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Abstract

In this paper, we study the impact of the rotation of an inclined magnetic felid and
inclined symmetric channel with slip condition on peristaltic transport using
incompressible non-Newtonian fluid. Slip conditions_for the concentration and heat
transfer are considered. We use the conditions on the fluid, namely infinite
wavelength and low - Reynolds number to simplify the governed equations that
described - motion flow, energy and concentration. These equations of the problem
are solved by the perturbation technique and restricted the number of Bingham to a
small value to find the final expression of the stream function. The Bingham number,
Brinkman number, Soret number, Dufour number, temperature, Hartman number and
other parameters are tested. The effects of different values of these parameters are
discussed and illustrated graphically through the set of figures. Numerical results are
computed by using MATHEMATICA software.

Keywords: Inclined magnetic Field, Peristaltic Transport, Slip condition, Heat
transfer, Concentration, Rotation.
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1. Introduction

The peristaltic motion is defined, it's the repose and shrinkage in the fluid motion along the
wall. Many researchers have recently taken attention and are interested in peristalsis benefits
which due to its various applications in medicine and physiology (ymph, blood, etc.),
biomedical (swallowing of food, urine flow from the kidney to bladder, circulation blood in
small vessels, etc.), physics and engineering. In many applications, it is primarily used in the
current material business, such as the polymer industry and applications in medicine,
particularly in the polishing of artificial hearts, the existence of slip condition plays a significant
role of peristaltic flow in comparison to the absence of slip. Many researchers studied the effect
of slip conditions for Newtonian and Non-Newtonian fluids, in addition to inclined channel on
the peristaltic flow. Mohaisen H.N. et al. [1], examined how the rotation affects the analysis of
mixed convection heat transfer for the peristaltic transport of viscoplastic fluid in an asymmetric
channel. Murada et al. [2], studied how MHD effects on mixed convectional heat and mass
transfer for peristaltic transport of viscoplastic fluid. Mohaisen H.N. et al. [3], applied the
rotation on mixed convection heat transfer for the peristaltic transport of Bingham plastic fluid
with induced magnetic. Mohaisen H.N. et al. [4], investigated how the rotation and a magnetic
field affected the analysis of mixed convection heat transfer for peristaltic transport. Adnan et
al. [5], studied and discussed the influence of an inclined magnetic field on the peristaltic
transport of incompressible Bingham plastic fluid in an inclined symmetric channel with heat
transfer and mass transfer along with slip requirements for heat transfer and concentration. Ajaz
et al. [6], examined how an inclined channel and magnetic field affect the peristaltic flow of a
micropolar fluid. Y. Elmhed, et al. [7], studied the peristaltic flow of a micropolar fluid in a
vertical symmetric channel with rotation and heat. The aim study of T. Hayat, et al. [8], is how
the Hall current affects the peristaltic movement of conducting Eyring-Powell fluid in an
inclined symmetric channel is the goal. The Joule heating effect is taken into account while
modelling the energy equation. Saba et al. [9], focused on how the Rabinowitsch fluid model's
peristaltic action behaves when the inclination and rotation are present at the same time in a
symmetric inclined channel. Heat source/sink analysis and the analysis of heat transmission are
taken into account. Kamal et al. [10], demonstrated the presence of peristaltic transport of a
pseudoplastic nanofluid through a porous material in a two-dimensional inclined tapering
asymmetric channel under convective circumstances of heat and mass transfer. T.Hayat, et al.
[11], examined the impact of an inclined magnetic field on the peristaltic flow of an
incompressible Williamson fluid with heat and mass transfer in an inclined conduit. The
circumstances of convection are used for the transmission of heat and mass. T. Sh. Ahmed [12],
by utilising the influence of non-slip boundary conditions, there is a propensity to demonstrate
the peristaltic activity of magnetohydrodynamics flow of carreau fluid with heat transfer
influence in an inclined tapering asymmetric channel through porous media. T. Sh. Alshareef
[13], analysed non-Newtonian fluid waveform flow through a porous medium of a non-
symmetric sloping canal while being affected by rotation and a magnetic force that has been
applied through an inclined route. In B.B. Divya, et al. [14], the aim of the study is to describe
the peristaltic behaviour of a fluid with changing viscosity, a Bingham fluid. The fluid is
thought to move through a porous media and is exposed to a magnetic field that has a significant
inclination. In Abdulla et al. [15], the research focuses on efficient heat transfer with associating
inclined magnetic field activity in an asymmetric channel through a porous medium. In the
research of Najma Saleem, et al. [16], they studied peristaltic flow slip boundary conditions of
the second velocity by the Jeffery fluid in the inclined magnetic field of means of heat and mass
transfer and simplified under lubrication technique for an asymmetric channel.
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In this study, the impact of the rotation of an inclined magnetic field also inclined channel
on the peristaltic transport with slip conditions of concentration and mass for the Bingham
plastic. Throughout this study, we use conditions, namely infinite wavelength and low -
Reynolds number to simplify the equations of the problem with slip conditions. The change of
behaviour, when using different values of parameter are discussed and illustrated graphically
through a set of figures.

2. Constitutive Equation of the Problem

The peristaltic motion of a non-Newtonian of an incompressible fluid in two dimensional
coordinate in a symmetric channel with width (2a,) is considered when both the channel and
magnetic field are inclined at a, B angles. The x- axis is along the centreline of the channel,
while y-axis is transverse to it, see Figure 1. The magnetic field B = (Bysinf3, Bycosf3, 0)is
applied. The flow is created by sinusoidal wave trains reproduction with speed constant (c)
along channel walls.

H (X, t)=a; + azsin%”()? —ct) Upper wall (1)
Hy,(X,t) = —a; — azsinzf (X — cb) Lowe wall )
WhereH,, H, are the upper and lower wall respectively. The parameter a, is the amplitude

wave, A is the wavelength, t represents the time and c is the speed. The shell of the wall geometry
is substance of the problem as follows:

V ayic

3. Fundamental equations

The governed equations of the flow are by four coupled non-linear partial differential of
continuity, momentum, energy and the concentrated equations, the system is written in two
dimensional in laboratory frame as follows:
-The continuity equation is:

-The momentum equation on X-axis is given by
90 | 790 L 790\ _ (b +227) = 9P 4 Pixx | 9Txy _
p(aE+Ua)?+Va?) pQ(QU+Zaf)_ ot T ox T ov )

oBy? cos 8 (U cos B —VsinB) + pg sina
- Momentum equation on Y-axis is

W GO, 90 o (a7 - 220) = 2 4 0T | O
p(S+ T +7E) - pa(aF —22)) = -2+ Zer g Zar

ot 4 ~ av ' oy
0By cos B (Ucos B —VsinB) — pg sina (5)
Energy equation
oT | —=oT , —oT 02T av , au ~ oV
pC, (—_+U—_+V—_)=K(6X2+ayz)+SXXaX+S (E+2)+ S+
DKr ,82C  9%C
0By (U?cos? B + V?sin? B — 20UV sin 8 cos B) + CST =t (6)
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- The concentrated equation is given by

acC 9%¢c | a?%C DKt (9%T = 9°%T

=0 +a) + 2l Getom) ()
Where Cg,Kr, Ty, D, 0,p,C,, g represent the concentration susceptibility, the thermal

diffusion ratio, the mean temperature, the coefficient of mass diffusivity, the electrical

conductivity, the density of the fluid, specific heat and the acceleration due to gravity

respectively. Q is the rotation parameter and B, is the strength of the applied magnetics force.

T is the temperature of material. The Bingham plastic fluid stress tensor is defined by [5] as

follows:

S = (u(?) + %) Ay, fort>1, (8)

The Cauchy stress tensor is described by:

T=-PI+S§ ©)

Where P is the pressure and I is the identity tensor and A, is:

A =V + (V)T (10)

With the boundary conditions:

U=0 atH, andH, N

K%"‘Wl(T_To) = 0 at Hl

K +w (T, -T)=0 at H, > (12)

DI +wy(C—Cp)=0 at H

DE+wy(Co—C)=0 at H, W,
Where w, and w, are the heat transfer coefficient, mass transfer coefficient to the mixed

condition of heat transfer and mass transfer respectively. C,, and T, are the concentration at the

lower wall and the temperature at upper wall respectively.

Peristaltic motion in nature is an unsteady phenomenon, however, it can be assumed a steady

by using the transformation from laboratory frame (fixed frame) (X, Y, t ) to wave frame (move

frame)(x, ¥). The relationship between coordinates, velocities and pressure in the laboratory

frame is provided by the following transformations:

X=x+ct, Y=y, UXY,t)=1u+c PX,Y, D =p(xy),

TX,Y,0) =T y), CX,Y,0)=C(xy), VXY,D=0xy).

(12)

Where u,v,p are the velocity components and the pressure in the wave frame. The

transform equations (1- 8) in wave frame with helping of equation (12) and normalize the
resulting equations with dimensionless quantitie:

_ x1 _ _ _ _  picu = — ™
x=2—,y=ya1,u=uc,v=6vc,p=—,H1 = hay, H, = hya,,

T 2maq
- tA 2ma, pca; . -pa;? 5 Spuc ..o oBpla,?

21c’ 1’ e P ] V H ) a, ’ P )

ﬂcp C2 T—TO Tyal C—CO
p=Crp _ ¢ B _pE @g=""Cp = = (13)
T K¢ T e, T rhc T, ' On uc %4 C1—Co’ >-

v DKTTy c? DK7To(C1—Co)
SC:_JST‘:—'F‘;':_'DLL:—'

D VTm(C1—Co) ga uCpTo

—

Where 6,R,, P, E;, B,,0,B,,9,5:,v,S,,F.,D,, M are wave number, Reynolds number,
Prandtl number, Eckert number, Brinkman number, temperature, Bingham number,
concentration, Schmidt number, Kinematic viscosity, Soret number, Froude number, Dufour
number and Hartman number respectively.

So, from the equations (1-8), we gets:
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h; = 1+€ sinx (14)
h, = —1—€ sinx (15)

du ov
5(F+5)=0 (16)

ou  0u) _ pas*0? _ 4”9‘11 W _ _0p 505z Oy _

(5Re((u+1) +vay> (u+1) O6R, Pl ax+6 o T 3y

M? cos B ((u + 1) cos B — vd sin ,8) + sm a (17)

3 LI B T YL E GV v 9<u+1) _9 4 58w | 5295
Re<(u+1)ax+vay) ) - —0°R,Q 6y+66y +4 o T
M?28sin B ((u+1) cosﬁ—v&sinﬁ)——‘@cosa (18)
a6 a6 226
6RePr((u+1)—+v5>=62ﬁ +B 55xxa +B 625xya +BSyx y
Br6Syy % Z 4 M?B,((u + 1)%cos?p + 62v251n2[)’ +28vsinfcosf (u+1)) +
0% . 0°¢p
DuR,(625;;-F5;;) (19)
% 4,00 1 (5200 20% 4 00
SR, ((u +D2L+w ay) =+ (6255473 ) +5, (622 ayz) (20)
3

Sxy = ,u(y)ﬁ + B, (21)
Which e= 2 is called amplitude ratio.

a;
If (X, y, t) is the stream function, Then the velocity components in term of the streams function
are u = ¥, and v = —§,. The final boundary conditions:

u=-—1ath, and h,

Z—liJ:—lathl and h, N

%+B*9=0mh1

%—B*Hanthz > (22)
6_(/) +A*x@=0ath

Z—z —Ax@=0ath, /

Where B = 22 gnd 4 = > 1 represent the heat transfer Biot number and the mass transfer

Biot number respectlvely The continuity equation (16) satisfies identically, when applying
(6 K1), smaII Reynolds number and long wavelength, the equations from (17-20), gets:

Z_Z pa;*Q (ll)y n 1) 4 Oy GSxy — M2?(cos ﬁ)Z(lpy + 1) + };—fsina (23)
-0 (24)
0,y + BeryZ—ly‘ + M2B, (W, +1)” cos? ) + DyPrgyy = 0 (25)
5. S0y =0 (26)
F=q-2= f:;Z—Zdy = 1(h,) —(h,) , where F and q are the dimensionless mean flow

rate in fixed and wave frames, respectively.
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4. The solution to the problem

The resulting system consists of highly nonlinear partial differential equations, due to the
hardness of finding the exact solution, we do pressure elimination between (23) and (24) by
derivation with regard to y, the result is as follows:

(L2 — M?(cos B)?) * Py ) + Pyyyy =0 (27)
2

6yy + By (¥yy)? + Batpyy) + M?B, ((zpy +1) coszﬁ) +D,P.¢,, =0 (28)
5 @yy TS0y, =0 (29)
Where 12 = ﬂ

Using the perturbatlon method and Mathematica software insert the following expressions:

¥ = o + Byl + O(B,)? (30)
9 = 90 + Bnel + O(Bn)z (31)
@ = @o + B, + 0(By)? (32)

Substituting equations 30, 31 and 32 into_equations 27, 28 and 29 respectively, gets after using
the power of B,, changing (0, 1) to obtain the following systems, namely the zero and first the
order systems:
2.1 The zero-order system

When the (B,,°), the system will be in the following form:

i ”’0 + (1% — M?(cos B)? )"’ Yo — 9, (33)

a90 alI)oz 0y 2 Yy 2 %90 _

A (G naz)+MBr<( +1) cosﬁ)+DPraz—O. (34)
2

L10%¢0 4 g O 5 = 0. (35)

Sc 0y? T 9y2
With the boundary conditions:

Po=2,20= - 1""°+Beo—03"’°+A<po—0aty hy

ay
The solution of equatlons (33-35) Wlth the condition above, one can get:
y/=2L+M+MCos[26] .
_ 2e \/E (e Zy\/—2L+M+MCOS[2ﬁ]t1+t2) )
Yo =13 +ytd + —2L+M+MCos[2f] ’
— _ 1 V2y\[—2L+M+MCos[2f]412 Y
0o =15+ yt6 2(=2L+M+MCos[2])2(~1+DyPr-ScSy) (e t1°@2L - M

MCos[2B] — 2MCos?[B]) + e~V2¥/-2L+M+MCos[2B1422 (2], — M — MCos[2f] —
2MCos?[B]) + y2(—2L + M + MCos[2B8])(2t1t2(2L — M — MCos[2B8]) — M(M — 4t1t2 +
2Mt4 + Mt4? — 2L(1 + t4)? + M(1 + t4)?Cos[2B])Cos?[B]) +

4e 2 t2(2V2M (1 + t4)\/—2L + M + MCos[2f]Cos?[B] + (2L — M —
vy —2L+M+MCos[2f]
MCos[2B])B,,) — 4e z t1(2vV2M(1 + t4)\/—2L + M + MCos[2f]Cos?[B] +

(=2L + M + MCos[28])B,))B,;
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Po
=t7 + yt8 —

1
2(=2L + M + MCos[28])%(—1 + D,P.S.S,)
— M — MCos[2B] — 2MCos?[B]) — e~ V2V -2L+M+MCos[2B142 (2], — M — MCos[2f]

— 2MCos?[B]) — y*(—2L + M + MCos[2pB])(2t1t2(2L — M — MCos[2]) — M(M — 4t1t2

+ 2Mt4 + Mt4? — 2L(1 + t4)? + M(1 + t4)%Cos[28])Cos?[B])
yy/—2L+M+MCos[2f]

(_eﬁyJ—2L+M+MCos[2ﬁ]t12 2L

+ 4e V2 t2(—2V2M(1 + t4)/—2L + M + MCos[2B]Cos?[B] + (2L + M
¥y/—2L+M+MCos[2f]
+ MCos[28])B,) + 4e V2 t1(2vV2M(1 + t4)/—2L + M + MCos[28]Cos?[B]

+ (=2L + M + MCos[28])By))B,CsS,;

4.2 The first-order system
When the (B,), the system will be in the following form:

4 4
a¢1_ya¢o_23¢o+(L2 MZ(COSﬁ) )3¢o=

ay* ay*
0%6, 0%y 3% _ ( 211/)0) 92 1!’1
5+ 2B 5 A B, (5,2) +BuBr s+

2M2B, (""”0 + 1) cos?p 2 a"’l +p,p L8 _

T a 2
132<P1
5. 3y +Sr 6y2 = 0.
With the boundary conditions:

=220 pg = 0% ag = 0aty =y
=220 po =02 4p =0aty=h,

Due to the long terms of (Y1, 601, ¢1) , so we will not include any of them here.

5. Result and Discussions:

In this part, we will give the explanation in the next paragraphs, we also analyze and simplify
the equations by setting the boundary conditions. Further, we will discuss the velocity,
temperature, shear stress, pressure gradient, concentration and stream function and we study
the effect of the parameters on these cases.

5.1. Velocity Profile

In this section, we discuss the change velocity behavior with different parameters given that
x=0.3. Observed that the velocity in Figure 2 increases when an increasing values of the
Bingham number, the flow rate and rotation. This is clearly seen in Figure 2 (A, B and F), with
respect to the Bingham number it is increased after crossing from the center of the channel.
Also, it is observed that the effect of rotation on velocity is continuously even crossing the
center of the channel and it is nearly the wall of the channel. An increase in the values of
(M, B, €) implies that to decreasing the value of velocity decreases as it can be obviously seen
in Figure 2 (C, D and E). Also with the increasing value to amplitude wave value the wave near
the wall of the channel.
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(A) (B)
05}
0s5f /
> 00 Z 00
Z 05t E’ -
37 o —05¢p — g=01
=~ _1o0f = _1of ~— g=03
— qgq=05
-1.5 -15
1o Zos 0.0 05 10 s -1.0 -0.5 0.0 0.5 1.0 1.5
(@] ¥ (D) ¥
=00 - 0.0
2 — M=10 g _os| — p=0
:: 0 s — M=4.0 ; — pB= Pi/6
- U . M=T70 1 = 10k — pB=Pi3
-1.0r -15
-1.0 -0.5 0.0 0.5 1.0 1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
(E) ¥ (F) ¥
ok . . . . - LoF : .
/-\ 05k /%\
&~ 00 -~ 00
::. ; —05F
; 05t — e=01 : —10f —_— n=15
5 — e=05 S _15f — N=35
— =109 - — =45
—-10¢} 1 -20F
-25
-1.0 -0.5 0.0 0.3 1.0 1.5 -1.0 -0.5 0.0 0.5 1.0

Figure 2: Velocity with different values of parameters {B,, = 0.1, =
Pi/6,M = 2.0,q = 0.1,2 = 0.2,¢ = 0.1}

5.2 Temperature Distribution

We illustrate the impact of different parameters on the temperature profile in Figure 3 (A-
L) with x=0.3, it is observing that an increase of values of parameters B,, €
,q,0,M,B,,B.,S,, D, and S, implies that the value of temperature increases. Also, it is clearly
in case of the Bingham number starts before arrives to the center of the channel, see Figure 3(A,
C,D, E, F, G, H, I, Jand K). While an increase in (8, B) leads to decrease in the temperature
value. This is clearly in Figure 3 (B and L).
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(K) (L)

— B=5.0
E — B=10.0
_10b s — B=150

-1.3 0 LI,,' 0.0 L,I,' 0 5 -1.5 —-1.0 0.5 0.0 (U] 1.0 1.:':

[ I T T A - ]
T T

TEMPERATURE
TEMPERATURI

|
I
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Figure 3: Temperature with different values of parameters {B,, = 0.1, =
Pi/6,M = 2.0,q = 0.1,02 = 0.2,e=0.1,B=5B=2P =
2.5.=0.5.D., =0.5.5. = 0.5}

5.3 Gradient Pressure Distribution

In this section, we discussion how the behavior of gradient pressure changes with changing
values of parameters with y=0.5, it is observed that increasing values of (B,, q, M, F.) leads to
decrease in the value of gradient pressure see Figures 4 (A, B, E and 1). Otherwise, it leads to
increase in its value, see Figures 4(C, D, F, G and H).

Figure 4: Gradient Pressure with different values of parameters {B,, = 0.1, =
Pi/6,M = 2.0,q = 0.1,2 = 0.2,e = 0.1, = Pi/6,R, = 0.2, F, = 0.8}
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5.4. Shear Stress Profile
In this section, we discuss the influence of different parameters on the local shear stress

with y=0.5. It is obvious that an increase in the value of (B,,, €, M) leads to increase in the shear
stress, see Figure 5(A, D, E), while a decreasing in values of parameter (g, Q, ) implies that
the values of local shear stress increase, see Figure 5(B, C, F).

(B)

STRESS
STRESS

(D)

—0A5F

-1.0¢
-1.0¢

I
—
-

STRESS
|
b2
=

STRESS

—20F

By )~ \
— M=210 =20
_4 — M=30
0 2 4 ﬁ 8 10
X X

Figure 5: Shear Stress with different values of parameters {B,, = 0.1, =
Pi/6,M =2.0,q = 0.1,27 =0.2,e = 0.2}

5.5 Concentration Distribution

In this paragraph, we discuss how the concentration behaviour variation with different
values of the parameter with x=0.3. The variation profile is obviously in Figure 6, it is observed
that an increasing in the values of parameters B, €,q,M,Q,B,,P.,S,, D, and S, leads to
decrease in the value of the concentration, see Figures 6(A, C, D, E, F, H, I, J, L and M)
respectively, while a increasing in the values 8 and A leads to increase the value of the
concentration, see Figure 6(B and G). We observed the Bingham started to lower before the
centre of the channel.
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(L) (M)
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Z 00 1%z 10 — 5,203
= 1E osf — 5204
5 05 1=
= 1E 00
& Lo 14
= 15 -03
£ 12
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-2 1 -13
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Figure 6: Concentration with different values of parameters {B, = 0.1, =
Pi/6,M =2.0,q =0.1,0 = 02,6 =0.1,B=5,B,=2,P. =
2,5,=05,D,=05,S. =0.5}

5.6. Stream Function

The phenomenon of trapping is an interesting subject in the peristaltic transport. The
figuration of an inside diffusing bolus of fluid that crosses locked stream lines is called trapping
and this trapped bolus is mobile ahead a crosses the peristaltic waves with the selfsame speed
as the wave. Physically, this phenomenon appears in blood thrombus and locomotion the bolus
of blood. If the value of B, increases, we note that the number of bolus is decreasing and
expanding toward of walls, see Figure 7( A, B and C), while an increase in the value of B leads
to an increase in the number of bolus and nears to the centre, see Figure 7(D, E and F). An
increase in the value of M leads to increase in the number of bolus and disappear upward, see
Figure 7(G, H and 1). In the case of increasing the value of g, it leads to the separating of
boluses, and keeps away from the centre of the channel, see Figure 7(J, K and L). An increase
in the value of e implies that the bolus starts to separate from other and converge to each at the
canal walls, see Figure 7(M, N and O), when an increasing in the value of 2 leads to decrease
in the number of boluses and keeps away from each other toward of the canal of walls, see
Figure 7(P, R and S).
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Figure 7: Stream Function variation with different values of parameters
{B,=0.1,8= Pi/6,M =2.0,q = 0.2,2 = 0.2,¢ = 0.2}

6. Conclusions

1. In general, the velocity distribution is a parabola, as well as, the velocity increase if the values
of the Bingham number, flow rate and rotation are increasing, conversely an increase in the
values of (M, S, €) leads to a decreasing in the value of velocity.

2. Note that, the temperature profile is also parabola, when an increasing in the values of B, €
,q,0,M,B,,B.,S,,D,,and S, implies that increases in the value of temperature. However, it
decreases when an increase in the values of 8 and B.

3. The behavior of gradient pressure changes with changing the values of parameters, it is
observed that when an increase in the values of B,,, g, M, and F, leads to a decrease in the value
of gradient pressure. Otherwise, it leads to increasing in the value of the gradient pressure. .

4. The influence of different parameters on the local shear stress. It is obvious that increase in
the value of B,, € and M leads to an increase in the shear stress, see Figure 5 while a decrease
in the values of parameters g, Q and  implies that increases in the values of local shear stress.
5. In the case of concentration, it is observed that the increase in the values of parameters
B,,€,q9,M,Q,B,,PB.,S,,D, and S, lead to a decrease in the value of concentration, while it
increases when a decrease in the values of 5 and A.

6. Stream function, the number and size of the bolus are increasing and decreasing which
depend on the types of parameters when they are increasing or decreasing.

7. Physically, an application of this phenomenon appear in blood thrombus and locomotion the
bolus of blood.
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