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Abstract: The analysis in view is proposed to investigate the impacts of entropy in the peristaltically
flown Ree-Eyring fluid under the stress of a normally imposed uniform magnetic field in a non-
uniform symmetric channel of varying thickness. The administering equations of the present flow
problem are switched into the non-dimensional form and then reduced by the availing of long
wavelengths and creeping flow regime restrictions. The analytical treatment for the developed
problem is performed to attain closed-form solutions which are further displayed as graphs of
velocity, pressure, temperature, and entropy distribution. The trapping phenomenon has also been an
area of our current examination. The role of relevant pronounced parameters such as the Brinkmann
number, Hartmann number, and Ree-Eyring parameter for throwing vivid impacts are also concerned.
It has been inferred that both the Brinkmann number and Ree-Eyring parameter with rising values
inflate temperature and entropy profiles. The velocity profile shows the symmetric nature due to the
horizontally assumed symmetric channel of varying thickness. The circulation of streamlines and
bolus formations is visibly reduced in response to the increasing Hartmann number.

Keywords: peristaltic flow; Ree-Eyring fluid; entropy generation; magnetic field

1. Introduction

Generally, non-Newtonian fluids have acquired vast acceptance compared to Newto-
nian fluids due to an interdisciplinary approach, such as in chemical and allied processing
industries and biomedical and physiological techniques. Pharmaceutical products, paints,
varnishes, and waxy crude oils are a few distinctive forms that fall into the non-Newtonian
category. The study of these fluids and their associated rheology are accomplished by
numerous researchers and mathematicians to exploit their full potential in omnifarious
geometries and physical conditions. Johnson [1] established the characterization and rhe-
ological aspects of elastohydrodynamic lubricants. Nouri et al. [2] explored Newtonian
and non-Newtonian flows in fully developed annuli. A thorough and detailed inspection
of rheology and non-Newtonian flows in various regimes was devised by Chhabra and
Richardson [3]. Together with this, plenty of studies can be found in the literature [4—6]
that uncover the characteristics connected with these fluids.

The wavelength motion of physiological fluids regulated by the compression of sur-
rounding boundaries can be reflected through food swallowing in the esophagus, lympho-
cytes transmissions governed by the lymphatic system, blood flow in the vessels, urine
passage to the bladder, and many other widespread precedents which have carved out
the concept of peristalsis. On an industrial scale, roller and finger pumps, blood filtration
equipment, and cardiopulmonary machines obey the principle of peristalsis. In the vi-
brating structure, the strain field changes the internal energy, and consequently, building
the compressed sections of the high temperature can be conducted by considering the
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non-negative coefficient of thermal expansion and the expanded sections at low tempera-
tures. The process responsible for thermoelastic damping is basically the loss of thermal
equilibrium between various parts of the vibrating structure. The dissipated energy in an
irreversible heat flow caused by the temperature gradient occurs.

The pioneer attempt in this regard was given by Latham [7]. Akram and Nadeem [8-10]
examined the peristaltic motion of the Williamson fluid in an asymmetric conduit through
an analytical approach and by observing distinctive peristaltic wave patterns. They also
carried out an inspection for the peristaltically governed six constant Jeffrey’s model in a
two-dimensional channel. Pandey and Tripathi [11] modeled certain foodstuffs, such as the
Casson model, to explore esophageal peristalsis in a finite channel. Mechanical efficiency
concerned with the pumping and reflux mechanism was also taken into consideration.
Ellahi et al. [12] considered the influence of bioheat transfer in a tapered rectangular duct
with peristaltic consideration. Riaz et al. [13], by assuming the peristaltic progression of
Jeffrey’s model in a three-dimensional channel, extracted an exact solution by engaging
slip limitations. They noted that the effects of slip limitations induced hindrance in the way
of the flow. Further investigations were revealed for hyperbolic tangent fluid, six constant
Casson fluids, and Eyring-Powell nanofluid in Refs. [14-16] in diverse geometries with
several embedded effects.

The exposure of the magnetic field to the electrically conducting fluids makes the
flow polarized and inversely distorts itself. The applications of the magnetic field in
modern science and engineering are staggeringly endless. An analysis of the peristaltically
navigated biofluid in an axisymmetric analog stressing under a magnetic field with altered
viscosity was dealt with by the Adomian decomposition method (ADM) in [17]. Akbar [18]
discussed peristaltically forcing the hydromagnetic Casson fluid in an asymmetric channel.
Sinha et al. [19] proposed a theoretical analysis to uncover variable viscosity and the
thermal and velocity impacts on peristaltic transport in an asymmetric channel. Bhatti
et al. [20] divulged the peristaltic flow of Jeffrey fluid in a duct with wall properties which
were influenced by a fluctuating magnetic field. By effectuating the perturbation approach,
Abbas et al. [21] analyzed a drug delivery mechanism in the flow of blood induced by
peristalsis-carrying nanoparticles. Abd-Alla [22] scrutinized the peristaltic conveyance
of Jeffrey nanofluid in an inclined channel in addition to heat and mass transfer impacts
which prompted an examination of concentration and temperature.

The system’s disorder which has been stated as an irreversible process in which the
heat energy generated is incapable of performing any useful work is usually called entropy.
Several factors, such as viscous dissipation, abrupt thermal radiation, and Joule heating, are
thought to create this uncertainty. It was Bejan [23] who first identified entropy generation
in his heat conversion analysis. Akbar [24] showed that entropy profiles become escalated
around the plumb duct while examining the peristaltic scheme for a carbon nanotube (CNT)
suspension nanofluid. By ejecting inertial effects, Rashidi et al. [25] presented the analysis
for entropy in peristaltically-induced blood flow with Lorentz force. By taking blood to be
a magneto-micropolar fluid, the investigation carried out by Asha and Deepa [26] took the
peristaltic flow in a non-uniform channel and talked about the impacts offered by entropy
and heat radiation. Bibi and Hang Xu [27] elucidated the modeling of the peristaltic Jeffrey
nanofluid flow influenced under a magnetic field in a symmetric channel. They illustrated
entropy controlled by several estimations of pertinent parameters.

In non-Newtonian models, power law or the Ostwald de Waele model is likewise very
functional in process engineering applications, but due to certain shortcomings, the Ree—
Eyring model better fits to describe shear thinning and thickening effects. Its constitutive
equations can be retrieved from the kinetic theory of fluids as opposed to an empirical
relation. This kind of model has induced many studies which are available in the literature.
Bhatti et al. [28] presented the study to analyze the role of the magnetic field and partial slip
conditions on the peristaltic flow of the Ree-Eyring fluid and concluded that the velocity of
the fluid is affected by the slip effects and effects of the magnetic field in a reverse attitude.
Hayat et al. [29] provided the heat transfer analysis of the flow of the Ree-Eyring fluid
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in the rotation frame and deduced that the rotation parameter significantly influences
the axial and secondary velocities, the size of the trapped bolus, and pressure rise per
wavelength. The flow of the Ree-Eyring fluid in a duct in the presence of a magnetic
field was considered by Ljaz et al. [30], who compared the behavior of the Newtonian
with Ree-Eyring fluid. Hayat et al. [31] introduced the phenomenon of the homogeneous
and heterogeneous reaction in the flow of the Ree-Eyring fluid and noticed that this
affects the concentration alternatively. Tanveer and Muhammad [32] studied the peristaltic
flow of the Ree-Eyring fluid in the slip and porosity in the presence of a magnetic field.
Rajasekhar et al. [33] utilized the long wavelength and small Reynolds number to formulate
the heat and mass transport impact on the peristaltic flow of Ree-Eyring fluid. Recently,
Balachandran et al. [34] presented an analysis of peristaltic flow on the Ree-Eyring fluid in
an inclined channel with variable fluid properties.

By keeping the notion of these examinations in our mind, the core objective of the
current study is to expose thermal transfer and entropy generation in the passage of a
non-Newtonian blood flow modeled with the Ree-Eyring fluid in a non-uniform symmetric
channel and externally influenced by an orthogonally acting magnetic field. The differential
equations indicating the physical principles are first transformed to their simplest form
employing long wavelength and trivial Reynolds number. Subsequently, the solutions are
gleaned analytically by exact methodology. In the later part, an ample discussion of the
graphical outcomes is recorded by taking physical parameters into consideration.

2. Problem Formulation

The two-dimensional, viscous, unsteady, incompressible, non-Newtonian Ree-Eyring
fluid is allowed to propel in a symmetric tapered channel. The source responsible for
the flow generation is the peristaltic occurrence which is promoted by the spontaneous
wave formation on the channel boundaries. The sketch of the under-considered problem
is evident in Figure 1. The induction of regular oscillations along the walls led by the
sinusoidal waves with a uniform speed ¢ is described in the following fashion [35].

H(x,f) = b(X) +asin27”(f—82), 1)

provided that b(X) = b, + Ko x.

Where b, is the semi-width at the inlet of the non-uniform channel. (K, < 1) is
constant. The semi-width b as a function of axial distance x can be found at any location
from the inlet. 7 and A define the amplitude and wavelength of the peristaltic waves,
respectively. The problem has been dealt with in the rectangular coordinate system (¥, ) in
which velocities i and v, respectively, are specified to be proportional to the axial coordinate
X and transverse coordinate i, whereas f is the time.
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Figure 1. Schematic flow diagram for peristaltic transport of Ree-Eyring fluid.
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The magnetic field of constant strength B, has also been observed in a direction normal
to the flow, and due to the assumption of negligible electrical currents in comparison with
the magnetic field, the induced magnetic field has been skipped.

The leading equations of continuity, momentum, and energy for the peristaltic drive
of the Ree-Eyring model are described as [25]:

n .
P B”;l + ﬁg% + 533} + gz %rxx 57 B2, ®)
0 Bitz + ﬁg—g + 533] g;j = %Tﬁ + 57 7 oB27, (4)
(GG e

The renowned stress tensor of the Ree-Eyring fluid model can be written as [29]:
Tjj = ygg]f + %sinh_l (éggj) (6)

Assinh™'¥ = ¥ for || < 1holds, the above equation can be reduced more precisely to:

A 119V
Tij = HBT}“]- t3 (Caf])' @)

where y is the typical viscosity of the fluid and B, C are, respectively, the material constants.
Additionally, p, p, o, T, and « designate the fluid’s density, pressure, electrical conductivity,
temperature, and the fluid’s thermal conductivity.

The following dimensionless quantities are incorporated in order to obtain an im-
proved version of the equations [29].

X y bo _ __ pch,
x:%y_é/ou_Nv_tSC’t_Cté h_ /\yc’(P Re p;u’ (8)
_ [Bic 5 _ T-T, _ vgnp 1 ’

M = 7 ,0 = =1 ,Pr= ,Ec = éo(T1 ) ,B, = PrEgc, g = ic

where 6, ¢, 8, Re, M, Pr, Ec, B, and ( are accounted for the wave number, amplitude ratio,
non-dimensional temperature, Reynolds number, Hartmann number, Prandtl number,
Eckert number, Brinkmann number, and Ree-Eyring fluid parameter, respectively. By
substituting (8) in Equations (2)—(7), the following dimensionless form can be executed.

ou ou ou ap ,0%u  %u 5
Reé<8t+ua+ ay)‘i‘a ( +€)< az—i‘a!/)—Mu, (9)
Jv 0v v d 82 0“v
3 ov L ,%¢ 9P _ 2 9°v  dU\ o0
Redb <at+ e +v 8y>+ay (5(1+§)< +8y2) 0°M-v, (10)
00 20 00 826 926 ou
RePrd(at s +v ay> = ((5 2 + ayZ) +PrEc(1+§)( y) . (11)

The implications of the long wavelength and insignificant Reynolds number suggest
6 — 0 & Re — 0. Then, the above equations take the given concise form.

%u

op 2,
3% (1+€)7fM (12)
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P _
- 0, (13)
%0 o\
2= —Ba+0(5) (19
and the mandatory boundary conditions for above stated equations are mentioned as:
ou
5 0, Oaty =0, (15)
u=0,0=1laty=nh, (16)
with the deformation in the wall in the dimensionless form of:
jo— 14 M + ¢psin2m(x — t). (17)

Equation (15) represents that there is no gradient of velocity and temperature at the
center of the channel, while Equation (16) reflects that the heat is transferred from the walls
of the channel, and the velocity of the fluid is zero at the wall.

3. Entropy Generation Analysis

The expression for volumetric entropy generation can be stated as:

wo ok (9T\* 1 dii 22
= 13 (57) 7, (e (5) + o282 =

The three terms of entropy generation on the right-hand side of the above equation
are due to thermal transfer irreversibility, viscous dissipation, and magnetic field.

In its dimensionless form, (18) can be related to the ratio of volumetric entropy genera-
tion s, to the characteristic entropy generation s..

" 2 2
s

N, = Cen — (ae) + AB,(1 +5>(a”> + AB M2, (19)
N oy dy

where: 5
" Tl - TO c ,’l/lTo To
(A 2), B =St A= 20
°G K( B2T2 > " k(T - T,) (Th — To) .

where A is the temperature difference parameter.

4. Solution of the Problem

To acquire our solution, Equations (12) and (14) are subjected to integration twice so
that we have:

dp | My M
B dx{ l—i—Cosh(—ﬁHé.)Sech( Trg)} ’
uly] = V2 , (21)
2
4M*y — B,PE (hz— y) (=1 +2nM%y —7)
1 4 dp 2nM
o[y = oy +y<4M + Br 3 (1+§)>Cosh( Trg) , (22)

~ B9 (14 {)Cosh (241 {SeCh(flMTg)z}

where the instantaneous mean flow rate is represented as below that through which
pressure gradient term can be extracted.

d d hM
B hMZE + %mTanh(—m)
Q - M3 7 (23)
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dp _ M3Q 24)

Y - {Tanh (1)

The main advantage of the technique used in this study is that it gives an exact
close-form solution to the problem considered and provides the most accurate results.

5. Results and Discussion

This section was established to look upon the vital role of influencing parameters to
visualize the velocity, pressure, temperature, and entropy distribution in our evaluated
results developed by utilizing Mathematica and MATLAB.

Validation

The results obtained through the present considered model in special cases are val-
idated against the results of Bhatti et al. [35]. The comparison of the pressure rise per
wavelength is based on the present solution with the results of Bhatti et al. [35] and is plot-
ted against the flow rate in the fixed frame in Figure 2, which was found in good agreement.

M=0, 1/¢=0, ¢ =0.7

T

. —

— Present 1

|= = =Bhatti et al. (2017)|

L

“'1] L - - - -
U 0.2 0.4 0.6 0.8
0

Figure 2. Comparison of pressure profile based on obtained results with that of Bhatti et al. (2017) [35].

Figure 3 notifies the nature of the velocity profile against the Hartmann number M
and the Ree-Eyring fluid parameter {. The enhancement in the strength of the applied
magnetic field dominates the electromagnetic forces in comparison to the viscous forces,
which regard the motion of the flow. Therefore, the successive decrement in the magnitude
of axial velocity in the center of the channel is addressed by incrementing the value of the
magnetic parameter M, whereas one can see the counter behavior of the fluid’s velocity
near the boundary. The velocity variation against the Ree-Eyring fluid parameter { is
entirely opposite on the other hand. The pressure rise per wavelength Ap, against the
time mean flow for alternating values of M and { are respectively shown in Figure 4a,b.
The increasing outcomes of pressure in the retrograde pumping zone are obvious with the
elevation in the Hartmann number M and Ree-Eyring parameter {. This suggests that
both these parameters have imposed a negative impact on the considered flow. Meanwhile,
contrary behavior is recorded in a region called co-pumping against both parameters. The
profiles of temperature dispersion as a function of the transverse coordinate y are plotted
in Figure 5 against several parameters such as the magnetic parameter M, Ree-Eyring
parameter {, and Brinkmann number B,. Rising values of M amply reduce the temperature
profiles in the whole cross-section unless y exceeding 1.3, and then the behavior is reversed.
The temperature after this value rises with the rise in M adjacent to the channel boundaries
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but is less significant. After this, the escalated values of { and B, as can be seen, visibly
impart the increasing effect on the temperature distribution. the Brinkmann number is the
ration of the heat produced to the viscous dissipation to the heat transported by molecular
conduction. So, the enhancement in the Brinkmann number increases the heat inflow to
the system, which consequently raises the temperature of the fluid flow. Larger values
of the Brinkmann number B, are responsible for enhancing viscous heat generation in
the flow, which eventually results in a rising temperature. Henceforth, the results are
recorded for entropy generation associated with involved physical parameters in our
discussion. Figure 6 delineates entropy generation in view of the Hartmann number M
and Ree-Eyring parameter (. It is obvious that the enhanced values of M initially upsurge
the entropy profiles, which almost dominate across the region except near the peristaltic
walls. { intensifies entropy generation, which is vivid, but with the increase in y, the
profiles, seem to be much closer. In Figure 7, the entropy distribution is visualized in
view of the Brinkmann number B, and temperature difference parameter A. It is evident
from the graphs that by enlarging either B, or A, a noteworthy increase in entropy is
manifested. The rise in internal energy of the fluid takes place with the strengthening of
the fluid’s viscous forces, and, in turn, dissipation occurs along with, consequently, the
entropy. Further, the mechanism that notably discloses the formation of moving masses
(bolus) in peristaltic transmission, which are grasped by virtue of streamlines in the shape
of round trajectories, is named trapping. The contours of the streamlines influenced by
various pertinent parameters are explained through plots 8-10. Figure 8 is concerned with
the contouring of streamlines in view of the variable values of the magnetic parameter M.
It is clear that both the number and size of the bolus were reduced by the increasing Lorentz
force. In Figure 9, the Ree-Eyring fluid { parameter, in contrast with the previous case,
conveys the increasing effects on the number and size of the bolus. With enlargement in the
values of {, and a rapid and visible increase in the boluses, thus, has been judged. Figure 10
is plotted to display the variation in streamlines caused by the alternating amplitude ratio
¢. The depicted results are again the same as we had narrated for {, except that much more
boluses emerged. This supports that ¢ augments the flow rate and also happens to be more
influential to create the bolus.

#=0.6, (=0.1, 0=1.5 #=0.6, M=4, 0=1.5
15 T T T 1.2 ! T ]
<=0.5
1t |
Iy 0.8+
= S0.6¢ 1
0.5 0.4 e
0.2t %
0 : 0 . . .
0 0.5 0 0.5 1 1.5
y y
(a) (b)

Figure 3. Variation in velocity for different values of (a) Hartmann number M and (b) Casson
parameter (.
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-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
0 ]
(a) (b)

Figure 4. Pressure rises per wavelength for different values of (a) Hartmann number M and (b) Casson
parameter (.

#=0.6, M=4, Q=1.5, Br=2.0

#=0.6, (=0.1, Q=1.5, Br=2.0

......

0.5

e ——————

Br=0.5|
Br=1.0
Br=1.5
—Br=2.0
1.5
y
(©)

Figure 5. (a) Temperature distribution for different values of Hartmann number M (b) Different
values of Casson parameter { and (c) Different values of Brinkmann number B;.
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#=0.5, (=0.5, 0=0.1, Br=2.0, A=0.1 ¢=0.5, M=1, 0=0.1, Br=2.0, A=0.1

1.4

(a) (b)

Figure 6. Entropy generation for different values of (a) Hartmann number M and (b) Casson
parameter (.

=1 (=0.5. O= - 0.5, M=1, (=0.1, Q=1.6, Br=2.0
$0.5, M=1, (0.5, Q=0.1, A=0.1 ; #= , (=0.1, 9= r=2.0

0 : ' ; ' ’ 1 L . . .
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1
Y y
(a) (b)

Figure 7. Entropy generation for different values of (a) Brinkmann umber B, and (b) different values
of temperature difference paramter A.

(a) (b) (c)

Figure 8. Streamlines for different values of M with fixed values of ¢ = 0.5, { = 0.5,Q = 0.1
@M=2,(b)M=3,and (c) M =4.
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L n n n L L n n I L
-02 00 02 04 08 -0.2 00 02 04 08

Figure 9. Streamlines for different values of { with fixed valuesof M = 1, ¢ = 0.5,Q = 0.1 (a) { = 0.5,
(b) £ =2.0, and (c) { = 5.0.

L n n I
=02 0.0 0z 04

(b) (©)

Figure 10. Streamlines for different values of ¢ with fixed values of M = 1, { = 050 = 0.1
(a)¢p =04, (b) ¢ =0.6, and (c) ¢ =0.8.

6. Closing Remarks

The impacts of MHD on the peristaltic flow of the Ree-Eyring fluid have been in-
spected in the current analysis, and entropy generation was also taken into account. The
modeled equations displaying the peristaltic motion for the Ree-Eyring fluid in a non-
uniform symmetric channel in attendance of a uniformly applied magnetic field have been
simplified using the implications of lubrication theory. The resulting ordinary differen-
tial equations have been sorted out by employing the exact method and are presented
as the closed-form solution. The crucial findings of the current investigation are signifi-
cantly shown:

e  The velocity profile shows symmetric and the opposite behavior with the enhancement
in the Hartmann number and Ree-Eyring parameter.

e  When the Hartmann number is allowed to elevate, it has been investigated that a
pressure rise causes an upsurge in the retrograde region but displays the reverse action
in the co-pumping region. Almost the same trend is manifested in the case of the
Ree-Eyring parameter.

e  The amplification in the case of entropy generation is analogous to variations in all
parameters, while the Hartmann number shows a slight deviation in the vicinity
of boundaries.
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e  Temperature dispersion arguments with the rising values of the Brinkmann number
and Ree-Eyring parameter.

e  With elevating values, both the Hartmann number and Ree-Eyring parameter convey
an opposite impact on the formation of streamlined trajectories.
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