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This article aims at analyzing the electro-magnetohydrodynamic
(EMHD) flow of a biviscosity fluid in a peristaltic endoscope and through
a porous medium. Both the inner and outer tubes have sinusoidal wave
traveling down their walls where there is a coupling between the occlusion
of the outer tube and the radius ratio. The analytical solutions are found
under long wavelength and low Reynolds number assumptions. The influ-
ences of the electrical field strength parameter H, Hartmann number M,
upper limit apparent viscosity coefficient 5, Darcy number Da, occlusion ¢
and the radius ratio n on the axial velocity w, pressure gradient %, pres-
sure rise Ap, and on mechanical efficiency E are discussed through graphs.
The results show that E increases with increasing all parameters except the
Hartmann number. Moreover, the peristaltic pumping regions, the pres-
sure rise for zero flow rate, and the flow rate in the absence of a pressure
rise are graphically discussed.
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1. Introduction

Peristaltic pumping or peristalsis is a fundamental biomechanical mech-
anism when the fluid is transported by a progressive wave of contraction
and expansion of the muscles which pumps this fluid. This phenomenon
is used in the physiological vessels such as oesophagus, stomach, intestines,
sometimes in the ureters, and blood vessels (arteries, veins, capillaries etc.).
Due to the importance of peristalsis, it has become the object of scientific
research, since the first investigation of peristaltic transport for a Newtonian
fluid by Latham [1]. For non-Newtonian fluids and in different geometries,
several researchers have attempted to analyze this type of flows. For exam-
ple, Fung and Yih [3] have studied the peristaltic pumping of a viscous fluid
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in a channel. Srivastava et al. [4] have analyzed the peristaltic transport of
a physiological fluid of variable viscosity in a non-uniform tube and channel.
Abbasi et al. [5] have studied the peristaltic transport of an aqueous solu-
tion of silver nanoparticles with convective heat transfer at the boundaries.
Shahzadi and Nadeem [6] have analyzed the impact of curvature on the
mixed convective peristaltic flow of shear thinning fluid with nanoparticles.
Hayat et al. |7] have investigated the peristaltic mechanism of a compressible
Jeffrey fluid in a circular tube. The interaction of peristaltic transport with
the pulsatile flow of a Maxwell fluid in a tube has been analyzed by Rachid
and Ouazzani [8]. Recently, the effect of an inserted endoscope on peristaltic
pumping has been studied in several articles. Akbar and Nadeem have ana-
lyzed the peristaltic flow of a Jeffrey fluid or of a nanofluid in an endoscope,
respectively |9, 10]. The peristaltic transport of a Newtonian fluid through
a uniform and non-uniform annulus has been presented by Mekheimer [11].
El Misery et al. [12] have examined the effects of an endoscope and variable
viscosity on peristaltic motion. Rachid et al. [13] have analyzed the inter-
action of pulsatile flow and peristaltic transport of a Newtonian fluid in an
endoscope. In all these studies, the endoscope is supposed rigid and uniform.
For a deformable endoscope, Rachid and Ouazzani [14] have examined the
peristaltic flow of a Newtonian fluid when the phases and the mean radius
of the tubes are different.

Microfluidics plays an essential role in science and technology of ma-
nipulating and controlling fluids. It is very attractive for both academic
researchers and industrials because of the wide range of applications such
as electroosmosis micropumps [15-17|, electrohydrodynamic micropumps
[18-20] and electro-magnetohydrodynamic (EMHD) micropumps [21-23].
Recently, some researchers have studied the effect of a magnetic field (MHD)
on peristaltic transport. For example, Eldesoky [24] has investigated the in-
fluence of slip conditions, body acceleration and a magnetic field on unsteady
peristaltic flow through a porous medium in an artery. The MHD peristaltic
transport of the Eyring—Powell fluid with heat/mass transfer, wall proper-
ties and slip conditions has been studied by Hina [25]. Hayat and Hina
[26] have studied the influence of wall properties on the MHD peristaltic
flow of a Maxwell fluid with heat and mass transfer. Another investigations
dealing with the impact of magnetic field on peristaltic pumping are cited
in Refs. [27-30]. In all these investigations, the electric field has not been
taken into account. In this paper, we analyze the influences of a magnetic
and an electric fields of a biviscosity fluid in a peristaltic endoscope through
a porous medium. We suppose that the occlusion of the outer tube is coupled
with the mean radius of the endoscope. The impact of physical parameters
on pumping characteristics are discussed through graphs.
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2. Formulation and analysis

Let us consider the EMHD flow of an incompressible and electrically con-
ducting biviscosity fluid with density p and electrical conductivity o through
the gap between two coaxial peristaltic tubes. Both the inner and the outer
tubes have sinusoidal waves traveling down their walls (¢f. Fig. 1).

®R,U)
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Fig.1. Geometry of the problem.

In the fixed frame (R, 6, 7), the geometry of the walls surfaces are de-
scribed as

_ 2 _ _

Ry = a+b sin ;(Z—ct),

_ _ 2 _ _

Ry = n Ry =na+ nbsin ;(Z—ct), 0<n<1l1, (1)

where a is the radius of the outer tube at inlet, b is the wave amplitude, A is
the wavelength, ¢ is the propagation velocity, t is the time.

The flow is driven by the Lorenz force, JxBi in the e.-direction generated
by the interaction between the magnetlc field B(O By, 0) and the electric

field E(Ey,0,0), where J = o(E + V x B) denotes current density and

V(U V, W) is the vector velocity in the fixed frame.
The constitutive equations for incompressible biviscosity fluids [31, 32]
are defined as follows:

2 (ug +py/V2m)ey, >,
T =
2(;43 +py/\/27rc)eij, T < T,

where g is the plastic viscosity of the fluid, p, is yield stress and 7 = e;;,
e;j is the (7,7) is the component of deformation rate with

1 81)@» avj
= 5 (8333 + 8.%1) ' (3)

(2)
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We introduce the following non-dimensional parameter 3 = p3v/27/py
which denotes the upper limit apparent viscosity coefficient. For the ordinary
Newtonian fluid, p, = 0.

In the fixed frame (R, Z), the flow is unsteady but if we choose moving
coordinates (7, Z), then the flow can be treated as steady. The coordinates
frames are related through

T=R; z=17—ct; p=P; (4)

u(r,z)=U (R, Z —ct) ; w(F,z2) =W (R,Z—ct) —c, (5)

where (u,w) are the radial and axial components of velocity in the wave
frame.

Taking into account the magnetic Lorentz force, the equations governing
the EMHD fluid flow in the wave frame are:

ou  u Ow

it =0 ©)

ou  ou]l  9p 19 o\ 08
p[uar+w82} N 8r+f677(r ) FER T Q

ow  _ow|  Op 10 , 053z
p[uaf—i—waz} = —é‘k%% (TSTZ) 07

+0EOBO(UB§+:>(1U+1), (8)
0

where S is the extra stress tensor, p is the pressure and kg is the permeability
of the porous medium.
Here, we use the following dimensionless quantities:

z T ct A\ w a’p
L= 2. o M L2 .
A a’ A ac’ ¢’ P ppAe’
Q q aS b a
_ . _ . _ 92 — . 5=
@ wea?’ mwea?’ ppe’ ¢ a’ A
1 1/2 B 1/2
Da = ~—0; Re=%; M:aBo<U) ; H:ao(“> ,(9)
a 1s u c \u

where () and ¢ are the flow rates in the fixed and in the wave frames, re-
spectively. ¢§ is the dimensionless wave number, Re is the Reynolds number,
Da is the Darcy number, M is the Hartmann number, H is the electrical
field strength parameter, ¢ is the amplitude ratio with 0 < ¢ < 1.
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Using the above non-dimensional quantities and under the assumptions
of long wavelength approximation (i.e., § < 1 or A > a) and low Reynolds
number (i.e., Re — 0), the continuity equation is satisfied, and the equations
of motion (6)—(8) can be reduced to

8p ~0.

w Op
7“87"(8)_ +1)—a&—aHM (10)

+u+ —0;
or 0z ’

1

dN?=a M*+ — ).
5™ oo 55)
The boundary conditions which describe the velocity are

here, a =

(11)

w=—1 at r=r; =n+ngsin(2nz),
w=-1 at r=ry =1+ ¢sin(27z).

From the expression of 1, it appears clearly that there is a couphng between

the occlusion of the outer tube ¢ and the radius ratio n = iy
T2

Integrating (10) and using the boundary conditions (11), we obtain the
following solution:

a {gp - MH}
w(r, Z) =—-1+4+ e <A1[0(N7") + AQK()(NT) — 1) (12)
with
A — Ko(Nry) — Ko(Nr1)
LT Io(Nr)Ko(Nra) — Io(Nra)Ko(Nr1)
A — Iy(Nry) — Ip(Nrs) (13)
> 7 Io(Nr)Ko(Nra) — Io(Nr2)Ko(N71)

where Ij is the modified Bessel function of the first kind of the order of 0,
Ky is the modified Bessel function of the second kind of the order of 0.
The instantaneous volume rate of flow in the fixed frame is given by

Q(Z,t)—Q/WRdR—q—l—(r%—r%)—q+(1—n2)r§. (14)

T1
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We calculate the time-averaged flow rate as follows:

Q—/lQ(Z,t)dt—q+(1—n2) <1+q;2>, (15)
0

where ¢ is the volume rate of flow in the wave frame, and it is given by

T2

q—2/wrdr. (16)

1

Introducing velocity (12) into (16), we find

g = s [BP_MH] (13— = e [%—MH] —(1-n?)2 a7

N3 |0z N3 |0z
with
Az =roli(Nry) —ril1(Nry); Ay =71 K1 (Nr) —roK1(Nra); (18)
A5:T%—T%; Ag =2A1A3 +24A2A4+ NAsg.

Using (14) and (15), from Eq. (17), we find the pressure gradient as
follows: ,
ap NQ+0-n?)(F-1-%

2L - o ﬂ + MH. (19)

The pressure rise Ap across one wavelength, in its non-dimensional form,
is given by

1
dp
Ap= | — dz. 20
= [ (20)
0
Introducing (19) into (20), we obtain the following expression of the pressure
rise:
N3 f Q+ (1—n? (7"%—1—%2>
Ap:/ dz+ HM . (21)
(&% AG

0

The mechanical efficiency is defined as the ratio between the average rate
per wavelength at which work is done by the moving fluid against a pressure
head and the average rate at which the walls do work on the fluid [33]. We
obtain the expression of the mechanical efficiency as follows [34]:

QAp

E = ,
[Ap (r2 —11)%_g) + FO 4 FO) 4 27

(22)



Electro-magnetohydrodynamic Peristaltic Pumping of a Biviscosity Fluid ... 1521

where F©) and F() are the frictional forces on outer and inner tubes across
one wavelength, respectively. They are given by

1
F© = / —r dj (23)
0
1 1 5
FO = / ch = n? / —r%di; dz = n?F©) (24)
0 0
and
/ 0 / 0
I= /rlrgai dz = n/r%ai dz = —nF(© (25)
0 0

Then the mechanical efficiency becomes

QAp

E =
{AP ((1- n)T‘z)?zzO) + (n — 1)2F(0)

(26)

3. Results and discussions

The graphical results of the peristaltic characteristics versus different
embedded parameters and the physical interpretation of these results are
presented in this section. Before, we note that when S — oo, Da — oo,
H =0, M =0 and n = 0, we find the results of Shapiro et al. [33].
Figures 2 (a)—(f) display the variations of the axial velocity w with respect
to the radial r. These figures show that w increases with increasing the
electrical field strength parameter H, Hartmann number M, upper limit
apparent viscosity coefficient 8, Darcy number Da, occlusion ¢, while it
decreases with the increase in the radius ratio n.

0
The pressure gradient a—p has been plotted in Figs. 3 (a)—(f). First, these
z

0
figures show that 9P is small in the large gap between the two tubes, whereas

it is big in the narrgw part. Figures 3 (c), (d) show that Da and 8 reduce the
pressure gradient. From Figs. 3 (a), (b), (e), one can observe that an increase
in H, M and n enhance the pressure gradient. It can be analyze from
Fig. 3 (f) that the occlusion increases the pressure gradient in the narrow
region, while we observe the opposite behavior in the large region.

The influences of the physical parameters on pressure rise Ap versus the
time-averaged flow rate @) are presented in Figs. 4 (a)—(f). From Figs. 4 (a), (b),
it can be seen that for different values of £ and ¢, respectively, the curves
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Fig.2. Axial velocity % = 2 (a) for different values of H when M =5, Da = 0.5,
B =05 n =03 and ¢ = 0.0.35; (b) for different values of M when H = 2,
Da = 0.5, 8 =0.5,n = 0.3 and ¢ = 0.5; (¢) for different values of Da when H = 2,
M =15,8=0.5n=0.3and ¢ = 0.35; (d) for different values of 8 when H = 2,
M =5,Da=0.5,n=0.3 and ¢ = 0.35; (e) for different values of n when H = 2,
M =5,Da=0.5, 5=0.5and ¢ = 0.5; (f) for different values of ¢ when H = 2,
M =5,Da=0.5, 3=0.5and n = 0.3.

02 08

Fig.3. Pressure gradient for Q = —2 (a) for different values of H when M = 5,
Da = 0.5, 8 = 0.5, n = 0.3 and ¢ = 0.0.35; (b) for different values of M when
H =2 Da=0.5,8=0.5,n=0.3and ¢ = 0.5; (c) for different values of Da when
H=2 M=5=0.5,n=0.3and ¢ = 0.35; (d) for different values of 5 when
=5, Da=0.5,n = 0.3 and ¢ = 0.35; (e) for different values of n when
=5, Da=0.5, 8 =0.5 and ¢ = 0.5; (f) for different values of ¢ when
=5,Da=0.5 6=0.5and n=0.3.
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intersected in the co-pumping region (Ap < 0) i.e., the pumping region, the
flow rate Q¢ for zero pressure rise and the pressure rise Apg for zero flow
rate increase simultaneously when H and ¢ increase. Figures 4 (c)—(f) show
that for different values of n, M, 5 and Da, the curves are intersecting in the
pumping region (Ap > 0). One can see that Apg increases and @)y decreases

with increasing n and M, while the opposite behavior is observed wversus
and Da.

b —0=03
( ) = =0=0.35

- - -0=04

0005 01 015 02 gozs 03 0% 04 o045 0 02 04 o 08 08 1 % 005 o1 o1 02g02 03 0% 04 04

(d)

( f ) —— Da=005
- = Da=0.1
- - =Da=0.5

"o 005 o1 015 02025 03 035 04 045

Yo 005 01 o015 02 025 03 035 04 045 Yo 005 01 015 02 02 03 03 04 o045
Q Q

Fig.4. Pressure rise (a) for different values of H when M =5, Da = 0.5, 8 = 0.5,
n = 0.3 and ¢ = 0.0.35; (b) for different values of ¢ when H =2, M =5, Da = 0.5,
B = 0.5 and n = 0.3; (¢) for different values of n when H =2, M =5, Da = 0.5,
B =0.5and ¢ = 0.5; (d) for different values of M when H =2, Da = 0.5, 8 = 0.5,
n = 0.3 and ¢ = 0.5; (e) for different values of § when H = 2, M = 5, Da = 0.5,
n = 0.3 and ¢ = 0.35; (f) for different values of Da when H =2, M =5, § = 0.5,
n = 0.3 and ¢ = 0.35.

In order to investigate the mechanical efficiency of the pump in the peri-
staltic pumping region, we recall that this region is defined when the flow
rate (Q and the pressure rise Ap are positive. It extends from zero flow to
the maximum flow rate Qg i.e., zero pressure rise. From Eq. (20), we find
the expressions of Apg and (g as follows:

N3
Apy=—hL +HM,
a

(27)
1 MH
QO - _TQ <Il + a]\]3>
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with

1
— dz.

Plots in Fig. 5 illustrate Apy and Qg over the whole possible range of
the occlusion i.e., ¢ = 0 (no peristalsis) to ¢ = 1 (complete occlusion).
This figure reveals that for ¢ = 0 and Apy = 0, there is no flow @y = 0.
In addition, when ¢ — 1, Q¢ is maximum i.e., all the fluid contained in
one wavelength must be transported at speed ¢, whereas Apg — oo. When
0 < Q < Qq, the peristaltic wave serves as a pump in the range where the
mean flow is in the direction of the pressure rise. Figure 5 also shows that
the flow rate )y for zero pressure rise decreases with the increase in radius
ratio n.

. ()
x 10
2 ‘ A 1.25
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-
16F . 1
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.
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0 _ ) ) 0
0 0.2 0.4 0.6 0.8
0

Fig.5. Flow rate 6y, for zero pressure rise, and pressure rise Apg, for zero flow
rate, both as functions of amplitude ratio ¢; effect of n on 6y when H = 2, M =5,
Da=0.5 and § =0.5.

In Figs. 6 (a)—(f), we display the behavior of the mechanical efficiency E

versus the ratio of time-averaged flow rate @ to Qq (i.e. %) It is observed
that £ = 0 for % = 0 (i.e., no flow) and for % =1lor @ = Qo (i.e, no

pressure rise Ap = 0). It can also be seen that the mechanical efficiency F
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increases from zero to a maximum in a certain value of the ratio %, then
it decreases to zero. In addition, the mechanical efficiency F follows the
same variation of the flow rate @ in the free-pumping region (Ap = 0) i.e.,
F increases with increasing H, ¢, n, 8 and Da, while it decreases with the
increase of M.

—H=1 (a) —0=03 (b) 06| ——n=0.25 (c)
06 | = = H=2 Al 08F| = = =035 “tel == n=03 -
- --H=3 Lo AN - - -0=04 ’/' .. 05k~ = ~n=035

0 02 04 08 08 1 o 02 04 06 08 1 o 02 04 06 08 1

osf | ——M=4 (d) —p=0.2 (e) —— Da=005 (f)
- - M=5 - - p=0.5 R N - = Da=0.1
osk|= = ~M=6 = ---p=5 RIS SN - - -Da=0.5

0 02 0.4 06 0.8 1 0 0.2 04 06 08 1 o 02 0.4 0.6 0.8 1
e, 0, e,

Fig.6. Mechanical efficiency (a) for different values of H when M = 5, Da = 0.5,
8 =0.5,n=0.3 and ¢ = 0.0.35; (b) for different values of ¢ when H =2, M =5,
Da = 0.5, 8 = 0.5 and n = 0.3; (¢) for different values of n when H =2, M =5,
Da = 0.5, 8 = 0.5 and ¢ = 0.5; (d) for different values of M when H = 2, Da = 0.5,
8 =0.5,n=0.3and ¢ = 0.5; (e) for different values of § when H = 2, M = 5,
Da = 0.5, n = 0.3 and ¢ = 0.35; (f) for different values of Da when H =2, M =5,
B =0.5,n=0.3 and ¢ = 0.35.

In Figs. 7 (a)—(c), we plot the results of peristaltic flow for a biviscosity
fluid compared to a Newtonian fluid in the cases of deformable, rigid and
without endoscope. This comparison shows that the pressure gradient, the
pumping region and the mechanical efficiency follow the same variation.
These pumping characteristics are greater for a biviscosity fluid than those
for a Newtonian fluid. It can also be seen that these physical quantities
are smaller in the case of absence of an endoscope than in the case when
an endoscope is inserted.aFinally, one can observe that the deformation of

p

3 Ap and the pumping region.
z

endoscope walls reduces
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—— without endoscope/Newtonian fluid

mo\ —— without endoscope/biviscosity fluid -
2000 —— rigid endoscope/Newto fluid

GO\ —— rigid endoscope/biviscosity fluid

w \ —— peristaltic endoscope/Newtonian fluid 02|
1500 —— peristaltic endoscope/biviscosity fluid

(b) (c)

- o 02 04 06
0 02 04 06 08 1 0 01 02 03 0.4 05 o,

1

Fig. 7. Pressure gradient, pressure rise and mechanical efficiency for the Newtonian
and biviscosity fluids in cases without endoscope, with rigid one or deformable one
when H =0.5, M =5, =5 and ¢ = 0.4.

4. Conclusions

The present investigation discusses the effects of electric and magnetic
fields on peristaltic pumping of a biviscosity fluid between two coaxial peri-
staltic tubes and through porous media. The problem has been solved under
long wavelength and low Reynolds number assumptions. It is observed that
the electrical field strength parameter H, upper limit apparent viscosity co-
efficient 8, Darcy number Da, occlusion ¢ and the radius ratio n enhance
the pumping and the mechanical efficiency, while the Hartmann number M
reduces these pumping characteristics. Moreover, the comparison with a
Newtonian fluid in the cases of absence of an endoscope and in the presence
of a rigid or a deformable one has been analyzed in this study.
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