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Peristaltic motion of Carreau fluid in a
channel with convective boundary conditions
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Abstract. We investigate the peristaltic motion of Carreau fluid in an asymmetric channel with convective boundary conditions.
Mathematical formulation is first reduced in a wave frame of reference and then solutions are constructed by long wavelength
and low Reynolds number conventions. Results of the stream function, axial pressure gradient, temperature and pressure rise
over a wavelength are obtained for small Weissenberg number. Velocity and temperature distributions are analyzed for different
parameters of interest. A comparative study between the results of Newtonian and Carreau fluids is given.
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1. Introduction

Over the years, the dynamics of peristaltic transport
of fluids has been a popular area of research. A signifi-
cant amount of research articles dealing with the flows
of viscous and non-Newtonian fluids in channels/tubes
is reported (see few recent studies [1–13] and many
refs. therein). It has been accepted that need for peri-
staltic pumping may arise in circumstances where it
is desirable to avoid using any internal moving part
such as pistons in pumping process. Such pumping
generally takes place from a region of lower pressure
to higher pressure. It is an inherent property of many of
the smooth muscle tubes occurring in the gastrointesti-
nal tract, in the vasomotion of small blood vessels, sper-
matozoa transport in the ductus efferents of the male
reproductive tracts and ovum movement in the female
fallopian tube. This mechanism in plant physiology is
useful in phloem translocation by driving a sucrose
solution along tubules by peristaltic contractions. The
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roller and finger pumps also operate under this prin-
ciple. Interest of the recent researchers in the channel
flows with heat transfer has been now substantially
increased. Such interest perhaps is because of viscous
developments in the electronic industry, biomedi-
cal engineering, microfabrication technologies etc.
Besides these, biological tissues with heat transfer
involve modes like heat conduction in tissues, heat con-
vection by blood flow through the pores of tissue and
radiation heat transfer between surface and its environ-
ment. In particular, the peristalsis with heat transfer is
significant in the sense that the thermodynamic aspects
of blood are useful in oxygenation and hemodialysis
processes. Motivated by such facts, the peristaltic flows
with heat transfer has been explored. Mention may be
made to some relevant studies on the topic [14–23].

In all the above mentioned studies, the heat trans-
fer process is addressed through prescribed boundary
conditions either on temperature or heat flux. To the
best of our knowledge, the convective type boundary
conditions for channel walls in peristalsis are not con-
sidered yet. Therefore, the present study addresses the
peristaltic transport of Carreau fluid in an asymmetric
channel with convective boundary conditions. Carreau
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fluid is a type of generalized Newtonian fluid. The
Carreau fluid at low shear rate behaves as a Newto-
nian fluid (when n = 1 or � = 0) and at high shear
rate like a power-law fluid (see refs. [24] and [25]).
The silicon oil is an example of Carreau fluid. The rel-
evant equations for the fluid under consideration are
first modeled and then solved. Resulting mathematical
problems for long wavelength and low Reynolds num-
ber are solved. Impacts of various involved parameters
in the solutions have been pointed out.

2. Problem origination and flow equations

We consider the problem for an incompressible
Carreau fluid in a two-dimensional asymmetric chan-
nel of width d1 + d2 (see Fig. 1). The X̄ and Ȳ axes
are the rectangular coordinates with X̄-axis along the
walls of the channel and Ȳ -axis perpendicular to the
X̄-axis. The flow created is due to the imposition of
the following sinusoidal waves:

h̄1(X̄, t̄)

= d1 + a1 cos
2π

λ
(X̄− ct̄), upper wall,

h̄2(X̄, t̄)

= −d2 − a2 cos

(
2π

λ
(X̄− ct̄) + φ

)
, lower wall.

(1)

In above expressions c is the wave speed, a1, a2 are
the waves amplitudes, λ is the wavelength, d1 + d2
is the width of the asymmetric channel, the phase
difference φ varies in the range 0 ≤ φ ≤ π (φ = 0
corresponds to symmetric channel with waves out of
phase and φ = π the waves are in phase) and further
a1, a2, d1, d2 and φ satisfy the condition

a2
1 + a2

2 + 2a1a2 cosφ ≤ (d1 + d2)2. (2)

The Carreau fluid depends upon the shear rate by the
following equation

τ̄ = −
[
η∞ + (η0 − η∞)

(
1 + (� ¯̇γ

)2
) n−1

2
]

¯̇γ, (3)

where τ̄ is the extra stress tensor, η∞ the infinite shear-
rate viscosity, η0 the zero shear-rate viscosity, � the
time constant, n the dimensionless power law index
and ¯̇γ is defined as

¯̇γ =
√√√√1

2

∑
i

∑
j

¯̇γij ¯̇γji =
√

1

2
�. (4)

Here � is the second invariant of strain-rate tensor.
We consider the constitutive equation (3) in the case
for which η∞ = 0, and so we can write

τ̄ = −η0

[
1 + (� ¯̇γ

)2
] n−1

2 ¯̇γ. (5)

Note that the above model reduces to Newtonian model
for n = 1 or � = 0. Here

Fig. 1. Geometry of the problem.
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τ̄X̄X̄ = −η0

[
1 +

(
n− 1

2

)
�2 ¯̇γ2

]
∂Ū

∂X̄
,

τ̄X̄Ȳ = −η0

[
1 +

(
n− 1

2

)
�2 ¯̇γ2

](
∂Ū

∂Ȳ
+ ∂V̄

∂X̄

)
,

τ̄Ȳ Ȳ = −η0

[
1 +

(
n− 1

2

)
�2 ¯̇γ2

]
∂V̄

∂Ȳ
.

Incompressibility condition is

div V̄ = 0. (6)

The equations of motion and energy are

ρ
dV̄
dt̄

= −gradp̄+ divτ̄, (7)

ρ cp
dT

dt̄
= k∇2T + τ̄.(gradV̄), (8)

in which V̄ is the velocity, ρ the density of fluid,
d

dt̄
the

material time derivative, T the fluid temperature, cp the
specific heat, k the thermal conductivity of the material,
the Cauchy stress tensor τ̄, p̄ the pressure and ∇2 =(
∂2

∂X̄2 + ∂2

∂Ȳ2

)
(The over bar refers to a dimensional

quantity).
The exchange of heat at the walls is given by

k
∂T

∂Ȳ
= −η1(T − T1) at Ȳ = h̄1, (9)

k
∂T

∂Ȳ
= −η2(T − T0) at Ȳ = h̄2, (10)

where η1and η2, T1 and T0 are the heat transfer coef-
ficients and the temperatures at the upper and lower
channel walls respectively.

For two-dimensional flow of Carreau fluid, we have
the velocity V̄ in the form

V̄ = (Ū(X̄,Ȳ ,t̄),V̄ (X̄,Ȳ ,t̄),0). (11)

In the laboratory frame (X̄, Ȳ ) the flow is unsteady.
However if observed in a coordinate system moving at
the wave speed c (wave frame) (x̄, ȳ) it can be treated
as steady. The coordinates and velocities in the two
frames are

x̄ = X̄− ct̄, ȳ = Ȳ , ū(x̄, ȳ) = Ū(X̄, Ȳ , t̄) − c,

v̄(x̄, ȳ) = V̄ (X̄, Ȳ , t̄), T (x̄, ȳ) = T (X̄, Ȳ , t̄), (12)

where ū and v̄ indicate the velocity components in the
wave frame.

Introducing

x = x̄

λ
, y = ȳ

d1
, u = ū

c
, v = v̄

cδ
, t = c

λ
t̄,

p = d2
1 p̄

cλη0
, We = �c

d1
, h1 = h̄1

d1
, h2 = h̄2

d1
, t = ct̄

λ
,

τxx= λ

cη0
τ̄x̄x̄, τxy = d1

cη0
τ̄x̄ȳ, γ̇ =

¯̇γd1

c
, τyy= d1

cη0
τ̄ȳȳ,

θ = T − T0

T1 − T0
, δ = d1

λ
, Re = ρcd1

η0
, Pr = µcp

k
,

Ec = c2

(T1 − T0)cp
, (13)

along with Eq. (12) and defining the stream function
ψ(x, y) by

u = ∂ψ

∂y
, v = −∂ψ

∂x
, (14)

equation (6) is satisfied identically and Eqs. (7) and (8)
yield

δRe

[(
∂ψ

∂y

∂

∂x
− ∂ψ

∂x

∂

∂y

)(
∂ψ

∂y

)]
+ ∂p

∂x

= −δ2 ∂τxx

∂x
− ∂τxy

∂y
, (15)

−δ3Re

[(
∂ψ

∂y

∂

∂x
− ∂ψ

∂x

∂

∂y

)(
∂ψ

∂x

)]
+ ∂p

∂y

= −δ2 ∂τxy

∂x
− δ

∂τyy

∂y
, (16)

δRe

[
∂ψ

∂y

∂

∂x
− ∂ψ

∂x

∂

∂y

]
θ

= 1

Pr

(
δ2 ∂

2

∂x2 + ∂2

∂y2

)
θ + Ec

[
δ
∂2ψ

∂x∂y

(
τxx − τyy

)

+
(
∂2ψ

∂y2 − δ2 ∂
2ψ

∂x2

)
τxy

]
, (17)

where the components of extra stress tensor from Eq.
(5) are

τxx = −2

[
1 + n− 1

2
We2γ̇2

]
∂2ψ

∂x∂y
, (18)

τxy = −
[

1 + n− 1

2
We2γ̇2

](
∂2ψ

∂y2 − δ2 ∂
2ψ

∂x2

)
,

(19)
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τyy = 2δ

[
1 + n− 1

2
We2γ̇2

]
∂2ψ

∂x∂y
, (20)

γ̇ =
[

2δ2
(
∂2ψ

∂x∂y

)2

+
(
∂2ψ

∂y2 − δ2 ∂
2ψ

∂x2

)2

+ 2δ2
(
∂2ψ

∂x∂y

)2
] 1

2

. (21)

Here δ, Re, We, Pr and Ec are the wave, Reynolds,
Weissenberg, Prandtl and Eckert numbers respectively.
Equations (9) and (10) give

∂θ

∂y
+ Bi1(θ − 1) = 0 at y = h1, (22)

∂θ

∂y
+ Bi2θ = 0 at y = h2, (23)

where Bi1 = η1d1/k and Bi2 = η2d1/k are the Biot
numbers.

In the limit Re → 0, the inertialess flow corre-
sponds to Poiseuille-like longitudinal velocity profile.
The pressure gradient depends upon x and t only in
laboratory frame. It does not depend on y. Such fea-
tures can be expected because there is no streamline
curvature to produce transverse pressure gradient when
δ = 0. The assumptions of long wavelength and small
Reynolds number gives δ = 0 and Re = 0. It should
be pointed out that the theory of long wavelength and
zero Reynolds number remains applicable for case of
chyme transport in male small intestine [26]. In this
case c = 2 cm/min, a = 1.25 cm and λ = 8.01 cm.
Here half width of intestine is small in comparison
to wavelength. i.e. a/λ = 0.156. It is also declared by
Lew et al. [27] that Reynolds number in small intestine
was small. Further, the situation of intrauterine fluid
flow due to myometrial contractions is a peristaltic type
fluid motion in a cavity. The sagittal cross section of
the uterus reveals a narrow channel enclosed by two
fairly parallel walls [28]. The 1–3 mm width of this
channel is very small compared with its 50 mm length
[29], defining an opening angle from cervix to fundus
of about 0.04 rad. Analysis of dynamics parameters of
the uterus revealed frequency, wavelength, amplitude
and velocity of the fluid-wall interface during a typ-
ical contractile wave were found to be 0.01 − 0.057
Hz, 10 − 30 mm, 0.05 − 0.2 mm and 0.5 − 1.9 mm/s
respectively. Therefore under the assumption of long
wavelength δ � 1 and low Reynolds number Re → 0,
Eqs. (15) and (16) reduce to

∂p

∂x
= ∂

∂y

[(
1 + n− 1

2
We2

(
∂2ψ

∂y2

)2
)
∂2ψ

∂y2

]
,

(24)

∂p

∂y
= 0. (25)

The above equation indicates that p /= p(y). Eliminat-
ing the pressure p from Eqs. (24) and (25) we get the
governing equation for the stream function as

∂2

∂y2

[(
1 + n− 1

2
We2

(
∂2ψ

∂y2

)2
)
∂2ψ

∂y2

]
= 0. (26)

Also Eq. (17) reduces to

∂2θ

∂y2 + Br

(
∂2ψ

∂y2

)2
[

1 + n− 1

2
We2

(
∂2ψ

∂y2

)2
]

= 0,

(27)
where the Brinkman number

Br = PrEc, (28)

In the fixed frame, the instantaneous volume flow rate
is given by

Q =
∫ h̄1(X̄,t̄)

h̄2(X̄,t̄)
Ū(X̄, Ȳ , t̄)dȲ . (29)

The volume flow rate in wave frame is

q =
∫ h̄1(x̄)

h̄2(x̄)
ū(x̄, ȳ)dȳ. (30)

From Eqs. (12), (29) and (30) we can write

Q = q+ ch̄1(x̄) − ch̄2(x̄). (31)

The time-mean flow over a period L is defined as

Q̄ = 1

L

∫ L

0
Qdt̄. (32)

Substituting Eq. (31) into Eq. (32) and then integrating
the resulting expression one has

Q̄ = q+ cd1 + cd2. (33)

Defining � and F as the dimensionless time-mean
flows in the laboratory and wave frames respectively
by

� = Q̄

cd1
, F = q

cd1
, (34)

equation (33) becomes
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� = F + 1 + d, (35)

with

F =
∫ h1(x)

h2(x)

∂ψ

∂y
dy = ψ(h1(x)) − ψ(h2(x)). (36)

The dimensionless forms of hi (i = 1, 2) are

h1(x) = 1 + a cos(2πx),

h2(x) = −d − b cos(2πx+ φ), (37)

where a = a1/d1, b = a2/d1, d = d2/d1 and φ satis-
fies the following relation

a2 + b2 + 2ab cosφ ≤ (1 + d)2. (38)

The conditions for the dimensionless stream function
in wave frame are

ψ = F

2
,
∂ψ

∂y
= −1, at y = h1(x), (39)

ψ = −F
2
,
∂ψ

∂y
= −1, at y = h2(x). (40)

3. Perturbation solution

For perturbation solution, we expand ψ, θ, dp/dx
and F as follows:

ψ = ψ0 +We2ψ1 +O(We4),

θ = θ0 +We2θ1 +O(We4),

dp/dx = dp0/dx+We2(dp1/dx) +O(We4),

F = F0 +We2F1 +O(We4).

Substitution of above equations into Eqs. (22–24), (26),
(27), (39), (40) and then collecting the terms of like
powers of We2 yield:

3.1. System of order We0

∂4ψ0

∂y4 = 0, (41)

∂2θ0

∂y2 + Br

(
∂2ψ0

∂y2

)2

= 0, (42)

dp0

dx
= ∂3ψ0

∂y3 , (43)

ψ0 = F0

2
,
∂ψ0

∂y
= −1,

∂θ0

∂y
+ Bi1(θ0 − 1) = 0,

at y = h1(x), (44)

ψ0 = −F0

2
,
∂ψ0

∂y
= −1,

∂θ0

∂y
+ Bi2θ0 = 0,

at y = h2(x). (45)

3.2. System of order We2

∂4ψ1

∂y4 +
(
n− 1

2

)
∂2

∂y2

(
∂2ψ0

∂y2

)3

= 0, (46)

∂2θ1

∂y2 + Br

[
2

(
∂2ψ0

∂y2

)(
∂2ψ1

∂y2

)

+
(
n− 1

2

)(
∂2ψ0

∂y2

)4
]

= 0, (47)

dp1

dx
= ∂3ψ1

∂y3 +
(
n− 1

2

)
∂

∂y

(
∂2ψ0

∂y2

)3

, (48)

ψ1 = F1

2
,
∂ψ1

∂y
= 0,

∂θ1

∂y
+ Bi1θ1 = 0,

at y = h1(x), (49)

ψ1 = −F1

2
,
∂ψ1

∂y
= 0,

∂θ1

∂y
+ Bi2θ1 = 0,

at y = h2(x). (50)

3.3. Solution for system of order We0

The solutions of the Eqs. (41) and (42) subject to the
boundary conditions (44) and (45) are

ψ0 = R1y
3 + R2y

2 + R3y + R4, (51)

θ0 = A1y
4 + A2y

3 + A3y
2 + A4y + A5, (52)

where the values ofRi (i = 1 − 4) andAj (j = 1 − 5)
appearing in above equations are given in Appendix A.

The longitudinal velocity and pressure gradient are
given by

u0 = 3R1y
2 + 2R2y + R3, (53)

dp0

dx
= 6R1. (54)

The non-dimensional pressure rise per wavelength
(�Pλ0 ) is given by
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�Pλ0 =
∫ 1

0

dp0

dx
dx. (55)

We note that the solution expressions at this order are
for the Newtonian fluid.

3.4. Solution for system of order We2

Substituting Eq. (51) into Eqs. (46–48), solving the
resulting equations and then applying the correspond-
ing boundary conditions we get the solutions for ψ1,

u1, dp1/dx and θ1 in the forms as follows:

ψ1 = M1y
5 +M2y

4 +M3y
3 +M4y

2

+M5y +M6, (56)

u1 = 5M1y
4 + 4M2y

3 + 3M3y
2 + 2M4y +M5,

(57)

dp1

dx
= − 2

5(h1 − h2)3 [30F1 − (h1 − h2)3(−1 + n)

(3(h1 + h2)R1 + 2R2) × (9(2h2
1 + h1h2

+2h2
2)R2

1 + 15(h1 + h2)R1R2 + 5R2
2)], (58)

θ1 = L1y
6 + L2y

5 + L3y
4 + L4y

3

+L5y
2 + L6y + L7, (59)

where the values ofM’s andL’s in above equations are
given in Appendix A. The pressure rise per wavelength
(�Pλ1 ) is given by

�Pλ1 =
2π∫

0

dp1

dx
dx. (60)

The perturbation expressions of ψ, θ, �Pλ and dp/dx
upto We2 are

ψ = ψ0 +We2ψ1.

θ = θ0 +We2θ1.

dp

dx
= dp0

dx
+We2 dp1

dx
.

�Pλ = �Pλ0 +We2�Pλ1 . (61)

4. Results and discussion

To discuss qualitatively the behavior of embedding
parameters of interest on flow quantities such as lon-
gitudinal velocity u and temperature distribution θ, we

have prepared Figures 2–10. The effects of various
parameters on pressure gradient dp/dx, pressure rise
per wavelength �pλ and pumping and trapping are
already investigated by Ali and Hayat [3]. Hence we
avoid to include such results here. However the longi-
tudinal velocity for different values ofWe, n, φ and�
have been plotted in Figures 2–5. Effects of We and n
on the longitudinal velocity are indicated in the Figures
2 and 3. These Figures depict that velocity for Newto-
nian fluid (when We = 0.0 and n = 1) is greater than
the Carreau fluid (whenWe = 0.3, 0.4 and n = 0.398,
0.496) in the narrow part of the channel. But in wider
part of the channel we witness the opposite behav-
ior. Actually the Weissenberg number (having the time
constant) indicates the degree of anisotropy or orienta-
tion generated by the deformation, and is appropriate
to describe flows with a constant stretch history, such as
simple shear. Fig. 4 designates the effect of phase angle

Fig. 2. Plot showing u versus y. Here a = 0.6, b = 0.3, d = 1.1,
� = 4, φ = π/6, x = 0.25 and n = 0.398.

Fig. 3. Plot showing u versus y. Here a = 0.6, b = 0.3, d = 1.1,
� = 4, φ = π/6, x = 0.25 and We = 0.4.
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Fig. 4. Plot showing u versus y. Here a = 0.6, b = 0.3, d = 1.1,
� = 4, n = 0.398, x = 0.25 and We = 0.4.

φ on longitudinal velocity u. This Fig. directs to the
result that u decreases when φ increases in lower part
of the channel and such behavior is quite opposite in the
other region. This is because of the presence of phase
difference in the geometry of the lower wall of asym-
metric channel. In Fig. 5, the effect of�on longitudinal
velocity is shown. It is perceived that with an increase
in �, the velocity increases. The flow rate is directly
proportional to the velocity of the fluid. Fig. 6 confirms
an increase in fluid temperature with maximum value
along the centerline and minimum at the walls due to
convective conditions. It is interesting to note that the
fluid temperature generally increases with increasing
values of the Brinkman numberBr. Actually Brinkman
number Br involves viscous dissipation effects which
are due to the energy production and thus temperature
enhances. Fig. 7 discloses that by increasing the value
of Bi1 the temperature profile θ decreases at the upper
wall while it has no significant effect near the lower
wall of channel. Also the temperature θ increases near
the lower wall by increasing the Biot number Bi2 and
it has no effect on temperature profile near the upper
wall of the channel (see Fig. 8). Here we have con-
sidered the values of Biot numbers much larger than
0.1 due to non-uniform temperature fields within the
fluid. However problems involving small Biot numbers
are thermally simple due to the uniform temperature
fields within the fluid. It is important to mention that
for larger values of Biot numbers the results for the
prescribed surface temperature are obtained as a spe-
cial case of the present problem. Fig. 9 portrays the
temperature distribution for numerous values ofWe. It
is found that the temperature distribution is larger for
the Newtonian fluid (We = 0) when compared with

Fig. 5. Plot showing u versus y. Here a = 0.6, b = 0.3, d = 1.1,
φ = π/6, n = 0.398, x = 0.25 and We = 0.4.

Fig. 6. Plot showing θ versus y. Here a = 0.3, b = 0.5, d = 1, φ =
π/4, � = 1.5, n = 0.398, Bi1 = 1, Bi2 = 10, x = 0.2 and We =
0.1.

Fig. 7. Plot showing θ versus y. Here a = 0.3, b = 0.5, d = 1, φ =
π/4,� = 1.5,n = 0.398,Br = 1,Bi2 = 10, x = 0.2 andWe = 0.3.

the Carreau fluid (We = 0.2, 0.4). Similar behavior is
observed for the power-law index n in Fig. 10. Here
for n = 1 (Newtonian fluid), the temperature distribu-
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Fig. 8. Plot showing θ versus y. Here a = 0.3, b = 0.5, d = 1, φ =
π/4,� = 1.5,n = 0.398,Bi1 = 10,Br = 1, x = 0.2 andWe = 0.3.

Fig. 9. Plot showing θ versus y. Here a = 0.3, b = 0.5, d = 1, φ =
π/4, � = 1.5, n = 0.398, Bi1 = 1, Bi2 = 10, x = 0.2 and Br = 1.

tion is greater than the Carreau fluid (when n = 0.398,
0.496). The behaviors of parameters on the heat trans-
fer coefficient at the upper wall have been observed
in the Figures 11–14. The heat transfer coefficient is
denoted byZ(x) = (h1)xθy(h1) which actually defines
the rate of heat transfer or heat flux at the upper wall.
The heat transfer coefficient Z(x) increases when the
values of Brinkman number Br are set to be increased
(see Fig. 11). Here Br = 0 shows the absence of vis-
cous dissipation effects. It is also noteworthy that heat
transfer coefficientZ(x) is higher when we consider the
viscous dissipation effects (i.e. when Br /= 0). Further
the behavior of heat transfer coefficient is oscillatory
due to the propagation of sinusoidal waves along the
channel walls. According to Fig. 12 the heat transfer
coefficientZ(x) decreases by increasingWe. Also heat
transfer coefficient Z(x) is higher for Newtonian fluid
(We = 0) than the Carreau fluid (We /= 0). It is inter-

Fig. 10. Plot showing θ versus y. Here a = 0.3, b = 0.5, d = 1, φ =
π/4, � = 1.5, Br = 1, Bi1 = 1, Bi2 = 10, x = 0.2 and We = 0.1.

Fig. 11. Plot showing Z(x) versus x. Here a = 0.3, b = 0.5, d = 1,
φ = π/4, � = 1.5, Bi1 = 1, Bi2 = 10, n = 0.398 and We = 0.1.

Fig. 12. Plot showing Z(x) versus x. Here a = 0.3, b = 0.5, d = 1,
φ = π/4, � = 1.5, Br = 2, Bi1 = 1, Bi2 = 10 and n = 0.398.

esting to note that the heat transfer coefficient Z(x)
increases for increasing values of Biot numberBi1 and
Bi2 (see Figures 13 and 14).
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Fig. 13. Plot showing Z(x) versus x. Here a = 0.3, b = 0.5, d = 1,
φ = π/4, � = 1.5, Br = 2, Bi2 = 10, n = 0.398 and We = 0.1.

Fig. 14. Plot showing Z(x) versus x. Here a = 0.3, b = 0.5, d = 1,
φ = π/4, � = 1.5, Br = 2, Bi1 = 10, n = 0.398 and We = 0.1.

5. Concluding remarks

A mathematical model subject to long wavelength
and low Reynolds number approximations is presented
in order to study the effects of convective boundary
conditions on peristaltic transport of Carreau fluid in
an asymmetric channel. Series expressions of stream
function, longitudinal velocity and pressure gradient
are developed. A comparative study is made between
the Newtonian and Carreau fluids. It is concluded that
at the center of channel, the longitudinal velocity for
Newtonian fluid is greater than the Carreau fluid while
near the walls of the channel the velocity for Newtonian
fluid is lower than that of a Carreau fluid. The thermal
study discloses that an increase in Biot number at the
lower wall Bi2 and Br boosts the fluid temperature
while it decreases for the Biot number at the upper
wall of the channel Bi1. It is also interesting to note
that for larger values of Biot numbers, the results for
the prescribed surface temperature are obtained as a

special case of the present study. Also the fluid tem-
perature for a Newtonian fluid is higher than Carreau
fluid. The heat transfer coefficient at the upper wall is
an increasing function of Biot numbers.
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Appendix A

Here we provide the quantities appearing in the flow
analysis.

R1 = −2(F0 + h1 − h2)

(h1 − h2)3 ,

R2 = 3(F0 + h1 − h2)(h1 + h2)

(h1 − h2)3 ,

R3 = −h3
1 − 6F0h1h2 − 3h2

1h2 + 3h1h
2
2 + h3

2

(h1 − h2)3 ,

R4 =
−(h1+ h2)(2h1h2(−h1+ h2)+F0(h2

1− 4h1h2+ h2
2))

2(h1 − h2)3 ,

B1 = Bi2 + Bi1(−1 + Bi2(h1 − h2)),

B2 = 3h2
1R

2
1 + 3h1R1R2 + R2

2,

B3 = 3h2
2R

2
1 + 3h2R1R2 + R2

2,

B4 = 3(h4
1 − h4

2)R2
1 + 4(h3

1 − h3
2)R1R2

+2(h2
1 − h2

2)R2
2,

B5 = 1 + Bi2h2,

B6 = −4h1B2B5,

B7 = 9h2
2R

2
1 + 8h2R1R2 + 2R2

2,

B8 = B3 + h2R1R2 + R2
2,

B9 = −3(h3
1 − 4h3

2)R2
1 − 4(h2

1 − 3h2
2)R1R2

− 2(h2
1 − h2

2)R2
2,

B10 = 3(−h3
1 + h3

2)R2
1 + 4(−h2

1 + h2
2)R1R2

+ 2(−h1 + h2)R2
2,

A1 = −3BrR2
1, A2 = −4BrR1R2,

A3 = −2BrR2
2,

A4 = 1

B1
[4Bi2Brh1B2 + Bi1{−4Brh2B3

+Bi2(1 + BrB4)}],

A5 = 1

B1
[Br{B6 + h2(B7 + B5B8)}

+Bi1{−1 + Brh1B9

+Bi2h2(−1 + Brh1B10)}],

M1 = −27

5
(−1 + n)R3

1,

M2 = −9(−1 + n)R2
1R2,

M3 = − 1

5(h1 − h2)3 [10F1 − 9(h1 − h2)3

(−1 + n)R2
1(3(3h2

1 + 4h1h2 + 3h2
2)R1

+ 10(h1 + h2)R2)),
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M4 = 1

5(h1 − h2)3 [3(5F1(h1 + h2)

− 3(h1 − h2)3(−1 + n)R2
1(6(h1 + h2)

(h2
1 + 3h1h2 + h2

2)R1

+5(h2
1 + 4h1h2 + h2

2)R2))],

M5 = − 1

5(h1 − h2)3 [3h1h2(10F1 − 3(h1 − h2)3

(−1 + n)R2
1(3(4h2

1 + 7h1h2 + 4h2
2)R1

+10(h1 + h2)R2))],

M6 = − 1

10(h1 − h2)3 [5F1(h1 + h2)(h2
1

− 4h1h2 + h2
2) + 18h2

1(h1 − h2)3h2
2

(−1 + n)R2
1(6(h1 + h2)R1 + 5R2)],

L1 = −4

5
BrR1(10M1 + 27(−1 + n)R3

1),

L2 = −4

5
Br(5M1R2 + 9R1(M2

+ 6(−1 + n)R2
1R2)),

L3 = −2Br(3M3R1 + 2R2(M2

+ 9(−1 + n)R2
1R2)),

L4 = −4Br(M4R1 +M3R2 + 4(−1 + n)R1R
3
2,

L5 = −4BrR2(M4 + (−1 + n)R3
2),

L6 = 2Br

5B1
[−2Bi1h2{6h4

2R1(10M1

+ 27(−1 + n)R3
1) + 10R2(M4

+ (−1 + n)R3
2) + 15h2(M4R1 +M3R2

+ 4(−1 + n)R1R
3
2) + 5h3

2(5M1R2

+ 9R1(M2 + 6(−1 + n)R2
1R2))

+10h2
2(3M3R1 + 2R2(M2

+ 9(−1 + n)R2
1R2))}

+Bi2{2Bi1h6
1R1(10M1 + 27(−1 + n)R3

1)

+20h1R2(M4 + (−1 + n)R3
2)

+ 10h2
1(3M3R2 +M4(3R1 + Bi1R2)

+ (−1 + n)R3
2(12R1 + Bi1R2))

+5h4
1(2(5M1 + 54(−1 + n)R3

1)R2

+ 2M2(9R1 + Bi1R2) + 3Bi1R1(M3
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2
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+10h3
1(M3(6R1 + Bi1R2)
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1R2)
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2))

+2h5
1(5M1(12R1 + Bi1R2)
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1R2))} − Bi1h
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3
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5B1
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6
1(1 + Bi2h2)R1(10M1

+ 27(−1 + n)R3
1) + 10h2

1(1 + Bi2h2)(3M3R2
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2(12R1
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+10h2
2(M3(6R1 + Bi2R2)
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