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Series solutions for
magnetohydrodynamic flow of non-
Newtonian nanofluid and heat transfer
in coaxial porous cylinder with slip
conditions
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Abstract
A study on the flow of non-Newtonian nanofluid between two coaxial cylinders is made. Two types of series solutions
are constructed by choosing constant and variable viscosity. The effects of heat transfer analysis on nanoparticles in the
presence of magnetohydrodynamics, porosity and partial slip are also examined. To drive the solutions of nonlinear
boundary value problems, we have used a recently developed method, the optimal homotopic asymptotic method, which
has been proved an effective technique for solving nonlinear equations. Comparison with existing, documented results
through reduction of emerging parameters reveals that the presented series solutions are correct. The solution valid for
the no-slip condition for all values of the non-Newtonian parameters can be derived as special case of the present analy-
sis. Finally, the influence of pertinent parameters on velocity, temperature and nanoparticle concentration is discussed
and illustrated in graphical form.
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Introduction

During the past few decades, the flows of non-
Newtonian fluids1–4 have been recognized as more pro-
mising in industry and technology; for instance in the
processing of polymers, biomechanics, enhanced oil
recovery, food products, etc. But very little efforts are
devoted to examining non-Newtonian nanofluids.
Since nanotechnology has been widely used in industry,
nanofluids are therefore a topic of great interest to
researchers nowadays. Nanofluids are fluids with
added nanoscale particles, a term which was first intro-
duced by Choi.5 Choi et al.6 showed that the addition
of a small amount, less than 1% by volume, of nano-
particles to a convectional heat transfer liquid increased
the thermal conductivity of the fluid up to approxi-
mately two times. Khanafer et al.7 seem to have been
the first to examine the heat transfer performance of
nanofluids inside an enclosure taking into account the

solid particle dispersion. After these studies, nanotech-
nology is considered by many to be one of the signifi-
cant forces that will drive the next major industrial
revolution of this century. It represents the most
relevant technological cutting edge currently being
explored. It aims at manipulating the structure of mat-
ter at the molecular level with the goal for innovation
in virtually every industry and public endeavor,

1Department of Mechanical Engineering, University of California

Riverside, USA
2Department of Mathematics and Statistics, International Islamic

University, Pakistan
3Department of Physics and Astronomy, University of California Irvine,

USA

Corresponding author:

R Ellahi, Department of Mechanical Engineering, University of California

Riverside, A373 Bourns Hall, Riverside, CA 92521, USA.

Email: ellahi@ucr.edu



including biological sciences, physical sciences, electro-
nics cooling, transportation, the environment and
national security. Some experimental and numerical
studies on nanofluids can be found in Lotfi et al.8 and
Ahmad and Pop9 and several references therein.

Moreover, the classical Navier–Stokes equations
have been proved to be inadequate to describe and cap-
ture the characteristics of complex rheological fluids.
Mostly, the equations that govern the flow of non-
Newtonian nanofluids are of higher order, much more
complicated and subtle in comparison with Navier–
Stokes equations. Hence, the mechanics of non-
Newtonian nanofluids presents special challenges to
mathematicians, engineers and numerical analysts since
the governing equations of non-Newtonian nanofluids
are highly nonlinear and cannot be solved by using
conventional methods. To accomplish this task and
solve such problems, perturbation is an important tool.
Nayfeh and Mook10 have presented an account of vari-
ous perturbation techniques, pointing out their similari-
ties, differences, advantages and limitations as well. It
is well known that mostly perturbation techniques are
based on small parameters in governing equations or
boundary conditions, called perturbation quantities.
The small parameter plays a very important role
because it determines not only the accuracy of the per-
turbation approximations but also the validity of the
perturbation method itself. In general, it is not guaran-
teed that a perturbation result is valid in the whole
region for all physical parameters. Therefore, it is nec-
essary to develop some new techniques that are inde-
pendent of small parameters because in the physical
sciences very many nonlinear problems exist which do
not contain any small parameter, in particular those
having strong nonlinearity. To overcome the restric-
tions of perturbation techniques, some powerful mathe-
matical methods have been successfully introduced to
eliminate the small parameter, such as the artificial
parameter method introduced by He,11 the tanh
method,12 the Jacobi elliptic function method,13

Adomian’s decomposition method,14 the homotopy
perturbation method,15 the modified homotopy pertur-
bation method,16 the variational iteration method,17

the iteration perturbation method,18 and so on. In prin-
ciple, all of these methods are based on a so-called arti-
ficial parameter in which approximate solutions are
expanded into series of such kind of artificial para-
meter. This artificial parameter is often used in such a
way that one can easily get approximation solutions
efficiently for a given nonlinear equation. All of these
traditional methods cannot provide any guarantee for
the convergence of approximation series. In 1992
Liao19 took the lead to apply homotopy,20 a basic con-
cept in topology,21 to get analytic approximations of
nonlinear equations and introduced a non-auxiliary
parameter22 to control the convergence region.
Recently Marinca et al.23 developed a very interesting

method, the optimal homotopic asymptotic method
(OHAM), to approximate the solution of nonlinear
problems in the frame of the homotopy analysis
method. This method is not only valid for small (or
large) values of physical parameter but also minimizes
the residual error, which shows its validity and great
potential to solve the nonlinear problems in science and
engineering. The application of this method in fluid
mechanics, heat and mass transfer analysis has been
successfully studied by Marinca et al.24–25

Furthermore, the porous medium is used effectively
in many industrial applications26 such as heat pipes,
solid matrix heat exchangers, electronic cooling and
chemical reactors. For a solar collector with air or
water as the working fluid, a porous medium can provide
an effective means for thermal energy storage. During
the period of charging and recovery, transient thermal
response aspects of the process for the packed bed are of
major concern. It is also well accepted now that slip
effects may appear for two types of fluids (i.e. rare field
gases27 and fluids having much more elastic character).
In these fluids, slippage appears subject to large tangen-
tial traction. It is noticed through experimental observa-
tions28–32 that the occurrence of slippage is possible in
non-Newtonian fluids, such as polymer solution and
molten polymer. In addition, a clear layer is sometimes
found next to the wall when flow of a dilute suspension
of particles are examined. In experimental physiology
such a layer is observed when blood flow through capil-
lary vessels is studied.33 The fluids that exhibit slip effects
have many applications, for instance the polishing of
artificial heart valves and internal cavities,34 and are sup-
ported by the molecular theories35,36 as well.

The purpose of the present paper is to revisit worth-
while problems37–39 in order to analyze the effects of
magnetohydrodynamics (MHD) and slip boundary
conditions in coaxial porous cylinders for non-
Newtonian nanofluids. We offer the series solutions of
velocity and temperature fields by making choices of
constant and variable viscosity. It is well known that the
said nonlinear problems are usually solved by numerical
methods but here we intend to solve this problem using
the relatively new method of OHAM. Comparison with
the previous relevant studies is also made.

Modeling of OHAM

In this section we look at the basic idea of the OHAM.
We start by classifying the equations to be solved for
velocity v, temperature u and nanoparticle concentra-
tion f, that is

L1 v rð Þð Þ+ g1 rð Þ+N1 v rð Þ, u rð Þ, f rð Þð Þ=0

L2 u rð Þð Þ+ g2 rð Þ+N2 u rð Þ, u rð Þ, f rð Þð Þ=0

L3 f rð Þð Þ+ g3 rð Þ+N2 u rð Þ, u rð Þ, f rð Þð Þ=0

B u, u, fð Þ=0 ð1Þ
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where Li i=1� 3ð Þ is a nonlinear operator,
gi i=1� 3ð Þ is a known function, Ni i=1� 3ð Þ is a
nonlinear operator and B is a boundary operator.

By means of OHAM we first construct a homotopy
u r, pð Þ : R3½0, 1� ! R which satisfies

1� pð Þ L1 u1 r, pð Þð Þ+ g1 rð Þ½ �=H pð Þ L1 u1 r, pð Þð Þ½
+Gr1 rð Þ+N1 u1 r, pð Þð Þ�B1 u1 r, pð Þð Þ=0 ð2Þ

1� pð Þ L2 u2 r, pð Þð Þ+ g2 rð Þ½ �=H pð Þ L2 u2 r, pð Þð Þ½
+Gr2 rð Þ+N2 u2 r, pð Þð Þ�B2 u2 r, pð Þð Þ=0 ð3Þ

1� pð Þ L3 u3 r, pð Þð Þ+ g3 rð Þ½ �=H pð Þ L3 u3 r, pð Þð Þ½
+Gr3 rð Þ+N3 u3 r, pð Þð Þ�B3 u3 r, pð Þð Þ=0 ð4Þ

where r 2 R and 0< p< 1 is an embedding parameter,
H pð Þ is a non-zero auxiliary function for p 6¼ 0 and
H 0ð Þ=0, and ui r, pð Þ i=1� 3ð Þ are unknown func-
tions. Obviously for p=0 and p=1, we have

u1 r, 0ð Þ= v0 rð Þ, u2 r, 0ð Þ= u0 rð Þ, u3 r, 0ð Þ=f0 rð Þ
u1 r, 1ð Þ= v rð Þ, u2 r, 1ð Þ= u rð Þ, u3 r, 1ð Þ=f rð Þ

ð5Þ

Now we choose the auxiliary function H pð Þ in the form

H pð Þ= pC1 + p2C2 + ::: ð6Þ

where C1, C2, . . . are constants.
By Taylor’s theorem one can write equation (2) to

get ui r, p, Cj

� �
in the following form

ui r, p, Cj

� �
= ui rð Þ+

X
k˜ 1

uik r, Cj

� �
pk, j=1, 2, . . .

ð7Þ

Using equation (7) in equation (2) and equating
the like terms of p, we obtain the following linear equa-
tions in which u1, u2 and u3 represent v, u and u
respectively.

Using equations (2) to (4) and equations (6) and (7)
we have respectively zeroth order and first order prob-
lems as follows

Li ui0 rð Þð Þ+ gi rð Þ=0, B ui0ð Þ=0 ð8Þ
Li ui1 rð Þð Þ=C1Ni0 ui0 rð Þð Þ, B ui1ð Þ=0 ð9Þ

and the kth order equation is defined by

Li uk rð Þ � uk�1 rð Þð Þ=CkNi0 u0 rð Þð Þ

+
Xk�1
j=1

Cj Li uk�j rð Þ
� �

+Ni(k�j) u0 rð Þ, u1 rð Þ, uk�j rð Þ
� �� �

B uk,
duk
dr

� �
=0; k=2, 3, 4 . . .

ð10Þ

where

Ni ui rð Þð Þ=Ni0 ui0 rð Þð Þ+ pNi1 ui0 rð Þ, ui1 rð Þð Þ
+ p2Ni2 ui0 rð Þ, ui1 rð Þ, ui2 rð Þð Þ+ . . . ð11Þ

The solution of equations (2) to (4) can be determined
approximately in the form

u
mð Þ
i r, p, Cj

� �
= ui0 rð Þ+

Xm
k=1

uik r, Cj

� �
ð12Þ

To find the value of Cj, we substitute equation (12) into
equations (2) to (4) and as a result we get the following
residual

Ri r, Cj

� �
=Li u

mð Þ
i rð Þ

� 	
+ gi rð Þ

+Ni u
mð Þ
i rð Þ, u rð Þ, f rð Þ

� 	
ð13Þ

If R r, Cj

� �
=0 then u mð Þ r, Cj

� �
happens to be the exact

solution. Generally such case will not arise for non-
linear problems, but we can minimize the functional by

Ji Cj

� �
=

ðb
a

R2
i r, Cj

� �
dr ð14Þ

where a and b are two values, depending on the given
problem, for locating the desired Cj. Finally the
unknown constants Cj j=1, 2, 3, . . . ,mð Þ can be opti-
mally identified from the conditions

∂Ji
∂Cj

=0 ð15Þ

With these constants known, the approximate solution
of order m is now well determined.

Modeling for non-Newtonian nanofluids

We start with the basic fact that the flow of a viscous
fluid is governed by continuity and Navier–Stokes
equations which, when the fluid is incompressible, take
the following three field equations that embody the
conservation of total mass, momentum, thermal energy
and nanoparticles, respectively

rf

∂V

∂t
+V:$VÞ=divT� mu

k
1+ lr

∂

∂t

� �
V

�

+ frp + 1� fð Þ rf 1� bT u� uwð Þ½ �
h i

g ð16Þ

rcð Þf
∂u

∂t
+V:$u

� �
= k$2u

+ rcð Þp Db$f:$u+
DT

uw
ru:ru


 �
ð17Þ

∂f

∂t
+V:$f

� �
=Db$

2f+
DT

uw
$2u ð18Þ

along with the boundary conditions
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v R1ð Þ= v0, v R2ð Þ= g
dv

dr
R2ð Þ


 �
0

u R1ð Þ= uw, u R2ð Þ=0

f R1ð Þ=fw f R2ð Þ=0 ð19Þ

where V 0, 0, u rð Þ½ � is the velocity, u is the temperature,
f is the volume fraction of nanoparticles, rf is the den-
sity of the base fluid, rp is the density of the nanoparti-
cles, g is the gravitational acceleration, m is viscosity, k
is thermal conductivity, bT is the volumetric solutal
expansion coefficient of the nanofluid, and R1 and R2

are radii of the inner and outer cylinders respectively.
The Brownian diffusion coefficient and the thermo-
phoretic diffusion coefficient are respectively denoted
by Db and DT.

For third grade fluid the Cauchy stress tensor T is
defined by

T= � p1I+mA1 +a1A2 +a2A
2
1 +b1A3

+b2(A1A2 +A2A1)+b3(trA
2
1)A1 ð20Þ

where p1 is hydrostatic pressure, m is the dynamic visc-
osity, I is the identity tensor and ai(i=1, 2) and
bj(j=1� 3) are material constants. The Rivlin–
Ericksen tensors are given by

A1 =$V+($V)t ð21Þ

An =
dAn�1
dt

+An�1$V+($V)tAn�1, n. 1

ð22Þ

in which r is the gradient operator. Moreover, thermo-
dynamics imposes the following constraints

m ˜ 0, a1 ˜ 0, a1 +a2j j<
ffiffiffiffiffiffiffiffiffiffiffiffiffi
24mb3

p
b1 =b2 =0, b3 ˜ 0 ð23Þ

Using equations (16) to (23) and the following non-
dimensional quantities

u=
u

u0
, r=

r

R
, u=

u� uw

um � u0
,

c=
∂p̂=∂zð ÞR2

v0m0

f=
f� fw

fm � fw

, Nb =Db fm � fwð Þ,

Nt =
DT um � uwð Þ

uw
L=

2b3v
2
0

m0R
2
,

Gr =
um � uwð Þ rfwR

2 1� fwð Þ g
m0u0

,

Br =
rp � rw

� 	
R2 fm � fwð Þ g
m0u0

ð24Þ

after dropping the bars for simplicity, we get the non-
dimensional governing equations of the form

dm

dr

dv

dr
+

m

r

dv

dr
+m

d2v

dr2
+

L

r

dv

dr

� �3

+3L
dv

dr

� �2
d2v

dr2

= c+Pv+M2v� Gru� Brf

ð25Þ

a
d2u

dr2
+

1

r

du

dr
+Nb

du

dr

df

dr
+a1Nt

du

dr

� �2

=0 ð26Þ

Nb
d2u

dr2
+

1

r

du

dr

� �
+Nt

d2f

dr2
+

1

r

df

dr

� �
=0 ð27Þ

subject to boundary conditions

v(1)=1, v(2)= g
dv

dr
2ð Þ


 �
u(1)=1, u(2)=0

f(1)=1, f(2)=0 ð28Þ

where v0, m0, uw, �u, um and fm denote the reference velo-
city, reference viscosity, reference temperature, pipe
temperature, fluid temperature and mass concentration
respectively. Here P, M, Gr, Br, Nt, Nb and g are the
porosity parameter, MHD parameter, thermophoresis
diffusion constant, Brownian diffusion constant, ther-
mophoresis parameter, Brownian motion parameter
and partial slip parameter respectively. The modified
pressure p̂ is

p̂= p1 � a2
dv

dr

� �2

ð29Þ

Solutions of non-Newtonian nanofluids

In this section, we find the series solutions of the non-
linear governing equations using the OHAM for two
cases, namely constant and variable viscosity.

Constant viscosity model

For the constant viscosity model, we choose

m=1 ð30Þ

Choosing the linear operator Li which is defined by

Li ui r, pð Þð Þ= ∂2ui r, pð Þ
∂r2

ð31Þ

such that

N1 ui r, pð Þð Þ= 1

r

dv

dr
+

L

r

dv

dr

� �3

+3L
dv

dr

� �2
d2v

dr2

+Gru+Brf� Pv�M2v ð32Þ

N2 ui r, pð Þð Þ= 1

r

du

dr
+

Nb

a

du

dr

df

dr
+

a1Nt

a

du

dr

� �2

ð33Þ
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N3 ui r, pð Þð Þ= 1

r

df

dr
+

Nt

Nb

1

r

du

dr
+

d2u

dr2

� �
ð34Þ

The corresponding boundary conditions are

u1(1)=1, u1(2)� g
du1

dr


 �
r=2

=0

u2(1)=1, u2(2)=0

u3(1)=1, u3(2)=0

ð35Þ

The zeroth order deformation. The zeroth order deforma-
tion problems are of the following form

d2v0
dr2

= c, v0(1)=1, v0(2)� g
dv0
dr


 �
r=2

=0

ð36Þ
d2u0

dr2
=0, u0(1)=1, u0(2)=0 ð37Þ

d2f0

dr2
=0, f0(1)=1, f0(2)=0 ð38Þ

The first and second order deformations. First and second
order problems are defined by

d2v1
dr2

=C1

"
1

r

dv0
dr

+
L

r

dv0
dr

� �3

+3L
dv0
dr

� �2
d2v0
dr2

+Gru0 +Brf0 � Pv0 �M2v0

#
ð39Þ

d2u1

dr2
=C1

1

r

du0

dr
+

Nb

a

du0

dr

df0

dr
+

a1Nt

a

du0

dr

� �2
" #

ð40Þ
d2f1

dr2
=C1

1

r

df0

dr
+

Nt

Nb

1

r

du0

dr
+

d2u0

dr2


 �
ð41Þ

and

d2v2
dr2

=
d2v1
dr2

+C2

(
1

r

dv0
dr

+
L

r

dv0
dr

� �3

+3L
dv0
dr

� �2
d2v0
dr2

+Gru0 +Brf0

�P 1+ l
dv0
dr

� �2
" #

v0 �M2v0

)

+C1

(
d2v1
dr2

+
1

r

dv1
dr

+
3L

r

dv0
dr

� �2
dv1
dr

+Gru1 +Brf13L
dv0
dr

� �2
d2v1
dr2

+2
dv0
dr

dv1
dr

d2v0
dr2

" #

�Pv1 �M2v0

)
ð42Þ

d2u2

dr2
=

d2u1

dr2
+C2

1

r

du0

dr
+

Nb

a

du0

dr

df0

dr
+2

a1Nt

a

du0

dr

du1

dr


 �

+C1
d2u1

dr2
+

1

r

du1

dr
+

Nb

a

du1

dr

df0

dr
+

du0

dr

df1

dr

� �
 �

ð43Þ
d2f2

dr2
=

d2f1

dr2
+C2

1

r

df0

dr
+

Nt

Nb

1

r

du0

dr
+

d2u0

dr2


 �

+C1
d2f1

dr2
+

1

r

df1

dr
+

Nt

Nb

1

r

du1

dr
+

d2u1

dr2


 �
ð44Þ

respectively and so forth.

Series solutions for constant viscosity model

By using the widely applied symbolic computation soft-
ware MATHEMATICA to solve equations (36) to (44),
we have

v0 =
�4� 2c+2r+3cr� cr2 +2g +3cg � 4crg + cr2g

2 1+ gð Þ
ð45Þ

u0 =2� r ð46Þ
f0 =2� r ð47Þ

v1=
1

24 1+gð Þ A11+ rA12+ r2A13+ r314A14+ r4A15

� �
ð48Þ

u1 =
1

2a
2C1Nb � 3C1Nbr+C1Nbr

2 � 4C1a ln 2
�

+4C1ar ln 2� 2C1a ln r� ð49Þ

f1 =
2 �2C1Nt ln 2+2C1rNt ln 2� C1Ntr ln r½ �

Nb

ð50Þ
v2= A21+ rA22+ r2A23+ r3A24+ r4A25+ r5A26+ r6A27

� �
ð51Þ

u2 =
�1+ rð Þ

6

"
�6C1a Nb r� 2ð Þ+a ln 16f g

#

�6C2a
�
Nb r� 2ð Þ+a ln 16

�
+C2

1

"
N2

b 6� 7r+2r2
� �

+3Nb
�2Nt r� 2ð Þa1

+a 6� 12 ln 2+ r( ln 16� 3ð Þ

� ��

+6a
Nt r� 2+ r ln 16� a1 ln 16ð Þ
�a 2 ln 2ð Þ2 + ln 16� ln 4 ln 16
� 	" #

6r

12a

�2C1a� 2C2a+C2
1

Nb r� 3ð Þ+2Nt r� a1ð Þ
+a ln 16� 2ð Þ

� �
ln r+6C2

1ra
2 ln rð Þ2

2
4

3
5
ð52Þ
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f2 =
Nt

2N2
b

8C1Nb r� 1ð Þa ln 2+8C2Nb r� 1ð Þa ln 2

+C2
1

�4Nt r� 1ð Þa ln 2 ln 8+N2
b

4+2r2 � 6 ln 2
� �

� r �6+ ln 16ð Þ

� �
�Nb r+1ð Þa 2 ln rð Þ2 � ln 4 ln 16+ ln 4096

� 	
2
6664

3
7775

+
r

2N2
b

�4C1Nba� 4C2Nba+C2
1
�3N2

b+4Nta ln 4
+Nba ln 16� 6ð Þ

� �
 �
ln r

�C2
1 Nb +2Ntð Þ ra ln rð Þ2

ð53Þ

Thus the series solution of equations (25) to (27) up to
second order for constant viscosity is of the following
form

v= v0 + v1 + v2

u= u0 + u1 + u2

f=f0 +f1 +f2

ð54Þ

Variable viscosity model

For the variable viscosity model, we take

m= r ð55Þ

such that

Li ui r, pð Þð Þ= ∂2ui r, pð Þ
∂r2

ð56Þ

and define the nonlinear operator as

N1 ui r, pð Þð Þ= 2

r2
dv

dr
+

L

r2
dv

dr

� �3

+
3L

r

dv

dr

� �2
d2v

dr2

+
Gr

r
u+

Br

r
f� P

r
v�M2

r
v

ð57Þ

N2 ui r, pð Þð Þ= 1

r

du

dr
+

Nb

a

du

dr

df

dr
+

a1Nt

a

du

dr

� �2

ð58Þ

N3 ui r, pð Þð Þ= 1

r

df

dr
+

Nt

Nb

1

r

du

dr
+

d2u

dr2

� �
ð59Þ

along with boundary conditions

u1(1)=1, u1(2)� g
du1

dr


 �
r=2

=0

u2(1)=1, u2(2)=0

u3(1)=1, u3(2)=0 ð60Þ

The zeroth order deformation. The zeroth order problem
is given by

d2v0
dr2

= c, v0(1)=1, v0(2)= g
dv0
dr


 �
r=2

ð61Þ
d2u0

dr2
=0, u0(1)=1, u0(2)=0 ð62Þ

d2f0

dr2
=0, f0(1)=1, f0(2)=0 ð63Þ

The first and second order deformation. The first order and
second order problems are given by

d2v1
dr2

=C1

(
2

r2
dv0
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+
L

r2
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� �3
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r
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Nb
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+
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and

d2v2
dr2

= d2v1
dr2

+ C2

r

2
r
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dr + L

r
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dr

� �3
+3L dv0

dr
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respectively and so forth.

Series solutions for constant viscosity model

With the same constraints the series solution of equa-
tions (25) to (27) up to second order for variable viscos-
ity is given by

v=2 1+ gð Þ ½�4� 2c+2r+3cr� cr2 +2g +3cg

�4crg + cr2g�

+
1

48 1+ gð Þ4
B11 + rB12 + r2B13 + r314B14

� �

+
B21

r
+B22 + rB23 + r2B24 + r3B25 + r4B26


 �
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u=2� r+ 1
2a

2C1Nb � 3C1Nbr+C1Nbr� 4C1a ln 2+4C1ra ln 2� 2C1ra ln r½ �
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The coefficients A11 to A15, A21 to A27, B11 to B14, and
B21 to B26 can easily be obtained through the routine
calculation.

Influence of pertinent parameters

The solution is obtained by the OHAM. The effects of
the magnetohydrodynamic parameter M, porosity P
and slip parameter g on velocity for both constant and
variable viscosity are shown in Figures 1 to 6. In

Figure 4. Effect of P on velocity profile when Nb = Nt = 1,
M = 0:5 and g = 0:05 for variable viscosity.

Figure 2. Effect of M on velocity profile when Nb = Nt = 1,
P = 0:25 and g = 0:05 for variable viscosity.

Figure 1. Effect of M on velocity profile when Nb = Nt = 1,
P = 0:2 and g = 0:05 for constant viscosity.

Figure 3. Effect of P on velocity profile when Nb = Nt = 1,
M = 0:5 and g = 0:05 for constant viscosity.

Ellahi et al. 129



Figures 7 to 10 the effects of Nb and Nt are shown on
the velocity, nanoparticle concentration and tempera-
ture distribution respectively.

Conclusions

The effects of partial slip and MHD flow of a non-
Newtonian nanofluid in a coaxial porous cylinder have

Figure 8. Effect of Nt on temperature distribution when
Nb = 0:1.

Figure 7. Effect of Nb on temperature distribution when
Nt = 0:1.

Figure 5. Effect of g on velocity profile when Nb = 1, M = 0:5
and P = 0:25 for constant viscosity.

Figure 6. Effect of g on velocity profile when Nb = 1, Nt = 1,
M = 0:5 and P = 0:25 for variable viscosity.

Figure 9. Effect of Nb on nanoparticle concentration when
Nt = 0:1.

Figure 10. Effect of Nt on nanoparticle concentration when
Nb = 0:1.
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been examined in this study. The resulting nonlinear
differential systems are solved by employing the
OHAM. In this method we control the convergence
using a number j of auxiliary constants C1, C2, . . . ,Cj

which are optimally determined. Variations of MHD
parameter M, porosity parameter P and slip parameter
g on velocity profile have been analyzed for constant
and variable viscosity in Figures 1 to 6. To see the
effects of the thermophoresis parameter and Brownian
diffusion coefficient on the temperature profile, Figures
7 to 10 have been displayed. It is interesting to note
that for OHAM solutions, when g =P=M=
Gr =Br =0 then one recovers the case of reference 37.
The problem reduces to the case of reference 38 for
g =P=Gr =Br=0. The case of reference 39 can also
be recovered by g =M=Gr =Br =0. It is also worth
mentioning that the presented solutions are valid for all
values of sundry parameters and, to the best of our
knowledge, the series solutions by OHAM for this par-
ticular model have not been presented before.
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Appendix 1

Notation

Br thermophoresis parameter
Db Brownian diffusion coefficient
DT thermophoretic diffusion coefficient
g gravitational acceleration
Gr thermophoresis diffusion constant
I identity tensor
k thermal conductivity
M MHD parameter
Nb Brownian motion parameter
Nt thermophoresis parameter
p1 hydrostatic pressure
p̂ modified pressure
P porosity parameter
T Cauchy stress tensor
v, V velocity
v0 reference velocity

ai(i=1, 2) material constant
bj(j=1� 3) material constant
bT volumetric solutal expansion

coefficient of the nanofluids
g partial slip parameter
u temperature
u fluid temperature
um mass concentration
uw reference temperature
m viscosity
m0 reference viscosity
rf density of the base fluid
rp density of the nanoparticles
f nanoparticle volume fraction
r gradient operator
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