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Abstract

This study is about the behavior of a fully developed incompressible re-
active Power law fluid in steady flow between two insulated parallel plates.
Both plates are kept at the same temperature, T0. It is assumed that the
heat is generated by a chemical reaction term, which is uniformly distributed
throughout the volume along with the viscous heating due to the reactive
nature of the fluid. The chemical reaction is assumed to be strongly exother-
mic under Arrhenius Kinetics. An exact solution for the velocity profile is
constructed from the nonlinear momentum equations, while approximate so-
lutions for the nonlinear energy equation is obtained by using the Homo-
topy Perturbation technique. The behavior of the velocity and temperature
are discussed for different dimensionless parameters involved in the governing
equations. Graphical representations and discussions are also presented.

An interesting situation observed is that the shear thinning/thickening
behavior in our problem is not true for all values of the Power law index. In
Poiseuille flow the behavior of the fluid depends not only on the Power law
index, but also on the pressure gradient and the gap between the parallel
plates. For certain values of the Power law index and pressure gradient,
we observe the same behavior of shear thinning/thickening as quoted in the
literature, but below these critical values the behavior is reversed as shown
graphically.
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1 Introduction

The study of heat transfer and thermal stability of reactive non-Newtonian fluids
is extremely important for the safety of life and proper handling of the materials
during processing. Flow accompanied by chemical reactions and mass transfer is
central to a wide range of applications. In fluid dynamics, different reactive flows
have been generally modeled by extending the Navier-Stokes equations to include
the appropriate chemical reactions. These equations tightly couple the chemical
reactions with the conservation equations for mass, momentum, and energy, resulting
in a complex system of nonlinear conservation laws. While most related works
in this area concern the chemical phenomena, little work has been done on the
general modeling of chemical reactions. The pioneering work of Liljenroth [1] was
in chemical reaction engineering, explaining how autocatalyticity led to ignitions
and multiple steady states in the autothermal reactor, and the balance between
heat production by an exothermic reaction and heat removal by convective flow
of the products. Later, Adler [2] discussed the temperature and radius of the hot
gas bubble in an unsteady viscous, incompressible, chemically reactive flow stream,
neglecting viscous dissipation and gravity effects. He also derived the criteria for the
initiation of a thermal explosion using numerical techniques. The Frank-Kamenetskii
theory [3] allowed for the temperature gradient to be taken into account, i.e., there
could be a considerable resistance to heat transfer in the reacting system, or the
system has reactants with low thermal conductivity and highly conducting walls.
Frank-Kamenetskii [3] successfully derived criteria for stability in an ideal well-
mixed reactor by defining a characteristic parameter δ . In [3], the existence of δc,
the critical value of δ was shown, with the conclusion that for δ < δc, the stationary
thermal state is achieved, but for δ > δc a thermally stationary state is impossible.

The criteria for criticality can be expressed by the Frank-Kamenetskii [3] pa-
rameter δ for distributed temperature systems with conductive heat flow. The ge-
ometry is crucial as the critical value of the parameter is dependent on it. The
effect of heating a semi-transparent medium by radiant energy on ignition in ther-
mal explosion theory was studied by El-Sayed [4]. The summary of the theory on
stability of flows is provided by Billingham [5]. Criticality for the steady devel-
oped flow between symmetrically heated parallel plates was discussed by Adler [6].
Zaturska [7] studied criticality for Poiseuille pipe flow, the plane Couette flow and
axial flow between concentric circular cylinders with the same approximation on
activation energy. Shonhiwa [8] has obtained conditions for the disappearance of
criticality for reactive plane-Poiseuille flow by using an approximation to the Ar-
rhenius reaction-rate term. He [9] also succeeded in obtaining transitional values
for reactive plane-Poiseuille flow with approximation to the Arrhenius-rate term.
Okoya [10] in his paper dealt with the effect of the dimensionless non-Newtonian
coefficient on the thermal stability of a reactive viscous liquid in steady flow between
parallel heated plates. Disappearance of criticality (transition values) were obtained
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for (i) Bimolecular temperature dependence (n = 1
2
) (ii) Arrhenius or zero-order

reaction (n = 0) and (iii) Sensitized temperature dependence (n = −2). Okoya
[11] in another paper investigated numerically, the critical and transitional values of
parameters for steady, reactive, viscous, one dimensional plane Couette flow of an
incompressible, homogeneous fluid of third-grade with the lower plate at rest and
the upper plate in uniform motion for the above three cases. Okoya [12] also studied
the thermal transition of a reactive flow of a third-grade fluid with viscous heating
and chemical reaction for generalized Couette flow. Rajagopal and Szeri [14] worked
on the flow of a third grade fluid between heated parallel plates. Gray and Lee [15]
worked on thermal explosion theory, oxidation and combustion. Boddington, Feng
and Gray [16] worked on thermal explosions, criticality and the disappearance of
criticality in systems with distributed temperatures.

The goal of this paper is to investigate the variations of velocity and temperature
profiles for a steady, fully developed, incompressible, reactive Power law fluid inside a
slab. We provide an analytical framework using a homotopy perturbation technique
in evaluating the temperature field by using the exact solution of the velocity field
in the temperature equation. Generally, when a fluid is sheared, some of the work
done is dissipated as heat. The shear-induced heating gives an inevitable increase
in temperature within the fluid. We neglect the reacting viscous fluid consumption,
since the aspect ratio of the channel is very small.

After the preceding introduction in section 1, we consider the governing equation
in Section 2. In Section 3, we formulate the problem together with the relevant
equations and the boundary conditions governing the Power law fluid. Section 4
gives the solution of the momentum equation, while section 5 provides the solution
of the energy equation using the homotopy perturbation method [13]. Graphs,
discussions and conclusion are presented in section 6.

2 Governing Equations

The flow of a reactive Power law fluid is governed by the continuity, momentum
and energy equations. When the fluid is incompressible, neglecting body forces,
equations take the form

∇.V = 0, (1)

ρ
DV

Dt
= ∇.S (2)

where V = (u, v, w) is the velocity vector, ρ is density,
D

Dt
is the material derivative

and defined as

D

Dt
=

∂

∂t
+ (V.∇),
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S is a stress tensor for a Power law fluid and defined as

S = −pI + η
(
trA2

1

)m
A1 (3)

where p is pressure, I is unit tensor, η is the apparent viscosity, m is the flow behavior
index, A1 is the Rivlin Ericksen tensor, given by

A1 = L + L∗ (4)

where ∗ denotes the transpose and

L = ∇V =

⎡
⎢⎢⎢⎢⎢⎣

∂u

∂x

∂u

∂y

∂u

∂z
∂v

∂x

∂v

∂y

∂v

∂z
∂w

∂x

∂w

∂y

∂w

∂z

⎤
⎥⎥⎥⎥⎥⎦

(5)

in cartesian coordinates.
When the reactant molecules rearrange to form the products, a chemical reaction

occurs and thermal energy is produced or consumed. The volume rate of thermal en-
ergy, ℘c, is in general a complicated function of pressure, temperature, composition
and catalyst activity. It is assumed that the fluid behaves like a Newtonian fluid as
far as the reactions are concerned, which is applicable only when the temperature is
not too large. It is also assumed that the mathematical equations do not show any
effect of reactant consumption. Therefore, the energy equation takes the form

ρ
De

Dt
= S · L − divq + ℘c, (6)

where e denotes the internal energy. We assume that the heat flux vector q is
given by Fourier’s law, q = −K∇T , where K is the thermal conductivity of the
material, T is the temperature and ℘c is the chemical reaction term and defined as
℘c = QC0K0(T ), [10]. Q is the heat of reaction, C0 is the initial concentration of
reactant species, and

K0(T ) = J

(
kT

vh

)n

exp

(
− E

RT

)
(7)

where J is the rate constant, k is the Boltzmann’s constant, υ is the vibration
frequency, h is the Planck’s number, E is the activation energy, R is the universal
gas constant and n is a numerical exponent.

3 Problem Formulation

We are considering the steady Poiseuille flow of a reactive Power law fluid with the
generation of heat due to a chemical reaction under Arrhenius kinetics [16], confined



Analysis of Poiseuille flow 2725

between two infinitely long plates located at y = −y0 and y = y0. Both plates are
fixed and are at the same temperature T0. We also assume symmetrical heating of
the fluid. The boundary conditions for this geometry become

du

dy
= 0,

dT

dy
= 0, at y = 0

u = 0, T = T0 at y = y0

⎫⎬
⎭ (8)

We seek a one-dimensional steady velocity field of the form

V = [u(y), 0, 0], T = T (y) (9)

The continuity equation is identically satisfied and, using the velocity profile (9) in
the momentum and energy equations, we obtain

2mη(2m + 1)

(
du

dy

)2m (
d2u

dy2

)
=

dp

dx
(10)

K
d2T

dy2
+ 2m η

(
du

dy

)2m+2

+ Q C0 K0(T ) = 0. (11)

We introduce suitable dimensionless variables given as

−
y =

y

y0

,
−
u =

u

U0

, β =
RT0

E
, θ =

T − T0

βT0

Γ =
2m η y2

0

K β T0

(
U0

y0

)2m+2

, C =
y0

2m η

(
y0

U0

)2m+1
dp

dx

where U0 is reference velocity, T0 is the wall temperature, β, θ, C and Γ are the di-
mensionless activation energy parameter, temperature, pressure gradient coefficient
and viscous heating parameter, respectively.

The dimensionless form of the overning equations (10) and (11) after dropping
the bars, become

d

dy

(
du

dy

)2m+1

= C (12)

d2θ

dy2
+ Γ

(
du

dy

)2m+2

+ δf(θ; β, n) = 0 (13)

From the conductive theory of thermal explosions, it is well known that the temper-
ature equation expresses the balance between heat conduction and heat-generation
in terms of the dimensionless parameter δ

δ =
Q E y2

0 C0 kn T n−2
0

νn hn R K
e
−

1

β , f(θ; β, n) = (1 + βθ)n e

θ

(1 + βθ)
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δ is a reflection of the internal properties of a given system, and the corresponding
boundary conditions (8) become

du

dy
= 0,

dθ

dy
= 0, at y = 0

u = 0, θ = 0 at y = 1

⎫⎬
⎭ (14)

Equations (12) and (13) are the dimensionless form of the momentum and en-
ergy equations, which are highly non-linear. We can find the exact solution of the
momentum equation corresponding to the boundary conditions (14), but it is very
difficult to find the exact solution of the energy equation (13), since it involves vis-
cous dissipation and chemical reaction terms. However, in the absence of a chemical
reaction term we can obtain the exact solution of the energy equation as well. In
the following sections we plan to solve these equations of motion and energy, subject
to the associated boundary conditions.

4 Solution of the Momentum equation

Integrating the momentum equation (12) with respect to y, and using the boundary
condition at y = 0, we get

du

dy
= C

�
� 1

2m + 1

�
�
y

(
1

2m + 1

)

In this expression, the sign of
du

dy
is always opposite to that of y since velocity

decreases with the increase of y. Therefore, we express

du

dy
= −|C|

�
� 1

2m + 1

�
�
y

(
1

2m + 1

)
. (15)

Again integrating equation (15) with respect to y, and using the boundary condition
at y = 1, we obtain

u(y) =
2m + 1

2m + 2
|C|

(
1

2m + 1

) ⎛
⎜⎝1 − y

(
2m + 2

2m + 1

)⎞
⎟⎠ . (16)

Equation (16) is the exact solution for the velocity profile of a reactive Power law
fluid. Note that for m = 0, we obtain the velocity profile for a viscous fluid.
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5 Solution of the Energy equation using Homo-

topy Perturbation Method

Using the value of u from equation (16) in the energy equation (13) yields

d2θ

dy2
+ Γ C

(
2m + 2

2m + 1

)
y

(
2m + 2

2m + 1

)
+ δ (1 + βθ)n e

θ

(1 + βθ) = 0 (17)

with its boundary conditions

dθ

dy
= 0 at y = 0, θ = 0 at y = 1 (18)

Looking at equation (17) we observe that the chemical reaction term, the third
term, is causing the nonlinearity. If δ = 0 then it is not difficult to get the exact
solution of this equation. However, in the presence of the chemical reaction term,
equation (17) is a highly non-linear differential equation. It is difficult to find its
exact solution. Therefore, we make an attempt to find an approximate solution
through the homotopy perturbation method. For this, we construct the homotopy

w(x, q) : Ω × [0, 1] → R (19)

satisfying

H (w , q) = (1 − q) [L(w) − L(θ0 )] + q [L(w) + N (w) − g(r)] = 0 (20)

where L(w) =
d2w

dy2
is a linear operator, and N(w) = δ(1 + βw)ne

w

(1 + βw) is a

nonlinear operator, r ∈ Ω and g(r) = −ΓC

(
2m + 2

2m + 1

)
y

(
2m + 2

2m + 1

)
, and q ∈ [0, 1] is

an embedding parameter. θ0 is an initial guess approximation.
Rewriting equation (20), we obtain

L(w) − L(θ0) + qL(θ0) + q

⎡
⎢⎣δ(1 + βw)ne

w

(1 + βw) + ΓC

(
2m + 2

2m + 1

)
y

(
2m + 2

2m + 1

)⎤
⎥⎦ = 0

(21)

An initial guess approximation of (21), which can be obtained by solving the
linear part of equation (17) is as follows,

θ0(y) = Γ
(2m + 1)2

(4m + 3)(6m + 4)
C

(
2m + 2

2m + 1

) ⎡
⎣1 − y

6m + 4

2m + 1

⎤
⎦ (22)
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The non-linear terms in equation (21) can be simplified by using binomial and
Taylor series expansions. We expand both series up to the third term as follows:

exp(θ − βθ2 + β2θ3) = 1 + θ − βθ2 + β2θ3 +
1

2!

(
θ2 − 2βθ3 + 3β2θ4

)
(23)

and

(1 + βθ)n =

(
1 + nβθ +

n(n − 1)

2!
(βθ)2

)
. (24)

Using expressions (23) and (24) in (21) we get

L(w) − L(θ0) + qL(θ0) + q [δ {1 + (1 + nβ)w

+

(
1

2
+ β(n − 1) +

n(n − 1)

2!
β2

)
w2

}
+ ΓC

(
2m + 2

2m + 1

)
y

2m + 2

2m + 1

⎤
⎥⎦ = 0(25)

We assume that the solution of equation (25) can be expressed as a Power series
in q i.e.,

w = w0 + qw1 + ... (26)

where wi, i = 0, 1, 2... are independent of q.
Now substituting equation (26) in equation (25)and in boundary conditions (18)

and then equating like powers of q, we obtain a set of problems with corresponding
boundary conditions which we treat in the subsections that follow.

5.1 Zeroth order problem

The zeroth-order problem with boundary conditions is

L[w0] − L[θ0] = 0

dw0

dy
= 0 at y = 0, w0 = 0 at y = 1.

Since L is a linear operator, therefore w0 = θ0 which implies

w0 =

⎛
⎜⎝Γ

(2m + 1)2

(4m + 3)(6m + 4)
C

(
2m + 2

2m + 1

)⎞
⎟⎠

⎡
⎢⎣1 − y

(
6m + 4

2m + 1

)⎤
⎥⎦ (27)
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5.2 First order problem

The first order problem along with boundary conditions is

d2w1

dy2
+

d2θ0

dy2
+ δ

{
1 + (1 + nβ)w0 +

(
1

2
+ β(n − 1) +

n(n − 1)

2!
β2

)
w2

0

}

+ ΓC

(
2m + 2

2m + 1

)
y

(
2m + 2

2m + 1

)
= 0 (28)

dw1

dy
= 0 at y = 0, w1 = 0 at y = 1.

Making use of the zeroth order solution in the first order problem, then integrating
twice and using the boundary conditions, we have the final form of the first order
solution as

w1(y) = δ

⎧⎪⎪⎨
⎪⎪⎩

(
1

2
+ β(n − 1) +

n(n − 1)

2!
β2

) ⎛
⎜⎝Γ

(2m + 1)2

(4m + 3)(6m + 4)
C

(
2m + 2

2m + 1

)⎞
⎟⎠

2

(2m + 1)2

(14m + 9)(16m + 10)

⎡
⎣1 − y

16m + 10

2m + 1

⎤
⎦ − ((1 + nβ)

⎛
⎜⎝Γ

(2m + 1)2

(4m + 3)(6m + 4)
C

(
2m + 2

2m + 1

)⎞
⎟⎠ + 2

(
1

2
+ β(n − 1) +

n(n − 1)

2!
β2

)

⎛
⎜⎝Γ

(2m + 1)2

(4m + 3)(6m + 4)
C

(
2m + 2

2m + 1

)⎞
⎟⎠

2
⎞
⎟⎟⎠ (2m + 1)2

(8m + 5)(10m + 6)

⎡
⎣1 − y

10m + 6

2m + 1

⎤
⎦

− 1

2

⎛
⎜⎝1 − (1 + nβ)

⎛
⎜⎝Γ

(2m + 1)2

(4m + 3)(6m + 4)
C

(
2m + 2

2m + 1

)⎞
⎟⎠

+

(
1

2
+ β(n − 1) +

n(n − 1)

2!
β2

) ⎛
⎜⎝Γ

(2m + 1)2

(4m + 3)(6m + 4)
C

(
2m + 2

2m + 1

)⎞
⎟⎠

2
⎞
⎟⎟⎠ [1 − y2]

⎫⎪⎪⎬
⎪⎪⎭

(29)
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So the solution of the temperature distribution up to the first order, after letting
q → 1, is given as

θ(y) = δ
2
[1 − y2] +

⎛
⎜⎜⎜⎝Γ(2m+1)2C

�
���
2m + 2

2m + 1

�
���

(4m+3)(6m+4)

⎞
⎟⎟⎟⎠

{
δ(1+nβ)

2
[1 − y2]

+

⎡
⎣1 − y

6m + 4

2m + 1

⎤
⎦ − δ (1+nβ)(2m+1)2

(8m+5)(10m+6)

⎡
⎣1 − y

10m + 6

2m + 1

⎤
⎦
⎫⎬
⎭

−δ

⎛
⎜⎜⎜⎝Γ(2m+1)2C

�
���
2m + 2

2m + 1

�
���

(4m+3)(6m+4)

⎞
⎟⎟⎟⎠

2

(
1
2

+ β(n − 1) + n(n−1)
2!

β2
)

⎧⎨
⎩−1

2
[1 − y2] + 2 (2m+1)2

(8m+5)(10m+6)

⎡
⎣1 − y

10m + 6

2m + 1

⎤
⎦

− (2m+1)2

(14m+9)(16m+10)

⎡
⎣1 − y

16m + 10

2m + 1

⎤
⎦
⎫⎬
⎭ . (30)

Equation (30) is the solution of the energy equation (17) for the temperature
profile for a Power law fluid. Note that for Γ = 0, we obtain the temperature
distribution without viscous dissipation. For δ = 0 the temperature profile for a
Power law fluid without a chemical reaction term is retrieved, which is same as the
exact solution of energy equation for a Power law fluid without any source term.
For m = 0 we get the solution for a viscous fluid.

6 Discussion of Results

In this study we have considered the steady flow of a fully developed incompressible
reactive Power law fluid between two insulated parallel plates at the same tempera-
ture, T0. It is assumed that the heat is generated by a chemical reaction term which
is uniformly distributed throughout the volume along with the viscous heating due
to a reactive fluid. The chemical reaction is assumed to be strongly exothermic
under Arrhenius Kinetics. Exact solution for velocity profile (16) and approximate
solution for the nonlinear energy equation (30) by using the Homotopy Perturba-
tion technique are obtained. Velocity and temperature behavior are discussed for
different dimensionless parameters involved in the governing equations.
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Literature suggests the range −1 < m ≤ 1 for the value of the Power-law index m.
For m > 0, the fluid is said to be dilatant (or shear thickening); for m < 0, the fluid
is called a pseudo-plastic (or shear thinning) fluid and for m = 0, the fluid is simply
a Newtonian fluid. An interesting phenomenon has been observed in Fig. (1a) where
for low pressure gradient coefficient C = −1, the shear thinning/thickening behavior
is in contradiction with the literature while in Fig. (1b) where the pressure gradient
coefficient is C = −2, the shear thinning/thickening behavior is in agreement with
the literature. We conclude from the Figs. (1a) and (1b) that in Poiseuille flow
the behavior of the fluid depends not only on the Power law index, but also on the
pressure gradient and the gap between the parallel plates. We observe that

Figs. (1) Effect of Power law index on velocity profile.

• For both the shear thinning fluid m = −0.3 and the viscous fluid m = 0, same
maximum velocity is achieved at C = −1.45 which is the critical value for
the pressure gradient coefficient. Above this value of C, the shear thinning as
quoted in [17], is achieved but below this critical value the behavior is reversed.

• For both a shear thickening fluid m = 0.3 and for a viscous fluid m = 0,
we obtain the critical value for the pressure gradient coefficient C = −1.74.
Above this value of C, the the velocity behavior is the same as quoted in [17],
but below this critical value the behavior is reversed.

Figs. (2a, 2b, 2c) show the effect of the pressure gradient coefficient on the Power
law fluid when m = −0.3, m = 0 and m = 0.3. We obtain parabolic velocity profiles
for all these three cases. We find that the magnitude of velocity between parallel
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plates for the shear thinning case is very large as compared to the viscous and shear
thickening cases, i.e., the magnitude of velocity decreases with the increase in m.

Figs. (2) Effect of pressure gradient coefficient on velocity profile.

Figs. (3a,3b,3c) show the effect of the viscous heating parameter, Γ, on the Power
law fluid in the absence of any chemical reaction. Though both plates are at the
same temperature, T0, due to the reactive fluid we get parabolic temperature profiles.
Increase in the magnitude of temperature is very high for a shear thinning fluid (Fig.
(3a)) as compared to the viscous fluid (Fig. (3b)) and the shear thickening Power
law fluid (Fig. (3c)). The temperature increases with the increases in Γ for all values
of m.



Analysis of Poiseuille flow 2733

Figs. (3) Effect of viscous heating parameter on temperature profile.
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Figs. (4) Effect of viscous heating parameter for zero order reaction (n = 0) on
temperature profile with source term

Figs.(4a, 4b, 4c) show the effect of viscous heating parameter in the presence of
a chemical reaction term with δ = 0.5, β = 0.05 and Arrhenius reaction (n =
0) for shear thinning/thickening and viscous fluid. The effect on temperature for
shear thinning is very prominent as compared to viscous or shear thickening fluid.
Chemical reaction terms (below critical values) play an important role to change the
temperature distribution between two parallel plates. The temperature decreases
for a shear thinning fluid and becomes negative, but increases for viscous and shear
thickening fluids. We observe fluctuation in temperature with the increase in viscous
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heating parameter.

Figs. (5) Effect of viscous heating parameter on bimolecular temperature
distribution with source term.

Figs.(5a, 5b, 5c) show the effect of Γ on bimolecular temperature distribution (n =
0.5) with δ = 0.5, β = 0.05. The effect on shear thinning fluid is very prominent;
for non zero values of δ and β, the temperature drop is very large for shear thinning
fluid as compared to shear thickening and viscous fluid. Bimolecular temperature
distribution reduces the temperature when compared to the Arrhenius case.
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Figs. (6) Effect of viscous heating parameter on temperature profile with source
term

In this case of sensitized temperature dependence (n = −2), we observe that the
temperature increases near the boundary and decreases at the center of the medium.
This decrease in temperature is large for a shear thinning fluid, but is less when
compared with bimolecular/Arrhenius cases with the increase in Γ. We obtain
negative values of temperature, θ. For a shear thinning fluid, temperature increases
near the boundary and decreases at the center of the medium. This can be observed
in Figs.(6a). Temperature distribution remains positive for shear thickening and
viscous fluids Figs. (6b) and (6c), but fluctuation in temperature distribution is
observed with increase in Γ.
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Figs. (7) Effect of source term on temperature profile for Arrhenius reaction (n=0)

The effect of reflection of the internal properties of the given system, δ, for the
Arrhenius reaction-rate term (n = 0) when Γ = 1 and β = 0.05 can be seen in
Figs. (7a, 7b, 7c). We observe that for a shear thinning fluid, the temperature
distribution decreases with the increase of δ, but for viscous and shear thickening
fluids, temperature increases with increase in δ as shown in Figs (7b) and (7c). It
is also seen that the temperature increases near the boundary for a shear thinning
fluid, but this type of profile is not seen for the other two cases.
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Figs. (8) Effect of source term on temperature profile for Bimolecular reaction
(n=0.2)

There is no prominent change in the temperature profile for bimolecular n = 0.5,
sensitized n = −2 and Arrhenius reaction rate term n = 0 in the case of shear
thinning/thickening or viscous fluids; for small values of δ, this effect is almost
negligible. But with the increase in δ, we can observe a change in temperature
distribution; i.e temperature decreases with the increase in n.
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Figs. (9) Effect of source term on temperature profile for sensitized reaction (n=-2)

Figs.(9a, 9b, 9c) show the effect of δ, for sensitized reaction n = −2. Comparing
with Figs. (7a, 7b, 7c) and (8a, 8b, 8c), in case of shear thinning, we observe that
there is less fluctuation in temperature for sensitized reaction (Fig (9a)) compared
with Arrhenius and bimolecular reactions in Figs. (7a) and (8b). For viscous and
shear thickening fluids all three chemical reactions have the same values as shown
in Figs (7b, 7c), (8a, 8b) and (9b, 9c).
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Figs. (10) Effect of activation energy β parameter on temperature distribution for
Arrhenius reaction (n=0)

When the activation energy β << 1, we do not observe any change in the tem-
perature profile for (n = −2, 0, 0.5) cases. With the increase in β the temperature
increases near the boundaries and decreases at the center for the shear thinning
case. The change in temperature is very small for viscous and a shear thickening
fluid and produces parabolic profiles.
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Figs. (11) Effect of activation energy β parameter on temperature distribution for
Bimolecular reaction (n=0.5)

We plot figure (11) to show the effect of β, activation energy parameter for the
bimolecular reaction n = 0.5 when Γ = 1 and δ = 0.5. We observe that when β < 1,
Arrhenius and bimolecular reactions have the same temperature distributions as
shown in Figs. (10a, 10b, 10c) and (11a, 11b, 11c).
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Figs. (12) Effect of activation energy β parameter on the temperature distribution
for a sensitized reaction (n=-2)

Figs.(12a, 12b, 12c) show the effect of β, for a sensitized reaction n = −2. Com-
paring with Figs. (10a, 10b, 10c) and (11a, 11b, 11c), in case of shear thinning, we
observe that the effect of β on temperature is much larger for a sensitized reaction
Fig (12a), compared with Arrhenius and bimolecular reactions in Figs. (10a) and
(11b). For viscous and shear thickening fluids, all three chemical reactions have the
same values as shown in Figs (10b, 10c), (11a, 11b) and (12b, 12c).
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Figs. (13) Temperature distributions for Arrhenius (n=0), bimolecular (n=0.5)
and sensitized (n=-2) reactions

It is seen that for different values of n we obtain almost the same parabolic tem-
perature profiles for shear thickening and viscous fluids. The value of temperature
distribution for shear thinning fluid changes with the change in n as can be seen in
Fig (13a).

7 Conclusions

Momentum and energy equations for an incompressible, reactive Power law fluid
have been solved for Poiseuille flow between two insulated parallel plates. It is as-
sumed that the heat is generated by a uniformly distributed chemical reaction term
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and the viscous heating due to the reactive Power law fluid. The chemical reaction
is assumed to be strongly exothermic under Arrhenius Kinetics. Exact solution for
the velocity profile is constructed from the nonlinear momentum equations. Source
term in the energy equation is approximated by using a binomial and Taylor’s series
expansion, then approximate solution for the nonlinear energy equation is obtained
by using the Homotopy Perturbation technique. Velocity and temperature behavior
are discussed for different dimensionless parameters involved in the governing equa-
tions. Graphical representations and discussions are also presented. We conclude
that the behavior of the fluid depends not only on the Power law index, but also
on the pressure gradient and the gap between the parallel plates. There is a critical
value of the pressure gradient coefficient, below which the behavior of the fluid is
reversed as quoted in the literature. The magnitude of velocity between parallel
plates for shear thinning case is very large as compared to the viscous and shear
thickening cases. The velocity increases with the increases in pressure gradient for
all values of the Power law index m. Temperature increases with the increase of
viscous heating parameter without source term, but with source term temperature
decreases. This effect is prominent in shear thinning case. Fluctuation in temper-
ature with an increase in the viscous heating parameter with non-zero source term
for all three types of chemical reactions. For a shear thinning fluid, the temperature
distribution decreases with an increase in the Frank-Kamenetskii parameter, δ, but
for viscous and shear thickening cases, the temperature increases with an increase in
δ. There is no prominent change in the temperature profile for any type of chemical
reaction for small values of δ. But with the increase in δ, we observe that the tem-
perature decreases with an increase in n. When the activation energy β << 1, there
is no change in the temperature profile for any type of chemical reaction. With an
increase in β the temperature increases near the boundaries and decreases at the
center for the shear thinning case, but this change is all most negligible for viscous
and shear thickening fluid.
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