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ABSTRACT - The paper examined a theoretical investigation of the stimulus of mass and heat SZ;T;S:;E: ggﬁ;gg;ow
transfer on the channel's peristaltic utilization of the MHD Bingham liquid. The research study is Revised: 13t Sept 2020
motivated to explore blood circulation in the little vessels by taking the slip, variable thermal Accepted: 221 Oct 2020
conductivity, and thickness of the wall features into account. The leading constitutive equations

are established based on low Reynolds number and approximations for long wavelengths. The KEYWORDS

solution for the resulting nonlinear energy and momentum equations is obtained using a semi- Thermal Slip;

analytic method, while the exact solution for the concentration field is obtained. Using the MATLAB velocity Slip;
software, the influences of different constraints on the interest of physiological quantities are concentration siip;
represented graphically. One of the considerable outcomes of the current model exposes that the :/’:Z Zgg%tty

existence of variable fluid properties boosts the rate as well as temperature level areas. The
rheological and flow properties of various biological fluids can be derived from this model as a
particular case. Moreover, the formation of stuck bolus diminishes for larger values of the magnetic
and velocity slip constraints.

INTRODUCTION

Peristaltic flow is a mechanism in which the flow is induced by the shriveling and spreading out of the distensible
tube wall, which results in a sinusoidal wave-like movement. This mechanism plays an essential function in the
development of lots of organic liquids such as in the circulation of diet bolus with the esophagus, the activity of chyme
in the stomach system, the vasomotion of blood in tiny arteries and also several various other such procedures required
for the appropriate performance of organic liquids. The initial study on the peristaltic mechanism was initiated by Latham
[1] for investigating the flow of urine through the ureter. The very early research studies on the peristaltic circulation have
been lugged out with the fluids such as Newtonian. The usage of non-Newtonian liquids is of higher relevance from a
biological standpoint of view, as many physical liquids display non-Newtonian actions. Motivated by this, Raju and
Devanathan [2] used the fluid of non-Newtonian to study the mechanism of peristalsis. Their exploration has unbolted a
large door in the study of non-Newtonian fluid peristaltic transportation. Subsequently, several researchers investigated
the peristalsis by taking non-Newtonian fluids in different geometries and configurations [3-6].

The early peristaltic flow investigations were conducted in the non-appearance of a magnetic field. However, the
presence of red blood cells in the blood composition influences the magnetic field's use in the study of the blood's
peristaltic mechanism. Bloodstream was revealed to characterize a mathematical model with a shear rate below 100 for
the magentohydrodynamic (MHD) flow. The transportation of the peristaltic flow of a liquid along with the MHD factors
in a tube/channel assists in clearing up problems regarding the advancement of bodily liquids, the procedure of
bloodstream pump makers, expedition on the occupied of a peristaltic MHD blower, etc. In both natural and mechanical
applications [7-15], the inspiration of the magnetic field (MF) on peristalsis of non-Newtonian fluid accounting slip
conditions has been explored. Guo et al. [16] studied Jeffrey fluid's peristaltic MHD flow through a permeable channel.
Furthermore, Hayat et al. [17] studied the stimulus of Soret and Dufour on the Prandtl fluid's peristaltic MHD movement
through a rotating channel. The impacts of convective limit conditions on Jeffery nanofluid's peristaltic MHD system in
a bowed channel was numerically reconnoitered by Tanveer et al. [18]. Kumar et al. [19] examined the influence of heat
transfer through a change heat source on the Powell-Eyring MHD fluid. Manjunatha et al. [20] recently looked at the
impacts of slip and magnetohydrodynamics on Jeffrey fluid by a constant channel.

The influence of slip conditions on the walls, combined with mass and heat exchange, has major applications in blood
oxygenation and hemodialysis. It is seen that the no-slip conditions on the governing equations of motion and energy of
natural fluids fail to provide a better estimation of peristaltic action uncovered in different biological systems. The
applicability of slip conditions at the wall can be observed in the cleaning of an artificial heart. Wall properties is another
significant property that grabbed the consideration of numerous researchers in the last decade because of their applications
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to health science. An extensive study on considering these two properties is available in [21-30]. Most of the
investigations on the peristaltic flow have been carried out by taking constant thermophysical properties. However, there
is ample proof in the literature that the fluid's viscosity differs concerning the wall thickness [31]-[33], and thermal
conductivity differs for temperature [34, 35]. Owing to the composite action of the blood, the different rheological impacts
like variable viscosity, shear rate, hematocrit, etc., are difficult to describe. Thus, there is an enormous way to describe
these equations; more or less use curve fitting to experimental and discrete data along the others are based on specific
rheological models. In [36—40], the use of the Bingham model in scrutinizing the peristaltic scheme through various
geometries is recently reported midst the several models of non-Newtonian.

This study consist of the deviation of variable fluid properties on the peristaltic flow of an MHD Bingham fluid that
has not been considered so far. The present research investigates the MHD flow in a uniform channel comprising
peristaltic blood (PB). Blood is modeled as a Bingham fluid to take accounts of slip, wall, and variable fluid properties.
The examination and consequences of the investigation are particularly appropriate in the pathological state for the
transport of PB in small-dimensional coronary veins. Further, the analysis tolerates the guarantee of multifold essential
applications in the domain of physiological fluid elements. In some instances, evaluations of an array of liquid mechanical
factors are needed when any physiological liquid needs to bear slip effects near the walls. Likewise, the examination will
have an essential manner in inspecting the stream in a vessel when the endothelial layer of the luminal surface relates to
glycocalyx, which contains an arrangement of small-scale atoms and squeezed plasma proteins. In addition to all this, the
analysis should find its applications in developing heart-lung machines and dialysis machines. Since very few articles in
their formulation have addressed the variable liquid properties, this paper will close the distance by observing the liquid
to demonstrate these features. The authors also endeavored to make a mathematical model which provides practical blood
flow manifestations in tiny arteries.

FORMULATION OF THE PROBLEM

Consider the non-Newtonian 2D flow of an incompressible fluid with changing fluid characteristics (thermal
conductivity and viscosity) through tube/channel. The selected coordinates are X and 9 which is taken along and
perpendicular to the walls of the channel (Figure 1). The liquid is subjected to a transverse applied magnetic field (MF)
B, . Low Reynolds number approximation is used, and thus induced magnetic field (IMF) can be ignored. When the fluid
moves into the MF, two important physical influences emerge. The initial one is that it causes an EF (electric field) in the
stream. Assuming that there is no polarization charge thickness and, then, V.E, =0. Ignoring the IMF suggests that
VxE, =0, and in this way, the induced electric field is unimportant. The subsequent impact is progressively in nature,
like a Lorentz or drag force (J x B,), where J is the current density; this force follows up on the liquid and changes its

movement. This result is in the exchange of energy between the field of electromagnetic and the fluid. In the current
analysis, the relativistic impacts are ignored, and Ohm's law gives the current density J as [7]:

J=0(VxB) @

where V s the field of velocity and o the electrical conductivity. The liquid motion is created by the obligation of
sinusoidal waves along the channel surface of the walls. The geometry of the wall is assumed by [6]:

V:iHO(Q,E):aO+bosin(27zﬂ‘1[§-cf}) 2

where a,,b,,¢,,4 and t signify the channel half-width, wave amplitude and as well as speed, wavelength and the

temporal coordinate called time.
The dimensional equations of the governing flow problem in a laboratory frame of references (LFR) are given by
[36]:
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Figure 1. The geometry of the peristaltic wave in a channel

The flow is unsteady in the LFR. Let us consider the wave structure of references (x', y') with a uniform velocity ¢,
, along with the variables corresponding to wave and LFR as:

X'=X—Ct,y' = y,u'=u—c,,v'=vand p(x’) = p(x.t) (8)

where u,v,p, p,o,B,,D,,K;,T,.c, k,T,C,z, 7 7. are called axial and transverse velocities, density, pressure,
5 T Ty

conductivity, the magnetic field strength, mass diffusivity of constant-coefficient, the thermal diffusion ratio, and mean

liquid temperature, specific heat at uniform pressure, thermal conductivity, temperature, concentration, and extra stress
components, respectively.

The governing flexible wall equations are defined as [27, 28]:

L(h) =—(p,—p) ©)
The operator L characterises the motion of the stretched membrane such that:
2 2 84
LZ—TW'Fnlgﬁ‘nzaﬁ‘n:ayﬁ‘H (10)

where 7 is the elastic tension, n, coefficient of wall damping force, H spring stiffness, n,rigidity of the plate and n,

called the mass per unit area. Further, the p, on the exterior surface of the wall is negligible and hence consider p, =0

The equation of continuity implies that at the surface of the fluid and the channel wall such as the pressure must be
unique as that which acts on the liquid at the position y =h, . By using the X component of momentum, the continuity
equation at y = h, is given by:

. 0T,
Q(L(hl)):@:&-i-&—p a_u+ua_u+vla_u _O-Bgu (11)
OX OX OX oy ot OX oy

The governing equations are made dimensionless by utilizing the following non-dimensional parameters
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The above Eg. (12) is used to non-dimensionalize the governing equations. Also, incorporating the small Reynolds
number approximations and the long wavelength, the Egs. (3)-(7) ease to the following :
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2 Y (16)
where Tyy is the governing equation of Bingham fluid and in the dimensionless form, it is given by,
ou
Tyy = 1(Y) E +170 (17)
where u is the viscosity of the fluid and 7, denotes the stress.
The dimensionless slip appropriate boundary conditions (BCs) are given by:
au o0 oo .
u+a—=-16+p—=0,0+y—=0 at y=h =1+esin|2z(x-t) 18
Py Py % [ ] (18)
6_020,%:0,#1:10 at y=0 (19)
oy o o

where f,a and y are the thermal and velocity slip and concentration slip, respectively.

Variable Liquid Properties

Most natural fluids have a distinction in thermophysical characteristics because of a healthy animal or biological
comparable size will consistently take 1-2 liters of fluid. In the intestine, 6-7 liters are also found when it discharges
from the salivary glands, pancreas, thyroid and liver. This involves dependence on the concentration of liquid along the
x-axis, which causes the viscosity to decrease closer to the surface of the vessel. The k behaviour also varies according
to temperature. Hence, the variations in viscosity and thermal conductivity are given by:

uy)=1l-ayy, for o, <<1, "
k(@)=¢0+1, for ¢<<1, (20)

where o, ¢ called the coefficients of variable viscosity and thermal conductivity, respectively.
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SOLUTION METHODOLOGY

It is owing to the highly non-linearity in nature of the Egs. (13) and (15), which are difficult to solve exactly. Thus,
the perturbation method is implemented to spread the equation of the velocity U and temperature filed & for the low
values of ¢, and ¢ . However, the sealed or compact-form result is attained for the concentration from Eq. (16). Let,

u=u, +aoyu, +0(a?) (21)

0 =0, + 46, +O(4*) (22)

Substituting the Eq. (21) in Eq. (13) and doing exercise of the BCs (18) and (19), obtain the expressions for velocity from
perturbation technique as

u= Ri[Rl —Pcosh(M y)+M (aMz, cosh(M (y —h)) + R, — 7, sinh(M (y - h)))]

R, (_Rs(y))_eZMyRBRs(y) (23)

My |P|R.(y)+e®™'R +M cosh(hM
L8 ’ [s(y) B(y)J +16M2<92MYR17+R18) ("

R4

+M[R,R;(y)+€™'R,R;(y) +16aM> (™ 'R, + R, ) [sinh(hM )

Where

R, =—(M?2 +P)cosh(hM), R, = a(M? + P)sinh(hM), Rg = M ?(cosh(hM ) +aM sinh(hM)),

Ry =16MR3, R (y) =1—2M y(=1+ M y),Rg(y) =—1+2M y(L+M y),R; = 1+ aM)zg,

Rg = (~1+aM)zq, Ry =[(8+ )7y +8MRyg Jcosh(hM), Ryg = (7o +8aM? +8aM 3Ryg)sinh(hM),

Ry; =8M3(-1+aM)-P, Ry, =(a+2h—2h(3a+h)M +20th®M 2)P, Riz =8M3(L+aM),
~8ah—4h? + o2

Ris = M (1+8M)(1+aM)zg, Rs =3+ M | 8+ M
1 0:715 (1+4M(2+h2M))

2 —P+M?(Ry + MR
Ris =8M 3 (1-aM +¢2™ (1+aM))" Ry = —— (Ry + MRio),
8MR,
1 ( mnh 2hM 3hM hM
RlB:R—G(e (Rll—MRlz—e (Riz +RyP)—e”™ Ry +e MRlsfo))-
1

Here nothing just the x-component of P looking in Eq. (23) and well-defined by Eq. (11) is further ease as follows:

0.5E, . 0.25E
P=88ﬂ'3( 3sm2;r(t—x)—{El+E2—4;r2E4— > 5}cosZ;z(t—x)j
T T

The flow pattern function will be established by integrating Eq. (23) with the condition s =0 at y = 0. Following the

same procedure, the expression for temperature and concentration can be obtained from Egs. (15) and (16) after
performing lengthy calculations.
Validation of the model

In view of a realistic approach to biological systems, the current paper aims at extending the results of Akram et al.
[36] by incorporating the variable liquid properties, wall porosity, and slip conditions. The outcomes of the model
developed in this paper are found to be in accordance with their results. Precisely, in the absence of velocity slip and
variable viscosity parameter, the expression for the velocity field coincides with the result obtained by [36]. From this
study, the influence of M on the velocity field can control blood flow during the surgeries because an upsurge in the
magnetic field results in the reduction of velocity, which implies that blood flow will be trapped by varying the strength
of magnetic. This result may help the doctors during the surgeries to reduce the flow of blood.
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RESULTS AND DISCUSSIONS

This portion includes the effects of variable viscosity parameter (al) variable thermal conductivity parameter (¢),
thermal and velocity slip constraints (c«, ) , concentration slip parameter (), Brinkmannand Schmidt number (Br, Sc)

, Soret number (Sr), the wall tension parameter (E,), the mass characterization (E,) , the wall damping parameter (E,),

the rigidity parameter (E,), and the wall elastic parameter (E;) on the velocity (w), concentration (o) ,temperature (0)
and as well as the streamlines (/) are analysed and deliberated through graphs 2-13. Moreover, the Matlab solver has

been employed for the illustrative representations and to analyse the effects of the relevant constraints of the engineering
quantities of interest on the physical aspects for the fixed values of the constraints are the following as for the whole

computations of the paper E,=0.1,E, =0.04,E3 =0.4,E5 =0.01,
E,=t=01=02a=0217=0002y=02Br=25=025=03x=02¢=06¢ =002,M =1andg =0.02

-1 -0.5 0 0.5 1
Y
Figure 2. The profiles of velocity for varying magnetic parameter (M) when (a) & =0 and (b) a =0.2

0.2 v T T T T —— F,=0.09,E>,=0.04,F3=0.4,F,=0.002,E5=0.01
(a) - - E1=0.1,E>=0.04,E;=0.4,E,=0.002,E5=0.01
E1=0.1,E,=0.045,F3=0.4,£;=0.002, E5=0.01
e £1=0.1, B2 =0.045, E3=0.45, £,=0.002, E5=0.01
—— E1=0.1,E,=0.045,E3=0.45,F;=0.0022,E5=0.01
E1=0.1,E,=0.045,E3=0.45,E,=0.0022, E5=0.04|
0
(b)
3 A i P
A -~
./ \'
-1 #= s
-1.5

Figure 3. Velocity profiles for varying (a) variable viscosity (,) and (b) wall properties (E -E)

8087 journal.ump.edu.my/jmes <«



C. Rajashekhar et al. | Journal of Mechanical Engineering and Sciences | Vol. 15, Issue 2 (2021)

0.8

(b)
0.6

0.4

—oq:O
---a1=0.05
oq:()l

0.2

Figure 4. Temperature profiles for changing (a) variable viscosity (¢,) and (b) variable thermal conductivity (¢)

Velocity fields

Figures 2 and 3 show the variations of M, a, &,E, E, ,E, E,and E_ on the field of velocity. From these figures, it is clear

that the extreme velocity occurs in the central region in which outcomes are in a parabolic trajectory. Figure 2 shows the
stimulus of magnetization on the velocity profiles for specific magnetic and slip parameter values is demonstrated. The
aforementioned figure shows that the Hartmann number moderates the fluid flow (see Figure 2(a)). This action is evident
since the flow resists the transverse magnetic field. The transverse magnetic field, especially in blood, results in rouleaux
forming, leading to a reduction in the field of velocity. Further, it is also noticed that the fluid flows rapidly due to
upsurging in (Figure 2(b)). The impacts of variable viscosity and amplitude ratio on the field of velocity are depicted in
Figure 3. The effect of variable viscosity outcomes in enhancing the velocity profiles in the center of the channel, but it
is found to behave quite the opposite behaviour at the walls of the channel (Figure 3(a)). Illustration of 3(b) represents
the variability in the velocity field of the wall properties. It is perceived that the flows of the liquid is going quickly with

augmenting the values selection of E and E, and the flow is retarded for growingideals of E,,E and E; .

(b)

0.8

0.6 Lo RN

Figure 5. Temperature profiles for varying (a) magnetic parameter (M) and (b) Brinkmann number (¢)
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(b)

0.6

Figure 6. Temperature profiles for varying (a) velocity slip parameter (&) and (b) thermal slip parameter (/3)

— E,=0.09,E,=0.04, F5=0.4, £,=0.002,5;=0.01
— E1=0.1,E,=0.04, E3=0.4, E,=0.002,E5=0.01
F1=0.1,E,=0.042, E3=0.4, E,=0.002,E;=0.01
----- E1=0.1,E,=0.042, E3=0.45, £,=0.002,E5=0.01
o B1=0.1,E9=0.042, E3=0.45, £,=0.0022, 5 =0.01
F1=0.1,E5=0.042, F3=0.45, F,=0.0022, F5 =0.04

Figure 7. Temperature profiles for varying wall parameters (E, — E;)

Temperature Profiles

The deviations of o, ¢, M, Br, o, 5, E, E,, E,, E, and E, on the temperature field are inspected in Figures 4 to 7. In the

core part the fluid temperature increases leading to a parabolic curve. The deviation of viscous dissipation (VD) on the
temperature profiles will contemplate this character of the graph. The viscous dissipation happens by means of fluid
viscosity, leading to the change of kinetic energy into internal thermal energy. The impacts on temperature profiles of ¢,

and ¢ are described in Figure 4. Figure 4(a) depicts the increasing upshot of «, on temperature plot. This is because of
an increment in the «, of the fluid results in diminishing the heat transfer capacity. Further, larger values of k enhance
the fluid temperature (See Figure 4(b)). However, the fluid k delivers the indication of the liquid's ability to maintain or
expel the heat around it. Thus, whenever the fluid's k bonded within the channel is greater than the wall of the
temperature. Figure 5 portrays the effects of the M and Br on the temperature profiles. The decreasing influence of
Hartmann number on @ is realised in Figure 5(a). The opposite behaviour is noticed for a rise in the Brinkmann number
Figure (5(b)). This is recognised to the increase in the flow resistance due to a rise in the value of the Br , which causes

the VD effects to inflate the thermal energy internally. You can see the contrary impact of speed parameters and thermal
slip parameters in Figures 6(a) and 6(b), in which the temperature decreases with the « and the g increases. From

Figure 7, it is noticed that the & enhance for growing values of E and E,, whereas a contradictory tendency is noticed

with E,, E, and E..
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Figure 8. Concentration profiles for varying (a) thermal slip parameter () and (b) concentration slip parameter ()
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Figure 9. Concentration profiles for varying (a) Schmidt number (Sc) and (b) Soret number (Sr)

Concentration profiles

The o reveal the opposing impact as compared with the 8. This behavior is logically rational because heat and mass
are understood to have an inverse relationship. It is also evident from patterns that particles of a liquid are more stucked
near the channel of the wall than in the dominant area. This activity becomes apparent biologically and plays the vital
nutrients from the blood compared to the other fluid's disperse to neighboring cells and tissues. Figures 8 and 9 is used to
highlight the impact of 5, 7, Sc and Sr on the o . Here, an upsurge in the choices of /4, y, Sc and Sr reduces the temperature

profiles.

Trapping phenomenon

Trapping is a fascinating process in indulgent the flow patterns of biological liquids such as thrombus flow of blood
in vessels, movement of chyme in the gastrointestinal tract. The process of peristaltic involved in these systems especially
allows us to examine the movement and making of the bolus. The volume of the stuck bolus is originated to fall with
Mand o« (See Figures 10 and 11). The influence of variable viscosity constraint improves the size of the stuck bolus

(Figure 12). Figure 13 demonstrates the variation of wall features on the stuck bolus. Here, aincrease in the values of
E, and E, increases the size of the stuck bolus, whereas quite the opposite behaviour is noticed with E ,E, and E,.
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Figure 10. Streamlines for varying magnetic parameter (M) when (a) M =1and (b)) M =2
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Figure 11. Streamlines for varying velocity slip parameter (o) when (a) @ =0.1and (b)) & =0.2
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Figure 12. Streamlines for varying variable viscosity (¢,) when (2) o, =0.1and (b) & =0.3
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Figure 13. Streamlines for varying variable viscosity (¢,) when (a) E =0.08,E, =0.03,
E, =03,E, =000LE, =002, (b) E, =0.1E, =003,E, =03, =000LE, =002 () E, =01,
E, =0.035E, =03,E, =0.00% E, =0.02, (d) E =0.1E, =0.035E, =0.35E, =0.00LE, =002,
() E,=0.1,E, =0.035E, =04,E, =0.001, E, =0.02 and (f) E =0.1,E, =0.035,
E,=04,E, =0.00LE, =05.

CONCLUSIONS

This article examines the impacts of variable liquid characteristics on the MHD peristaltic process. The effects of heat
and mass exchange are contemplated through a constant channel affected by slip and wall properties. Plots describe the
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variations of specific constraints on the interest-bearing physiological quantities. The important points of the current
article can be summarized as:

1. The velocity and temperature profiles increase in the presence of variable viscosity. The Hartmann number shows
a drop behaviour in the velocity profiles.

2. The augmentation in velocity and temperature is detected, respectively, for an upsurge in the values of g and« .

3. The temperature and the velocity field can be upsurges owing to increasing the mass characterization and wall
tension parameters.

4, The profiles of concentration demonstrate the opposite trend as relative to the 4.

The Sr and as well as Sc decelerated in the field of concentration.
The drop in the bolus formation is noticed for a rise in the magnetic and velocity slip parameters.
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