature profiles hðx, yÞ for stress growth component G.
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Figure 13. Dimensionless shear stress Cxy for Bingham number Bn.

Figure 11. Entropy generation number profiles Ns for stress growth component G.

Figure 12. Bejan number profiles Be for stress growth component G.
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Figure 16. Temperature profiles hðx, yÞ for variable viscosity parameter a.

Figure 14. Dimensionless shear stress Cxy for stress growth component G.

Figure 15. Velocity profiles uðx, yÞ for variable viscosity parameter a.
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variation in velocity uðx, yÞ and temperature hðx, yÞ profiles for different values of variable viscos
ity a: It is noticed that the velocity decreases but increases later. Figure 16 shows that the tem
perature of fluid decreases by increasing viscosity parameter. Figure 17 depicts that the 
temperature of fluid also decreases by increasing the variable thermal conductivity parameter. 
Figure 18 is plotted to see the variation in entropy for the cases of constant and variable proper
ties. Entropy generation substantially changes when the viscosity and thermal conductivity are 
assumed to be temperature dependent.

4. Conclusions

Entropy analysis of a Bingham-Papanastasiou fluid in an asymmetric channel is performed in this 
article. The investigation also considers the viscous dissipation of the fluid in the context of ther
mal analysis. The study yields specific outcomes, which are emphasized as follows:

� All relevant physical quantities exhibit similarity in response to variations in stress growth par
ameter and the Bingham number.

� The fluid’s velocity adjacent to the walls exhibits a contrasting behavior.
� As both the Bingham number and stress growth increase, the temperature distribution also 

experiences a rise.

Figure 17. Temperature profiles hðx, yÞ for variable thermal conductivity parameter c.

Figure 18. Comparison of entropy generation number Ns for cases of constant and variable fluid properties.
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� The magnitude of the pressure gradient rises with a rise in the stress growth rate parameter.
� Dimensionless shear stress also increases by increasing Bingham number.
� Entropy displays an active behavior in the proximity of the channel walls, while remaining 

stable and minimized at the central region.
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