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Abstract

The aim of this problem is to study the peristaltic motion of a Newtonian,
homogenous and incompressible viscous fluid in a two dimensional channel by
using Adomian Decomposition Method. The expressions for stream function,
velocity and vorticity are obtained without any approximation for the governing
equations and also for the choice of the problem parameters values, but we used
Adomian Decomposition Method as approximated one. The effects for arbitrary
values of wave number (o), amplitude ratio (¢) and Reynolds number (R, )
on flow characteristics are studied in detail.
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1 Introduction

When a progressive wave resulting from area contraction and expansion of an
extensible tube propagates along the length of the tube, a fluid contained in
the tube is mixed and transported in the direction of the wave propagation as
if it were squeezed out by the moving wall. This phenomenon, called ”peri-
stalsis”, is an inherent property of any tubular organ of the human body such
as the ureter, the gastro-intestinal tract, or the small blood vessels. In the
last decades the mechanism of this mixing and transporting peristaltic motion
has acquired general interest in the field of hydrodynamics and a number of
studies have been undertaken with respect to peristaltic flows by applying a
simple hydrodynamic model represented by sinusoidal waves. Some of them
are summarized in the review by Jaffrin & Shapiro (1971) [1]. Since these
studies have been developed in connection with the function of organs of the
human body, many of them have been concerned with the flow within a range
of small Reynolds numbers. Moreover, peristaltic pumping has been quite
recently utilized for the transport of such fluids as blood, slurries, corrosive
fluids, and it is desirable to prevent them from coming into contact with the
mechanical parts of the pump. So it is necessary that the peristaltic flow at
moderate Reynolds numbers should be analyzed.

In the range of finite Reynolds number, a theoretical analysis of the peri-
staltic flow is extremely difficult because of the nonlinearity due to the inter-
action between the moving wall and the flow field.Fung & Yih (1968)[2] first
performed a study of peristaltic flow including small nonlinear effects. They
treated the case of a two-dimensional channel with a small ratio of amplitude
to wavelength of the peristaltic wave, and their analysis was based upon per-
turbations of the ratio of wave amplitude to mean channel width. Shapiro,
Jaffrin & Weinberg (1969)[3] obtained a linear solution of peristaltic flow by
considering the limiting case in which the wavelength was infinite and the
fluid inertia could be neglected, and by applying Stokes’ approximation to
the flow. This linear solution was modified later by Jaffrin (1973)[4] in his
consideration of small nonlinear effects. He made a perturbation analysis so
as to obtain the series solutions for both the case of long wavelength at zero
Reynolds number and the case of small Reynolds number at infinite wave-
length. The applicable range of these series solutions was studied through a
comparison with experimental results (Weinberg, Eckstein & Shapiro 1971)[5].
For the limiting case of large Reynolds number with small amplitude and long
wavelength, Hanin (1968)[6] analyzed the flow by applying the boundary-layer
equation, and Ayukawa, Kawai & Kimura (1981)[7] obtained experimental re-
sults as well as an approximate solution of potential flow on the basis of source
distributions. In these two works, the peristaltic pumping was investigated
with reference to engineering applications. On the other hand, with respect
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to numerical investigations, we have the analyses of Tong & Vawter (1972)[§]
and Brown & Hung(1977)[9]. The former uses the finite-element method that
is available for the case of large amplitude, and the latter applies the finite-
difference method by employing orthogonal curvilinear coordinates. Recently
Kh. S. Mekheimer & et al. ([10]-[13]) obtained a linear solution of peristaltic
flow by considering the limiting case in which the wavelength was infinite.
But each of them has its disadvantage in requiring enormous and complicated
calculations and/or a restriction on the geometry of the calculating region.
In this paper, the Navier-Stokes equations are solved numerically by using
Adomian Decomposition Method on the peristaltic flow induced by an infinite
train of sinusoidal waves in a two-dimensional channel. The second section will
give brief summary of the solution method which will be used. But the third
section will explain in detail the form of the problem and find a solution by
using Adomian Decomposition Method to get a stream function, velocity and
vorticity of the fluid and in the fourth section, we will discuss in detail the
results we have obtained and The effects of wave number («), amplitude ratio
(¢) and Reynolds number (R, ) on flow characteristics .

2 Adomian Decomposition Method(ADM) ([14]-
[18])

In this section we will discuss the Adomian Decomposition Method. The Ado-
mian Decomposition Method has been receiving much attention in recent years
in applied mechanics in general, and in the area of series solutions in particu-
lar. The method proved to be powerful, effective, and can easily handle a wide
class of linear or nonlinear, ordinary or partial differential equations, and linear
or nonlinear integral equations. The decomposition method demonstrates fast
convergence of the solution and therefore provides several significant advan-
tages. The Adomian Decomposition Method was introduced and developed
by George Adomian in and is well addressed in the literature. A considerable
amount of research work has been invested recently in applying this method
to a wide class of linear and nonlinear ordinary differential equations, partial
differential equations and integral equations as well. The Adomian Decompo-
sition Method consists of decomposing the unknown function u(z,y) of any
equation into a sum of an infinite number of components defined by the de-
composition series:

u(z,y) =Y un(z,y), (1)

where the components u,(z,y) (n > 0) are to be determined in a recursive
manner. The decomposition method concerns itself with finding the com-
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ponents (ug, u1, us, -+ - ) individually. As will be seen through the text, the
determination of these components can be achieved in an easily way through
a relation that usually involve simple integrals. In this study, we solve for
(Ly(u)), hence the other linear operators, Simply become R operator in the
partial differential equation as follows:

Ly(u) + R(u) + N(u) = g(z,y), (2)
where N (u) represents the nonlinear term and L, (x) = 86”7(2), therefore:
Ly(u) = =R(u) = N(u) + g(z,y)- (3)

Then we operate both sides the inverse operator (assuming it exists) which
is an n-fold integration operator from 0 to y, since

L' = [ Gy

T
| L, (Ly(u)) = =L, Y(R(u)) = L (N (w) + L, (g(2,y)). (4)
Then, we get:
L;l(Ly(U)) =u— P,
where B '
Py = Z Lﬂi)yja

VA

<

and Kj(x) are the integration constants which are evaluated from the given
conditions, so:

KO | 1w y) - 1 R@) - L V@), )

U([E,y) - y Y

In the use of this method, the solution of the partial differential equation
is written as:(1), where wug is a function involving the initial (or boundary)
conditions, the forcing function g(z,y) and integral constants. The other com-
ponents of u are determined by recursive relation. The nonlinear term N (u),
such as (u?, u®,sinfu],---), etc. can be expressed by infinite series of the so-

called Adomian polynomials A, given in the form

N(U) :ZAH(UOauhuQv”' 7un)7 (6)
n=0
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where A,, are specially generated Adomian polynomials for the specific nonlin-
earity. The Adomian polynomials A,, for nonlinear term N (u) can be evaluated
by using the following expression

n

1 dn i
A = E@W(;C u;))l¢=0, 1 > 0. 7)
So the solution can now be written as:
K. (x)y? B - .
v = 2= 2 %H gl ) =L R un)=L7 (Y] An),
" = . n=0 n=0

(8)

where the first two terms from the last equation are identified as ug in the

assumed decomposition series and the other terms represent the components
after ug. Then we get the following recursive relation:

«— K@y
up = jZOTy+L (g(z,9)), o)

tns1 = —L N (R(un)) — L7Y(A,), n>0.

From which all components of the decomposition are identified and computed.

3 Statement of Physical Model

A Newtonian, homogenous and incompressible viscous fluid with no restriction
either on the geometry or on non-linearity is considered. In the fixed frame
(X,Y) the central axis of a two dimensional channel is taken along the X-axis
(see figure 1). The wall of the domain is defined by

2T

H(X,T)=h-— ECOS[T(X - CT)], (10)

where, T is time, € is the wave amplitude, A is the mean distance of the wall
from the central axis, A is the wave length and C' is the velocity with which
the infinite train of sinusoidal wave progresses along the wall in the positive
X-direction. The flow which is unsteady in the fixed frame (X,Y) appears
steady in the moving frame (2, y') which travels in the positive X-direction
with velocity “C”.

The relations between the two frames are:

¥ =X-CT, y =Y, uW=U-C, v =V. (11)
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Y,V

n'(x")

Figure 1: Geometry of two-dimensional peristaltic channel

Where (U,V) and (v',v") are components of velocity in the fixed and moving
frames respectively. In the fixed frame the equations governing the flow (with

[13P%)

pressure “P 7 viscosity “u” and density “p”) are:

ou oV

- 42 = 12
ox "oy (12)
DU oU oU ou oP 0’U  0*U
T = g2 - = - 13
ol =rlor *Uax T Vvl = ~ax THloxa T oy (P
and
DV ov oV ov oP o’V 9V
=y - R [ - 14
o) =rlar tUax Vo) = oy T T vk 1Y
and the boundary conditions are:
V=0, a—U:O, at Y =0,

dH 2nC . 27
U—O, V_d_T__ b\ GSIH[T(X—CT)] at Y = H.

The stream function ¥ and the vorticity €2 in the fixed frame are introduced
as:

ov ov oV oU

RS> SN > G
and in the moving frame (2’,y") the stream function ¢’ and vorticity w' are
defined by

(16)

u/ o a¢/ 'U/ o _81/}/ (.U/ o 8_’0/ _ 8_?'/ (17)
oy - Oz’ - ox Oy
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Using equations (11) in [(12) to (15)], we obtain the governing equations in
the moving frame as:

ou o
=) 18
8,%’ + ay/ ) ( )
o' o' op/ % 0
2T ) = 2 19
p[u ax/—i_vay/] ax/—{_u[ax/g—i_ayg]? ( )
and
o' o' op’ 0% 0%
1=z U I . 2()
plu ox' v 8y’] Y’ + M[ﬁx’Q * 83/’2] (20)
Also, the configuration of the peristaltic wall can be represented by:
2
n'(z')=h-— ecos[%x’], (21)

and the no-slip condition or the symmetry condition on the planes 3y’ = 0 and
y' = n'(2") can be expressed as follows:

a /
v =0, 8_u’:0’ at ' =0,
’ 2nC 2 (22)
u = —-C, v = —WTE sin[%z’], at v =n'(2").

Moreover, since the both planes ' = 0 and 3y’ = 1/(z’) constitute the stream-
lines in the wave frame, the flow rate (¢ = [«/dy’) in the wave frame is
constant at all cross-sections of the channel. Thus the following equation can
be obtained as:

Y =0, aty =0, ¢ =¢, at y =1'(a'). (23)

The dimensionless variables defined by:

A,
A h’ C’
/
h
U:%v', @Z)—%, wzaw’, (24)
_ 4 _ " _
q Ch? p MCAp’ 77 h/,

will be used; and the amplitude ratio “¢”, the wave number “a”, and the
Reynolds number “R.”, are defined by
h _ pCh

== R, , = —. 25
a=1. o (25)
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Equation of motion and boundary conditions in the dimensionless form be-
come:

Ju Ov
42— 26
du  Ou dp ,0%u  0%u
— —]=—= — 4+ — 27
Rea[uf)x U@y] Ox *lo Ox? 8y2]7 (27)
and
ov ov op v v
3lu— — == o — + —]. 28
R.a [u8x+vﬁy] 8y+a [ 8x2+8y2] (28)
Also, the configuration of the peristaltic wall can be represented by:
n(x) =1 — ¢cos2mx], (29)

and the no-slip condition or the symmetry condition on the planes y = 0 and
y = n(x) can be expressed as follows:

Ju
v =0, — =0, =0 at y =0,

o v ’ (30)
u=—1, v = —27m¢sin[2mz], v =q at y = n(x),

and the stream function ¢ and vorticity w are defined by:

Lo e o
u-ay, v o W= o (31)

By eliminating the pressure from equations (27) and (28), we get:

Pu a2821;> _i_U((()Qu e 0*v \
0x0y 0x? Oy? 0xdy
0? 0?  Ou ov

_ 27 7oy Z2 L2

Reafu(

(32)

Using equations (31) in [(30) and (32)], we get the governing equations and
boundary conditions as:

o, 0% 2P oY DR, 0
8_y)(8m0y2 ta ax?’)_(%)(@y?’ ta 8x28y)]

_ . 82 62 (921/J 2327,/)
= (e Ox? * 8y2>(8y2 ta Ox? ))

Real(

(33)
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For simplify, we get:

oM oY, 0% 83¢ o 03P 93P
(9_y4 (3, dy )(8x8y o )~ <8x oy oy? ta 8x28y)] a4
0% , 0N (34)
o Oxt +2a 8$28y2]’

and the no-slip condition or the symmetry condition on the planes y = 0 and
y = n(x) can be expressed as follows:

2
P =0, a—fzo, a—wzo at y =0,
Ay O (35)
W = a_w =1 8_¢ = —271¢sin[27mz] at y = n(z)
=q, ay = , B = T 7T y=n :

4 ADM Solution

For the solution of equation (34) with the boundary conditions (35) , we use
Adomian Decomposition Method, we write equation (34) in operator form

M, O PP P O 0
v =L, (Real(G) G + o255 — (GG + a5z
841/1 , M (36)
- L, Y([a* 5t + 2« axzayz}).
Since y
L) = [ ()i,
N
4 - times
So, Now we can decompose 1) as:
=) . (37)
n=0

Substituting ¢ into equation (36), and using the boundary equations (35),
then we get the following recursive relation:

(@) +3¢\ 5 (n@)+gq
= (M) o ()
_ -1 61%4 831#7171 2 agwnfl
Yz = Py + Ly (Rea( Ay )(8:1:8y2 o) (38)
a¢n—1 831%—1 8 @Z)n 1 -1 48477ZJ 2a 7»bn—l
— ox ) oy ta 0x20y D)=Ly (e ozt "+ 2a 89028342])’
since D, = con(T) +yer1n(z) + yiean(z) + yiesn(z),
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where ¢y . €1, Copn, C3pn are the integration constants which are evaluated
from the given conditions.
Then the solution of the stream function written as:

V=) bn=dot it st
n=0

=y <_n(;r$(:)3q> Y ( iz Q(j;)q) - 20163n9(x)ya(y2 —n*(z))*[Re(120¢%y*
x o (z) + 15qy* oPn(x)y (z) (140 (x) — 9gn" (x)) + 6”1 (x)n' + 30
x 0 (2)(20 (z)n" () — 5qn® (2)) + 0’ () (' (2) (= 7929 — o (5dqn (z)+
(783¢% + 32y°)" () — 58qy*an® (x)) + v*n*(x) (2 (2)(30¢(6 — 5’ (x))

+(243¢% — 3597’ (x ))+25qy2a277( '(2)) + 3y*n* (x) (4(—34¢” + 5y*)a?
x 1% (x) + 2qn (x)(36¢ — 35y°a’n" (x)) + 5¢°y°a’n® (x)) + 25" () (61 (x)
X (=90¢° + 12y* + o*((48¢* — 2y*)1* () + 25qy°n" (x))) + v*(—=39¢° + 5¢%)
x o’n® () + n’(x) (54n () (—4 + > (=21 (x )+qn"(l’ ) + (270¢% + 8y)

x o*n®(x))) + 120*(=360qy >’y () — 120y n(z)n (=) (0 () — 3y (x))

— 120 (2) (180’ (x) + 3qy*a®n (x) + 120 (2)(7q — y*®" (x)) + 4qy’a’
1 (z)n™(x)) + 40’ (z)n'™ (z) — 3o’y (x) (120" () + 1617 (2)n®@ + 5q
x () = 3n*(x) (800’ (z) — 84qn” (x) + 121 (x) (14 + g’y (x)) + 8y
x on/(x)n® (x) + y* (60" (x) — ™ (x))) + 25" () (12(7 + 127" ()" ()
+27q0%n" (z) + o2 (36gn (2)n™ (z) + y*n' ()] + - - -

(39)

Now, we can evaluate the velocity and vorticity from equation (31). From
the two-dimensional steady Navier-Stokes equations, introducing the stream
function ¢ and vorticity w gives the pressure terms in dimensionless form as

op o &% o 9 ow
or (G Ox Oy? o) (83/ 8:683/)] oy’ (40)
op N RN

8_y: a[(ﬁy&v?) (8$8$8y)] “ o

From these equation and substituting of ¢ and w we can get the value of the
pressure gradients.

5 Numerical Results and Discussion

In a two dimensional symmetric channel with both walls moving, the stream
function, the velocity and pressure fields are evaluated for values of the four
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dimensionless parameters, the wave number «, the amplitude ratio ¢, Reynolds
number R, and volume flow rate q.

5.1 Velocity Field

To study the behavior of the distributions of the longitude velocity (u) for
values of «, ¢, R, and ¢. Figures (2,3, 4and 5) depicts that the behavior of
velocity near the channel walls and at center are not similar, also the longitude
velocity take a cosine profile in all figures. Figure(2) show that by increasing a,
longitude velocity field decreases in the region y € [—0.35,0.35] and increases in
rest of the region. Figure (3) illustrates the longitude velocity increases in the
region y € [—0.35,0.35] but decreases in the other region as ¢ increases. Figure
(4) illustrates the longitude velocity increases in the region y € [—0.45,0.45]
but decreases in the other region as R, increases. The velocity for the flow
rate ¢ is plotted in figure(5) . It is found that the velocity field increases with
an increase in the flow rate.

To study the behavior of the distributions of the vertical velocity v for several
values of «, ¢, R, and ¢. Figures (6, 7 and 8) illustrate the velocity field
increases with the increase of (o, R. and ¢ ) in the region y € [—0.8,0] while
velocity field decreases in the region y € [0,0.8]. In figure (9) for the region
y € [—0.8,0] we show that the velocity field near to the wall decreases as
¢ increases while increases in the other region, but vice versa in the region
y € [0,0.8].

Our results are compared with those obtained by Mekheimer[10] in the case
of no magnetic field and couple stresses. Such a comparison is illustrated in
tables (1) and(2) and figure (10), where we notice a light difference between
the two solutions in the middle of the channel and coincide near to the walls
of the channel.

y | u(x,y) present work | u(x,y) Mekheimer[10] lerror|
-0.7 -1 -1 0
-0.5 0.2596056825 0.2594752187 0.0001304638
-0.3 1.0991139256 1.0991253644 0.0000114389
-0.1 1.5187993716 1.5189504373 0.0001510658
0.1 1.5187993716 1.5189504373 0.0001510658
0.3 1.0991139256 1.0991253644 0.0000114389
0.5 0.2596056825 0.2594752187 0.0001304638
0.7 -1 -1 0

Table 1: Comparison of longitude velocity distribution for present work when
a=0.01, R, = 0.01 and work obtained by Mekheimer[10] for fixed values of
»=0.3, ¢=0.5
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y | u(x,y) present work | u(x,y) Mekheimer[10] lerror|

-0.9 -1 -1 0

-0.7 -0.3415306332 -0.3415637860 0.0000331528
-0.5 0.1522789412 0.1522633744 0.0000155667
-0.3 0.4814651075 0.4814814815 0.0000163740
-0.1 0.6460521253 0.6460905350 0.0000384097
0.1 0.6460521253 0.6460905350 0.0000384097
0.3 0.4814651075 0.4814814815 0.0000163740
0.5 0.1522789412 0.1522633744 0.0000155667
0.7 -0.3415306332 -0.3415637860 0.0000331528
0.9 -1 -1 0

33

Table 2: Comparison of longitude velocity distribution for present work when
a=0.01, R. = 0.01 and work obtained by Mekheimer[10] for fixed values of
$=0.1, ¢=0.1

5.2 Pressure Field

Figures (11,12 and 14) illustrate that in the wider part of the channel = €
[0,0.6] and [0.9, 1.2] the pressure gradient is relatively small, that is, the flow
can easily pass without imposition of large pressure gradient. Where, in a
narrow part of the channel x € [0.6,0.9] a much larger pressure gradient is
required to maintain the same flux to pass it, especially for the narrowest
position near x = 0.8. This is in well agreement with the physical situation.
Also from these two figures we observe the effect of o and ¢ on the pressure
gradient, for fixed values of the other parameters, where the amplitude of %
increases with increasing of a and ¢, while it decrease as ¢ increases, and
for small value of ¢ = 0.1 (small amplitude of the channel wave ) a small
varies on the pressure gradient, as expected. The effects of R, on the pressure
distribution along the wall are illustrated in figure (13). When R, is small, the
pressure on the wall is negative at all the cross section of the channel. The
distribution along the wall is slightly antisymmetric about the midsection.
As R, increases, the magnitudes of the maximum and minimum pressures,
increase. Also a nearly symmetric distribution along the wall is found. At
R, is large,the pressure on the wall is negative at the contracting part of the
channel and is positive at the dilating part. Owing to the antisymmetrical
pressure distribution the flow is given the energy equal to the pressure work
done by the motion of the wall in a relatively greater degree than in the
symmetric pressure distribution case, and this energy is consumed in the flow
as the stress work caused by the viscosity of fluid.

In the figures (15, 16, 17 and 18) the distribution is slightly antisymmetric
about the midsection. The pressure vanishes at the center line y = 0 and
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other two points for y (critical points, where the sign of the pressure value
change ) which are different according to the parameter values . In all figures
the pressure g—’; takes negative and positive values in both regions of the half
channel and behaves as a sinusoidal wave across the channel. Finally the
effect of the problem parameter are illustrated in these figures , where the %
amplitude increases as the wave number « , flow rate ¢ , amplitude ratio ¢
and R, increases, the variance of this amplitude wave is clear for R, and have
a great influence on the pressure.

5.3 Trapping

An interesting phenomenon of peristaltic motion in the wave frame is trapping
which is basically the formation of an internally circulating bolus of fluid by
closed streamlines. This trapped bolus is pushed ahead with the peristaltic
wave. Figure (19) illustrates the streamline graphs for different values of the
wave number «. It is observed that the size of trapped bolus increases by
increasing the wave number. It is also observed that the number of trapped
bolus also increases by increasing the wave number. Figure (20) shows the
effects of the amplitude ratio ¢, with a given fixed set of the other parameters.
By increasing ¢ the size and the number of bolus increases. To see the effects
of Reynolds number R., figure (21) is plotted. It is observed that for small
values of R, the bolus appears in the center region and moves towards left and
increases in size and number as R, increases. Figure (22) depicts that the size
and number of trapped bolus increases by increasing q.

6 Conclusions

The conclusions in this paper are summarized as follows.

1. The Adomian Decomposition Method(ADM) is able to solve problems
of peristaltic transport without any approximation on the magnitudes of
the wave number («), amplitude ratio (¢) and Reynolds number (R, ).

2. Among the geometrical conditions of the peristaltic wave, amplitude ratio
(¢) is supposed to be an important factor which dominates the flow field.

3. For R, is small, the pressure on the wall is negative at all the cross section
of the channel. The distribution along the wall is slightly antisymmetric
about the midsection.. At R, is large,the pressure on the wall is negative
at the contracting part of the channel and is positive at the dilating
part.Owing to the antisymmetrical pressure distribution the flow is given
the energy equal to the pressure work done by the motion of the wall in
a relatively greater degree than in the symmetric pressure distribution
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case, and this energy is consumed in the flow as the stress work caused
by the viscosity of fluid.

Figure 2: longitude velocity distribution for different values of « and
$»=0.2,R.=0.1,q=0.5

Figure 3: longitude velocity distribution for different values of ¢ and
a=0.2,R.=0.1,¢=0.5
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— R,=05
.- R,=10 | 1
B

M= R,=100

Figure 4: longitude velocity distribution for different values of R, and
a=0.2,0=0.2, ¢=0.5

Figure 5: longitude velocity distribution for different values of ¢ and
a=0.2,0=0.2, R.=0.1
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Figure 6: vertical velocity distribution
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Figure 10: Comparison between present method(a # 0, R, # 0) and result
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Figure 11: Variation of pressure gradient (%) for different values o f a and
$»=0.2,R.=0.1,¢4=0.5
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Figure 12: Variation of pressure gradient (g—i) for different values o f ¢ and
a=0.2,R.=0.1,¢=0.5
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Figure 13: Variation of pressure gradient (%) for different values o f R, and
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Figure 14: Variation of pressure gradient (%) for different values o f gand
a=0.2,¢ =0.2,R.=0.1
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Figure 15: Variation of pressure gradient (g—;’) for different values o f o and
$»=0.2,R.=0.1,¢=0.1

41



42

Kh. S. Mekheimer et al

A =01
\ H .
0.05F '\ Vb ¢=03
H e $=03
AN
v e — =07
<= 0.00 ;%—i:q,’%\
) \
Lo
~0.05 bov N
H |
1 L L 1 1 :\ I \I \\ 1
—05 0.0 0.5

Figure 16: Variation of pressure gradient (g—i) for different values o f ¢ and
a=0.2,R,=0.1,q=0.1
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Figure 17: Variation of pressure gradient (3—5) for different values o f R, and
a=0.2,¢ =0.2,¢=0.5
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Figure 19: Streamlines for different values of («=0.01,0.2,0.3,0.4) the other
parameters are (¢=0.2,R.=0.1,¢=0.1).
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(¢=01 (p=02)

Figure 20: Streamlines for different values of (¢=0.1,0.2,0.3,0.4) the other
parameters are (a=0.2,R.=0.1,¢=0.1).
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Figure 21: Streamlines for different values of (R.=0.1,10,50,100) the other
parameters are («=0.2,0=0.2,¢=0.1).
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Figure 22: Streamlines for different values of (¢ = 0.1,0.2,0.3,0.4) the other
parameters are (o« = 0.2,¢ = 0.2, R, = 0.1).
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