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Abstract

The objective of the present study is to investigate the effect of electro-magnetic field and heat transfer on the oscillatory
flow of a dielectric fluid through a Darcy’s Brinkman model in a symmetric flexible sinusoidal wavy channel. The equations
which govern the Electro-Magneto hydro dynamic of oscillatory flow for a dielectric fluid are made non-dimensional and
coordinate transformation is employed to convert the irregular boundary to a regular boundary. The obtained system of
equations is solved analytically by using the regular perturbation method with a small amplitude ratio. Approximate solution
for the mean axial velocity, the mean electric potential, the mean temperature, and the mean pressure gradient is obtained.
Further, the effect of pertinent parameters is demonstrated and discussed. The phenomena of reflux (the mean flow reversal)
are discussed. It is found that the critical reflux pressure is greater for a fluid without an electric field. Also, the increase of
magnetic field decreases the flow rate which is helpful to control the blood flow during the surgeries.

Keywords Peristaltic transport - Dielectric fluid - Heat transfer - Electro-magnetic field - Porous medium - Brinkman model

1 Introduction

Electro kinetics “electro-fluid dynamics (EFD) or electro
hydrodynamics (EHD)” is the study of the dynamics of
electrically charged fluids. In addition, it is the study of
the motions of ionized particles or molecules and their
interactions with electric fields and the surrounding fluid.
Electro hydrodynamics EHD covers the following types of
particle and fluid transport mechanisms: electrophoresis,
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electro kinesis, dielectrophoresis, electro-osmosis, and
electrorotation. It appears in many applications such as
enhancement of drying rates, drag reduction, plasma
actuators, and gas pumps. Electro hydrodynamics EHD
equations of motion can be classified to two groups:
hydrodynamic equations and electric field equations.
Theoretically, electro hydrodynamics EHD flow was
investigated by Woodson and Melcher [1]. The problem
of the onset of convective instability in a horizontal layer
of a dielectric fluid under a simultaneous action of a
vertical alternative current AC electric field and a vertical
temperature gradient was examined by Takashima [2, 3]
and Vidhya et. al [4]. Also, the effect of vertical alternative
current AC electric field and heat transfer on peristaltic
flow of a viscous incompressible dielectric liquid sheet
in asymmetrical flexible channel has been investigated by
el-sayed et al. [5].

The temperature is associated with the motion of
molecules within a fluid [6], being directly related to the
kinetic energy of the molecules, including vibrational and
rotational motion. Heat transfer is the energy transferred
between two points at different temperatures. It has
significant in several industrial and medical applications
such as heat conduction in tissues, heat transfer due to


http://crossmark.crossref.org/dialog/?doi=10.1007/s12668-018-0515-6&domain=pdf
mailto:elkhair33@yahoo.com
mailto:
mailto:abdullah.zaher@feng.bu.edu.eg

BioNanoSci. (2018) 8:596-608

597

perfusion of the arterial-venous blood through the pores
of the tissue, metabolic heat generation, and external
interactions such as electromagnetic radiation emitted from
cell phones. Also, thermodynamic aspects of blood may
become significant in processes like oxygenation and
hemodialysis when blood is drawn out of the body.
Considering the needs of investigations in the peristaltic
movement of physiological fluids, many authors [7-16]
have been studied peristaltic flow with heat transfer.
Peristaltic flow of magnetohydrodynamic (MHD) fluid
plays very important role in medical sciences and bio
engineering such as cancer tumor treatment, cell separation,
and blood reduction during surgeries. The effect of moving
magnetic field on peristaltic flow is studied by many
authors [17-24]. The magneto hydrodynamic (MHD) and
electro hydrodynamics (EHD) flows through porous tube
are great interest in the study of the interaction of the
geomagnetic and electric fields with the blood in the
oscillatory flow. Flow through a porous medium has
several practical applications especially in geophysical fluid
dynamics. Moreover, the natural porous media are modeled
as beach sand, sandstone, limestone, the human lung,
bile duct, and gall bladder with stones in small blood
vessels. El Shehawey et. al. [25, 26] studied the peristaltic
flow of a Newtonian fluid thorough a porous medium.
There are distinct types for porous media such as Darcy’s,
Forchheimer’s and Brinkman’s models. In the proposed
system, we focus on the Brinkman model because of its
many objectives. One of the objectives is to examine flow
structure near the bounding walls. Our second objective is to
test the feasibility of addressing the thin region. The Darcy-
Brinkman model is interest in biomedical hydrodynamic

Fig.1 Sketch of the physical
model

studies, including its use in modeling a thin fibrous surface
layer coating blood vessels (endothelial surface layer) as it
is a highly permeable, high porosity porous medium [27].

Increasing the exploitation of technologies that use
electric magnetic fields in some specific branches such
as medicine based on magnetic resonance imaging and
transportation systems that use direct current, in addition
it is used in cancer treatment, so we found that it
is important to study the electro-magnetohydrodynamic
oscillatory flow of a dielectric fluid through a porous
medium (Brinkman’s model) in the presence of the heat
transfer. Accordingly, in the present work, we study the
effect of the interaction between the Electro Hydrodynamics
(EHD) and magnetohydrodynamic (MHD) in peristaltic
flow through porous medium with heat transfer by
considering a small wave number . The velocity profile,
temperature distribution, pressure gradient, the critical
pressure, and electric potential function are obtained, by
using the regular perturbation method up to the second order
in terms of the amplitude ratio and wave number.

2 Equations of Motion

We consider a symmetric two-dimensional channel of uni-
form width 24 filled with an incompressible dielectric fluid.
We assume an infinite sinusoidal wave train traveling along
the walls. The lower and the upper walls are maintained at
constant temperatures 0yg and 61¢, respectively. In addition
to the temperature gradient, a vertical a.c. electric field is
also imposed across the channel. The lower wall is grounded
and the upper wall is kept at the electric potential ¢19. Also

]

(x.t)=apcosay(r—1)
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we apply a constant magnetic field perpendicular to the
electric field as shown in Fig. 1

2
W(X'.1") = d + acos T”(x - gr), (1)

where d, a, A, 5 and ¢ are width, amplitude, wavelength,

velocity of the wave and time. In the absence of external
forces and the fluid in the porous structure then equations of
continuity and momentum for the flow of an incompressible
fluid are given by Brinkman’s equations in the following form,

V.g=0, @

g N S /e
P <£ +(q-V)q> =-Vp* +u VG — Eq +JxXB+fe, 3

20
— + 4.V =V, 4)
ot
N S 1 1 de
= peE— ~E>Ve+ -V | p—E?), 5
fe=pe 3 e+2 (pap ) (5)
T 1 -
J=0%|gxB-— JxB|, (6)
€1ne
e K
where uy = L .4, p, p*, v, 0,k = o K,

-

fe, pe, E, &, .7, E, o*, e1, e, ki and n, are apparent
viscosity of the fluid, velocity vector of the fluid, density,
pressure, kinematic viscosity, temperature, thermometric
conductivity, thermal conductivity, specific heat, body
forces of electrical origin per unit volume, free charge
density, electric field, dielectric constant, current density,
total magnetic field, electric conductivity, electric charge,
the porosity parameter, permeability coefficient, and the
number of electrons density.

Since there is no free charge, The Maxwell’s equation
following [28] are:

V. (¢E) =0,
VxE=0, or E=—Veg, (7

where ¢ is the electric potential, and the dielectric constant
¢ is assumed to be a function of temperature as follows [3],

& =¢go(1 — (0 — 6pp)).

Then, the governing equations for two-dimensional motion
of this model are:

o* B2 3p\? 96
+ 20 v —wy + 25 (22) 2
14 m2 2p y/) 0x
d d d 10
W L Yy, Y,
at ax ay pady e ]
o*B2 soe (3p\> 30
_ 0 f0€ (0@ oY
1erz(mquv)Jr <8y> oy’
20 00 00 20 3 dp
Zhu dv— =kV%, — |1 —€(® —0p0))— | =0, (8
3t+u8x+v8y K R [( €( 00)) ] 3

@ Springer

where ¢p be the permittivity at vacuum , € be the thermal

expansion coefficients of dielectric constant ¢ and p =

— %(,o E? 38) We introduce the stream function u = %_15

, U= —% , then we find
2y N Yy %y Yty 1ap vvzaw
atady dy dxdy  ox 9y’ pox e dy

vy  o*B} <_ Ay Blﬂ)+8oe <3(,0>2 26

ki 9y  1+m? ax oy ) 20 \dy/) ox’
oy 3%y Py Yty lap vvzaw v oy
dx dydx drdx  dy 9x2 pdy e ox ki dx
o*B2 W2 A | eoe (9g 290 ©
14 m? 8y ax 20 \ 3y /) dy’

9 | 906 _ 0y a6 2
o T 3y ax — axay =KV 0,

2@ —eo -6 i) =

For further analysis, we use the following non-dimensional
variables and parameters:

X’ y/ u'd v'd ,7/ d2p/
_x:—’ :—,I,t:—, = —, = —, = .
Y= K PREES oK
«t’ 1 o’ (,0/ L
l‘:—’ :—,9:—’ s = — 10
d? v K Bd ¢ Eod v L>R (10)

Using the non-dimensional variables and parameters given
above in Eq. 9, we find that the equations which govern the
flow for a fluid in terms of the stream function ¥ (x, 1)
Py Ay Aty Iy 92 ] 1 _,d 19
PV Wy vy dp 1 poy 19y
drdy  Jdy 9xdy R.o 0dy

LM LAY 3p\2 36
R.(1 4 m?) Bx ay 2 \ay /) oax’

oy %y Y ay o*y  ap 1v2%

dx dydx  drdx  dy x> dy eR., ox

1 oy M oy v (AL
b (o +
R.o 9x  R.(1+m?2) dy  ox ay ) ay’

0x ayz dx eR, dy

£+%aj_%%=v29,
dt dy 0x dx dy
a ap
— |1 =€ —6b))-— | =0. an
dy dy
Where R = 5 = % is the Reynolds number , L =
E2d*(epd)? . . .
SOOM# is electrical Rayleigh number, L, = €fd, B =
01 - . o* 2d2
% is adverse temperature gradient, M = is the

Hartmann number , m = o 2By i the Hall parameter o= 5—1

is the permeability parameter ap = 7 is amplitude ratio and

2nd

oy = is the wave number.
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The corresponding dimensionless boundary conditions

are
0 0 0
% 0, a—:—aoaosinao(x—t), 9:% , 9= % at y=1+n,
0 0 6
% 0, 8—w=aoaosinao(x—t) ,9=£ , w—% at y=—(+n),
(12)

where 7 = ag sinag(x — 1). where L be the pressure gradient. Substituting Eq. 13
into Eqs. 11 and 12 and collecting terms of equal powers of

ap ,we obtain the following set of the system model.

3 Solution of the Problem
Zeroth-Order System Model
%o , %o %Yo 0% 8o _ dpo 1 5%

3tdy = dy axdy  ox dy? dx  eR, 0y
1 a M 3 3 90\ 96
Yo | <_mﬂ_ﬂ)+%<ﬂ> 36

We assume that the dimensionless quantities ¥, p, 6 and ¢
can be expanded, respectively, in powers of the amplitude

ratio ag as follows [29]: _ ovo
+ " 2 R.o 0y R.(1 4+ m?2) dx ady ay ax’
W - w() ao‘ﬁl 2a0¢2’ % aZWO - 321)”0 - MBZWO B _aﬂ - 1 V2%
0 = 0y + apt + ay02, ax axdy  ardx Ay ox2 dy eR., ox
P = po+aop +ayp, Lo M ( M_M)+z<%)2%
@ = @o + aop1 + adea, MR"U Ei; 20 R“(la;m;; dy  dx 2\dy/ By
p D d d 0 o 9000 _ ooy
U L 3 (13) or T ay ax  ox dy 0
ax ax ax ax 5 90
™ [(1 + €600 — L29o))f] =0. (14)
y ay
First-Order System Model
d a d d a ad ad d d 1
—V2y + £V2ﬂ + ﬂv2£ — ﬂvzﬂ _ ﬂvzﬂ = — V4,
ot dy ax ay ax ax ay dx dy eR,
1 /1 M o ((090\?> 061 _d¢o dg; 06 3 ((dp0\* 861 93¢0 dp1 36
LM Yoy 0\ 961 090 0p1 060\ _ 3 ((Bpo\" 961 g0 dgi 060 ) |
R.\oc 14m By ay ax dy dy 0x ax dy dy dy dy dy
a0 Ay 06 oYy 06, Yo 06 ayry 96 d
961 | 9% 001 | 9108 _ o361 9V1 0% _ gop O (1+e€00—L290))——L 022 | —o. (15)
ot 8y x dy ox ox dy dx dy ay ay

Second-Order System Model
1

9 0 9 B 0 9 d 9 d B] 9 d B]
_vzw +ﬂ 2& £V2ﬂ+ V2 Zﬂ_ﬂ 2£_£ ﬂ_ﬂ 2 WO v‘hpz
ot dy ax ay ax dy ax dx dy ax ay ax By " eR,
1 /1 M 3 (g0 06 31\ 96 Ao dg1 260 Ao A 26
—— =+ 5 wz_i_ ﬂ _2_|_ ﬂ _O_I’_Zﬂﬂ_l_l’_zﬂﬂ_o
R, 1+m By ay ax ay ax dy dy ox dy dy Jx

ad ad 2 90 a 2 96, dpo 01 00 o 0o 06
- ﬂ _2_|_ ﬂ _O+2ﬂﬂ_l+2ﬂﬂ_o ,

ax dy dy ay dy dy dy dy dy dy dy
36, 0y 00y Oy 001  0yYp 06y O 06 Oy 0601 9y 36y _ v
o A 27

ot Wﬁ dy ax dy 0dx dx dy dx dy ax dy

9 9 9
(1 + €6 — L290)— — 1,02 1,020 — o, (16)
ay ay dy
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Zero Order Solution At this order, we have the case of
free pumping which means that the fluid is stationary. The
solution will take the form

up=0 , wvg=0,
6o(y) = —y + gt

po(y) = — - In(h + Loy),
* V”%
Po(y) = It Lay] T bo, (17)

; ; _ v10Lo :
Wher§ bg is arbitrary constant, a; = EodIn(112L) 18 the
electric parameter and 7 = 1 + L.

First Order Solution From Eq. 17 in Eq. 15, we find,
! vy _ LM vy
eR, 'R \o " 14m? !

3 (dgo\> 90 dgo 3291 360\ 90
L V(L (20 %% _ 5090 971 0% ) 901 g2y
2\ dy \ dy dx dy dxdy dy ot
9o

d d
— | (1 4 €600 — L26o) & L6y — | =0. (18)
dy dy dy

d
V2 =
o1 Y1

Equation 18 can be satisfied in the form

1
—F1(y) expliag(x — )] + C.C.,

Y1 = 3
1
Y1 = 5E1(y)exp[iao(x -]+ C.C.,
1
0 = §T1 (y)explicg(x —t)] + C.C.. (19)

where the C.C. denotes the complex conjugate. Then, from
Eq. 19 in Eq. 18 we get,

—202 1 M d*F\(y)
0 : 1y
+ | —— +ixgRe — | — +

< e 1o (U 1+m2>> dy?

4
+(—iedR, + 20 + a2 Le M Ve
0 e o 1+ m?2

iR.opa1y dE1(y) 0

1d*Fi(y)
e dy*

iReagLaay 2y

Ti(y) —

— Y

(h+Lay) 3 (h+Lay) dy
d*T
dy‘iy !t (i00 — 03) 1) — iwFi () =0,
d dEi(y) a1L2T1(y)>
— | h+L =0, 20
dy (( + Lay) dy i+ Lay) (20)
with the boundary conditions
dF)
—(x1) =0, Fi==+1, Ti(£l) = =+1,
dy
ay
Ey=—a , E1= . 21
1 aj '= 132, (21)

@ Springer

The system of Eqs. 20 and 21 has a solution in terms of the
wave number «( in the form

Fi1(y) = Fio(y) + a0 F11(7) + covvererenes ,
T1(y) = Tio(y) + aoT11(¥) + eeeereeeneee ,
E1(y) = E10(y) +a0E11(Y) + oo . (22)

Substituting Eq. 22 into Egs. 20 and 21 and collecting once
again terms of like powers of ¢, we obtain

o - Zero Order

1d*Fg _ d’Fo _

e dy* f dy? ’
d’T
o _
dy?
d dE a1 LT
d ((h~|—L2y) 10(y) | ails 10(y)> —0. (3
dy dy (h+ Lay)
with the corresponding boundary conditions:
dF
“RED =0, FoE =0,
dy
Tio(£1) = +£1,
ay
Eip(—-1)=—a; , Eip(1) = ——. 24
10(=1) ai 10(1) 1120, (24)
1 M
Where t = - + T
o - First Order
1d4F11 d2F11 . szIO(Y)
= . = —iR,———
e dy* dy? dy?
iR, Lra; 2 iR.ary dEy ()
eloai )/3T1o(y)+ edly 01)”
(h+ Lay) (h+Lay) dy
d*Ty; :
5 = —i(Tho(y) -Fio(y)),
dy
d dE a L, T
d ((h + Lay) 1 (y)  ails 11(y)) _o, 25)
dy dy (h+ L2y)
with the corresponding boundary conditions:
dF
— (&) =0, Fi£l) =0,
dy
T (x1) =0,
Ei1(£1) =0. (26)

oo - Zero Order Solution Equation 23 solved using the
boundary conditions (24) in the form,

—y./et cosh(y/eT) + sinh(y./eT)

F = ,
100 —J/et cosh(y/et) + sinh(4/eT)
Tio(y) =y,
ayy
Eogy= ———. 27
0= 77 Loy (27)
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oy - First Order Solution Using the boundary conditions (26)
the Eq. 25 can be solved in the form,

F11(y) = c1 cosh(very) + casinh(ev/Ty) +c3y + s + (),
i (y (6+ (=1 + y?) et) sinh(y/er) — 6sinh(V/eTy))

’

T =
n 6(et)3/2 cosh(y/et) — 6T cosh( /eTy)
1
(iaL3(360(h*et — 2hLyety + 3L3(2 +

E =
1) 360h* Lye3/215/2 (/e cosh(y/eT) — sinh({/eT))
y2et)) cosh(ety) + ver (ery?(—15L2y? (18 —3er + 2y2er) 4 8hLay (30 — Ser + 3yzer>

—15h> (12 + (—2 + y2> et)) sinh(y/e) + 720La(h — 3Lay) sinh(yv/e1))) + 360h*(e7) />
In(h + Lyy) (v/et cosh (v/et) — sinh (v/eT)) cs) + c6. (28)
where,
iR (24/e /Tty cosh (/e /Ty) —sinh (/e /T ia’y R
47 (/ey/T cosh (yey/T) — sinh (Ve /7)) 60e2h7t
20eh2Laty (ery2 n 6) +15hL3 (e'cy2 (eryz n 12) n 24) — 1203y (e‘ry2 (e'l:y2 n 20) n 120)).
(29)
The second order solution of our needed system of ag can
be obtained by substituting Eqs.(17) in Egs. (16), we find
ad 01 0¥ 0v1 _,0Y I 4 1 /1 M 2 y| d
—v? RLAL VR Rk A0 S L Ay v 2=
i YV T ey ek TR G T )V o s
0\ * 96, 00 d¢1 061\ 9 ((3g0)* 06  (De1\* 060 B0 dg1 861 o Iz B
dy ax dy dy 0Jx ax ay dy ay ay dy dy dy dy dy dy ’
a6 ay1 06 ayr; 00 ad a ad a
Wn 90 OV 00 _ Gag, Dy ey — Lab) 22— 106,28 10,2 =0, (30)
at dy 0dx dx dy dy dy dy dy
Equation 30 can be satisfied by a solution of the form
1 .
Vo = 3 (F0(y) + Fa(y)exp lizo(x —1)] + C.C.),
1 .
2= 7 (E20(y) + Ex(y)exp[ico(x — )]+ C.C)),
1
th = 3 (T2o(y) + Ta(y) exp [izo(x — )]+ C.C.). (31)
Then, we get the steady part F>q in the form
1d°F. dF iReot d*F * d*F a d*E; * d*E d*T
1 320_T 20 _ 1Reo _F 12 bR 21+ V4 ! ; Tt 21 + 2em0. ;0
e dy dy 2 dy dy h+Lyy dy dy dy
ig (dFy * dF dT * dT d dE
=22 L - S - R SR ) S (o Lay)
2 dy dy dy dy dt dy
L, (dE dEy* a1 L, T;
e et R ) (32)
2 \dy dy h+ Ly
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with boundary conditions

dFZO(:l:) _ 1 d2F1 ) + d2F1* @) =D
dy =73 dy? dy? -

1 /dT) dTl*
Ty(£) = F3 <E () + (i)) ,

2 dy

airLy 1 (dE_; dE;I<
Ex(—1) = — - ~1 -1,
20(—1) > +2<dy( )+ dy( )
Eao(ly = ——4k2 L (dEr ) dET ()Y g
T o+ Ly 2 \Udy dy '

From the Egs. 28, 27 and using the boundary conditions (33)
in (32), the system equations of (32) can be easily solved in
the form

2¢p
Fao(n) = =2 (1~

cosh(ﬁy)) + (z(2D—k(2—1)—k(1))) cosh(y/eTy)
T

cosh(y/et) cosh(y/et)
(k(=D)—k(1)) sinh(/ety)
+ sinh(ye7) + k(y). (34)

Where D =

JevT cotﬁ(ﬁﬁ)_l

Ty (y) = n(y) +c9y + cio,
Ex(y) = w(y) + c11In(h + Lay) + c12.

Thus, the mean time-averaged velocity is

1 2 a? .
u(y) = 2—/ u(y, Ndt = uo(y) + — Fao(y), (35)
T Jo 2

the mean time-averaged heat is

_ 1 27 aé ,

T(y)= 2—/ T(y,)dt = 0p(y) + —T20(y), (36)
T Jo 2

and the mean time-averaged electric potential is
1 2 a(% .

o(y) = 2—/ @y, dt = @o(y) + — E20(y)- (37)
T Jo 2

From the Eqgs. 13, 17, 19 and 22 in the Eq. 11, and each term
is averaged over an interval of time. then the second order
mean pressure gradient may given as

opr _ 1 dFx T dFy  iRa | dF* LA*Fy
9x  2rR. dy> 2R, dy 4 |"ay? dy?
dE; * dE c
Ay el il 20 (38)
h+ Lyy dy dy eR,

Then its find that the constant cpq is proportional with the

mean pressure gradient %. From Egs. 34, 35 and 38, the
mean-time average velocity can be written as,

ﬁ _2&@ <1 B cosh(ﬁy))
2 T 0x cosh(,/eT)
n (t(2D — k(—=1) — k(1))) cosh(y/eTy)
27 cosh(,/eT)
(k(—=1) — k(1)) sinh(y/eTy)
+ 2 sinh(Jer) <) ) -

u(y) =

@ Springer

If we neglect the external body force effects and the effect
of magnetic field in Eq. 9 we get the same solution of [30]
in absence the slip condition as

ap2

—20R,— | 1 — —COSh(\/gy)
dx cosh(\/g )
cosh <\/g y)

+(D - k(1)) ——=+k() |. (40)

cosh <\/g)

4 Comparison with Theoretical Results

u(y) =

N8 |omm

We comprise our analytical solution with the theoretical
results that obtained by Fung and Yih [29] and Maiti and
Misra [30]:

e When M — 0and L — 0, our numerical results are
the same of those obtained by Maiti and Misra [30].

e When M — 0, L — 0and o0 — oo, our numerical
results are the same of those obtained by Fung and Yih
[29].

as shown in the Fig. 2

5 Results and Discussion

In the problem solution, we have shown the analytical
expressions of the mean time-averaged velocity, the mean
time-averaged temperature, and the mean time-averaged
electric potential.

Tu(y)
0.20f ' : ' -
0.15F J
¢,¢"——-----..~“*-
, ~
0.10} o AN ]
’,' Fung and Yih ‘\
',' ----- Maiti and Misra \\
N,
0.05} // N\ 1
4 N,
4 A
-1.0 -0.5 0.0 0.5 1.0
—y—

Fig. 2 Comparison between analytical solution and the theoretical
results that obtained by Fung and Yih [29] and Maiti and Misra [30]
on the mean time-averaged velocity u(y) at R, = 15,0 = 1,e =0.9,
ap = 0.1 and g = 0.25
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05l ; ; ; . . . . ; ; ; ;
0065 orol
020}
0.060 |-
— | Opfox=-3
015
0.055 0.05 1} oplox = -2
'S '3 s — | apiax=0
010 | B 0.050 - ; q
—_— a, = 0'no elctric effect’ - L=10 — | dplox=1
005 2,=02 0.045¢ L=3x107 ] 0.00
R 2=03 0.040F — L=5x107 \_/
000}
L L L . ) ) ) ) . . . .
10 05 00 05 10 0 05 00 05 0 -10 05 00 05 10
y y y
. - . d
Fig. 3 a Effect of the parameter a; on the distribution of the mean e = 0.7,a0 = 0.1, g = 0.01 and % = —3. ¢ Effect of the pres-

velocity for R, = 50, L, = 0.02, M = 2, m = 0.1, 0 = 0.1,
ap=0.1,e =0.7, 09 = 0.01, Ba% = —3,and L = 10000. b Effect of
the electrical Rayleigh number on the distribution of the mean veloc-
ity for R, = 50, L = 0.01, M = 10, m = 0.1, 0 = 0.9, a; = 0.02,

Generally, Fung and Yih applied the peristaltic transport
during the ureter theoretically [29] and experimentally by
Yin and Fung [31].

e In the theoretical study [29], the peristaltic transport
for the ureter was simulated by using the following
parameters as R, : 0 — 100 and ¢ : 0.05 — 0.4.

e In the experimental study [31], the ureter parameters
are taken as ureter length = 81.28cm, A = 9.8 cm,

0.256cm, d = 0.635cm, and ¢ = 3.77 cm.

In the dimensionless quantities the parameters become

ap = 0.41, a9 = 0.385,and R, : 0.5 — 2.5.

a =

Accordingly, we used the values of dimensionless param-
eters based on the theoretical and experimental studies to
investigate our problem as ap = 0.1, o 0 — 0.9,
R, : 0.5 — 100, M > +/2 [17-24], and L > 10000 [3-5],
which agree with the previous experimental and theoretical
studies by others.
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Fig.4 a Effect of the Reynolds number on the distribution of the mean
velocity for L = 10000,e =1,L; =0.1,M =2,m =0.1,0 =0.1,
ar = 0001, ap = 0.1, @ = 0.01 and %22 = —3. b Effect of the

sure gradient on the distribution of the mean velocity for R, = 50,
L =10000, L, =0.1,M =2,m =0.1,0 =0.1,a; =0.001,e =1,
ag = 0.1 and g = 0.01

The discussion section is divided into three subsections.
In the first subsection, the effects of the various parameters
are discussed on the mean time-averaged velocity. In the
second subsection, we discuss the effects of the various
parameters on the mean time-averaged temperature and
the mean time-averaged electric potential. Moreover, the
critical pressure gradient for reflux is illustrated in the third
subsection.

5.1 Mean Time-Averaged Velocity

Numerical computation based on Eq. 39 detects that
the averaged axial velocity distribution for EHD fluid
induced by sinusoidal wavy walls through a porous medium
with heat transfer is dominated by the constant ﬁ

and the parabolic distribution Z%Bﬂ (1 - m) in

dx cosh(4/eT)
addition to three terms k(y) + (k(_l){k(l)) s:lrﬁl((‘/?\/%) -
T T bw
0.12
0.11 |
0.10 |
0.09 b
= 0.08
0.07 b
0.06
0.05 —/ ]
-1‘.0‘ ‘-0‘.5‘“‘0.0““0,‘5““1.‘(5
y

magnetic field on the distribution of the mean velocity for L = 10000,
L, =001,e=1,R, =50,m =0.1,0 = 0.1, a; = 0.001, ap = 0.1,

ap = 0.01and %2 = -3
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Fig. 5 a Effect of the the Hall parameter on the distribution of the
mean velocity for L = 10000, L, = 0.0l,e =1, R, =50, M = 2,
o =1,a1 = 0.001, a9 = 0.1, = 0.5 and %2 = —3. b Effect of
the permeability parameter on the distribution of the mean velocity for
L = 10000, L, = 0.01, R, = 50, M = 2, m = 0.1, a; = 0.001,

(T k(=D k(1)) cosh(v/eTy)
2t cosh(y/eT)

the velocity across the channel.

The constant D, which defines the velocity boundary
value of F}, depends on magnetic field M, Hall parameter
m, porosity parameter ¢ and permeability parameter o and
appears from the expression of the radial gradient of the
first-order axial velocity distribution as shown in Eq. 33.

Figures 3, 4, and 5 illustrate the effect of the different
parameters on the mean velocity u(y). Figure 3a shows that
in the absence of the electric field, i.e., electric parameter
a; = 0, the behavior of the mean velocity u(y) will be
symmetric and by increasing the value of electric parameter
ay, the behavior becomes asymmetric. Also, we find that
the velocity increases near the upper bound but decreases
near the lower bound of the channel. This occurs according
to the boundary conditions of the electric potential ¢(y).
Interpretation physicist, the existence of the electric field

that represents the perturbation of

30 -

25+

20 -

Fig.6 a Effect of the Rayleigh number on the distribution of the mean
temperature for R, = 100, L, = 0.1, m = 0.1, M = 20, a; = 0.2,
ap = 0.1, 0 = 2 and op = 0.9. b Effect of the magnetic field on the
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ap = 0.1, g = 0.5, ¢ = 1 and %2 = —3. ¢ Effect of the poros-

ity parameter on the distribution of the mean velocity for L = 10000,
L, =01,R,=15,0 =1,M =2,m = 0.1, a; = 0.001, ap = 0.1,
@ =0.5and 22 = -3

at the upper bound (¢ # 0) decreases the density of the
fluid which making the fluid molecules freely moving, and
this leads to increase in the fluid velocity. When the value
of electric parameter a; # 0, the effect of the electrical
Rayleigh number L will be appear and giving the same
effect as a; (see Fig. 3b). Figure 3c shows the variant of
u(y) vs y for different values of the pressure gradient %
and we can see that as % increases, a reflux flow ( back
flow) will be appear.

Figure 4a studies the effect of Reynolds number on the
distribution of the mean velocity u#(y) and as expected it is
found that the increases of the Reynolds number increase
the mean velocity u(y). This happens because the Reynolds
number is inversely proportional to the viscosity of the
fluid. That is, increasing the Reynolds number reduces
the viscosity of the fluid, which causes an increase in the
velocity of the fluid as expected. Figure 4b illustrates that

I
-05 0.0 0.5

y

distribution of the mean temperature for R, = 100, L = 0.1, m = 0.1,
Ly =107,a;1 =0.1,a0 =0.1,0 = 2 and a9 = 0.9
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Fig. 7 a Effect of the Hall parameter on the distribution of the mean
temperature for R, = 100, L = 0.1, M = 20, L, = 107, a; = 0.1,
ap = 0.1, 0 =2 and ap = 0.9. b Effect of the permeability parameter
on the distribution of the mean temperature for R, = 100, L, = 0.1,

as the magnetic field increases, the mean velocity u(y)
decreases, i.e., as M increases the Hartmann braking also
grows which could be thought as an increase of the magnetic
viscosity and so the fluid moves as a block with a constant
velocity. From Fig. 5, we found that by increasing the Hall
parameter m, the permeability parameter o, and porosity
parameter e, the mean velocity u(y) increases.

5.2 Mean Time-Averaged Heat and Mean
Time-Averaged Electric Potential

Now, we will study the nature of the mean time-averaged
temperature 7 (y) through Figs. 6 and 7. Figure 6a, b
shows that the increasing of Rayleigh number increases the
mean temperature 7 (y), but a reverse effect is observed by
increasing the magnetic field. Also the increase of the Hall
parameter m, the permeability parameter o and porosity
parameter e produce an increase in the mean temperature
T(y) (see Fig. 7). It is also noted from Fig. 7b that
the temperature 7 (y) becomes steady as the permeability
parameter ¢ increases.
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Fig.8 a Effect of the Rayleigh number on the distribution of the mean
electric for R, =20,L, =0.1,m =0.1,M =2,a; = 0.05,a9 = 0.1,

0.0 05 10 —10‘ ‘—0.5‘ “‘0.0“ “05“‘ ‘1.0
y y

M =20, Ly = 10°,a; = 0.1, ap = 0.1 and arp = 0.9. ¢ Effect of the
porosity parameter » on the distribution of the mean temperature for
R, =100,L =0.1,M =2,0 =0.1, L, = 10°,a; = 0.1, a9 = 0.1,
m = 0.1 and ag = 0.9

Figures 8, 9, 10, and 11 illustrate the behavior of
the mean time-averaged electric potential ¢(y). Figure 8a
shows that the greater of the Rayleigh number L increases
the mean time-averaged electric potential near the walls but
reduces as we moves far from the walls. Figure 8b shows
that the increasing of the magnetic parameter M decreases
the mean time-averaged electric potential @(y) but a reverse
effect is observed by increasing the Hall parameter m and
the permeability parameter o (see Fig. 9a, b). Also, we
found that the mean time-averaged electric potential @(y)
becomes steady as increasing the permeability parameter
o. From Fig. 9c, we found that the increasing of the
porosity parameter e increases the mean time-averaged
electric potential @(y) near the walls but an opposite effect
appears as we move far a way from the walls.

5.3 Critical Pressure Gradient for Reflux
The study of the critical pressure gradient for reflux is very

important because the bacteria and some other materials
sometimes moves from the bladder to the kidney or from

b
2L — M=50 ]
© 3 M=60
= 1f ]
S — M=70
Be) r
o o
a
Q [
£ -f ]
13} r
o r
o -2f ]
-3 ; ]
-0 -05 0.0 05 1.0
y
e = 1,0 = 1and o9 = 0.1. b Effect of the magnetic field on the dis-

tribution of the mean electric for R, = 50, L, = 0.1, L = 100000,
a; =0.05,a0 =0.1,m=0.1,0 =1,¢ = 0.9, and ag = 0.9
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Fig. 9 a Effect of the Hall parameter on the distribution of the mean
electric for R, = 50, L, = 0.1, L = 100000, M = 10, a; = 0.05,
ap = 0.1,e = 09,0 =1 and g = 0.9. b Effect of the permeabil-
ity parameter on the distribution of the mean electric for R, = 50,

one kidney to the other in the direction opposite to the
direction of urine flow. This phenomenon is referred as
“ureteral reflux” by physiologists. The riskiness of diseases
such as tuberculosis, interstitial cystitis, and duct stone are
treated due to this reflux. See Graves and Davidoff [32],
Hutch [33], Gruber [34], and Fung and Yih [29].

To get the critical reflux pressure, the value of the mean
velocity u(y) set to zero in Eq. 39 on the central region at
y = 0. So, the critical pressure gradient will taken the form,

1
(Mm+EQD

Ei—
dx criticalpressure 2R (1 - SeCh(ﬁ))
— k(—1) — k(1))Sech (\/E)) .

Figures 10 and 11 depict the critical pressure gradient
which is plotted against the wave number «g that range
from 0 — 0.9. From the behavior of Fig. 10a, we observe
that the relation between the critical pressure gradient and
wave number ¢ is inversely (the increase of the wave
number reduces the critical pressure values), also it is
found that the increase of the Reynolds number reduces
the critical pressure gradient. Figure 10b shows the effect

a

0.15 - B

critical pressure

0.2

0.0

L]

Fig. 10 a Effect of the Reynolds number vs the wave number on the
distribution of the critical reflux of pressure for M = 10, L = 100000,
m = 0.1, L, = 0.1,a; = 0.1, e = 09 and ¢ = 0.5. b Effect of
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L, = 0.1, L = 100000, M = 50, a; = 0.05, ap = 0.1, m = 0.1,
e = 0.9 and ap = 0.5. ¢ Effect of porosity parameter on the distri-
bution of the mean electric for R, = 50, L, = 0.1, L = 100000,
M =50,a; =0.05,a0 =0.1,m =0.1,0 = 0.1 and g = 0.9

of the magnetic field on the critical pressure value, and
it can conjectured that the increase of the magnetic field
decreases the critical pressure when «g is less than 0.38
but a vise versa effect when o9 more than this value.
Figure 11 illustrates the effect of Hall parameter, electric
Rayleigh number and porosity parameter respectively and
it is found that the increases of the Hall parameter, electric
Rayleigh number and porosity parameter decrease the
critical pressure value for reflux.

6 Conclusion

In this article, we design a mathematical model describing
the electro-magnetohydrodynamic oscillatory flow for a
dielectric fluid with heat transfer through a porous medium
“Brinkman model.” Graphs of the mean average velocity,
temperature distribution, and electric potential are drawn
for various values of the pressure gradient %, the electric
Rayleigh number L, Reynolds number R,, the magnetic
field M, Hall parameter m, porosity parameter e, and
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the magnetic field number vs the wave number on the distribution of
the critical reflux of pressure for M = 10, L = 1000000, m = 0.1,
Ly =0.1,R, =15,a1 =0.1,e =09 and o0 = 0.05



BioNanoSci. (2018) 8:596-608

607

02
0.00

o
©
|

o
o

0.1+
-0.05 -

00 - L=10°

— m=01 onol

L=2x10°
m=0.2 ;
— L=3x10

critical pressure
critical pressure

=015+

-0.20 -

o

o
o

1F
- =07

'
o
o

e=0.75

critical pressure
S

!
bd
@

[ = e=08

%

Fig. 11 a Effect of the hall parameter number vs the wave num-
ber on the distribution of the critical reflux of pressure for M = 2,
L = 100000, L, = 0.1, R, = 15, a1 = 0.1, a0 = 0.1, ¢ = 0.9 and
o = 0.5. b Effect of the electric Rayleigh number vs the wave num-
ber on the distribution of the critical reflux of pressure for M = 50,

the permeability parameter o. The main outcomes of the
present study are concisely summarized as:

e AC electric field accelerates the blood flow velocity
and that leads to enhance the blood circulation, which
is useful to eliminate the metabolic waste products and
endogenous pains producing.

e The electric and magnetic fields have an opposite effect
on the mean velocity u(y), since the effect of magnetic
field is perpendicular to the influence of the electric
field.

e The parameter a; controls in the electric Raleigh
number, in other words the effect of electric Raleigh
number exists when a; # 0.

e The mean time average velocity u(y) is higher in the
presence electric field, where L # 0,a; # 0

04 08 08 00 0z

04

E 00 02 04 06 08

a %

m = 0.1, L, = 0.1, R, = 15,a; = 0.1, ag = 0.1, ¢ = 0.9 and
o = 0.9. ¢ Effect of the porosity parameter vs the wave number on the
distribution of the critical reflux of pressure for M = 2, L = 100000,
L, =0.1,R, =15,a; = 0.1, ap = 0.1 and o = 1000

e The second order pressure gradient % has a significant
influence on the reflux mean velocity.

e As the magnetic field increases, the flow moves as a
bulk.

e The mean average temperature 7 (y) is greater as the
magnetic field decreases and a reverse effect for the
Hall and permeability parameters occurs.

e The mean electric potential @(y) values is greater as the
magnetic field decreases.

e The mean average temperature 7 (y) is greater as the
electric parameter a; increases.

e The critical reflux pressure value is greater for a fluid
without an electric field L = 0, a; = 0.

Appendix

h=1+4 Ly,
- csch (Vet) (¢'(=1) — g'(1))
2 /et ’
o= — g=D—-gM+g=H+g' D) ’
2,/et coth(y/eT) — 2sinh(y/eT)
_ et coth(/eT)(g(—1) — g(1)) + sinh(y/eT)g'(—1) + g'(1)
2./et coth(y/et) — 2 sinh(/eT) '
oy = TYEEED + (1) + coth(VeT) (—g' (1) + £'(D)
2 /et ’
o Hailo 3 (45./e7 cosh (/eT) + (=45 + (=15 + eT)et) sinh (/eT))
s =

ia1Ly

45 (1 + Ly) 3(et)?In (1 + 2Ly) (y/eT cosh (/eT) — sinh (/eT))

=360 (1 + Ly) *(e)>/2 (et cosh (Jet) — sinh (v/e7))

(360 (et +4Lyet 4+ 6Ly 2(1 + 67,')) cosh(y/eT) + /et

(—720L2 (144Ls) — 30 (6 + L2 (20 4 23L2)) et + (15 +46L; (1 + L)) (er)z) sinh (v/et)),
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. Sech(y/eT)(t (2D — k(—1) — k(1)) + 4ecap)
7= ,

&

9

2et

= 1/2csch(ver) (k(=1) — k(1)),
= %(n(*l) —n(1)),

1
clo = 5(—n(—1) —n(1)),

c11 =

Ly (a2=2L2(2(Ly = 2)L2 + 3)) — (1= 2L2)* (w(=1)— w(1)))
(1 —2L)2log(1 —2L)

s

1
c1p = Ea(LZ —2)—w(l).
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