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Abstract

The effect of couple stress, slip condition, changing rotation, and other variables on the
peristaltic flow of Powell-Eyring fluid in an inclined asymmetric channel with an inclining
magnetic field through a porous media is investigated in this study. Constitutive equations
obeying the Powell-Eyring fluid model are employed. In flow analysis, assumptions such as a
low Reynolds number and a long wavelength approximation are used. The stream function and
mechanical efficiency have closed form expressions devised. The stream function is expressed
mathematically. Through the collection of figures, the impact of various criteria is explained and
graphically represented Through the collection of figures, the impact has been explained of the
Hartman number (Ha), the Darcy number (Da), the inclination of the magnetic field (B), the
rotation (Q2), the porous medium parameter (w), the amplitude ratio (¢), the slip condition (5;),
and couple stress parameter (a) on stream function have been explained and graphically
represented by using the perturbation method which is analytic method. These numerical results
were achieved using the mathematical application MATHEMATICA.
Keywords: Couple stress, Magnetic felid, Peristaltic flow, Porous medium, Powell- Eyring fluid.

1. Introduction

Peristaltic pumping is a particular type of pumping that occurs when a variety of complex
rheological fluids may be easily transferred between two locations. The term “peristaltic” refers
to this method of pumping. The ducts through which the fluid passes undergo intermittent
involuntary constriction and then expand. As a result, the pressure gradient rises, causing the
fluid to move forward. After Latham's groundbreaking work(1) and because it is utilized in
biological, engineering, and physiological systems academics have become increasingly
interested in the different applications of peristalsis. Because it is utilized in biological,
engineering, and physiological systems, peristaltic transport has received significant attention in
recent years. Generally, the peristaltic wave’s circular contractions and the successive
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longitudinal contractions that occur during peristalsis are generated by the sinuses which
propagate along the fluid-containing duct. This technique is the basis for several muscular tubes,
including the gastrointestinal tract, fallopian tubes, bile ducts, ureters, esophageal tubes, and
others. Peristalsis is used as the basis for the creation of devices such as peristaltic pumps, roller
pumps, hose pumps, tube pumps, finger pumps, heart-lung machines, blood pump machines, and
dialysis machines. These applications include the transportation of aggressive chemicals, high
solid slurries, toxic (nuclear industries), and other materials. Moreover, non-Newtonian fluids
are better than numerous industrial and physiological processes that use Newtonian fluids.
Among the models of non-Newtonian fluids (which can exhibit various rheological effects), that
can be accessed is Powell- Eyring fluid. Although this model is more difficult mathematically
than models of non-Newtonian fluids, it deserves more attention because of its distinct benefits.
Numerous researchers have been interested in the Powell-Eyring fluid's peristaltic flow
mechanism since it was studied by Hina and Mustafa and Hayat and Alsaedi (2), Hayat and
Naseema and Rafiq and Fua (3), Hayat and Ahmed (4), Hussain and Alvi and Latif and Asghar
(5), and Ali and Ligaa (6). The static magnetohydrodynamic flow and heat transfer of an Eyring-
Powell fluid on an expansion plate with viscous dissipation were studied and numerically
explained (7). The exchange of thermal energy between different system components is referred
to as heat transfer. However, the medium's physical characteristics and the separate
compartments' temperatures affect the speed. In recent years, research (8—11) has been conducted
about studying the effect of heat transport on non-Newtonian fluids. In a tapered asymmetric
channel, the issue of peristaltic transport of an incompressible non-Newtonian fluid is examined
(12). With regard to well-established problems of the stir of semi-conductive physiological
fluids, such as blood and blood pump machines, magnetic drug forcing, and pertinent methods
of human digestion, the advantage of applied magnetic field (MHD) on peristaltic efficacy is
crucial (13). It is also helpful in treating gastroparesis, chronic constipation, and morbid obesity
as well as magnetic resonance imaging (MRI), which is used to identify brain, vascular diseases,
and tumors. A substance that has several tiny holes scattered throughout it is referred to as a
porous medium. In riverbeds, fluid infiltration and seepage are sustained by flows over porous
media. Important examples of flows through a porous material are those through the ground,
water, and oil. Oil is trapped in rock formations like limestone and sandstone, which make up
the majority of an oil reservoir (14). Natural porous media can be found in many different forms,
such as sand, rye bread, wood, filters, bread loaves, human lungs, and the gallbladder. Food
processing, oxygenation, hemodialysis, tissue condition, heat convection for blood flow from
tissues' pores, and radiation between the environment and its surface all depend on the action of
heat transfer in the peristaltic repositioning of fluid (15-18). Research into fluid peristaltic
transfer in the presence of an external magnetic field and rotation is necessary for many issues
involving the flow of conductive physiological fluids, such as blood and saline water (19,20). A
variety of values are used for the rotational parameters, the porous medium, density, amplitude
wave, and taper of the channel, as well as a variety of values for the Hartman number and Darcy
number, to study the effects of varying the velocity and pressure gradient. The ability to
characterize theologically complicated fluids like liquid crystals and human blood makes the
study of pair stress fluid extremely helpful in understanding a variety of physical issues.Couple
stress fluid refers to a specific type of non-Newtonian fluid in which the size of the fluid's
particles is taken into consideration. Recent researches on the couple stress fluid has been
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conducted (21-24). This study's goal is to examine the couple-stress, slip condition, and rotation
impacts of Powell-Eyring fluid peristaltic transport in porous media under the combined
influence of inclined MHD. Where it was observed that increasing the values of the couple stress
coefficient (o) leads to an increase in the size of the bolus trapped and approaching the channel
wall, while the increases in the values of rotation () led to a decrease in the size of the bolus
trapped and moving away from the channe walls and when the values of the slip condition (5;)
decrease leading to the decrease in the size of the trapped bolus and moving away from the
channel walls.

2. Materials and Methods

2.1. A mathematical formulation for asymmetric flow

Consider the peristaltic motion of an incompressible Powell-Eyring fluid in a two-dimensional,
asymmetric conduit with a width of (d'+d). An endless sinusoidal wave traveling along the channel walls
at a constant forward speed (c) is what generates flow. The geometry of the wall structure is described
as:

By (%D = d—aysin [T X~ D] €
h,(X,t) = —d’ — a, sin [27“ X—cb)+ db] 2
Inwhich h,(x,t), h,(x,t) are the lower and upper walls respectively, (d, d")denote the channel
width, (a4, a,) are the amplitudes of the wave, (1) is the wavelength, (c¢) is wave the wave speed,
(P) varies in the range (0 < ® < ), when @ = 0 is a symmetric channel with out-of-phase
waves and @ =  waves are in phase, the rectangular coordinate system is chosen so that the
X — axis is in the direction of the wave's motion. and the Y — axis perpendicular to X, where ¢

is the time
Further a;,a,,d,d" and & fulfill the following condition:

a? + a2 + 2a,a, cos® < (d + d')? (3)
The Cauchy stress tensor T for a fluid that obeys the Powell- Eyring model is given as follows:-

T=-PI+S 4)

Figure 1. Coordinates for Inclined Asymmetric Channels in Cartesian Space

S = [u + ésinh‘1 (i)] Aiq (5)
y= [tras(An)? (6)
Ay = VW4 (VYWN)T 7

Where S is the extra stress tensor, | is the identity tensor, V= (89X, dY, 0) is the gradient vector,
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(B, cy) are the material parameters of Powell-Eyring fluid, P is the fluid pressure, and u the
dynamic viscosity. The term sinh™?1 is approximately equivalent to

inh~1 (L) = X _ ¥ Y_
sinh (Cl) = T eed ees <1 (8)
The flow is governed by three coupled nonlinear partial differentials of continuity, momentum,

and energy, which are expressed in frame (X,Y) as
a0 | oV

xTaw=0 ©)
9U L g9l gb) _ O +2%) = _9P_ 95 95y

p (af +US+ Va?) pQ (QU + 2 af) = -zttt — 0B, cosP(UcosP — Vsinp)

—% U — 1, V*U + pgsina* (10)
oV, =V oV o, o 0V\ _ 0P 95y asYY 2 oo o

p (af +tU-+V— ) pQ (QV + 2 af) = -t t— —bo sin(Ucosf — Vsinf3)

—% V- u1V4V+pgcosa (11)

o (54054 V2T -k (e ) T G+ 2 28] 0

Let V2= (ﬁ + a;) then V4= (V2)2
Where p is the fluid density, V = [U, V] is the velocity vector, P is the hydrodynamic pressure,
Szz,Sxv,and Syy are the elements of the extra stress tensor S, o is the electrical conductivity, 3,
is the constant magnetic field, g is the inclination of the magnetic field,  is the rotation Cp is
specific heat, k' is the thermal conductivity, T is a temperature, and u for viscosity.

Listed below are the parts of Powell-additional Eying's stress tensor, as described by Equation (5)

Sxx =2 (n+ " —)Ug - 3BC L [ZUX + (Vg + Ug)? + 2| Ug (13)
Sxy =2 (n+5¢) (Ve + UY) 5 [20° + (W + Up)? + 2% (g + Ug) (14)
Sy =2 (n+ o =)V - 3BC L [ZUX + (Vg + U)? + 2" | (15)

Natural peristaltic motion is an erratic occurrence, but it applying the transformation from the
laboratory frame, stability can be assumed (fixed frame) (X, Y)to wave frame (move frame) (x, y).
The subsequent transformations determine the connection between pressure, velocities, and
coordinates in a laboratory frame (X,Y) to wave frame (&, y)
x=X—-cy=Y,u=U—-¢cv=V,pEy) =PXY,D (16)
Where # and v represent the velocity factors and p represents the pressure in the wave frame.
Now that Equation (15) has been substituted into Equation (1), (2), and (9) —(14), the resulting
equation has been normalized using the non-dimensional variables shown below:

1 _ _ 1 _ d? _ c - d pcd

X=-%y= y,u—z v=gv,p=/wcp,t=zt h, = hl,hz hz,S—E = L

koo _w(cy _ _ T-To _p B

Ha = \fﬁo,Da_d— == A=Y(5) T=T-To0=1=2, Fr=0,p =5,
d d

Sxx = e SXX1 Sxy SXYi Syy Eg?ﬁ_{ (7
Where, (8) is the wave number, (h,) and (h,) are non-dimensional lower and upper wall surfaces
respectively, (Re) is the Reynolds number, (Ha) is the Hartman number, (@) is the amplitude ratio,
(w) is the non-dimensional permeability of the porous medium parameter, (Da) is the Darcy
number, (A) is the Powell-Eyring fluid parameter, (T,) and (T;) are the temperatures at the upper

and lower walls, (Fr) is the Froude number and («*) inclination angle of the channel to the
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horizontal axis.
Following that is

h;(x,t) =1 —asin(2mx), a = %1 (18)
hy(x,t) = —d" — bsin 2mx + ®) ,b=2 ,d" =& (19)
Where a, b, d*, and satisfy Eq.3, then
a’+b% + 2abcos ® < (1 + d*)? (20)
du 6V
wta =0 (21)
R 6<6u+ ou 6u> pdzﬂ( 266 av) _op e 0 s 4 0 P

5t " x Ty ST 9t) T Tax T ax o Ty Cw

4 a 2 4— 64
—Ha? cosB (ucosf — 8vsm[3)——u——(8 — 1t 28 ax20y2+ﬁ)u+
Re . 3 (0V ov\  pd2Qs Sc V) _ _0p , o3 0
rosina (22)Red® (5 +ud +vE) —EER(dv + 27 5) = L4 8 1 S, +87 Sy,
+Ha? sin 8 (6ucosB—62vsinB) —52L V—E(S“a—+282 04 +a—4)v+
Da oc2 ox* 0x2 gy? = oy*
SECOS a* (23)
26 1( 5 2 226 2 %0 5 OV 2 2

Res (5 +u—+v5) ~ (28?23 +5 +— )+ Ec [ 5&) +28% () +

2 v
267 (2) ] (24)

ou au\? ov du
sxx=2(1+w)a—x—2A[252 (&) + (240 ) +28° (2) ]a— (25)
— 29V f’_u _ 2 ou ou | <2 0v 2 (0V\?*] (g20v  ou
S = (1 +w) (822 + A[28 +(ay +5 ) + 262 (7 )](5 22 ()
ovy 2 du 2 av 2
Sy, = 2(1 + )( ) 2A8 [25 g (ay +5 ) +28 (ay) ] 27

In previous equations, Pr is the Prandtl number, Ec is the Eckert number and 0 is the dimensionless
temperature.

Following are the relations between the stream function (y) and velocity components:

ow v
u=ov=—oo (28)
Substituting Equation (28) into Equations (21) to (270, noting that the mass balance displayed by

Equation (21) is similarly satisfied, produces the consequence that Equation (28) is satisfied.
Re 8( 3w aSqJ)_den(Qalp 8¢ azly) ap+82—SXX+ Sy—

atay 6x6y2_6x6y2 W ay d otox
2 kg % )_La_“’_i( 4 0% 20 3_4)6_“’ Re
Ha cosB(ay cosp +38——sinf Dady o2 6% +26 axzayz+ay Pl sma
(29)
3(_0*% v 03‘{’)_pd298(_ w8 62‘}’)_ 2_
Re & ( tox 0x2dy 0x2dy M 05 ax 2d atox) ay +3 SX-V+8 SY-V+
or 2_ 2 1 6‘{’ ( 4 0% 2 _)0_\{1
Ha? smB(S cosB+6 51nB)+8 oion T 8" —+ 26 6x26y + Pl
82 cosa’ 9 (30)
Fr
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Res (2 _“’___W_) e e [
26 (53) + 2 (53 | @)
S = 2(1 + )—— [ o ay (‘Zy ~ 522 ‘”) + 282 (%)z] (32)
Xy_(1+w)( a—‘p+a—q’ A[ZS2 %) ( 826‘P+826‘P) +
2 2
82(;1—;‘;)]( o+ 557) @)
Syy = —2(1 + )8——2A6 [252 ;;"y) + (‘;7 52 ‘;) + 282 (;’X;’y)z]( axay) (34)
Now, the Equations (29- 34) become the form when (Re and § « 1) are present:
—pdiﬂzz—j=—g—i+;—y5 (Ha cos? B + )Z—‘:—ég‘y+&sma (35)
—3—5 =0 (36)
3272 — _Ec.Pr ("2 ) 37)
While the component of the extra stress tensor becomes the form of
Sy = 2(1 + W)~ "2—‘*’ —2A (‘;y“’)2 a"x—:’y (38)
Sy = (1+W) (Zz‘i’) A(ZEy (39)
Syy =0 (40)

Also, if Equation (39) is entered into Equation (35) as well as the derivative with respect to y and
by (w+1) is taken, then the following equation is obtained:

oty 9% [(0%w 1 9%y
T () — (G- = 0 (41)
Where

_ Ha? cos? B+%——pdinz 1

o w+1 T w

F o¥ F 0¥

alp 2y ov GENY
ay Blay :_1 aty=h1 ,_+8162:_1 aty:hz (43)
AR Y iR Y

In the wave frame, the dlmen5|onless volume flow rate and boundary condition are as follows:

F represents the dimensionless temporal average flow in the wave frame. Through the expression,
it is related to the dimensionless temporal mean flow rate (Q) in the laboratory frame
Q=F+1+d" (45)
2.2 .Effect of a couple — stress

In this part, a relationship between the pair stress parameter (o) and the material fluid parameters
(A) would be found. The relationship will help us in simplifying the problem’s solution. Because
of the use of the perturbation method in solving the stream function, and to see the impact of every
parameter contained in the problem, the zero and first-order solutions must be found. However,
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we just need to find the zero-order utilizing the relationship between the pair stress parameter and
the material fluid properties. Fluid parameters from a substance with no dimensions:

2

_Wwic
Let A= 6 (cld)
Then

w c
d= [=(5) (46)
Since

— i

a=d o 47

Substitute Equation (46) into Equation (47), we get

«= () (48)
2 2

=) 5=TR(2) “9)
2.3.Solution of the problem
By using Equation (45) with Equations (35 — 40) and boundary conditions (42 — 44) and since
& < 1, and using the approximation of a long wavelength and a low Reynolds number. For the
appearance of the couple stress parameter in the equation, the solution is limited to the zero order
by giving all the parameters required to solve the problem and find the results, we get the motion
equation in terms of stream function which is

Wyyyy — Wy — 5 Py = 0 (50)
The straight forward formula for the momentum equation’s solution is

_ V2ePlYC1  2e7PW(C2 | v2eP?YC3 | V2e P?Y(C4

¥ =+2( Tttt ) +(5+yC6b (51)
Where

aZ- /az(a2—4<n)
pl= =

aZ+ [a?(a2—-4Tn)
p2="—3p3
p3 = a?—Jo2(02-4ln) |a?—/a*-4a2ln

n n
p4‘ — \/(X2+\/O(2120(2—4-C‘q) \/O(2+\/a:—4o(2(n
Within the fixed frame, the axial velocity component is expressed as
u(x,y,t) =¥ (52)

Now, substitute equation (39) into equation (35), we get
] 1 Re .
£ =W+ DY), —(w+ 1DV, - E‘Pyyyyy + F—isma (53)

3. Results and discussions
This section displays the stream function by using the MATHEMATICA software. A
fascinating occurrence happens in peristaltic flows, where the closed stream function traps a
quantity of fluid sometimes referred to as bolus inside the channel adjacent to walls, and moves in
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the direction of wave propagation. The stream function is plotted for various values of the Hartman
number (Ha), the Darcy number (Da), the inclination of the magnetic field (p), the rotation (Q2),
the values of the porous medium parameter (w), the amplitude ratio (¢), the slip condition (S,),
and the couple stress parameter («) in the asymmetric channels illustrated in Figures (2-9).
Figures (2, 4 and 9) display the increases in the values of Hartman number (Ha), the inclination
of magnetic field (5), and the couple stress parameter («) leading to the increase in the size of the
trapped bolus and approaching to the channel walls.
Figures (5, 6) illustrate the increases in the values of the rotation (€2) and the values of the
porous medium parameter (w) led to the decrease in the size of the trapped bolus and the move
away from the channel walls.
Figure 3 demonstrates how the confined bolus's size has increased and its approach from the
channel wall is caused by a drop in the values of the Darcy number (Da).
Figures (7, 8) show how decreasing values of the amplitude ratio (¢) and the slip condition (f;)
caused the trapped bolus to shrink and move away from the channel walls.

25 e 1

3

@) ®) ()
Figure 2. Stream function variation for different (a) Ha=7.5, (b) Ha=8, (c ) Ha=8.5 when, 8 = 2.5,Da = 10,p =
0.7,d =5 0=15u=3,w=0.01,¢ =25a=04b=06,d, =05F =09, =4a =06

20w e 20 e ‘ """" =

2.0

X
@) ®) (©)
Figure 3. Stream function variation for different (a) Da=10, (b) Da=1, (c ) Da=0.5 when Ha = 7.5, = 2.5,p =
0.7,d=5 0=15u=3w=001,¢=25a=04b=06d, =05F =09, =4a=06
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1
-35
X

! 5 40 a5 ,

X
(@ (b) (c)
Figure 4. Stream function variation for different (a) g = 2.5, (b) p=2.6, (¢ ) p=2.7 when Ha = 7.5,Da = 10, p = 0.7,
d=50=15u=3,w=0.01,¢=25a=04b=06d, =05F =09, =4,a=0.6

-20[; -20F; -2.0f;

1 | | - I I I | I | 1 L 1 FIREY |
=35 3 . L x -5.0 -4.5 -4.0 =35 -3.0 -25 =20
X X X

(@ (b) (c)
Figure 5. Stream function variation for different (a) 2 = 1.5, (b) Q=1.55, (¢ ) Q=1.6 when Ha = 7.5,8 = 2.5, Da =10, p =
0.7,d =5pu=3,w=0.01,¢ =25a=04b=06d, =05 F =09, =4a =0.6

e

@) (b) (c)
Figure 6. Stream function variation for different (a) w=0.01, (b) w=0.41, (¢ )w=0.81 when Ha = 7.5, f = 2.5, Da = 10,
p=07,d=50=15u=3,¢=25a=04b=06,d, =05F =093, =4, =06
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-2.0f;

25k

35 30
X X
(@) (b) (c)
Figure 7. Stream function variation for different (a) ¢ = 2.5, (b) $=2, (c) ¢=1.5when Ha = 7.5, = 2.5, Da = 10,
p=07,d=50=15u=3,w=001,a=04b=0.6d, =05 F =09, =4a=0.6

Y 0 L S N 0F

20

I I I g il 1]
5.0 45 4.0 35 -3.0 2.5 2.0
X

X
(@) (b) (c)
Figure 8. Stream function variation for different (a) 8, = 4, (b) f; = 3.5,(c) 5, = 3whenHa =7.5,8 = 2.5,Da = 10,
p=07d=5020=15u=3,w=001,¢=25a=04b=06d, =05F=09,a =06

4.Conclusions
This study examines how coupling stress, slip condition, and rotation affect the peristaltic
movement of a Powell-Eyring fluid through a porous medium that is vulnerable to inclined MHD
and heat transfer. The asymmetric channel is formed by selecting peristaltic waves with varying
amplitudes and phases on the non-uniform walls and a low Reynolds number. The formulas for
stream function are produced. Multiple graphs are utilized for parameter analysis:
When the values of the Hartman number (Ha), the inclination of the magnetic field (B), and the
couple stress parameter (o) increase leads to an increase in the size of the trapped bolus and
approaching the channel wall's, while the increases in the values of the rotation (2) and the values
of the porous medium parameter (w) led to the decrease in the size of the trapped bolus and move
away from the channel walls. While, when the values of the Darcy number (Da) decrease leading
to the increase in the size of the trapped bolus and approaching the channel walls, the opposite
occurs when the decrease values of the amplitude ratio (¢) and the slip condition(f;).
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