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In the present paper, we have studied the influence of heat transfer and magnetic field on a peri-
staltic transport of a Jeffrey fluid in an asymmetric channel with partial slip. The complicated Jeffrey
fluid equations are simplified using the long wave length and low Reynolds number assumptions.
In the wave frame of reference, an exact and closed form of Adomian solution is presented. The
expressions for pressure drop, pressure rise, stream function, and temperature field have been calcu-
lated. The behaviour of different physical parameters has been discussed graphically. The pumping
and trapping phenomena of various wave forms (sinusoidal, multisinusoidal, square, triangular, and

trapezoidal) are also studied.
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1. Introduction

Recently, Kothandapani and Srinivas [1] have dis-
cussed the peristaltic flow of a Jeffrey fluid in an asym-
metric channel in the presence of a transverse magnetic
field. They employ for the Jeffrey fluid a relatively sim-
ple linear model using time derivatives instead of con-
vective derivatives. Their observation was that the size
of trapped bolus in the Jeffrey fluid is much smaller
than in the Newtonian fluid. Due to the large number
of applications, the peristaltic flows for different flu-
ids and different geometries have been discussed by
a number of researchers [1—15]. Only a limited at-
tention has been focused on the study of peristaltic
flows in the presence of heat transfer analysis. Men-
tion may be made to the works of [16—23]. No at-
tempt has been made to discuss the slip effects on the
peristaltic transport of a Jeffrey fluid in an asymmet-
ric channel in the presence of heat transfer analysis.
Therefore the aim of the present paper is to discuss
the influence of heat transfer and magnetic field on a
peristaltic transport of a Jeffrey fluid (non-Newtonian)
with partial slip in an asymmetric channel. The exact
and closed form of Adomian solutions are obtained
under the assumptions of long wave length and low
Reynolds number. Many existing solutions in the lit-
erature are found to be subcases of our problem. The
influence of physical parameters on the pressure rise,

temperature, and stream function have been studied for
five types of wave forms, namely sinusoidal, multisinu-
soidal, square, trapezoidal, and triangular.

2. Mathematical Formulation

We consider magnotohydrodynamic (MHD) flow of
an electrically conducting Jeffrey fluid in an asymmet-
ric channel. The lower wall of the channel is main-
tained at temperature 77 while the upper wall has tem-
perature Tp. We assume that the fluid is subject to
a constant transverse magnetic field B. A very small
magnetic Reynolds number is assumed and hence the
induced magnetic field can be neglected. When the
fluid moves into the magnetic field two major physical
effects arise. The first one is that an electric field E is
induced in the flow. We shall assume that there is no ex-
cess charge density and therefore, V-E = 0. Neglect-
ing the induced magnetic field implies that VxE =0
and therefore, the induced electric field is negligible.
The second effect is dynamically in nature, i.e., a
Lorentz force (J x B), where J is the current density.
This force acts on the fluid and modifies its motion re-
sulting in the transfer of energy from the electromag-
netic field to the fluid. In the present study, the rela-
tivistic effects are neglected and the current density J
is given by Ohm’s law as

J=0(VxB).
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Since we are considering an asymmetric channel, the
channel flow is produced due to different amplitudes
and phases of the peristaltic waves on the channel.
A schematic diagram of the geometry of the problem
under consideration is shown in Figure 1.

The geometry of the wall surface is defined as

Y = H; =d, +ajcos [ZA—E(X—CI)} ,
(D
Y =H, = —d>, — bjcos [ZA—E(X—CI)+¢)],

where a; and b are the amplitudes of the waves, A is
the wave length, d; + d» is the width of the channel, c is
the velocity of propagation, ¢ is the time, and X is the
direction of wave propagation. The phase difference ¢
varies in the range of 0 < ¢ < 7, ¢ = 0 corresponds to
a symmetric channel with waves out of phase and for
¢ = & the waves are in phase, and further ay, by, dj,
dy, and ¢ satisfy the condition

a2 + b3 +2a1bycos ¢ < (dy +d»)>.

Taking into account the magnetic Lorentz force, the
equations governing the flow of a Jeffrey fluid are
given by
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Fig. 1. Schematic diagram of a two-dimensional asymetric
channel.

U, V are the velocities in X- and Y-directions in a
fixed frame, p is the constant density, P is the pres-
sure, v is the kinematics viscosity, ¢ is the electrical
conductivity, K’ is the thermal conductivity, C’ is the
specific heat, and T is the temperature.

The constitutive equation for the extra stress ten-
sor S is

B

T4 ——(7+A27). (3)

In above equation A is the ratio of relaxation to retar-
dation times, 7 the shear rate, A, the retardation time,
and dots denote the differentiation with respect to time.

Introducing a wave frame (x,y) moving with veloc-
ity ¢ away from the fixed frame (X,Y) by the transfor-
mation

x=X—ct, y=Y, u=U—-c, v=V,

and p(x) = P(X,t). “)
Defining
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Using the above non-dimensional quantities the result-
ing equations in terms of stream function ¥ (dropping

the bars, u = aa—f V= —5%’) can be written as
0 0
Red [y iy = Yi¥iy] = 3L +85-(S1)
3 (6)
+ a_y(SXy) _Mz(‘l/y +1),
0 0
Re& [~ Yy Yree + Vi) = — 22 + 522 (Sy)
dy ox
P @)
+ 58 (Syy)s
1 2 Ec
ReS[‘l/ny - ery} - E[ny‘f' 6 GXX} + (1 +A’l)
1206 8 8 (8)
: [1 + a (Wy& - ‘l’xa—y>}
487y, + (v — 8w’
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The corresponding boundary conditions are

l//:g at y="h; =14acos2mx,

V= _g at y=hy, = —d —bcos(2wx+ ¢),

oy L J*y
dy  (1+4) dy
w1y
dy (1+24) 9y?
60=0 on y=hy,
0=1 on y=hy,

=—1 at y=hy, )

=—1 at y=hy,

where ¢ is the flux in the wave frame, L represents the
partial slip parameter, a, b, ¢, and d satisfy the relation

a® +b*+2abcos¢ < (1+d)>.
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Under the assumption of long wave length 6 < 1 and
low Reynolds number, (6) to (8) become

Cap o 1 v
—x‘ira—y [ma—yz} —M(y;+1), (10)
__9p
0——a—y, (11)
1 Ec
EG)’Y—F (l—i—ﬁ, )Wyy (12)

Elimination of the pressure from (10) and (11), yields

[ 1 Py )
— |— | —M =0 13
0y? [l—i—ll 3y2} Yoy =5 (13)
1 Ec
—0 14
P )"’” (9
3. Solution of the Problem
3.1. Exact Solution
The exact solution of (13) can be written as
y . y
= Fo+ Fiy+ F>cosh — + F3sinh —, (15
y=F+Fhy+F Jath A (15)

where Fy, Fi, F>, F3 are functions of x:
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(16)

4. Solution by the Adomian Decomposition
Method

In this section, the Adomian solutions will be deter-
mined for the velocity field [24 —30].
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According to the Adomian decomposition method,
we write (13) in the operator form
Lyyyyy = M (1+ L)y (17)
Applying the inverse operator Ly_)i) = [[[[[-]dydy
dydy, we can write (17) as

2

3
1.,
w:co+cly+cz§—!+csy—+—L,‘ (yy), (18)

31T AT
where

1_ 2
=M1+ M),

Co, C1, Gy, Cs are functions of x. Now we decompose Y
as

V=13 V. (19)
n=0
Substituting y into (18), we obtain
ooy
l//:Co—i-C]y-l-CzE -I-ng,
) ’ ’ (20)
v = [ [ [ [(mdrdsray, n=o0.
Therefore,
B 1 y4 y5
Vi=o <C24—! +C3§ )
Ly Y
WZZE(CZEJFQW ’ Q1)
1 y2n+2 y2n+3
= 0.
Yn an (C2(2n+2)!+C3(2n+3)!>, n>

According to (19), the closed form of y can be written
as

v=C+Ciy+AC <coshl - 1>

VA
. M Y
+AVAC (smh —— —) ,
VA VA
which can be put in the simplest form
W = Fo+ Fiy + Fycosh = + Fysinh —=. (22)
VA VA

S. Nadeem and S. Akram - Heat Transfer and Magnetic Field on Peristaltic Transport of a Jeffrey Fluid

Now the Adomian solution (22) and the exact solu-
tion (15) are exactly the same in which F; (i = 0 to 3)
are calculated using the boundary conditions which are
defined in (16).

The flux at any axial station in the fixed frame is

_ hy hy hy
Q:/ (u-l—l)dy:/ udy+/ dy=q+h —h.
h hy hy

2

The average volume flow rate over one period (T = %)
of the peristaltic wave is defined as

1 T_ 1T
Q=—/ Qdf:—/ (q+h1—hy)dt = g+1+d.

T Jo T Jo
(23)

The pressure gradient is obtained from the dimension-
less momentum equation for the axial velocity as

dp 1 1
a_(l—kl]) {‘l/yyy A‘l’y A] (24)

Substituting the values of y into (24), we obtain

dp l h] — /’lz)}
—=—(hi—h+q)31+ tanh

o~ ik q){ A1+ A1) (zﬂ

-{A(l + A1) |:h1 —hy— L(hy — ) +2A(1 + A1)

y VA(L+ )
(5]}

Integrating (25) over one wavelength, we get

(25)

The axial velocity component in the fixed frame (non-
dimensional form) is given by

h =Y

UX,Y,0) =14y, = [Z(h_hz—i-q) sinh <ﬁ)

() e (7))

by
(b — ha)cosh (%)] - (26)

where
hy=1+acos2n(X —1)] and
hy=—d—bcos]2n(X —1)+ ¢].
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Using solution (22) for (14), the exact solution of
the energy equation in the fixed frame satisfying the
boundary conditions can be written as

EcPr [F} , 1 Y
- Y F} + F})cosh2
(1+211)|: + o7 ( 2+ 3)COS (

2427 T 8A ﬂ)
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It is noticed that in the absence of heat transfer and
slip parameter L the results of Kothandapani and Srini-
vas [1] can be recovered as a special case of our prob-
lem. Moreover, the results of Mishra and Rao [11] can
be recovered if A; — 0, L — 0 and in the absence of
heat transfer.

5. Expression for Wave Shape

The non-dimensional expressions for the five con-
sidered wave forms are given by the following [31,32]:

1. Sinusoidal wave
h(x) =1+ ¢sin27x.
2. Multisinusoidal wave
h(x) =1+ ¢sin2zxn.

3. Square wave

o 1\m+1
hix)=1+¢ 4 Z %cos[?,(?,m—l)ﬂ)d] .
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Fig. 2. Variation of Ap with Q for different values of L at
a=07,b=12,d=2,M=0.1,¢ =%, A1 =04.
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4. Triangular wave

( 1)m+1
3 mzl —1)2

5. Trapezoidal wave

h(x)=1+¢

5 sin[2(2m — l)ﬂrx}] .

h(x) =

D)

m=1

- sin[% 1)]

sin[2(2m — l)ﬂrx}] .

6. Results and Discussion

In this section, the graphical results are displayed.
The integration which appears to compute pressure
rise Ap is calculated numerically using mathematics
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Fig. 7. Effect of M on velocity profiles at a = 0.7, b = 0.7,
d=1,L=0.02,X=1,t=1,¢=0.
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Fig. 8. Effect of A; on velocity profiles at a = 0.7, b = 0.7,
d=1,L=0.02,X=1,t=1,¢=0.
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Fig. 10. Variation of 6 with Y for different values of L at
a=05b=12,d=150=-2,M=0.1,A4,=04,Er=1,
Pr=1,X=1,t=1,¢=13.
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Fig. 16. Stream lines for three different values of L. (a) and (b) for L = 0.01, (¢) and (d) for L = 0.03. The other parameters
are chosenasa=0.5,b=0.5,d=10,0=1.45 A4 =0.1,M = 1.

software. The pressure rise Ap for different values of
slip parameter L, magnetic parameter M, and ampli-
tude ratio ¢ are plotted in Figures 2 to 4. Figure 2 il-
lustrate the pressure rise for different values of L. It
is shown that Ap decreases for small values of Q with
the increase in L, however, Ap increases for large val-
ues of QO with the increase in L. Thus, we say that Ap
and Q has inversely linear relation between each other.
Figure 3 represents the variation of Ap with Q for
different values of M. It is observed that the pres-
sure rise increases with the increase in M for small Q
whereas for large O, Ap decreases with the increase
in M. The effects of the amplitude ratio ¢ on the pres-
sure rise are shown in Figure 4. It is observed that for
0 € [—1,2], the pressure rise decreases with the in-
crease in ¢, whereas for Q € [2,3], the pressure rise
increases. The pressure gradient for different values
of M and L against x is plotted in Figures 5 and 6.

It is depicted from these figures that for x € [0,0.2]
and x € [0.8, 1] the pressure gradient is small, i. e., the
flow can easily pass, while in the region x € [0.2,0.8],
the pressure gradient increases with the increase in M
and decreases with the increase in L and much pres-
sure gradient is required to maintain the flux to pass.
The velocity field for several values of M, A;, and Q
are shown in Figures 7 to 9. It is seen from Figures 7
and 8 that for ¥ € [—1.65,—1] and [1, 1.65], the veloc-
ity field show a slight increase with an increase in M,
while for ¥ € [—1,1] with the increase in M and A,
the velocity decreases and the maximum value of ve-
locity is at the center of the channel. The velocity pro-
file for different values of Q is shown in Figure 9. It
is observed that the velocity profile increases with the
increase in Q. The temperature profile for several val-
ues of L, Pr, M, and A, are shown in Figures 10 to 13.
It is observed that the temperature field decreases with
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(a)
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Fig. 17. Stream lines for three different values of Q. (a) and (b) for O = 1.8, (c) and (d) for Q = 2.0. The other parameters are

chosenasa=0.5,b=05,d=10,L=0.02,A; =02, M = 1.

the increase of L, M, and Ay, while it increases with
the increase in Pr. The pressure rise Ap for differ-
ent types of waves is presented in Figure 14. It is ob-
served that Ap in a trapezoidal wave is greater than
in a sinusoidal wave which is greater than in a trian-
gular wave. The temperature field for different wave
forms are presented in Figure 15. It is observed that
the temperature field for a sinusoidal wave is greater
than for a trapezoidal wave and the temperature field
for a triangular wave is greater than for a sinusoidal
wave.

6.1. Trapping Phenomena

Another interesting phenomena in peristaltic motion
is trapping. It is basically the formation of an internally
circulating bolus of fluid by closed stream lines. This
trapped bolus pushed a head along peristaltic waves.

Table 1. Comparison of pressure rise with volume flow rate
forfixeda=0.7,b=12,d=2,M=0.1,¢ = %, A, =0.4.

o Kothandapani and Srinivas [1] Present work
when L =10 when L = 0.02
-1 2.98239 2.80332
-0.5 2.36653 2.22225
0 1.75066 1.64118
0.5 1.13479 1.06011
1 0.518927 0.479047
1.5 —0.09694 —0.10202
2 —0.712807 —0.683087
2.5 —1.32867 —1.26415
3 —1.94454 —1.84522

Figures 16 to 18 illustrate the stream lines for different
values of L, Q, and M for both symmetric and asym-
metric channel. It is observed from the figures that for
a symmetric channel the trapping bolus is symmetric
about the centre line of the channel (see panels (a)
and (c)), while in case of an asymmetric channel the
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Fig. 18. Stream lines for three different values of M. (a) and (b) for M = 1.0, (c) and (d) for M = 1.1. The other parameters

are chosenasa=0.5,6=0.5,d=1.0,L=0.02, 1; =0.2, 0 = 1.45.

Table 2. Comparison of velocity profile for fixed a = 0.7,
b=07,d=1,X=1,t=1,¢=0.

Y Kothandapani and Srinivas [1] Present work
when L =0 when L = 0.02

—-1.7 0 0
—1.3 0.5619 0.574951
—-0.9 0.794255 0.786245
-0.5 0.887231 0.870794
—0.1 0.916923 0.897794

0.1 0.916923 0.897794

0.5 0.887231 0.870794

0.9 0.794255 0.786245

1.3 0.5619 0.574951

1.7 0 0

bolus tends to shift towards the left side of the channel
due to the phase angle (see panels (b) and (d)). Fig-
ure 16 shows the stream lines for different values of

slip parameter L. It is observed that with the increase
in L the size of the trapping bolus decreases. Moreover,
it is also observed that the size of the trapping bolus
is small in an asymmetric channel as compared with
the symmetric channel. From Figure 17 we learn that
with the increase in Q, the size and the number of the
trapped bolus increases. The size of the trapped bolus
increases with the increase in M (Fig. 18). Stream lines
for different wave forms are presented in Figure 19. It
is observed that the size of the trapped bolus is smaller
in case of a triangular wave when compared with other
wave forms.

Table 1 and 2 show the comparison of the present
solution with those available in the literature when
some of the parameters are replaced to be zero in our
problem.
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(b)
1.5

1 M Fig. 19. Stream lines for different wave shapes for fixed a =

0.5,b=05,d=1.0,M=1,L=0.02,4,=02,0=1.8,¢ =
. . . . 0: (a) sinusoidal wave, (b) multisinusoidal wave, (c) square
-0.2 0 0.2 0.4 0.6 wave, (d) trapezoidal wave, and (e) triangular wave.
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