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Article history: The current study emphasises a new approach to the peristaltic transport of Eyring-
Received 10 August 2022 Powell fluid through a uniform channel. The study is done while considering the
Received in revised form 24 December 2022 influence of variable liquid properties and wall properties through a uniform inclined
Accepted 4 January 2023 channel, and the flow problem is developed mathematically. The study uses low

Available online 24 January 2023 Reynolds number and long-wavelength approximations to simulate no-slip conditions

on the channel walls. The solutions are derived using a traditional double perturbation

technique, and the nonlinear governing equations are normalized by employing
Keywords: pertinent non-dimensional factors. Graphical representations of the impact of
Peristaltic mechanism; variable viscosity;  significant physical parameters, such as velocity, temperature, concentration, and
variable thermal conductivity; inclination;  streamlines, are depicted and discussed. It was noted that Eyring-Powell fluid
Eyring-Powell fluid parameters and variable liquid properties have major impact during the peristalsis.

1. Introduction

Peristalsis is a natural mechanism in the human body that causes a gradual wave of regional
muscular contractions and relaxations and is responsible for numerous biological processes such as
food flow through the esophagus and ovum migration in the female uterine tube. Because of its use
in biomedical and industrial purposes, peristaltic motion of non-Newtonian and viscous fluids has
been researched in recent decades. Latham [1] initiated the study on peristaltic urine flow via the
ureter and determine fluid flow velocity and pressure for various flow rates using Newtonian
compressible fluid. The peristaltic mechanism was later studied by Shapiro et al., [2] under
circumstances like long wavelength and low Reynolds number. The same conditions are being used
to date. Raju and Devanathan [3] investigated the effect of applied pressure and non-Newtonian
parameter on the velocity and streamlines of a power-law fluid under various conditions. Srivastava
et al., [4] studied the peristalsis of physiological fluid, flowing in a non-uniform axisymmetric tube
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with constant and variable viscosity. Usha and Ramachandran [5] explored the peristaltic transport
of two-layered Power Law fluid. They studied the effect of shear thinning and shear thickening in the
fluid's core and peripheral layer in an axisymmetric tube. Further, Vajravelu et al., [6] focused on
studying the peristaltic motion of Hershel-Bulkley liquid in the channel, which warrants the study of
fluid flow characteristics.

In biofluid dynamics, the no-slip criterion for viscous fluids proposes the liquid always moves at a
constant speed relative to the boundary of a solid wall. The fluid velocity equals the solid edge
velocity at all fluid-solid interfaces. One could imagine the fluid's outermost molecules sticking to the
surfaces it passes through. Driven by this application, Hayat et al., [7] investigated the Soret and
Dufour effect on the peristaltic flow of Prandtl fluid. They considered compliant tube walls and no-
slip conditions were applied for equation of momentum, energy, and concentration. As a result, they
concluded that the large Soret and Dufour number activates the temperature while reducing the
concentration. In a further study conducted by Hayat et al., [8] on hyperbolic tangent nanofluid under
similar conditions with MHD, it was noticed that temperature increases for higher Brownian
movement and thermophoresis parameters. As of late Vaidya et al., [9] investigated the peristaltic
motion of Rabinowitsch fluid in an inclined channel with compliant walls. The series perturbation
technique is utilised to solve the non-dimensional governing equations, and the streamlines were
analyzed.

This research is crucial when it comes to an understanding of how heat moves through biological
fluids. Conduction, radiation, convection, and evaporation all play a role in keeping the body's
temperature stable. Sobh [10] investigated the interplay between peristaltic motion and heat
transfer in viscous fluid flow by considering the impacts of heat transfer in a stable transverse
magnetic field. During their research, it was noticed that the heat transfer coefficient at the channel
walls varied depending on the kind of channel. According to the study, as the Hartmann number
grows, so does the heat transmission rate. The heat transfer coefficient behaves the same for both
non-uniform and uniform channels in heat transmission. Ali et al., [11] also investigated peristaltic
transport in a curved channel. The heat transmission rate is slower in a curved channel than in a
straight channel. Prandtl fluid peristalsis in the presence of MHD flow was studied by Alsaedi et al.,
[12]. The perturbation approach is used to get series solutions for physical parameters such as
velocity and temperature. The Hartmann number was shown to be a decreasing function of heat
transport. Through slip effects, Bhatti and Zeeshan [13] examine how heat and mass transfer affect
particle-fluid suspension produced by peristaltic transit. For the embedded particles in Casson fluid
model, the non-dimensional governing equations of the fluid and particulate phase are interpreted
on the premise of a long-wavelength approximation and disregarding inertial forces. The study's
findings warrant an inquiry into various types of non-Newtonian and Newtonian fluids. According to
Vaidya et al., [14], the MHD peristalsis of Bingham fluid via a uniform channel is affected by
wavelength and Reynolds number. It is shown that the temperature profile becomes more consistent
as the value of variable thermal conductivity rises, even while considering heat transmission and wall
features. Manjunath et al., [15] investigated how thermal conductivity and heat transfer influenced
Jeffery fluid peristaltic flow in an inclined elastic tube with porous walls. It is clear from the data that
lowering the Biot number lowers the temperature. The main goal of the study by Sandhya Rani et al.,
[16] is to address mass and heat transfer across electro-hydrodynamics by considering Cattaneo-
Christov model. When a blood-based hybrid nanofluid flows over a vertical stretchy area, the Lorentz
force is applied. The Cattaneo-Christov model theories were examined using thermal radiation that
can generate heat.

In a porous medium, researchers Kodantapani and Srinivas [17] looked at the impact of wall
characteristics on MHD peristalsis and heat transport. The increase in rigidity and stiffness
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parameters was seen to increase velocity and temperature. At the same time, the damping
properties of the wall are decreasing. Hayat and Hina [18] studied the impact of MHD and compliant
walls on Maxwell fluid peristalsis. The effect of wall compliance on Burgers' fluid peristalsis was
studied by Mariyam et al., [19]. Increases in wall tension, rigidity, and stiffness increase velocity,
whereas increases in wall damping lead to an increase in speed in a non-uniform channel with wall
characteristics and heat transfer. The peristaltic wave propagation of non-Newtonian Casson liquid
was studied by Devaki et al., [20]. According to these studies, the larger the flow pattern and the
greater the number of boluses, the more rigid and stiff the wall becomes. Using a non-uniform
inclined tube with a long wavelength and a short Reynold's number, Manjunath et al., [21] investigate
the effects of slip and wall qualities on the peristaltic transport of Rabinowitsch fluid. Newtonian and
pseudoplastic liquid models have been proposed. When the rigidity and stiffness parameter values
rise, the volume of trapped bolus grows; however, when the viscous damping force parameter values
increase, the volume decreases, as they discovered in their research.

The processes influencing blood flow in tiny arteries and ducts, lymphatic vessels, and the
intestines have not been studied in studies on physiological fluids with continuous liquid properties.
Most older studies used constant heat conductivity and viscosity as their guiding principles. The
viscosity and heat conductivity have a considerable impact on biological fluids. Casson fluid peristaltic
movement in a convectively heated inclined porous tube was studied by Rajashekhar et al., [22] using
changing viscosity and thermal conductivity. Thermal conductivity and viscosity were considered in
their investigation. Analysis of the impact of factors on physiological variables was done by plotting
graphs. Velocity profiles may be improved by altering the viscosity of the fluid. Under the impact of
varying fluid characteristics and convective heat transmission, the peristaltic process of Rabinowitsch
liguid in a small porous channel is examined by Vaidya et al.,[23]. Further, the peristalsis of
Rabinowitsch fluid via a nonuniform tube is studied by Vaidya et al., [24] in relation to variations in
viscosity and thermal conductivity. Consideration is given to the wall characteristics and convective
surface conditions. Long wavelength and low Reynolds number approximations are used to solve the
dimensionless governing equations of motion, momentum, and energy. Jeffery fluid peristaltic flow
in a channel with variable fluid properties is the subject of research by Manjunatha et al., [25].
Coefficient of variable viscosity increases velocity, Nusselt number, and temperature fields in the
study but has the opposite effect on concentration profiles, according to the results. MHD peristalsis
flow across a porous channel with varying liquid characteristics and convective circumstances was
studied by Vaidya et al., [26]. The analyses by Divya et al., [27] take into account the mass and heat
transport characteristics of the Casson fluid, using convective boundary conditions and taking into
account how the thermal conductivity changes with fluid temperature. Ree-Eyring fluids may be
peristaltic flow through a homogeneous compliant tube with varying viscosity and thermal
conductivity, according to Rajashekhar et al., [28]. According to the findings, a Newtonian fluid has a
higher velocity than a non-Newtonian fluid. Vaidya et al., [29] studied the peristaltic motion of Ree-
Eyring in an inclined permeable channel, where both homogeneous and heterogeneous chemical
reactions were observed. Tiny artery convective and wall features were considered in the research,
which concentrated on simulating blood flow in small arteries. Karem Mahmoud Ewis [30]
investigates and discusses the impact of porosity, varying thermal conductivity, and the Grashof
number on the heat transmission and natural convection of viscoelastic fluid flow.

A novel mathematical model of the impact of mass and heat transfer on the peristaltic transport
of Eyring—Powell fluid was recently created by Akbar et al., [31]. When Noreen and Qasim [32]
examined Eyring Powell fluid peristalsis in a channel under an induced magnetic field, the fluid
characteristics of Eyring-Powell liquid showed the opposite behavior. Eyring—Powell fluid peristaltic
transport in a heat/mass transmission channel was studied by Hina [33]. The combined effects of slip
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and MHD were examined. There were considerations for the effects of viscous dissipation in the
study. The heat transfer coefficient is inversely proportional to the parameters of the magnetic field
and the velocity slip. The impact of a magnetic field in radial direction on Eyring—Powell liquid
peristalsis in a curved conduit was studied by Farooq et al., [34]. Peristaltic transport of Eyring-Powell
fluid with electro-kinetic pumping and a transverse Lorentz force was recently explored by Mabood
et al., [35]. Electro-Osmosis impedance dependence on surface roughness and induced magnetic
field was studied by Asha and Namrata [36] in the Peristalsis of Eyring Powell nanofluid in an
asymmetric tapered channel.

To the best of the author's knowledge, the research on the peristalsis of Eyring-Powell fluid in an
inclined uniform channel under variable liquid characteristics and wall properties has not been
carried out in the literature. The governing nonlinear equations made simpler using approximations
with a large wavelength and a low Reynolds number. The governing equations are then solved using
the conventional Perturbation approach. The present attempt has been undertaken to overcome this
knowledge gap in the Eyring Powell fluid with heat and mass transport and variable liquid properties.

2. Formulation of the Problem
Consider a viscous incompressible fluid flowing through an inclined uniform axisymmetric

channel (see Figure 1). Non-Newtonian Eyring-Powell fluid governs the flow. The equations governing
the flow [9] are written as follows

Gt 5 =0 &

p[?:,,+u’2—:,’+w’ Z—V;]z —g—z:+ag;£’“'+a;’,’+pgsma (2)

[atr w2 %] = —Z—Zﬁ ai;,f',y' + aTa 2+ pg cosa (3)
oG [+ u—+w—] =t (K5E) + 2 (aDTE) | + o S

T'yryr Z—M; =+ T,x’y ( ’+ al) (4)

S+ S w ] =[G+ 5]+ 5 [ + 5 s)

where u’ and w' are the velocity components in radial direction and axial direction respectively. p is
the constant fluid density, p’ is the pressure, t',/,, T’ x'y's T’ yly! are the extra stress components.
While k;, T', Cp denotes mass diffusivity coefficient, temperature, and the specific heat at constant

volume, respectively.
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Fig. 1. Physical model

The boundary conditions for the problem [9] are as follows

P 0w _ oo _ o ac _ _

V= 2’ ayrz 7 ayr 0, ay/_O at y =0, (6)
oPr _ o 1 _ g 1o [ 21 ' '
a—y,_—c,T—Tl,C—Cl at y'=H =a' +b sm(T(x—ct)) (7)

where 1 is the wavelength, a’ is the radius of the channel, b’ is the wave amplitude, and t’ is the
time. We now introduce the dimensionless quantities:

/ w' ' a't' ;. a't s a't'

¥ Y x'y v’y Ho
2 Y ¥ _ _ x'x _ _ _ Ho
X=7 Y=g WE U= 0T = cu By T T o 2w T Ty 0=
ct' ! ac a’’p’ b’ T'-T' DKr(T'-T'
t:—,l/):w— ,Re: p’p: p ,6:—”6:—’0'57":L’0)’SC:L’
A ac u ciu a Ty TmC'o pD
3
ucCp a , Uo dc c? c'-c'y Ta’
Pr = 6=— =— F=——, Ec=—, Br=Ec.Pr, 0 = E, = ——
Ky ’ 1’ ,uO L ) ga’z ’ 6To ) ] C,0 ] 1 AHSC,
E =M a’c _ mya’’ __ mga’® __ Har h= HI 1 in(2
2 — ABHO y B3 = /1311 y Ly — /15#06,; 5 — Ao € ) - E = + GSIH( T[(X - t))

(8)

Using Eg. (8) in Egs. (1-7) and by applying the long wavelength and low Reynolds number
approximations, we get the non-dimensional governing equations of the form as below:

op _ 0 Txy siny

ax 9y + F '’ (9)
o, (10)
0 a0 9%y

a(k(@) E) + Br Txyﬁ =0, (11)
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2=, (12)

62¢
6_)12 + ScSr

where Br is the Brinkman number and 7, is the constitutive equation of Eyring Powell fluid [31]
given by

2y A [32P\S
Txy = {u(y) + B} a7 E(a_yZ) : (13)

The corresponding dimensionless boundary conditions for Eq. (6) and (7) are

_E Pw_ o 00, 08 _ _
Y ==, 272 =0, ay—O, ay—O at y =0, (14)
%:—L9=L¢=Laty=h (15)

The variable fluid properties are given by the following relations

uy)=1—-ay ,fora<<1,
k(8) =1+ B0, for B << 1.

where «ais the coefficient of variable viscosity, and § is the coefficient of variable thermal
conductivity.

3. Results
The Eq. (9) and (11) are nonlinear differential equations hence, an analytical solution for these
equations is not possible. Therefore, we introduce the series solution using the double perturbation
technique to obtain the solutions.
Y = LA™Yy, (16)
6 =XA"0,, (17)
By ignoring the higher order terms, we obtain the streamline function as given below

Y= 1Yo +AYy, (18)

Applying the Eq. (18) in Eq. (9) and (13), we obtain the following.

62
P-fy= A-ay+B8} T2, (19)
92 1 (029>
{1—ay+B}?¢21—§(sz°) =0, (20)
_F 3% _ _ 0o _ _ =
1/)0—2, ayZ—Oaty—Oand 3y 1aty=h, (22)
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2
Wy =0, "6;”;=0 at y = 0 and %20 at y = h. (22)

Similarly, by ignoring the higher order terms in Eq. (17), we obtain, temperature expression as
9 :90 +ﬁ91, (23)

By applying Eq. (23) in Eg. (11), we obtain the following

TR B S+ =0, (24)
TR RO+ RO T+ C, = 0, (25)
‘;—gy"=0aty=0and90=1aty=h, (26)
Z—il=0aty=0and91=0aty=h. (27)

The above equations are nonlinear; hence, we apply the double perturbation technique to obtain
the solutions.

Y; = Za’y;; where 0 < j <n, (28)
6; = X B’/ 6;; where 0 <j <n. (29)

We ignore O(a?) and O(B?) to obtain a more straightforward solution for streamline function
and temperature. Then we obtain the streamline function for zeroth order as,

Yo = Yoo + atos, (30)
where,
_ (P=1)y? _1_ PR\ L F
Yoo = 6(1+B) +y( 1 2(1+B))+ 2’ (31)
_ (=py*  (P-pA’
Vo1 = 120+B)?2  3(1+B)2 Y (32)
Similarly, we obtain the streamline function for first order as,
Yy = Yo + aqy, (33)
where,
(P-f)3y> _ (P-f)*h*
17[)10 — )’y _ f (34)

T 60(1+B)*  12(1+B)*7’
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_ 4=’y _ 4(P—f)°h’
Y = 90(1+B)5 15(1+B)5

(35)

The solution for temperature through the double perturbation technique for zeroth order is
given by

0y = 0p0 + 601, (36)

where,

Ooo = Q1 — Q2+ 1, (37)
001 = Q3+ Qs+ Q7+ Q9 — Qs — Qs — Qs — Q10 — Q1(1 — Q) + Q2(1 = Q2). (38)

Similarly, we obtain temperature expression for first order as,

6, = 010 + BO11, (39)
where,

010 = Q11 — Q12, (40)
011 = —(Q1 +1—0Q2)(Q11 — Q12). (41)

. ) . . . d
The analytical solution for the velocity can be obtained using the formula, u = %. Therefore,

velocity

_P-py* ®-pp* (P PO (PP (PR
“S2a+B)  20+B) “\3(1+B)2  3(1+B)? 12(1+ B)* 12(1+ B)*

4(P—f)3y® _ 4(P—f)h®
tAa ( 15(1+4B)5  15(14B)5 ) (42)

The analytic solution for concentration is obtained by solving the Eq. (12). The solution is given as
follows,

0=1+—-ScSr[Ry + AR, + B{(1 — Q,)R; + R3} + AB{—AQ,R, + (1 — Q;)R, + R,}] +
ScSr[Rs + ARg + f{(1 — Q2)Rs + Ry} + AB{—Q12Rs + (1 — Q2)R¢ + Rg}l (43)

4. Results and Discussions
The present section is to comprehend and analyse how different parameters affect the Eyring
Powell fluid flow in a peristaltic channel under the influence of heat and mass transfer as well as

variable liquid properties. The results of the analysis for velocity, temperature, concentration, and
stream function are represented graphically.
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Fig. 8. Variation of streamlines for (a) E; =0.3,E, =0.2,E3 =0.3,E, = 0.01,E; = 0.3; (b) E;
0.35,E, =0.2,E3 =0.3,E, =0.01,E5 =0.3; (c) E; =0.35E, =0.25E; =04,E, =0.01,E5
0.3; (d) E;=035FE,=0.25E;=04,F,=001,E;=0.3; (e)] E;=035E,=0.25E;
04,E, =0.011,E5 = 0.3; (f) E; = 0.35,FE, = 0.25,E5 = 04,E, = 0.011,E5 = 0.6.

4.1 Velocity Profiles

The importance of this section is to analyze the impact of velocity profiles with varying pertinent
parameters Figure 2(a)-(f) has been sketched to analyze the effects of variation of material
parameters, variable viscosity, amplitude ratio variable thermal conductivity, wall properties and
angle of inclination on velocity. Figure 2(a)-(b) has drawn to analyze the fluid parameter of the Eyring
Powell fluid on velocity. The graph shows that as the fluid parameter A increases, the velocity profile
also increases. An opposite trend is seen in case of fluid parameter B. For an increase in variable
viscosity, the rise in velocity profiles has been noticed (See Figure 2(c)). Figure 2(d) shows that the
variation of velocity for amplitude ratio. The velocity profile improves with the larger value of the
amplitude ratio. Figure 2(e) indicated the change in velocity due to varying wall properties. An
increase in velocity can be seen for an increase in wall tension and mass characterization parameters
but as the wall damping parameter increases, the velocity profiles diminish. A minute change in the
wall rigidity parameter diminishes the velocity greatly. Similar behavior is seen for the wall elasticity
parameter. An increase in the elasticity parameter decreases the velocity profile. Figure 2(f)
represents the variation in the inclination angle, which improves the velocity profile for higher values
of the angle of inclination.

4.2 Temperature Profiles

The present section emphasizes the effect of diverse parameters such as temperature profiles
with varying pertinent parameters such as variation of material parameters, variable viscosity,
amplitude ratio, variable thermal conductivity, wall properties and angle of inclination on
temperature represented in Figures 3(a)-(h). Figures 3(a)-(b) show the effect of fluid parameters A
and B on temperature. It has been noticed that an increase in fluid parameter A increases the
temperature profiles, and a rise in liquid parameter B decreases the temperature. Figure 3(c)-(d)
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shows that an increase in the coefficient of variable viscosity increases the temperature while the
rise in variable thermal conductivity reduces the temperature. Figures 3(e)-(f) are sketched to analyze
the temperature variation for the angle of inclination and amplitude ratio. They show similar
behavior for temperature i.e., rise in both inclination angle and amplitude ratio improves the
temperature profiles. Figure 3(g) has been drawn for varying wall properties on temperature. An
increase in the wall tension and mass characterization parameter increases the temperature while
the damping parameter shows opposite behavior. Rise in the wall damping parameter and rigidity
parameter decreases the temperature profiles. A negligible decrease has seen in the rise of the wall
elasticity parameter. An enhancement in temperature profiles is seen for the increase in Brinkmann
number (See Figure 3(h)).

4.3 Concentration Profiles

This section explains the effect of significant parameters on the concentration profiles is depicted
in Figure 4(a)-(j) represents varying parameters on concentration. Figure 4(a)-(b) shows the effects
of Eyring-Powell parameters A and B on concentration, the Eyring-Powell parameters A decreases
the concentration profile while the increase in liquid parameter B has an opposite impact on the
concentration profile. Figure 4(c) shows lower the concentration for the higher value of variable
viscosity. Similar behavior is seen in the case of variable thermal conductivity (See Figure 4(d)).
Figures 4(e)-(h) has been sketched to analyze the variation of inclination angle, amplitude ratio, Soret
number and Schmidt number on concentration. It has been noticed that for increasing all these
parameters decreases the concentration profiles. Figure 4(i) is plotted for the variation of
concentration on wall properties. A decrease in concentration profile is seen for an increase in wall
tension and mass characterization parameter. This behavior is opposite to that in velocity and
temperature profiles. As the wall damping parameter increases, the concentration profiles notice a
huge enhancement. Similar behavior is seen in the case of the wall rigidity parameter. The Wall
elasticity parameter improves the concentration profile. Figure 4(j) shows the decrease in
concentration profile for a rise in Brinkmann number.

4.4 Trapping Phenomenon

The trapping is an important phenomenon in analyzing the peristaltic mechanism of biological
liqguids because it shows boluses' formation through closed streamlines. These streamlines are
plotted in Figure 5-8. Figure 5 interprets streamlines' variation for different values of fluid parameter
A. The size of the bolus has increased from A = 0.1 to A = 0.5. In Figure 6 The opposite behavior is
seen in liquid parameter B. The number of boluses decreases for an increase value from B = 2 to
B = 3. Figure 7 depicts the streamlines for variation of coefficient of variable viscosity. As variable
viscosity increases, the bolus size increases. Figure 8(a) shows that effect of wall properties on
streamlines. It can be noticed that as the wall tension parameter increases, there is an increase in
the size of the bolus. Figure 8(b)- (c) shows the number of bolus increases. It is due to the rise in mass
characterization parameters. Figure 8(d) revels that the size of the bolus decrease with an increase
in the wall damping parameter. Similar behavior is seen in Figure 8(e), as the increased rigidity of the
wall, decreases the number of boluses. Figure 8(f) shows the size of the boluses has reduced for an
increase in the wall elasticity parameter.
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5. Validation of the Results

The obtained solutions satisfy both the required boundary conditions and the dimensionless
governing equations perfectly. The streamline, temperature, and concentration solutions obtained
by Eq. (30), (36) and (43) respectively, are in accordance with the boundary conditions given in Eq.
(15), and we obtain ¢ =-1, 8 =1, and 0 =1 as specified in boundary conditions (15). These equations
are also satisfied if the solutions provided by Eq. (30), (36) and (43) are substituted into Eq. (9-12).
The given solutions therefore satisfy all governing equations and requirements. Furthermore, the
graphical solutions provide appropriate representations of the flow profile based on the simulated
problem, which serves to confirm the boundary conditions for this flow that were considered. The
results are further supported by Hina's [31] work when in the absence of MHD, and no-slip condition.
The outcomes are consistent even in the absence of variable liquid properties.

6. Conclusions

An Eyring-Powell fluid peristaltic process is examined in a uniform channel with convective
boundary conditions and varying liquid characteristics. Small quantities of variable viscosity and heat
conductivity may be modelled using the semi-analytical approach (double perturbation). Analytical
methods are used to discover the values of velocity and concentration. Some crucial findings from
the present model are

i. In terms of velocity, temperature, concentration, and streamline functions, the Eyring-
Powell fluid parameters A and B behave oppositely.

ii.  The wall properties E; and E, increase the velocity and temperature while E3, E, and
E< decrease the velocity and temperature profiles. Opposing behavior can be seen in the
concentration profile.

iii.  While the concentration is reduced, the velocity and temperature profiles are increased
for inclination angle.

iv.  Variable thermal conductivity decreases for both temperature and concentration profiles.
Brinkmann number increases the temperature during the peristalsis.

v.  The variable viscosity increases, the bolus size increases.
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