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In the present article, we have studied the effects of heat transfer on a peristaltic flow of a mag-
netohydrodynamic (MHD) Newtonian fluid in a porous concentric horizontal tube (an application of
an endoscope). The problem under consideration is formulated under the assumptions of long wave-
length and neglecting the wave number. A closed form of Adomian solutions and numerical solutions
are presented which show a complete agreement with each other. The influence of pertinent parame-
ters is analyzed through graphs.
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1. Introduction

Peristaltic transport is a form of fluid transport
generated by a progressive wave of area contraction
or expansion along the length of a distensible tube
containing a fluid. This mechanism of fluid transport
has received a considerable attention in recent times
in engineering as well as in physiological science.
These physiological and engineering applications in-
clude urine transport in the ureter, the motion of sper-
matozoa in the cervical canal, bile in the bile duct,
etc. Engineering devices like finger pumps and roller
pumps work on these principle. After the pioneering
work of Latham [1], studies of the peristaltic flows in
different flow geometries have been reported analyti-
cally, numerically, and experimentally by a number of
researchers [2 – 14].

The study of heat transfer analysis in connection
with peristaltic motion has industrial and biological
applications, like sanitary fluid transport, blood
pump in heart lung machine, and transport of cor-
rosive fluids, where the contact of the fluid with the
machinery parts is prohibited. The interaction of
peristalsis and heat transfer has been recognized and
has received some attentions [15 – 21] as it is thought
to be relevant in some important processes such as
hemodialysis and oxygination. Recently, Mekheimer
and Abd Elmaboud [15] presented the influence of
heat transfer and magnetic field on peristaltic transport
of a Newtonian fluid in a vertical annulus. Vajravelu et
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al. [16] investigated the flow through a vertical porous
tube with peristalsis and heat transfer. The difference
between these two papers mentioned above is that
Mekheimer and Abd Elmaboud [15] have consider
the MHD term as a body force while Vajravelu et
al. [16] have consider the porous medium term. The
second main difference between these is that the
authors of [15] have consider the energy equation
without dissipation term whereas authors of [16] have
consider the dissipation term as well as the porous
medium contribution in the energy equation. In both
papers [15, 16], the solution has been calculated using
the perturbation method. There are various analytical
methods to compute the solutions of the linear and
nonlinear differential equations but each method has
some limitations, for example the main draw back of
the well-known perturbation method is that it is only
valid if there arise some large or small parameter in
the problem. Similarly, other methods have serious
convergent problems. Recently, the Adomian decom-
position method reached great importance [22 – 28].
If the closed form solution exists then one can easily
discuss the convergence of the given problem.

Considering the importance of heat transfer in peri-
stalsis and keeping in mind the sensitivity of conver-
gence, an attempt is made to study the combined ef-
fects of heat transfer and magnetic field on peristaltic
flow in a porous concentric horizontal tube. The flow
is considered in the horizontal porous endoscope and
a uniform magnetic field is applied in the transverse
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direction to the flow. The non-dimensional problem is
formulated in the wave frame under long wave length
and low Reynolds number approximations. By using
an Adomian decomposition method the closed form
solutions for the velocity and temperature have been
obtained. Furthermore, to check the validity of closed
form Adomian solutions the governing equations are
also solved numerical using finite difference scheme.
Adomian solutions are found to be in complete agree-
ment with the numerical results. In order to study the
quantitative effects, graphical results are presented and
discussed for different physical quantities.

2. Mathematical Formulation

We consider an electrically conducting flow of an
incompressible Newtonian fluid through a porous re-
gion between two concentric tubes. A uniform mag-
netic field B0 is applied in the transverse direction to
the flow. Further, we consider the magnetic Reynolds
number very small so that the induced magnetic field
is negligible. We choose cylindrical coordinates (Z,R),
where the Z-axis lies along the centre of the tube and R
is transverse to it. The inner tube is maintained at tem-
perature T1 while the outer tube has the given temper-
ature T0. The inner tube has the radius a1, while a0 is
the radius of the outer tube (see Fig. 1). The deforma-
tion of the outer tube wall due to the propagation of an
infinite train of the peristaltic waves is represented by

R = H(Z,t) = a0 + bsin
(

2π
λ

)
(Z − ct), (1)

where b is the wave amplitude, λ is the wave length,
c is the wave speed, and t is the time.

Fig. 1. Geometry of the problem.

The equations which govern the flow problem are
defined as (for detail see [16])

0 =
∂W
∂Z

+
U
R

+
∂U
∂R

, (2)

0 = −∂P
∂Z

+
µ
R

∂
∂R

(
R

∂W
∂R

)
− µ

K0
W −B2

0σW, (3)

0 =
k
R

∂
∂R

(
R

∂T
∂R

)
+µ

(
∂W
∂R

)2

+
µ
K0

W 2 +B2
0σW 2,

(4)

where W and U are velocity components of the fluid
in Z and R directions, respectively, ρ is the density, µ is
the variable viscosity, P is the pressure, k is the ther-
mal conductivity, K0 is the permeability of the porous
medium, T is the temperature, B0 is the magnetic field.

The boundary conditions are

W = 0 at R = a1, (5)

W = 0 at R = H(z, t), (6)

T = T1 at R = a1, (7)

T = T0 at R = H(z, t). (8)

The problem is simplified by using the following trans-
formation and non-dimensional quantities

x = (Z − ct), r = R, w = W, u = U, (9)

z =
z
λ

, r =
r

a0
, w =

w
c

, u =
λ u
a0c

,

θ =
T −T0

T1 −T0
, P =

a2
0

µcλ
, a1 =

a1

a0
,

η(z) =
h(z)
a0

, M =
√

σ
µ

B0a1.

(10)

Making use of (9) and (10) and after dropping the
prime, (2) to (8) take the following form:

0 =
∂w
∂z

+
u
r

+
∂u
∂r

, (11)

0 = −∂P
∂z

+
1
r

∂
∂r

(
r

∂w
∂r

)
−α2(w+ 1)−M2(w+ 1),

(12)

0 = +
1
r

∂
∂r

(
r

∂θ
∂r

)
+ Em

(
∂w
∂r

)2

+ α2Em(w+ 1)2 −M2(w+ 1)2.

(13)
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The relevant boundary conditions are

w = −1, at r = a1,

w = −1, at r = η = 1 + ε sinπz,

θ = 1, at r = a1,

θ = 0, at r = η = 1 + ε sinπz,

(14)

where α2 = a2
0/K0 (Porosity parameter), Em =

c2/k(T −T0) (Eckert numbert), and ε = b/a0 (ampli-
tude ratio).

3. Exact Solution

The exact solution of (12) satisfying the first two
equations of (14) can be written as

w = −1 +
dP
dz

1
ϕ2

{[
I0(ϕr)(K0(ϕa1)−K0(ϕη))

+ I0(ϕr)(I0(ϕη)− I0(ϕa1))
]

·[I0(ϕη)K0(ϕa1)− I0(ϕa1)K0(ϕη)
]−1 −1

}
.

(15)

4. Solution by Adomian Decomposition Method

According to the Adomian decomposition method,
we write (12) in the operator form

Lrw =
dp
dz

+ M2 + α2 + M2w+ α2w

and this can be written as

Lrw =
dp
dz

+ ϕ2 +(ϕ2)w, (16)

where

ϕ2 = M2 + α2.

The differential operator Lr is defined in the form

Lr =
1
r

∂
∂r

(
r

∂
∂r

)
(17)

and the inverse operator L−1
r is defined by

L−1
r (.) =

∫ [
1
r

∫
r(.)dr

]
dr. (18)

Applying the inverse operator, (16) takes the form

w(r,z) = L−1
r

[
dp
dz

+ ϕ2 +(ϕ2)w
]
+c1 lnr+c2, (19)

in which

L−1
r

[
dp
dz

+ ϕ2 +(ϕ2)w
]

=

∫ [
1
r

∫
r
(

dp
dz

+ ϕ2 +(ϕ2)w
)

dr
)

dr.

(20)

According to the Adomian decomposition method, we
can write

w =
∞

∑
n=0

wn.

Using the modified decomposition method, the solu-
tion w(r,z) can be calculated by the recurrence relation

w0 = c1 lnr + c2,

w1 = L−1
r

[
dp
dz

+ ϕ2
]
+ ϕ2L−1

r (w0),

wn+2 = ϕ2L−1
r (wn+1), n ≥ 0,

(21)

where c1 and c2 are constants.
The above equations give

w1 =
(

dp
dz

+ ϕ2
)

r2

4
+ ϕ2

(
c1

r3

9
+ c2

r2

4

)
,

w2 = ϕ2
(

dp
dz

+ ϕ2
)

r4

64

+ ϕ4
(

c1
r4 lnr

64
− c1

3r4

128
+ c2

r4

64

)
,

w3 = ϕ4
(

dp
dz

+ ϕ2
)

r6

2304

+ ϕ6
(

c1
r6 lnr
2304

− c1
r6

4603
+ c2

r6

2304

)
,

...

wn = ϕ2n−2
(

dp
dz

+ ϕ2
)

r2n

22n(n!)2

+ ϕ2nc1

(
r2n lnr

22n(n!)2

)
+ ϕ2nc2

r2n

22n(n!)2 ,

n ≥ 1.

(22)

With the help of (21) and (22), the closed form of w
can be written as

w(r,z) = w0 +
∞

∑
n=1

wn
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= c1 lnr + c2

+
∞

∑
n=1

[
ϕ2n−2

(
dp
dz

+ ϕ2
)

r2n

22n(n!)2

+ ϕ2nc1

(
r2n lnr

22n(n!)2 − r2n

22n+1(n!)2

)

+ ϕ2nc2
r2n

22n(n!)2

]
, (23)

w(r,z) = c1

(
1 +

∞

∑
n=1

(ϕr)2n

22n(n!)2

)
lnr− c1

∞

∑
n=1

r2n

22n+1(n!)2

+ c2

(
1 +

∞

∑
n=1

ϕ2n r2n

22n(n!)2

)

+
∞

∑
n=1

ϕ2n−2
(

dp
dz

)
r2n

22n(n!)2 +
∞

∑
n=1

ϕ2 r2n

22n(n!)2 .

(24)

For the sake of simplicity, we can write (24) as

w(r,z) = −1 + I0(ϕr)

+
c1

2
(1− I0(ϕr)+ 2I0(ϕr) lnr)

+ c2I0(ϕr)+
1

ϕ2
dp
dz

(I0(ϕr)−1),

(25)

where I0(ϕr) is a modified Bessel function of first
kind,

I0(ϕr) =
∞

∑
n=0

(ϕr)2n

22n(n!)2 ,

and

c1 =
dp
dz

a20, c2 =
dp
dz

a21 −1,

so

w(r,z) = −1

+
dp
dz

(
a20

2
(1− I0(ϕr)+ 2I0(ϕr) ln r)

+ I0(ϕr)a21 +
1

ϕ2 (I0(ϕr)−1)
)

.

(26)

The instantaneous volume flow rate in the fixed coor-
dinate system is given by [11]

Q = F +
1
2

(
1−a2

1 +
φ2

2

)
. (27)

The volume flow rate F in the moving frame is given
by

F =
∫ η

a1

rwdr. (28)

Substitution of (26) in (28) and then solve the result for
dp/dz we have

dp
dz

=
2F +(η2 −a2

1)−a23

a24
. (29)

Making use of (26) in (13) we can evaluate the expres-
sion for the temperature profile as

θ (r,z) =
∞

∑
m=0

∞

∑
k=0

emk(ϕr)2m+2k+4

+
∞

∑
m=0

∞

∑
k=0

fmk(ϕr)2m+2k+4 lnr

+
∞

∑
m=0

∞

∑
k=0

gmk(ϕr)2m+2k+3

+
∞

∑
m=0

∞

∑
k=0

hmk(ϕr)2m+2k+3 lnr

+
∞

∑
m=0

∞

∑
k=0

Imk(ϕr)2m+2k+2

+
∞

∑
m=0

∞

∑
k=0

Jmk(ϕr)2m+2k+2 lnr

+
∞

∑
m=0

∞

∑
k=0

Kmk(ϕr)2m+2k+2(lnr)2

+
∞

∑
m=0

∞

∑
k=0

Lmk(ϕr)2m+2k+1

+
∞

∑
m=0

∞

∑
k=0

Mmk(ϕr)2m+2k

+
∞

∑
k=0

Nk(ϕr)2k+1 +
∞

∑
k=0

Ok(ϕr)2k+1(lnr)2

+
∞

∑
k=0

Pk(ϕr)2k+2 +
∞

∑
k=0

Qk(ϕr)2k+2 lnr

+ b1 lnr + b4.

(30)

The corresponding stream functions (u = − 1
r

∂Ψ
∂z and

w = 1
r

∂Ψ
∂r ) can be written as

Ψ (r,z) = − r2

2
+

dp
dz

[(
r

ϕ3 I1(ϕr)− r2

2ϕ2

)

+
a20

2

(
r2

2
− r

ϕ
I1(ϕr)+

2r
ϕ

I1(ϕr) lnr+
2

ϕ2 − 2I0(ϕr)
ϕ2

)

+ a21
r
ϕ

I1(ϕr)
]
. (31)

The pressure rise ∆p and the friction force Fλ on inner
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and outer tubes F(o)
λ , F (i)

λ , are given by

∆pλ =
∫ 1

0

dp
dz

dz, (32)
F (o) =

∫ 1

0
a2

1

(
− dp

dz

)
dz, F(i) =

∫ 1

0
η2

(
− dp

dz

)
dz, (33)

where

a3 = ϕ +
dp
dz

1
ϕ
− a1ϕ

2
, a4 = a1ϕ , a5 = −(α2Em + M2), a6 = 1 +

dp
dz

1
ϕ2 − a1

2
+ a2,

a7 = − 1
ϕ2 +

a1

2
, a8 = −Ema2

3, a9 = a2
4, a10 = a2

1, a11 = 2a3a4, a12 = 2a3a1,

a13 = 2a4a1, a14 = −(α2Em + M2)a2
6, a15 = a2

7, a16 = a2
1, a17 = 2a6a7, a18 = 2a6a1,

a19 = 2a7a1, a20 =
2(I0(ϕa1)− I0(ϕη))

ϕ2(I0(ϕa1)+ I0(ϕη)+ 2I0(ϕa1)I0(ϕη) ln a1 −2I0(ϕa1)I0(ϕη) lnη)
,

a21 =
(−2I0(ϕa1) lna1(−1 + I0(ϕη))+ 2(−1 + I0(ϕa1)I0(ϕa1)I0(ϕη)))

ϕ2(I0(ϕη)+ I0(ϕa1)+ 2I0(ϕa1)I0(ϕη) ln a1 −2I0(ϕa1)I0(ϕη) lnη)
,

amk =
1

22k+2m+2k!(k + 1)!22m+1m!(m+ 1)!
, bmk =

1
22k+2m(k!)2(m!)2 ,

cmk =
1

22k+2m+1(k!)2(m)!(m+ 1)!
, dk =

1
22k(k!)2 , emk =

a8 + 3a9 + 2a9/ϕ2

ϕ2(2m+ 2k + 4)2 ,

fmk =
−2a9

ϕ2(2m+ 2k + 4)3 , gmk =
−a13 −a13/ϕ

ϕ2(2m+ 2k + 3)3 , hmk =
a13

ϕ2(2m+ 2k + 3)2 ,

Jmk =
−2a16

ϕ2(2m+ 2k + 2)2 , Kmk =
a16

ϕ2(2m+ 2k + 2)2 , Lmk =
a10

ϕ2(2m+ 2k)2 ,

Mmk =
a11

ϕ2(2m+ 2k + 1)3 , Nk =
a17

ϕ2(2k + 2)2 , Ok =
−2a18

ϕ3(2k + 2)3 ,

Pk =
−2a18 −ϕa19 −a19ϕ2

ϕ3(2k + 2)3 , Qk =
−2a18 + a19ϕ2

ϕ3(2k + 2)3 ,

b1 =
∞

∑
m=0

∞

∑
k=0

emk(ϕa1)2m+2k+4 +
∞

∑
m=0

∞

∑
k=0

fmk(ϕa1)2m+2k+4 lnr +
∞

∑
m=0

∞

∑
k=0

gmk(ϕa1)2m+2k+3

+
∞

∑
m=0

∞

∑
k=0

hmk(ϕa1)2m+2k+3 lnr +
∞

∑
m=0

∞

∑
k=0

Imk(ϕa1)2m+2k+2 +
∞

∑
m=0

∞

∑
k=0

Jmk(ϕa1)2m+2k+2 lna1

+
∞

∑
m=0

∞

∑
k=0

Kmk(ϕa1)2m+2k+2(lna1)2 +
∞

∑
m=0

∞

∑
k=0

Lmk(ϕa1)2m+2k+1 +
∞

∑
m=0

∞

∑
k=0

Mmk(ϕa1)2m+2k

+
∞

∑
k=0

Nk(ϕa1)2k+1 +
∞

∑
k=0

Ok(ϕa1)2k+1(lna1)2 +
∞

∑
k=0

Pk(ϕa1)2k+2 +
∞

∑
k=0

Qk(ϕr)2k+2 lna1

b2 =
∞

∑
m=0

∞

∑
k=0

emk(ϕη)2m+2k+4 +
∞

∑
m=0

∞

∑
k=0

fmk(ϕη)2m+2k+4 lnr +
∞

∑
m=0

∞

∑
k=0

gmk(ϕη)2m+2k+3

+
∞

∑
m=0

∞

∑
k=0

hmk(ϕη)2m+2k+3 lnr +
∞

∑
m=0

∞

∑
k=0

Imk(ϕη)2m+2k+2 +
∞

∑
m=0

∞

∑
k=0

Jmk(ϕη)2m+2k+2 lnη

+
∞

∑
m=0

∞

∑
k=0

Kmk(ϕη)2m+2k+2(lna1)2 +
∞

∑
m=0

∞

∑
k=0

Lmk(ϕη)2m+2k+1 +
∞

∑
m=0

∞

∑
k=0

Mmk(ϕη)2m+2k

+
∞

∑
k=0

Nk(ϕη)2k+1 +
∞

∑
k=0

Ok(ϕη)2k+1(lnη)2 +
∞

∑
k=0

Pk(ϕη)2k+2 +
∞

∑
k=0

Qk(ϕη)2k+2 lnη .
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The non-dimensional expressions for the four consid-
ered wave forms are given by the following equations:

1. Sinusoidal wave:

h(z) = 1 + φ sin(2πz)

2. Triangular wave:

h(z) = 1+φ

{
8

π3

∞

∑
n=1

(−1)n+1

(2n−1)
sin(2π(2n−1)z)

}

3. Square wave:

h(z) = 1+φ

{
4
π

∞

∑
n=1

(−1)n+1

(2n−1)
cos(2π(2n−1)z)

}

4. Trapezoidal wave:

h(z)= 1+φ

{
32
π2

∞

∑
n=1

sin π
8 (2n−1)

(2n−1)2 sin(2π(2n−1)z)

}
.

5. Numerical Computations

A finite difference technique is employed to check
the results of the perturbation analysis and to indicate
their validity. Recall that the system of equations and
boundary conditions in the long wavelength limit are
given by

0 = −∂p
∂z

+
1
r

∂
∂r

(
r

∂w
∂r

)
−ϕ2(w+ 1), (34)

w = −1, at r = a1,

w = −1, at r = η = 1 + ε sin2πz,
(35)

where

ϕ2 = M2 + α2.

We use the finite difference method to solve the above
equation treating it as an ordinary differential equation
with the boundary conditions (35). The first step is to
split the domain [α1,η] into a number of sub-domains
or intervals of length dr. We denote by ri the inter-
val end points or nodes with r1 = a1 and rn+1 = η . In
general we have ri = (i−1)dr for i = 1,2,3, . . . ,N. We
represent the axial velocity w at the ith node by wi. The
second step is to express the differential operators in a
discrete form. This can be accomplished using finite
difference approximations to the differential operators.

Fig. 2. Comparison of analytical and numerical solutions of
the axial velocity w for M = 0.8, a1 = 0.45, α = 0.2, φ = 0.2,
x = 0.5.

Fig. 3. Pressure rise versus flow rate for ε = 0.45, a1 = 0.4,
α = 0.8.

Fig. 4. Pressure rise versus flow rate for ε = 0.45, M = 0.4,
α = 0.8.
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Fig. 5. Pressure rise versus flow rate for ε = 0.45, M = 0.8,
a1 = 0.4.

Fig. 6. Pressure rise versus flow rate for M = 0.8, a1 = 0.4,
α = 0.4.

Fig. 7. Friction force at inner tube versus flow rate at ε =
0.45, a1 = 0.4, α = 0.8.

Fig. 8. Friction force at inner tube versus flow rate at ε =
0.45, M = 0.4, α = 0.8.

Fig. 9. Friction force at inner tube versus flow rate at ε =
0.45, a1 = 0.4, M = 0.8.

Fig. 10. Friction force at inner tube versus flow rate at M =
0.8, a1 = 0.4, α = 0.4.
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Fig. 11. Friction force at outer tube versus flow rate at ε =
0.45, a1 = 0.4, α = 0.8.

Fig. 12. Friction force at outer tube versus flow rate at ε =
0.45, M = 0.4, α = 0.8.

Fig. 13. Friction force at outer tube versus flow rate at ε =
0.45, a1 = 0.4, M = 0.8.

Fig. 14. Friction force at outer tube versus flow rate at M =
0.8, a1 = 0.4, α = 0.4.

Fig. 15. Pressure rise versus flow rate for ε = 0.45, a1 = 0.4,
α = 0.8.

Fig. 16. Temperature profile for F = 0.4, α = 0.8, ε = 0.45,
Em = 0.4, z = 0.1, a1 = 0.1.
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Fig. 17. Temperature profile for F = 0.4, α = 0.8, ε = 0.45,
M = 0.4, z = 0.1, a1 = 0.1.

In this problem we will use the central difference ap-
proximation and replaced the derivatives by their dis-
crete approximations

w′′ =
Wi+1 −2Wi +Wi−1

(dr)2 , w′ =
Wi+1 +Wi−1

2(dr)
. (36)

Using (36) in (34) and after rearranging, we get a sys-
tem of algebraic equations

AiWi+1 +BWi +CiWi−1 = Di, i = 1,2,3, . . . ,N.

Finally, the resulting tridiagonal system is solved by
using the famous Thomas algorithm.

6. Numerical Results and Discussion

The main aim of the present work is to present the
closed form solutions of an incompressible, magneto-
hydrodynamic Newtonian fluid through a porous hori-
zontal annular region between two concentric tubes. A
numerical solution of the problem has been also com-
puted to discuss the validity and convergent of the two
solutions which are presented in Figure 2. The expres-
sion for pressure and frictional forces per wave length
are difficult to integrate analytically therefore numeri-
cal integration is used to evaluate the integrals. In Fig-
ures 3 – 6 the pressure rise is plotted versus the dimen-
sionless flow rate Θ . In Figure 3, it is observed that
pressure rise decreases with the increase in M up to
Θ < 0.47 and for Θ > 0.48 it gives an opposite be-
haviour. The effects of the radius of the inner tube a1
on pressure rise could be analyzed through Figure 4.
It is seen that pressure rise increases with the increase

Fig. 18. Temperature profile for F = 0.4, Em = 0.8, ε = 0.45,
M = 0.4, z = 0.1, a1 = 0.1.

in a1 up to Θ < 0.48, after that pressure rise decreases.
Figure 4 is prepared to see the effects of α (Porosity
parameter) on pressure rise versus flow rate. It is ob-
served that pressure rise decreases with the increase
in α up to Θ < 0.47 and for Θ ≥ 0.47 it gives an oppo-
site behaviour. Figure 6 shows the physical behaviour
of the amplitude ratio ε on pressure rise. It is depicted
from the figure that the pressure rise increases with
the increase in ε up to Θ < 0.47 and for Θ ≥ 0.47
it decreases. The frictionless force Fλ for inner and
outer tube denoted by F (i)

λ and F (o)
λ , respectively, are

plotted in Figures 7 – 14. The region in which both,
F (i)

λ and F (o)
λ , are positive denotes the region where

reflux phenomenon occurs and the region where F(i)
λ

and F (o)
λ are negative designate to peristaltic pump-

ing. We observed that the frictionless force has the
opposite behaviour as compared to pressure rise. The
expression for pressure rise per wavelength is evalu-
ated numerically for the four considered wave forms
and the result is presented graphically in Figure 5.
It is observed from the graph that the square wave
gives the best pumping characteristics among all wave
forms. The trapezoidal wave has the worst pumping
characteristics.

Figures 16 – 18 are prepared to see the effects of dif-
ferent parameters on the temperature profile. When we
increase Em the temperature profile increases while it
decreases with the increase in α and M. The trapping
phenomenon is an interesting phenomenon in peri-
staltic motion which is basically due to the circula-
tion of the stream lines. We have discussed this phe-
nomenon in Figures 20 – 23. Figures 20 and 21 show
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Fig. 19. Streamlines for different values of α1 = 0.5 (a) and α1 = 0.58 (b). The other parameters are Θ = 0.69, α = 0.4,
ε = 6.3, M = 1.
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Fig. 20. Streamlines for different values of ε = 0.60 (c) and ε = 0.63 (d). The other parameters are Θ = 0.69, α = 0.4,
α1 = 0.51, M = 1.

Fig. 21. Streamlines for different values of α1 = 0.45 (e) and α1 = 0.5 (f). The other parameters are Θ = 0.69, ε = 0.4
α1 = 0.51, M = 1.
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Fig. 22. Streamlines for different values of M = 0.5 (g) and M = 0.8 (h). The other parameters are Θ = 0.69, ε = 0.63,
α1 = 0.55, α = 1.
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Fig. 23. Streamlines for different values of Θ = 0.68 (i) and Θ = 0.7 (j). The other parameters are M = 0.4, ε = 0.6, α1 = 0.55
α = 0.1.

that with the increase in radius a1 and amplitude ratio ε
the size of trapped bolus decreases but the number of
trapping bolus increases. Figures 21 and 22 shows that
with the increase in α (Porosity parameter) and Hart-

mann number M the size of the trapped bolus decreases
and the number of trapping bolus also decreases. Fig-
ure 23 shows that with the increase in flow rate Θ the
size of trapped bolus increases.
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