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Couple stress fluid flow in a rotating channel with peristalsis
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Abstract: This article describes a new model for obtaining closed-form semi-analytical solutions of peristaltic flow induced by
sinusoidal wave trains propagating with constant speed on the walls of a two-dimensional rotating infinite channel. The channel rotates
with a constant angular speed about the Z-axis and is filled with couple stress fluid. The governing equations of the channel
deformation and the flow rate inside the channel are derived using the lubrication theory approach. The resulting equations are solved,
using the homotopy perturbation method (HPM), for exact solutions to the longitudinal velocity distribution, pressure gradient, flow
rate due to secondary velocity, and pressure rise per wavelength. The effect of various values of physical parameters, such as, Taylor’s
number and couple stress parameter, together with some interesting features of peristaltic flow are discussed through graphs. The
trapping phenomenon is investigated for different values of parameters under consideration. It is shown that Taylor’s number and the
couple stress parameter have an increasing effect on the longitudinal velocity distribution till half of the channel, on the flow rate due to

secondary velocity, and on the number of closed streamlines circulating the bolus.
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Introduction

The theory of the couple stress (CS) fluid was
first proposed by Stokes!! in 1966. In this theory
Stokes introduced the rotational field in terms of the
velocity field for setting up the constitutive relation-
ship between the stress and strain rates. Stokes micro-
continuum theory allows for polar effects such as the
presence of couple stresses, body couples and a non-
symmetric stress tensor.

Peristaltic transport is one of the important topics
that attracts scientific researchers in bio fluid mecha-
nics branch. Peristaltic transport is a physical mecha-
nism for the flow induced by the traveling wave. This
mechanism is found in the body of living creatures,
and it frequently occurs in organs such as ureter,
intestines and arterioles (small arteries). The mecha-
nism of peristaltic transport has also been found in the
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industry. There are many industrial applications that
involve peristaltic transport, some of which, sanitary
fluid transport, blood pumps in heart lung machine,
and transport of corrosive fluids where the contact of
the fluid with the machinery parts is prohibited. The
first investigation of peristaltic transport was done by
Latham'®. Recently, considerable attention has been
devoted to the problem of peristaltic transport with
Newtonian or non-Newtonian fluid in channel or a
tube* %,

In most mathematical models there are some
difficulties to achieve the exact solution. Homotopy
analysis method (HAM) ( homotopy perturbation
method (HPM) is a special case) is a new analytical
technique that employs a transformation procedure
which reduces the involved partial differential equa-
tions into ordinary differential equations. Series solu-
tions of the resulting systems are constructed. The
convergence of the obtained series solutions is seen
through graphical results and tabular values. The
method gives flexibility in the choice of basic func-
tions for the solution and for the linear inversion
operators (when compared with the Adomian decom-
position method), while still retaining a simplicity that
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makes the method easily understandable from the
standpoint of general perturbation methods. This
method has been first introduced by Liao!'” '
Recently, many authors!'”*? have used HPM in a
wide variety of scientific and engineering applica-
tions.

Motivated by these ideas, the goal of this inves-
tigation is to study the couple stress fluid flow in a
rotating channel with peristalsis. The governing equa-
tions are modeled and reduced to a simple form using
the long wavelength approximation then solved using
the HPM. The analyses for the velocity, pressure
gradient, flow rate due to secondary velocity, and the
pressure rise have been discussed for various values of
the problem parameters.

1. Formulation of the problem and mathematical
model

Consider a two-dimensional infinite channel
filled with homogeneous incompressible couple stress
fluid. We assume that the channel rotates with a
constant angular speed (2, about the Z'-axis. The
flow is induced by sinusoidal wave trains propagating
with constant speed c¢ , along the channel walls (see
Fig. 1). The geometry of the wall surface is defined as

H'(X’,t’)=a+bcos%(X'—cz’) )]

where a is the half-width of the channel, 5 is the

wave amplitude, A is the wavelength and ¢' is the
time. With regard to the rotating frame the fluid
velocity vector is given by V'=U"(X",Z",t"),V'(X’,
Z' " W'(X',Z',t"), where U', V' and W' are
the velocity components in X', Y’ and Z', respec-
tively. Introducing the wave frame (x',)',z') that

moves with velocity ¢ away from the fixed frame
(X',Y',Z"). We employ the transformation:

X'=X'-ct', y'=Y', 22=27', u'=U"-c,
VI:V!, WI:W’, p!:P! (2)

where (u',v',w") are the velocity components in the
wave frame, also p’ and P’ are the pressures in

the wave and fixed frames respectively.

The governing equations for the couple stress
fluid, taking into account the rotating frame, will be in
the form:

WLy 3)
ox' oz

p(u'é—u + W,@_u - ZQv'j = —6i+

ox' oz X'
(ot
p[u'i—::+ w’%— 20’ +c)} = _Z% +
) e s o

(u,a_w/_’_w,%):_%_’_ 82Wf+82W« -
P o) T Ml e

[04w’+64w'+ otw' ]

axr4 6274 aXIZaZIZ

(6)

where p is the density, u is the fluid viscosity, 7
is the couple stress fluid parameter, p'=p" —

P2 (x> +y")/2 is the modified pressure and p”
is hydrostatic pressure.

7
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Fig. 1 Geometry of the problem
Assuming the components of the couple stress

tensor are all zero at the walll>**, the corresponding
non-slip boundary conditions will be:

. . dH'
u=—c, w=c—,

dx

b

B 62w'_ o*u' dH'+ o*w' _82u'
ox*  ox'ez' ) dx'  ox'ez’ oz

!

Vi=v/=0 at 2’=H' (7a)

[ R
u,=0, w,=0,
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B sz'_ o*u’ dH'+ o*w' _0214’
ox*  ax'ez’ ) dx'  ox'ezr’ 9z

V=Vl =0 at 2’=0 (7b)

zz

Consider the following non-dimensional vari-
ables and parameters:

u v w X y'
u:_’ v:—’ W:_’ x:_’ y:_5

c c c A A

z' a a’p' ct' H'
zZ=—, 52_3 pP= > t:_: h:_a

a LAc A a

b Re(2
$==, Re=L2, FF“’ === @)
n

where Re is the Reynolds number, J is the dimen-
sionless wave number, y (¥ >0) is the couple

stress fluid parameter indicating the ratio of the

channel width (which is constant) to the material cha-

"2 has the dimension

racteristic length (since (77/ u)
of length), ¢ is the amplitude ratio and T repre-

sents Taylor’s number.
Using the dimensionless variables and parame-
ters given by Eq. (8), together with the stream func-

tion w(x,z) (such that u=y,, w=-0y ), the
continuity Eq. (3) is identically satisfied and Egs.
(4)-(6) become:

Re(5‘//zl//xz - 5W.¥V/ZZ) - 2Tv = _px + 52 WX_’(Z + l//ZZZ -
1
7 (§4I/IXXXXZ + l//ZZZZZ + 2521//)()(222) (9)

Re(Sy v, =Sy v,)=2T(y, +1)=—p, +3%v +

XXXX Z:

—%(5% f +26%,) (10)

ReS* (~yy . +tyw. )=—p. -8 (8w, tw. )+
5 5 3
7 (5 WXXXXX + 5WZZZZX + 25 l//XX)CZZ ) (1 1)

We define the instantaneous volume flow rate in
the fixed frame as follows

o-["vx.z.nz (12)
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where H' isfunctionof X', ¢'.
The rate of volume flow in the wave frame is
given by

" ! ! ! !
qzjou(x,z)dz (13)

where /' is function of x' alone. Hence, the two
rates of volume flow are related through

O=q+cH' (14)

The time mean flow over a period ¢ at a fixed
position x is defined as

5 1 T
0 =] 0d (15)
substituting (14) into (15), and integrating, we get

O =q+ca (16)

We define the dimensionless time-mean flows
@ and F in the fixed and wave frame as:

0-2 -4 (17)
ca ca

one finds that (16) may be written as

O=F+1 (18)
where
0
Pz =y ) -y (19)
4

Under lubrication approach (negligible inertia
Re — 0 and long wavelength 6 <« 1), the Egs. (9)-
(11) reduce to

1
_2Tv = _pX + l//ZZZ - 7(1//22222) (20)
1
2T(y. +1)=-p,+v, —F(VM) (2D
p.=0 (22)

The corresponding boundary conditions will be

w=F, w.=—1, y_=0, v=v.=0 at z=h
(23a)
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w=0, v_=0, yv_=0, v,=v_=0 at z=0

2. Solution methodology
Equation (22) shows that the pressure p is not

a function of z . Further, p =0 because the secon-

dary flow is caused by the rotation only. Differentia-
ting Eq. (20) with respect to z and taking into
account the above note, one finds that

1
_2TVZ = WZZZZ - _z(l//ZZZZZZ) (24)
4
and Eq. (21) will be in the form
1
_2T(WZ + l) = vZZ - _Z(VZZZZ) (25)
4

To solve Egs. (24), (25) with the corresponding
boundary conditions (23), we are going to use the
powerful homotopy perturbation method. The homo-
topy equation for the given problem is defined as:

H(y,q)=1-g)(Lly]1-Lly,D+a(Lly]-
YV =27°T7,) =0 (26)
R, q) = (1= g(L[V]- L[V, +qlL[V] - 7*v.. —
2°T(7, +1)]=0 @7)

where ¢ €[0,1] is the embedded parameter, and £
and L, are the linear operators that are assumed to

be £,=0°/0z" and L, =0%/0z". We define the
initial guess as:

7= Z2E exply + P+
6exp(2zy)(h+ F)+exp[(h+z)y]
{6(h+F —=2z)—6Fzy +3z[-h(h+2F)+
(h+F)zly* + 21’ (h+3F) = (h+ F)z* ]’} -
exp(zy){6(h+ F —2z)+ 6Fzy +3z[-h(h+2F)+

(h+ F)zly* +z[-h*(h+3F)+(h+ F)2* 1’ }}
(28)

where

A= {12+ hy[=6 + hy(3+ 2hy)]+ exp(hy){12 +
hy[=6+hy(=3+2hy)]}}
v, =0 (29)

Now we describe

‘//:l//o+qv/1+q2y/2+"' (30)
17=v0+qv1+q2v2+~~ 31

Substituting the above equation into Egs. (26),
(27) and then taking the terms of order zero, one, and
two, we obtain the following models along with the

corresponding boundary conditions:
Zeroth-order

L1~ L17,1=0 (32)
Lv,]-L[%]=0 (33)
with the corresponding boundary conditions

vo=F, v,.=-1, v,..=0, v,=v,.=0 at

z=h (34a)
Wo=0, ¥.=0, ¥..=0, v.=v.=0 at
z=0 (34b)

The solution of the zeroth order system can be
obtained by using Egs. (28), (29) and is directly
written as

v, =W, (35)
Vo =V, (36)
First-order

LIy 1= 7 Vo =27 Try, =0 (37)
L= =27 T(w,. +1)=0 (38)

with the corresponding boundary conditions

=v,,=0 at z=h
(39a)

leO? l/llz:07 l//lzzz:()’ vl
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l/jlzoﬁ l//lzz:05 l//lzzz:()’ Vlz:vlzz:0 at Z:O
(39b)

The solutions of the above linear ordinary diffe-
rential equations are found as

_exp(=zy)(h+F)
! Th[A4]

{~42[exp(fy) —exp(2zy )]’ +exp[(h+z)y]-
(242" —12h°z)* + W' zp® + 612y (<5 + zy) +
120z (5+zy) - W2y (15+4zy) +

104*2(=12+ 2°y* ) + h* {42+ zy[18 —
Tzy(=3+zp)]}} +exp(zy){242° +12h°z)* +
Wzy + 12y (15— 4zy) +12hz* (=5 + zy) -

6n*z y(5+zy)+10h*z(12+ 2’y ) - I {42+
zy[-18+7zy (3 +zy)D}} (40)

~ex " onr

1% 2
B0ry{4}}

{h[~720h +120(h — z)*(h +2z)y* —
10h(h* —4hz* +32")y* + h(4h° —18k’2" +
15n°z* — z°)y°cosh[0.5(hy)] +
720k cosh[0.5(h —2z)y] -
6y[40(h° =3h*z +22°) + WP (h® —5h°Z° +
Shz* — 2°)y*1sinh[0.5(/y)]} (41)
Second-order
LIy, 1= 7 Wi = 27Ty =0 (42)

L[]y =27 T(y,.) =0 (43)

with the corresponding boundary conditions
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=v,. =0 at z=h
(44a)

‘//2:05 V/ZZZO’ WZZZZZO’ VZ

‘//2:0! 1/1222205 WZzzz:()’ VZZ:VZZZZO at
z=0 (44b)

The solutions of this order is very large so we
omit it from the text. We substitute the values of v,

v, and v, and v,, v, and v, in Egs. (30), (31),
respectively. Now for g — 1, we approach the final

solutions.
The secondary flow is an indication for the
rotating frame in most cases. The physical quantities

of interest, such as the dimensionless flow rate F,,
due to secondary velocity and the pressure rise Ap
are defined, respectively, as:

h
F, = jovdz (45)
_['p
Ap= joadx (46)

The shear stress at the wall 7

menting the long wavelength approximation and
taking into consideration that the couple stress value
vanishes at the wall, will be in the form

after imple-

(47)

3. Quantitative investigation

In this section, theoretical estimates of different
physical quantities that are of relevance to the fluid
problem have been obtained on the basis of the
present study. We investigate novelties brought about
by the introduction of Taylor’s number T, which is
due to rotation of channel about the z-axis, and
couple stress parameter y into the model. Particu-

larly, we discuss their effects on the longitudinal
velocity distribution u , pressure gradient dp/dx ,
pressure rise per wavelength Ap , and on the dimen-

sionless flow rate due to secondary velocity £, . The
formation of a bolus of fluid which is presented by a
snapshot of flow field characteristic streamlines
enclosing the pattern is also investigated. For this
purpose, the following data that are valid in the
physiological range!" 7 ** have been used: y =
0.01-3.00, 7=0-7, 8=-1.5-1.5 and ¢=0.4-
0.6.

@ Springer



312

3.1 Distribution of velocity

The variations of 7 and y on the longitu-
dinal velocity distribution u# have been portrayed
and investigated in this subsection. Figures 2, 3 are
constructed to serve this purpose. As shown in Fig. 2,
the couple stress parameter y enhances the longitu-

dinal flow velocity and is almost constant within the
range 0<z<0.2, after which it has a decreasing
effect on u . It is obvious that for z>0.2, u
decreases with the variation of z for a fixed value of
y . For large values of » (i.e., move to Newtonian

fluid), the longitudinal velocity u increases in the
center region of the fluid layer and decreases near to
the wavy walls. Figure 3 elucidates that u increases
with an increase in 7 until it reaches the center of
the channel where the trend is reversed. It is also
concluded that # has smaller values in the absence
of the inertial forces due to rotation till it reaches the
center of the channel, where the trend is reversed.
Generally, it is obvious that # attains its maximum
value and stays constant over a certain range of z
(0<z<0.2) after which it begins to decrease rapidly.
Thus, this considerable increase in u , due to rotation,
near the lower wall supports the motion at that zone.
Finally, the longitudinal velocity for the rotating fluid
is higher than that for non rotating one (7 =0). The
curves that describe the variation of u for various
values of y are qualitatively similar to those of Fig.
2.

Fig. 2 The longitudinal velocity distribution # , across the
channel with different valuesof 77 at x=0.2, 6=
1.5, y=3.0 and ¢=04

3.2 Pumping behaviour

The pumping characteristics can be determined
through the variation of time averaged flux with diffe-
rence in pressure across one wave length. It is known
that if the flow is steady in the wave frame, the ins-
tantaneous pressure difference between two stations
one wave length apart is a constant. Since the pressure
gradient is a periodic function of (Z —¢), pressure

Fig. 3 The longitudinal velocity distribution u , across the
channel with different valuesof y at x=0.2, &=
1.5, T=4 and ¢=0.4

-50

0 0.10.2030405060.708091.0
pe

Fig. 4 Variation of pressure gradient versus x with different
valuesof T forfixed ¢=04, §=-1.5 and y=
2.0

rise per wave length Ap is equal to A times the

time-averaged pressure gradient. The graph is sectored
so that the region in which the pressure difference
vanishes, Ap =0, is regarded to as the free pumping

zone, while the region where Ap >0 (adverse pres-
sure gradient) and >0 (positive pumping) is said
to be the peristaltic pumping zone where the

peristalsis of the walls overcomes the resistance of the
pressure and assists the fluid of flow. When Ap >0

and 6<0, the region is known as retrograde or
backward pumping where the flux of fluid is opposite
to the wave propagation. The situation when Ap <0

(favorable pressure gradient) and >0 (positive
pumping) corresponds to the so-called co-pumping or
augmented zone where the pressure difference
amplifies the flow. Figures 4, 5 present the variations
of dp/dx for different values of 7 and ) where

it is noticed that the pressure gradient has a periodic
nature. One may observe from Fig. 4 that in the range
of values of Taylor’s number examined in the present
study, the pressure gradient is weakly affected by T
in the narrow region of the channel, nevertheless, it
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has a decreasing effect on the wider region where, it
over the ranges of 0<x<0.35 and 0.6<x<I1,
approximately. Generally, the pressure gradient attains
its maximum value at the narrow region of the channel
from where it decreases rapidly as we go to the wider
parts. Figure 5 elucidates that dp/dx is strongly
affected by y which has a decreasing effect on it. It

is noticed that the maxima of pressure gradient curve
decreases rapidly with an increase in y . The varia-

tions of Ap with & for various values of 7 and
y are presented in Fig. 6. It is seen from the graph
that Ap and € are inversely proportional to each
other. Further, Fig. 6 shows that upon increasing T
and y, Ap decreases in the retrograde pumping till
a certain value in the peristaltic pumping region after
which the pumping rate will increase by increasing T
and y in both, the peristaltic and co-pumping
regions. It is observed that the pumping region (Ap >
0) decreases with an increase in 7 for fixed values
of y . It is also observed that the maximum pressure

against which peristalsis works as a positive displa-
cement pump (that is, Ap for 8=0) decreases for

large value of 7 (=5). It appears that for the case
y =2, free pumping is independent of 7', but this is
not true as seen from the enlargement of 7' shown in
figure. In contrast, if one keeps increasing 7', Ap

becomes negative for most of the positive values of
@ . Thus, for T=5, the free pumping is not
independent of 7. Hence, for a fluid in a frame
rotating with large angular speed, pressure does not
rise against the direction of the peristaltic wave. It
implies that the pressure assists the flow in such a case.
In fact, the rotation of the channel produces a negative
secondary component of the velocity which, in turn, is
responsible for Coriolis force acting on the fluid in the
positive y - direction. This force pulls the fluid
outwards and thus, reduces the pressure rise. It is
interesting to note that the lines for different values of
T intersect in the region Ap > 0. On the other hands,
it is noticed from Fig. 6 that the pumping region
decreases with increasing the values of y for fixed
values of 7. It is also observed that the maximum
pressure against which peristalsis works as a positive
displacement pump decreases with increasing y . It
appears that free pumping is not independent of y .

Also, if one keeps increasing y , Ap become

negative for most of the positive values of 6 and the
pressure assists the flow. It is interesting to note that
the lines for different values of y intersect in the

region Ap <0.
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0 0.10.20.30.40.50.6 0.7 0809 1.0
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Fig. 5 Variation of pressure gradients versus x with different
values of y forfixed ¢=04, €§=-1.5 and T=0

Fig. 6 Variation of pressure rises over the length versus 6 with
different values of couple stress parameter y and

Taylor’s number 7' at ¢=0.4

020406081.0121.41.6182.0
X
Fig. 7 The dimensionless flow rates due to secondary velocity
F, for different values of 7' with ¢=0.6, y=1.0

and 6=-0.2

3.3 Dimensionless _flow rate due to secondary velocity

Figures 7, 8 are plotted so as to study the
behavior of dimensionless flow rate due to secondary
velocity with x for various values of the concerned
parameters. The case 7 =0 corresponds to flow rate
in the absence of centrifugal forces i.e., the inertial
forces due to rotation of channel about the z-axis. It

is evident that F, vanishes when the rotation of
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channel disappears. For 8=-0.2, it is noticed that
F, is positive in the narrow part of the channel,
otherwise, it is negative. It is observed that 7 has an
increasing effect on F, except over the ranges
02<x<0.8 and 1.2<x<1.8 where the behavior
is reversed. Moreover, as the value of T increases,
F, becomes positive over the whole wavelength of
the channel. Figure 8 depicts the influence of couple
stress parameter y on [, for @=-0.2.1tis revea-
led that F, is positive over the whole wavelength of
the channel for all values of y . Yet, y has an

increasing effect on F, except for the ranges of x

that are between 0.2 to 0.8 and 1.2 to 1.8 where the
trend reverses.

-0.02

0 0204060810121.41.61.820
pe

Fig. 8 The dimensionless flow rates due to secondary velocity
F, for different values of y with ¢=06, T =2

and 0=-0.2

3.4 Streamlines and trapping

Trapping is an important aspect of peristaltic
motion. It occurs when streamlines on the central line
are split to enclose a bolus of fluid particles circu-
lating along closed streamlines in the wave frame of
reference. Then the fluid particles contained in the
bolus move at a mean speed of advance equal to the
wave propagation speed, whereas the remaining fluid
has a smaller mean speed of advance. Under the
purview of the present study, Figs. 9, 10 give an
insight into the changes in the patterns of streamlines
and trapping that occur due to changes in the values of
different parameters governing the flow in the wave
frame of reference. Figure 9 illustrates the influence of
the rotation of channel on the trapping phenomenon.
The case T7=0 -corresponds to trapping in the
absence of rotation. Here, we observe that the trapped
bolus exists about the center streamline. However, the
number of closed streamlines circulating the bolus
gets raised as we move towards higher values of flow
field rotation parameter (increase the values of
T=0,2,5). It is also noticed that the effect of 7 is

to enhance the area (size) of the trapped bolus with a

0.05——o ———0.05—]

6 4 2 0 2 4 6
X
(c) T=5

Fig. 9 Streamlines for different values of Taylor’s number 7,
with fixed values of §=-1.0, ¢=0.4 and y=2.0

tendency to move towards the boundary as T
increases. Yet, for small values of T (=2), there is

not much difference in the area trapped bolus com-
pared with that of the absence of rotation case. This
phenomenon is useful in understanding the movement
of the food bolus in the gastrointestinal tract and the
formation of thrombus in blood. Streamlines for
various values of the of couple stress parameter y

are depicted in Fig. 10. This figure indicates that the
occurrence of trapping is strongly influenced by the
value of y . With an increase in y (move to

Newtonian fluid), the bolus is found to appear in a
distinct manner and it is observed that the number of
closed streamlines circulating the bolus increases.

3.5 Distribution of wall shear stress
It is very interesting to note that for fluids in mi-
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(b) y=1.0
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Fig. 10 Streamlines for different values of couple stress para-
meter y , respectively, with fixed values of 8=1.0,

$=04 and T=0

crocontinuum (couple stress fluids, micropolar fluids,
dipolar fluids, etc.), stress tensor is not symmetric. It
is known that the stress tensor for a couple stress fluid
contains a symmetric and asymmetric parts. And since
there are vanishing components of the couple stress
tensor at the channel walls, the stress tensor at the wall
will have the symmetric part only. Figures 11, 12
display the variation of the symmetric part of the wall
shear stress with the x-axis for different values of
the couple stress parameter » and the rotation
parameter 7 . The figures show that the wall shear
stress behave just as the wall sinusoidal wave. Further,
there exists two peaks in the shear stress distribution,
over the range x=0-2, with a gradual ramp in
between. However, the negative peak of the wall shear
stress 7,;, 1S not as large as the maximum wall shear
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stress, 7, . The transition from 7,

o to 7. of the
wall shear stress takes place in some zone between the
minimum and maximum width of the channel.
Moreover, an increase in the couple stress parameter

y (i.e., moves towards a Newtonian fluid) and in the

rotation parameter 7 leads to a slight variation in the
wall shear stress and this variation is obvious in the
bottom area of the wall shear stress wave. However,
this variation increases as the rotation parameter
increases and is reduced by moving towards a
Newtonian fluid (y take large values ).

.0 T T T T T T T
0 02040608101.2141.61.82.0
X

Fig. 11 Wall shear stress 7, versus x with different values
of T at y=2.0 , $4=04 and =02

020406081.0121.4161.82.0
X

Fig. 12 Wall shear stress 7, versus x with different values
of y at T=0, ¢=04 and €=0.5

4. Concluding remarks

In this study, we investigate the peristaltic flow
of a non-Newtonian couple stress fluid in a rotating
frame of reference under the long wavelength assump-
tion. The resulting equations are solved, using the
powerful HPM, for exact solutions to the longitudinal
velocity distribution, pressure gradient, flow rate due
to secondary velocity, and pressure rise per wave-
length. The main findings can be summarized as
follows:

(1) Taylor’s number and the couple stress para-
meter have an increasing effect on u till half of the
channel from where the behavior is reversed.
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(2) The pressure gradient, dp/dx , has a perio-
dic nature under the influence of both, 7 and .

(3) The couple stress parameter strongly affects
dp/dx causing it to decrease, unlike 7 which

weakly affects it.
(4) The pressure rise, Ap , decreases in the retro-

grade pumping till a certain value in the peristaltic
pumping region after which the pumping rate will
increase by increasing 7 and y in the peristaltic
and co-pumping regions.

(5) Free pumping is dependent on high values of
T and on y in which the pressure does not rise

against the direction of the peristaltic wave and hence,
assists the flow.
(6) Both T and y have an increasing effect

on the flow rate due to secondary velocity, F,, over

certain range of x.
(7) As T and y increase, number of closed

streamlines circulating the bolus increases.

(8) The results for the Newtonian incompressible
fluid in a rotating frame can be recovered for large
values of y [24]

(9) The shear stress profiles is not significantly
disturbed by the numerical value of y or 7 in the

narrow parts in the channel.

(10) In the absence of T, our results perfectly
match with the results computed on the basis of our
study of peristaltic flow of couple stress fluid in the
absence of heat transfer in a fixed frame!**!
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