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Abstract. The current paper aims to explain the peristaltic mechanism of a Bingham fluid with varying viscosity. The fluid is
considered to flow within a porous medium and subjected to a magnetic field with significant inclination. Heat transfer
characteristics are studied with convective conditions and variable thermal conductivity. The solution is obtained by the
perturbation technique, where small values of variable liquid properties are utilized. The graphs plotted indicate that variation in
viscosity as well as thermal conductivity actively contribute to reduce the pressure gradient. Further, for a higher radius of the plug
flow region, a higher pressure rise occurs. The magnetic parameter and Grashof number influence the trapping phenomenon by
reducing the dimensions of the bolus.
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1. Introduction

In the span of research concerning fluids, the peristaltic mechanism is well-studied owing to multiple applications in
physiological as well as industrial fields. Peristalsis facilitates the flow of fluid within the corresponding system through a
progressive expanding and contracting wave, moving along the tube/channel carrying the fluid. Within biological systems,
peristalsis is responsible for phenomena including but not limited to the movement of food particles within the esophagus, motion
of chyme within the intestine and other such biological processes. Initial investigations focusing on peristaltic transport have
considered the Newtonian fluid model to hold true. However, subsequent research has proven that a majority of physiological fluids
exhibit non-Newtonian behavior, which has led to a re-examination of the peristaltic mechanism with non-Newtonian
considerations. One of the first investigations on this front was conducted by Srivastava and Srivastava [1], who considered a power-
law model to study the peristalsis through both uniform as well as non-uniform channels. Two-layer fluid models have been studied
by Narahari and Sreenadh [2] in their attempt to investigate the peristaltic mechanism of a Newtonian fluid in contact with a
Bingham fluid. In order to analyze the flow behavior in the unyielded plug region, Frigaard and Ryan [3] developed an asymptotic
solution for the Poiseuille flow of Bingham fluid through a two-dimensional channel with very small variations in width. An in-
depth study on Bingham fluid flow was carried out by Fusi [4] in which the yield stress and viscosity were considered to be
dependent on pressure as well as temperature. The influence of heat during peristaltic mechanism is an important component of
research in multiple applications, some of which include blood pumps within heart lung machines, transport of sanitary fluid and
the movement of corrosive fluids without contact with the machinery parts. Thus, while studying peristalsis, especially within
biological systems, it is important to take heat transfer effects into account. To that end, many studies on peristalsis have been
conducted on non-Newtonian fluids with heat transfer considerations. Recently, Vaidya et al. [5] formulated the effects of the
transfer of heat on peristalsis for a Bingham fluid. They also investigated the heat transfer of a Rabinowitsch fluid flowing through
a complaint channel with porous walls [6]. Several investigations have been carried out for heat transfer mechanisms with various
configurations and flow geometries [7-9].

With recent developments in science and technology, biological systems are increasingly being exposed to various magnetic
fields. In order to set exposure limits for these technologies, it becomes imperative to review the effects of magnetic field on
physiological processes. Erythrocytes, a major constituent of blood, are known to exhibit biomagnetic properties and thus, magnetic
fields are proven to have a substantial effect on peristaltic transport of blood. For this reason, attempts have been made to explain
the peristalsis of fluid when exposed to magnetic fields. The effect of a magnetic field, applied with ion and hall slip, on the
peristaltic mechanism of an electrically conducting hyperbolic tangent fluid was researched by Abdelsalam et al. [10]. From the
study, it could be inferred that the slip and hall parameters play a major role in boosting the velocity before a critical point. Akram

Published online: March 26 2020 AVA



Effects of Inclined Magnetic Field and Porous Medium on Peristaltic Flow of a Bingham Fluid with Heat Transfer 1893

et al. [11], in their heat and mass transfer studies on Bingham fluid, considered a magnetic field with inclination. Sinha et al. [12]
studied the peristaltic mechanism of a magnetohydrodynamic (MHD) fluid within an asymmetric channel. In addition to the
magnetohydrodynamic studies, ferromagnetic studies are also found to have wide applications in industries. Inspired by this, Akbar
et al. [13, 14] have extensively studied the peristalsis of nanofluid models with heat transfer characteristics. In the recent past, many
such studies have been done on peristaltic mechanism to investigate the effects of magnetic field for various fluid model
configurations [15-21].

Another consideration of equal importance, especially for biological systems, is the permeability of the medium of transport.
Investigations have been conducted on peristaltic mechanism within a porous medium by Kothandapani and Srinivas [22] to study
the impact of elastic properties of the wall on peristalsis of an MHD fluid with heat transfer considerations. Taking porous medium
into account, Srinivas et al. elucidated on the peristalsis in a rigid asymmetric vertical channel [23] and the impact of wall
characteristics and heat transfer on peristalsis [24]. Further, Eldesoky et al. [25] carried out theoretical investigations on the
magnetohydrodynamics and heat transfer mechanism of peristaltic motion of a particle-fluid suspension through a porous channel.
In their studies, the temperature was found to rise with Reynolds number irrespective of the presence or absence of suspension.
These studies considered the Newtonian fluid model. However, investigations in this dimension have also extended to cover non-
Newtonian fluid behavior. Ramesh and Devakar [26] investigated a couple stress fluid undergoing peristalsis under the influence of
magnetic field in an asymmetric channel. Mahmoud et al. [27] investigated the impact of magnetism and porous medium on the
movement of a Jeffrey fluid. While Rathod and Laxmi [28] elucidated on the impact of transfer of heat on the flow of an MHD
Bingham fluid within porous medium, Laxminarayana et al. [29] extended upon the study to assess the impact of slip and wall
characteristics on the peristalsis of a conducting Bingham fluid. Several investigations were carried out to analyze the impact of
porous medium on the non-Newtonian flow through different geometries [30-33].

Investigations conducted to explain the flow of blood within biological systems must take into account the variation in its
viscosity. This is because the viscosity of blood has been observed to vary with the thickness of the conducting arteries. Specifically,
the viscosity of the blood flowing close to the periphery is found to be lower than that of the blood flowing close to the centre.
Experiments to investigate the impact of variable viscosity have been conducted with both Newtonian [34] and non-Newtonian [35]
fluid model considerations. Fusi et al. [36] carried out rigorous studies on a bi-viscous model and showed that Bingham model is
ultimately obtained from the bi-viscous model when one viscosity tends to infinity and the other is bounded. In addition to variable
viscosity, blood has also shown to exhibit variable thermal conductivity depending on the temperature. Studies considering both
variable viscosity as well as thermal conductivity has been conducted for non-Newtonian fluid models. Models investigated include
Bingham [37], Rabinowitsch [38] and Jeffrey [39] fluid models.

In the present paper, the authors have attempted to explain peristalsis for a Bingham fluid through the length of a channel with
significant inclination and porous medium considerations. During the investigation, the impact of transfer of heat with convective
boundary conditions has been taken into account. The conducting fluid is considered to show variable thermal conductivity as well
as variable viscosity. Additionally, to investigate the impact of exposure to magnetic field, MHD fluid flow assumptions have been
considered. The magnetic field under consideration is assumed to be inclined. The obtained perturbed solution to the system is
graphed and the impact of relevant parameters have been discussed. In the course of our research, we have found that no work has
been reported yet that considers the variable viscosity and thermal conductivity of a peristaltically induced Bingham fluid motion
through a porous media under the impact of a magnetic field with inclination.

2. Formulation of the Problem

In order to formulate the problem, the electrically conducting Bingham fluid is considered to flow in a two-dimensional channel
with porous medium. The peristaltic wave train, moving at a uniform speed c, induces the flow of the fluid. The fluid motion is also
considered to be subjected to a magnetic field with magnitude denoted by Bo in the transverse direction. An inclination of v and ¢
is considered for the channel and magnetic field respectively. The channel is considered to be symmetric about the axis. Moreover,
as the Reynolds number is considered to be very small, it makes it possible for us to neglect the induced magnetic field. The plug
flow region refers to the portion of the channel between the axis y = 0 and y = yp, where | 7, | <7, . For the region encapsulated by

yp and H', | 7,, | > 7, . The problem is modelled as shown in Fig. 1. The deformation in the channel walls due to the peristaltic waves

is given by:

H'(X,t)=a'+b'sin %(x ct) (1)
¥

[ ;

T, H(X,1)
a' \/
Core region
:Pp
Plug flow region \_/ Bo
c

¢
Y

0 Cearral line \‘ .

Fig. 1. Geometry of the problem.
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The flow is unsteady in the laboratory frame (X, Y). Thus, with the assumptions of constant pressure difference across the channel
ends and that the channel length is an integral multiple of the wavelength X\, the flow becomes steady in the wave frame of

reference (x, y). The wave frame is moving away from the fixed frame at a constant speed c. The transformations between these
two frames is as follows:

x=X-ct,y=Y,w=W —c,u =Vandp(x,y)=P(X,Y,t). 2)
where W, w are the axial velocity component in the laboratory and wave frames respectively, V and v are the components of

velocity in the transverse direction in the fixed and wave frames respectively. The equations which govern the fluid flow in the
wave frame are given by

Jw  0ov
ox oy G
ow ow dp . or OT,y ) ‘ ‘ N .
W Ly P T Ty o - B 3 T T
p[w o TV 8y] o ot 3y 0B} cos¢((w +c)cos¢ —v sing) k(w +¢)+ pgB'siny( o) (4)
P wa—w—i-ua—w _% —i-(9 = —&-(9 Y. 1 oB;sing((w +c)cos¢ —v sindu)—ﬁu +pg 3 cos(T —T,) (5)
ax dy dy  ox  dy 0 R o
oT oT o0 oT 0 oT
=k |—|kR(T)=—|+—|k(T
2, 0 o Sk 22 + 2 2 ©
in which 7; represents the stress tensors of the Bingham fluid given by [28]:
T :[;L-‘,-T—_O 4y, for 7>, (7)
v
Ty =% = 0, for r < 7, (8)
where the rate of strain tensor 7 is
. _Bwi aw}'
%= 0x; * ax;’ ©)
T= 775, (10)
L. [alz w| fow o) (11)
TN T ox ) oy ) oy T ax)
and
p=p(y)=e =1-&y +0(&?) (12)

is the variable viscosity with the variable viscosity coefficient ¢, << 1. We now use the following non-dimensional quantities:

/ ! ! / 2
X‘:i,y‘:l,w‘zﬂ,v‘:l,t‘:g,h:H—,,T =%, ',6:a—,e:b—,,Re:—pca o=T"To pr_a”p :y—’},
A a c céd A a'? o’ A a T,-T, cx” 7P a
(13)
12 2
5= pa_ K pr “CP Gr =209 =T) gy zBoa
k (T, —Ty) a e
Incorporating the above quantities into Egs. (3)-(6), we obtain (after dropping the asterisks),
ow  Ju
7+7:O,
ox oy (14)
15}
Reé wa—er ow :fa—er(SzaTJJrif[Mzcosz@‘Jri](w +1)+M*vésingcos¢ +Grésiny, (15)
ox ay ox ox oy Da
Res*|w W 1y 0| 0P 5 O +687” —ﬁu +6Grfcosy +M?*6sing((w +1)cos¢ ~vésing) (16)
ox ay ay ox dy Da 7 ’

Journal of Applied and Computational Mechanics, Vol. 7, No. 4, (2021), 1892-1906 A‘V'A



Effects of Inclined Magnetic Field and Porous Medium on Peristaltic Flow of a Bingham Fluid with Heat Transfer 1895
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where
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By considering the assumptions of long wavelength and low Reynolds number approximations, Egs. (14)-(16) become

9p
£ o,
5 (24)
5}
gfz:;i)’]‘yf[Mzcos%JrD—la](w +1)+Grésin~, (25)
0 00
T IkO) L1+ 5=0,
202t 29
with the variable thermal conductivity
k(0)=e® =1+£0+0(e2), (27)

where ¢ << 1 being the coefficient of variable thermal conductivity. The non-dimensional constitutive equation of Bingham fluid
is given by

Ty = /L(y )[7?9—?;] -1, forr > 7, (28)
Ty =0for 7 <7, (29)

The boundary conditions in the non-dimensional form are

%:roaty:0,w:flaty:h:1+€[27r(><*t)]: (30)
00 00 .
@:Oaty:O,W+B1€:0aty:h. (31)

The volume flux through each cross-section of the channel in the wave frame is
Yp h
q:j; wpdy+fypwdy. (32)
The instantaneous volume flow rate in the laboratory frame between the channel center and the wall is given by

Q)= [ Wy = ["w +1)dy =q +h. (33)

3. Perturbation Solution to the Problem

The solution to temperature equation given by Eq. (26) along with the boundary conditions (Eq. (31)) is obtained by the
perturbation method up to the first order for small values of ¢, as
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2

2 3y 2
9:*[3%+C2+%ZC3*[C2*% (34)

The solution for Eq. (25) with the boundary conditions given by eq. (30) is found by the perturbation solution up to the first order
for small values of ¢, as

Zeroth Order Solution:

. P +E? iny 12y
w, =c,cosEy +c,sinEy 7( > )+Gr512nq Co +Blc, +cgy? _&8 yt- )2] +% . (35)
E E 8 E E
First Order Solution:
) .
W, =C4COSEy +cCy sinEy + EZ (cscosEy fc4sinEy)+%(cssinEy +c,CcosEy )+ Gr/j;mw[éksy + 18222/337 f2§2ﬁy3], (362)
where
p-dp EZ:Mzcosz<z>+i (36b)
dx’ Da’
Hence, we obtain the solution for velocity in the axial direction as
w=w, +&W,. (37)

Having the velocity expression, we now find the upper limit of the plug flow region with the help of the following boundary
condition:

ow
EZOaty:yp- (38)

Using the above condition, we obtain

. 34y, | cosEy, 2.2
PsecEh EsmEyP[lJrT fT(glfglE v:) . (59)
Ty = :
° E’(c,sSinEy, 445 COSEy, ) b
Considering y =y, in Eq. (37), we get the plug flow velocity as
Grsinvy ) . P
p = E? [Cs +ﬁ<c7 +C8Yp_§2czl +§1C22)]+C19COSEYp +C2051nEYp_1_P‘ (40)

The volume flux through each cross-section in the wave frame is

y h
r . . h
q :prdy +fwdy =-h+c,y,coSEy, +C5Y,SinEy, +CysinE(h —y )+, cOSE(h —y,)+Cy4 +P ?—l-czsyp cosEy, (@)
0 Vp

+Cp0Y, SINEY, +CogSiNE(h —y, ) +CyycosE(h -y, )|

Rearranging the terms in the above, we obtain

P _dp 4 +h —cyy,CoSEy, —Cyy,SInEy , —Cy8inE(h —y ) —c,, coSE(h -y, ) —Cy

- dx ;—’:—i-c%yp COSEy, +CpY,SINEy, +CysinE(h —y,) +c cosE(h —y,) (42)
We have the relationship between the stream function and axial velocity as
wzaw, 778@’1’ (43a)
oy ox
and the boundary condition is
p=0aty =0. (43b)
Using the above, the stream function is obtained as
_e, sir;Ey e, co;Ey Gr;iznﬂ, ey + e,y +C8y?37%[y?57 4;)123 N 2:4)1 ]] e Cgsir}lEEy e co;Ey N
,8inEy = ycosEy sinEy y’>cosEy ysinEy cosEy|  Grp@siny 2 958y%  &,py* )
S A T 74}52] “[ 4 4E 74132] R et +}322H
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&S ; —
N -—e=0.5

0 0.2 0.4 0.6 0.8 1

Fig. 3. Heat transfer coefficient for different values of (a) &, (b) Bi, (c) {, and (d) ¢ .
The pressure rise and frictional force over one wavelength is given by

1d
Ap :j;idx, (45a)

__'dp
F _—fo hdx dx. (45b)
The above integrals are calculated numerically and graphed using MATLAB.

4. Results and Discussion

In the present section, we attempt to explain the influence of important parameters on temperature profiles, coefficient of heat
transfer, pressure gradient, pressure rise, frictional force and streamline patterns for the trapping phenomenon. Graphical
representations through MATLAB are presented to observe the behavioral patterns. The physical parameters of interest are

Hartmann number (M), Darcy number (Da), heat generation parameter (5), variable thermal conductivity (¢, ), Biot number (Bi),
variable viscosity (), inclination of the magnetic field (¢) , plug flow radius (yp), Grashof number (Gr) and angle of inclination of the

channel (7). The values of the fixed parameters are:

t=025x=0.1=01 =1 Bi=1&=0.1 M=2, ¢>:%,Da:0.5, y, =02, Gr =3, 'y:g and & =0.1. (46)
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Fig. 4. Variation in the plots of pressure gradient for different values of (a) M , (b) ¢, (c) Da, (d) &, () &,, () B, (g)Gr , (h) y, and (i) ~ .

4.1 Heat Characteristics
Figure 2 shows the variation in temperature profiles for varying physical parameters. From the figure, it can be seen that the
temperature profiles display a parabolic form, with the peak occurring in the central part of the channel. The significance of 8 on

the temperature of the fluid is shown in Fig. 2(a), where it can be seen to have an increasing effect on temperature. In the flow of
blood through arterioles, this behavior is reasonable due to the thickening of the boundary layer as heat is generated, which results
in an appreciable rise in the layer temperature. An opposite behavior is observed for increasing values of Bi (see Fig. 2(b)). However,
Fig. 2(c) shows an enhancement in the fluid temperature with the increasing variable thermal conductivity.

The nature of heat transfer coefficient Z is graphed in Fig. 3. Due to sinusoidal wave behavior, it suffices to consider the graph over
only one wavelength. For demonstration purpose, we have considered the wavelength over the interval [0, 1]. Moreover, it can be
noticed that Z changes its sign from the left to the right of the mean value 0.5. It can be observed that the peristaltic waves define
the oscillatory action of the heat transfer coefficient. Also, from Fig. 3(a), it can be noticed that the amplitude of these oscillations
increase with the values of 3. A similar nature of Z is seen in Fig. 3(b) for increasing values of Bi . The maximum value of Z is found

to decrease for higher values of ¢, and smaller values of ¢ (see Figs. 3(c) and 3(d)).

4.2 Pumping Characteristics

This subsection attempts to describe the pressure gradient, pressure rise and frictional force for various pertinent parameters
through graphs plotted in Figs. 4 - 6. The pressure gradient is plotted against the axial distance in Fig. 4. It is interesting to notice

that for x €[0,0.3] and x €[0.3,1] , not much pressure gradient needs to be imposed for the fluid to flow easily, whereas for

x €[0.3,0.6], especially x =0.5, the required pressure gradient is comparatively higher to regulate the same fluid flux to pass

through. From Fig. 4(a), it can be seen that as the magnetic field becomes stronger, the pressure gradient is seen to increase in the
central portion of the channel. This observation suggests the importance of the strength of the magnetic field that can be applied
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to regulate the flow. Hence, it finds applications in the field of medicine and surgery where a magnetic field of suitable strength can
be used to control excessive bleeding. The influence of the angle in which the magnetic field is applied, ¢ can be observed in Fig.
4(b). As the magnetic field increases in inclination, a reduction in the pressure gradient is observed in the central part. However, on
the contrary, the influence of porosity of the medium is depicted in Fig. 4(c), wherein, the pressure gradient needed to maintain the
same fluid flux through the channel in its center decreases with increasing porosity. Figures 4(d)-4(e) show that the variable viscosity
&, as well as thermal conductivity & have a decreasing effect on the pressure gradient. The increasing values of 3 and Gr are seen

to increase the pressure gradient in the channel (see Figs. 4(f)-4(g)). Figures 4(h)-4(i) are plotted for the impacts of y, and vy on the

pressure gradient.

i )

e @

-6 M=2.4
—M=26
-8
-1 0 1 2 3

(b) S 0

Fig. 5. Variation in the plots of pressure rise for different values of (a) y, , (b) Da, (¢) ¢, (A) M , (€) &, () &, () B, (h) Gr and (i) ~ .

Plots for pressure rise per wavelength AP, versus the volumetric flow rate Q is shown in Fig. 5. This property of peristaltic pumping

in opposition to the pressure rise is significant to the peristaltic study. The plane of graph can be divided into four regions, namely
peristaltic pumping, free pumping, retrograde pumping and augmented pumping/co-pumping regions. For the free pumping region,
AP, =0 and the fluid flow occurs solely by the peristaltic movement of the walls. The peristaltic pumping region of the graph is

where AP, >0 and Q > 0. In this region, the fluid flows in the forward direction after the peristalsis of the walls overcome the

resistance offered by the pressure gradient. When AP, >0 and Q <0, we have the region of retrograde pumping, where fluid flows
opposite to that of the peristaltic waves and the flow happens due to the pressure gradient. In the augmented pumping region,
AP, <0 and Q > 0. The negative pressure gradient of this region aids the fluid flow caused by the peristaltic motion of the walls.
The influence of y ,, Da and ¢ are depicted in Figs. 5(a)-5(c). It can be noticed that these parameters increase the pumping rate in

the retrograde region and decrease it in the augmented region. However, in the peristaltic region, a decrease in the pumping rate

AV,‘ Journal of Applied and Computational Mechanics, Vol. 7, No. 4, (2021), 1892-1906
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can be seen till a critical value of Q , and increases thereafter. A trend opposite to this is observed in Figs. 5(d)-5(e) for Hartmann
number M and variable viscosity parameter ¢ . However, for increasing values of &, , the pumping rate decreases significantly in
augmented, peristaltic as well as retrograde pumping regions (see Fig. 5(f)). Figures 5(g)-5(i) show that the rate of pumping across
all regions rises for higher values of 8, Gr and ~ . To observe the impacts of the various parameters on the plots of frictional force

versus the flow rate, we have Fig. 6. These plots indicate that when compared to pressure rise, frictional forces have an exactly
opposite behavior.

4.3 Trapping Phenomenon

A study of the trapping phenomenon is an integral part of the peristaltic mechanism. During peristalsis, few of the streamlines
get closed, resulting in the formation of bolus which circulates internally and moves forward with the speed of the peristaltic waves.
This phenomenon is called trapping. Few important typical physical examples include the formation of food bolus in the
gastrointestinal tract and thrombus in the blood. This section attempts to study this interesting phenomenon of trapping through
the plots of streamline function. Figure 7 gives the pictorial representation of the variation in bolus formation for varying M. A
reduction in the bolus size is clearly seen as the value of M increases. Similar observation is made in Fig. 8 for increasing values of
Gr . However, the porous parameter Da is seen to increase the size of the bolus trapped during peristalsis (see Fig. 9). To study the
influence of variable viscosity on the bolus size, Fig. 10 is plotted, in which it can be noticed that ¢ contributes to a decrease in the
bolus size.

20

() | | (€)

—£=0.05

i fliU.l

£=0.15
e M=26 =02
-15 ; ;
-4 =2 [l 2 4 2 4
Q

g 1/ n) )

Fig. 6. Variation in the plots of frictional force for different values of (a) y, , (b) Da, (c) ¢, (A) M , (e) & , () &, (g) B, (h)Gr and (i) v -
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(b)

03 02 01 0 01 02 03 03 02 01 0 01 02 03

Fig. 7. Streamlines for (a) M =2 and (b)) M =2.2.

. 0.4
03 -02 -01 0 01 02 03 -3 -02 -01 0 61 02 03

Fig. 8. Streamlines for (a) Gr =3 and (b) Gr =3.1.

. 0.4 .
03 -02 -01 0 01 02 03 -3 -02 -01 0 61 02 03

Fig. 9. Streamlines for (a) Da = 0.3 and (b) Da=0.35.

. 0.4
03 -02 -01 0 01 02 03 -3 -02 -01 0 61 02 03

Fig. 10. Streamlines for (a) { =0.05 and (b) §, =0.1.
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5. Conclusions

The work done in this article intends to investigate the impact of variable thermal conductivity and convective boundary
conditions on the transfer of heat within a Bingham fluid possessing a variation in viscosity. The fluid flows through a porous
medium and is exposed to an inclined magnetic field. The two-dimensional channel through which the fluid flows is considered to
be inclined at a certain angle with the horizontal surface. The results for a horizontal channel and magnetic field can be obtained
by considering v =0 and ¢ = 0 respectively. The governing equations are solved for temperature and velocity by the semi-analytical
technique of perturbation for small values of ¢ (variable viscosity) and ¢, (variable thermal conductivity). The pressure rise and
frictional force are numerically evaluated using MATLAB. The results obtained in the present study are in good agreement with
those of Rathod and Laxmi [28]. The functioning of heart lung and dialysis machines depend on the mechanism of peristaltic
pumping. The results of the current work help in determining the variation required in the parameters like M, Da, ¢ and v so as to

create/maintain a particular pressure rise or pressure gradient. Few of the important results are as follows:
« Higher values of Biot number decreases the temperature of the fluid but increases the oscillations of the heat transfer coefficient.
¢ An increase in the variable thermal conductivity rises the fluid temperature and lowers the heat transfer coefficient.
e Pumping rate increases for Grashof number, magnetic parameter and variable viscosity.
¢ Best pumping is obtained for lower values of Darcy number and variable thermal conductivity.
¢ Pumping performance is better for inclined channel and non-inclined magnetic field.
o Frictional force and pressure rise behave in opposite ways.
¢ The size of the trapped bolus reduces for higher values of magnetic parameter and variable viscosity.
e The porous parameter aids in increasing the size of bolus formed during trapping.
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Nomenclature
a' Undeformed radius of the channel ¥, Radius of plug flow region

b Wave amplitude Greek symbols

B, Strength of magnetic field Ié; Heat generation parameter
c Wave speed 8' Linear thermal expansion parameter
c, Specific heat at constant pressure c Amplitude ratio
Da  Porosity parameter (Darcy number) 5 Wave number
g Acceleration due to gravity v Angle of inclination of the channel
Gr Grashof number ¥ Strain tensors
k Thermal conductivity of the fluid A Wavelength
Magnetic parameter (Hartmann number)  ,(y) Varying fluid viscosity
p Pressure ¢ Angle of inclination of the magnetic field
pr  Prandtl number v Streamline function
Q, Constant heat absorption or addition P Constant fluid density
Re  Reynolds number Electrical conductivity of the fluid
t Time 5 Stress tensors
v Radial velocity To Yield stress
w Axial velocity 0 Non-dimensional temperature
X Non-dimensional axial distance & Coefficient of variable viscosity
y Non-dimensional radial distance & Coefficient of variable thermal conductivity
References

[1] Srivastava, L.M., Srivastava, V.P, Peristaltic transport of a non-Newtonian fluid: applications to the vas deferens and small intestine. Annals of
Biomedical Engineering, 13(2), 1985, 137-153.

[2] Narahari, M., Sreenadh, S., Peristaltic transport of a Bingham fluid in contact with a Newtonian fluid. International Journal of Applied Mathematics and
Mechanics, 6(11), 2010, 41-54.

[3] Frigaard, L.A., Ryan, D.P., Flow of a visco-plastic fluid in a channel of slowly varying width. Journal of Non-Newtonian Fluid Mechanics, 123(1), 2004, 67-

Journal of Applied and Computational Mechanics, Vol. 7, No. 4, (2021), 1892-1906 A‘V'A



Effects of Inclined Magnetic Field and Porous Medium on Peristaltic Flow of a Bingham Fluid with Heat Transfer 1903

83.

[4] Fusi, L., Non-isothermal flow of a Bingham fluid with pressure and temperature dependent viscosity. Meccanica, 52(15), 2017, 3577-3592.

[5] Vaidya, H., Rajashekhar, C., Manjunatha, G., Prasad, K.V., Effects of Heat Transfer on Peristaltic Transport of a Bingham Fluid through an Inclined
Tube with Different Wave Forms. Defect and Diffusion Forum, 392, 2019, 158-177.

[6] Vaidya, H., Rajashekhar, C., Manjunatha, G., Prasad, K.V,, Rheological properties and peristalsis of Rabinowitsch fluid through compliant porous
walls in an inclined channel. Journal of Nanofluids, 8(5), 2018, 970-979.

[7] Alkasassbeh, M., Omar, Z., Mebarek-Oudina, F,, Raza, J.,, Chamkha, AJ., Heat transfer study of convective fin with temperature-dependent internal
heat generation by hybrid block method. Heat Transfer—Asian Research, 48(4), 2019, 1225-1244.

[8] Mebarek-Oudina, E.,, Bessaih, R., Numerical simulation of natural convection heat transfer of copper-water nanofluid in a vertical cylindrical annulus
with heat sources. Thermophysics and Aeromechanics, 26(3), 2019, 325-334.

[9] Shamshuddin, M.D., Thirupathi, T., Satya Narayana, P.V., Micropolar Fluid Flow Induced due to a Stretching Sheet with Heat Source/Sink and Surface
Heat Flux Boundary Condition Effects. Journal of Applied and Computational Mechanics, 5(5), 2019, 816-826.

[10] Abdelsalam, S.I., Bhatti, M.M., The study of non-Newtonian nanofluid with hall and ion slip effects on peristaltically induced motion in a non-
uniform channel. RSC Advances, 8(15), 2018, 7904-7915.

[11] Akram, S., Nadeem, S., Hussain, A., Effects of heat and mass transfer on peristaltic flow of a Bingham fluid in the presence of inclined magnetic
field and channel with different wave forms. Journal of Magnetism and Magnetic Materials, 362, 2014, 184-192.

[12] Sinha, A, Shit, G.C., Ranjit, N.K., Peristaltic transport of MHD flow and heat transfer in an asymmetric channel: Effects of variable viscosity, velocity-
slip and temperature jump. Alexandria Engineering Journal, 54(3), 2015, 691-704.

[13] Akbar, N.S., Butt, A.\W.,, Ferromagnetic effects for peristaltic flow of Cu-water nanofluid for different shapes of nanosize particles. Applied
Nanoscience, 6(3), 2016, 379-385.

[14] Akbar, N.S., Butt, A.W.,, Ferromagnetic nano model study for the peristaltic flow in a plumb duct with permeable walls. Microsystem Technologies, 25(4),
2019, 1227-1234.

[15] Hayat, T., Hina, S., The influence of wall properties on the MHD peristaltic flow of a Maxwell fluid with heat and mass transfer. Nonlinear analysis:
Real World Applications, 11(4), 2010, 3155-3169.

[16] Hayat, T., Bibi, S., Rafiq, M., Alsaedi, A., Abbasi, EM., Effect of an inclined magnetic field on peristaltic flow of Williamson fluid in an inclined
channel with convective conditions. Journal of Magnetism and Magnetic Materials, 401, 2016, 733-745.

[17] Qasim, M., Ali, Z., Wakif, A., Boulahia, Z., Numerical Simulation of MHD Peristaltic Flow with Variable Electrical Conductivity and Joule Dissipation
Using Generalized Differential Quadrature Method. Communications in Theoretical Physics, 71(5), 2019, 509.

[18] Abdelsalam, S.I., Vafai, K., Combined effects of magnetic field and rheological properties on the peristaltic flow of a compressible fluid in a
microfluidic channel. European Journal of Mechanics-B/Fluids, 65, 2017, 398-411.

[19] Wakif, A., Boulahia, Z., Ali, F, Eid, M.R., Sehaqui, R., Numerical analysis of the unsteady natural convection MHD couette nanofluid flow in the
presence of thermal radiation using single and two-phase nanofluid models for Cu-Water nanofluids. International Journal of Applied and Computational
Mathematics, 4(3), 2018, 81.

[20] Hamrelaine, S., Mebarek-Oudina, F,, Sari, M.R., Analysis of MHD Jeffery Hamel flow with suction/injection by homotopy analysis method. Journal of
Advanced Research in Fluid Mechanics and Thermal Sciences, 58, 2019, 173-186.

[21] Akbar, N.S., Butt, A.\W., Entropy generation analysis for the peristaltic flow of Cu-water nanofluid in a tube with viscous dissipation. Journal of
Hydrodynamics, 29(1), 2017, 135-143.

[22] Kothandapani, M., Srinivas, S., On the influence of wall properties in the MHD peristaltic transport with heat transfer and porous medium. Physics
Letters A, 372(25), 2008, 4586-4591.

[23] Srinivas, S., Gayathri, R., Peristaltic transport of a Newtonian fluid in a vertical asymmetric channel with heat transfer and porous medium. Applied
Mathematics and Computation, 215(1), 2009, 185-196.

[24] Srinivas, S., Gayathri, R., Kothandapani, M., The influence of slip conditions, wall properties and heat transfer on MHD peristaltic
transport. Computer Physics Communications, 180(11), 2009, 2115-2122.

[25] Eldesoky, I.M., Abdelsalam, S.I., El-Askary, W.A., Ahmed, M.M., Concurrent Development of Thermal Energy with Magnetic Field on a Particle-Fluid
Suspension through a Porous Conduit. BioNanoScience, 9(1), 2019, 186-202.

[26] Ramesh, K., Devakar, M., Magnetohydrodynamic peristaltic transport of couple stress fluid through porous medium in an inclined asymmetric
channel with heat transfer. Journal of Magnetism and Magnetic Materials, 394, 2015, 335-348.

[27] Mahmoud, S.R., Afifi, N.A.S., Al-Isede, H.M., Effect of porous medium and magnetic field on peristaltic transport of a Jeffrey fluid. International
Journal of Mathematical Analysis, 5, 2011, 1025-1034.

[28] Rathod, V.P,, Laxmi, D., Effects of heat transfer on the peristaltic MHD flow of a Bingham fluid through a porous medium in a channel. International
Journal of Biomathematics, 7(6), 2014, 1450060.

[29] Lakshminarayana, P., Sreenadh, S., Sucharitha, G., The influence of slip, wall properties on the peristaltic transport of a conducting Bingham fluid
with heat transfer. Procedia Engineering, 127, 2015, 1087-1094.

[30] Wakif, A., Boulahia, Z., Sehaqui, R., Analytical and numerical study of the onset of electroconvection in a dielectric nanofluid saturated a rotating
Darcy porous medium. International Journal of Advanced Computer Science & Applications, 7, 2016, 299-311.

[31] Rajesh, R., Rajasekhara Gowd, Y., Heat and Mass Transfer Analysis on MHD Peristaltic Prandtl Fluid Model through a Tapered Channel with Thermal
Radiation. Journal of Applied and Computational Mechanics, 5(5), 2019, 951-963.

[32] Sarkar, S., Endalew, M.E,, Makinde, O.D., Study of MHD Second Grade Flow through a Porous Microchannel under the Dual-Phase-Lag Heat and
Mass Transfer Model. Journal of Applied and Computational Mechanics, 5(4), 2019, 763-778.

[33] Mekheimer, K.S., Komy, S.R., Abdelsalam, S.I., Simultaneous effects of magnetic field and space porosity on compressible Maxwell fluid transport
induced by a surface acoustic wave in a microchannel. Chinese Physics B, 22(12), 2013, 124702.

[34] Nadeem, S., Akbar, N.S., Effects of heat transfer on the peristaltic transport of MHD Newtonian fluid with variable viscosity: application of Adomian
decomposition method. Communications in Nonlinear Science and Numerical Simulation, 14(11), 2009, 3844-3855.

[35] Manjunatha, G., Rajashekhar, C., Vaidya, H., Prasad, K.V., Simultaneous Effects of Heat Transfer and Variable Viscosity on Peristaltic Transport of
Casson Fluid Flow in an Inclined Porous Tube. International Journal of Applied Mechanics and Engineering, 24(2), 2019, 309-328.

[36] Fusi, L., Farina, A., Rosso, F, Retrieving the Bingham model from a bi-viscous model: some explanatory remarks. Applied Mathematics Letters, 27,
2014, 11-14.

[37] Manjunatha, G., Rajashekhar, C., Vaidya, H., Prasad, K.V,, Peristaltic mechanism of Bingham liquid in a convectively heated porous tube in the
presence of variable liquid properties. Special Topics & Reviews in Porous Media: An International Journal, 10(2), 2019, 1-10.

[38] Vaidya, H., Rajashekhar, C., Manjunatha, G., Prasad, K.V,, Effect of variable liquid properties on peristaltic flow of a Rabinowitsch fluid in an inclined
convective porous channel. The European Physical Journal Plus, 134(5), 2019, 231.

[39] Divya, B., Manjunatha, G., Rajashekhar, C., Hanumesh, V., Prasad, K., Impact of variable liquid properties on Peristaltic mechanism of convectively
heated Jeffrey fluid in a slippery elastic tube. Frontiers in Heat and Mass Transfer, 12, 2018, 15.

Appendix
_Blp it
¢ =g [h +Bi 2], (A1)
1|(—ph? Bi h?
C3:§[ [; +C2] *ﬂhJF?l[*ﬂ?Jrcz] ’ (A2)

AV,A Journal of Applied and Computational Mechanics, Vol. 7, No. 4, (2021), 1892-1906



1904 B.B. Divya et. al., Vol. 7, No. 4, 2021

c, :m P —c.E’sinEh —Grsinn|c, + B|c, +¢.h? 7%[;14 - 12}2‘2 +§]] , (A3)
Cs :%, Co=C, + 60, — 62222, c,= 752;22+1, Cp = §2C2271, (A4)
Cy= L —1-cy,sinEh — En’ (cscosEh 7c4sinEh)7h(cssinEh +c4cosEh)7GrﬁS_f‘in’y(4c8h + 185226}1 7252[1’1'13]}, (A5)
cosEh 4 4 E E
Co :%l%f%ﬁrﬁ;inv[%s +1i§;6]], (a6)
C“:%%ﬁ-ﬂ c7+c8h2—%[h4—1égz+§—ﬂ], (A7)
Ch :%%+GrﬁEﬁin”[4c8 + 1?55;[5]}, (AS)
Cpy =Cyy [Ehzt%ﬂq_%]-i- coleh {—1 +cy,sinEh —%ﬁim[kgh +18§722m!—2£2ﬁh3]}, (A9)
€, =4y + 15;%3, (A10)
¢, =tanEh|1+ 3514)’;,]4_& [%(hz —y§)+tanEh + 1+tZE2Eh + Ehztznz Eh], (A12)
c16:1+£1+%(3+Eyp tanEh), (A12)
secEh [EsinEy, [1+3€1% —%({1 —§1E2y§)} (A13)
v = E?(c,sSinEy, +c s cosEy, ) ’
Cip = 4E4(c15 sinEy: o cosEyp){E‘l[& cosEy, (4Ec12 +Cp (—1 +E2y§)) +EsinEy, <4§1c13 +Cp (4+3£1yp))] + e
2Gr[fsin~,<72E2(2c8yp +eub) 60y, (-6 +E%, (, +12g1)))]
C19=C4+§1c9+%+#, (A15)
Czo:CS+§1c1r%+#, (A16)
o —Z[yﬁ - 1?2"3 % , (A17)
C fE%[‘kgyp +m%¢f2§26y2], (A18)
Cp=6& [# +tangh 4 ER/tan’Eh tai;Eh , (A19)
Cpa=Cypy [1+yp4§1]+£1c13, (A20)

Journal of Applied and Computational Mechanics, Vol. 7, No. 4, (2021), 1892-1906 A\V'A



Effects of Inclined Magnetic Field and Porous Medium on Peristaltic Flow of a Bingham Fluid with Heat Transfer 1905

26

_Cw¥yh ¢y tanEh

4

C29

E

C15Cos
Co7 =Co — » Cog =&Cp +

Cy; }’pfl
=114 22
E 4

C
_Cus
Cy =

Cy =Y

1+

25

4

4

Yo

+£1[1+

1+
E

y”—ém[u

8

pczl Jrg

]_ Cys secEh

tanEh —c,,,

4

Vb, &

1+7 +E<tan£h (1+E°n?%) —Eh)],

E E?

EY;ZJEIC 11
4 )

E

_ gsecEh Y& secEh
4E? 4E

)

tanEh ] N Ey’¢ tanEh
4E 4

tanEh ] N Ey ¢ tanEh
4E 4

)

4

(hfy;’)s 4(h7yx’)3 24(h7y19)
5 E2 g

)

98h-y. ) eph—y, )
C32:YpC22+E*122C8(h7yP)2+ & (Ez Yp) 762 ( 2 yp) )
h— h-y,)
C33_;C4[1_&( 2 yp) s £1E( 4 yp) _% +&Cs |,
E(h-y,) h—
C34:%C4 61 ( 4 yp) _% +Cs 51( 2 yp)_l +_£1C10 ’
c :Cil_gl(h_yP) +@
®E 4 E’
2
C, = —tanEh 1f€1<h7y”) glE(hiyp) _& —Cyss

_ secEh

1-—

4 4 4E

37 = 3
E

c,, =—tanEh

42 —

Cag =

_Cu

E

40

&(h- }’p)] & secEh

((1+E*h?)tanEh —Eh),

4 4E*

CyC

flE(h7Yp)27671

CC
736 _ “18°36
EZ +Cyyy Cy9 = E? +Cas,

glE(hin)z 7&

élc 12
)

E

N fl(hYp)1]€1[1+tanEh]’

4 aE 4 4E
2
E(h—
_ seckh & (h-y,) & + & geckh,
E 4 aE| " aE

Cu3 =

C

C

C C
17-41 _ -18-41
E? +Cay Cu = E? +Cao)

Journal of Applied and Computational Mechanics, Vol

(A21)

(A22)

(A23)

(A24)

(A25)

(A26)

(A27)

(A28)

(A29)

(A30)

(A31)

(A32)

(A33)

(A34)

(A35)

(A36)

(A37)

.7, No. 4, (2021), 1892-1906



1906 B.B. Divya et. al., Vol. 7, No. 4, 2021

(hfyz’)g

3

Grsiny
45 = E2

+C7h - 62(:31 + glc 32 (A38)

ceh +Blcg|ys +

ORCID iD

B.B. Divya‘® http://orcid.org/0000-0001-9895-0634

G. Manjunatha® http://orcid.org/0000-0001-5347-753X
C. Rajashekhar'™ http://orcid.org/0000-0001-8950-7104
H.Vaidya'® http://orcid.org/0000-0001-5343-8039

K.V. Prasad'™® http://orcid.org/0000-0001-6737-1162

@ @ @ © 2020 by the authors. Licensee SCU, Ahvaz, Iran. This article is an open access article distributed under the terms
vam and conditions of the Creative Commons Attribution-Non Commercial 4.0 International (CC BY-NC 4.0 license)
(http://creativecommons.org/licenses/by-nc/4.0/).

How to cite this article: B.B. Divya, G. Manjunatha, C. Rajashekhar, H. Vaidya, K.V. Prasad, Effects of Inclined Magnetic Field
and Porous Medium on Peristaltic Flow of a Bingham Fluid with Heat Transfer, J. Appl. Comput. Mech., 7(4), 2021, 1892-1906.
https://doi.org/10.22055/JACM.2019.31060.1822

Journal of Applied and Computational Mechanics, Vol. 7, No. 4, (2021), 1892-1906 \/



