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Abstract In the present investigation, we examined the
heat and mass transfer analysis for the peristaltic flow of
nanofluid through eccentric cylinders. The complexity of
equations describing the flow of nanofluid is reduced
through applying the low Reynolds number and long
wavelength approximations. The resulting equations are
highly nonlinear, coupled and nonhomogeneous partial
differential equations. These complicated governing equa-
tions are solved analytically by employing the homotopy
perturbation method. The obtained expressions for veloc-
ity, temperature and nanoparticle phenomenon are sketched
through graphs for two as well as three dimensions. The
resulting relations for pressure gradient and pressure rise
are plotted for various pertinent parameters. The stream-
lines are drawn for some physical quantities to discuss the
trapping phenomenon.
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Introduction

Nanofluid is a type of fluid having nanometer-sized particles
(having size less than 107%) known as nanoparticles. In
nanofluid, nanoparticles are suspended in customary heat
transfer basic fluids. The nanoparticles used in nanofluid are
normally composed of metals, oxides, carbides or carbon
nanotubes. Water, ethylene glycol and oil are common
examples of base fluids. Nanofluid have their major appli-
cations in heat transfer, including microelectronics, fuel
cells, pharmaceutical processes and hybrid-powered
engines, domestic refrigerator, chiller, nuclear reactor
coolant, grinding, space technology and in boiler flue gas
temperature reduction. They demonstrate enhanced thermal
conductivity and convective heat transfer coefficient coun-
terbalanced to the base fluid. Acquaintance of the rheological
properties of nanofluid is found to be very momentous in
measuring their capability for convective heat transfer uti-
lizations. Nanofluid have been the core of attention of many
researchers for new production of heat transfer fluids in heat
exchangers, plants and automotive cooling significations,
due to their enormous thermal characteristics. A large
amount of literature is available which deals with the study of
nanofluid and its applications (Akbar etal. 2012; Mancaet al.
2012; Wang and Mujumdar 2007).

Many researchers have been interested in analyzing the
applications of peristaltic flow through different geometric
shapes. A large number of articles (Srinivas and Kothandapani
2008; Nadeem and Akbar 2009; Sobh et al. 2010; Tripathi
2011a, b; Mekheimer and Abdelmaboud 2008; Mekheimer
2008) have been presented which reveal the properties and
behavior of various types of fluids in peristalsis. Due to the non-
Newtonian attributes of most of the biofluids, researchers have
introduced different models of non-Newtonian fluids depend-
ing on their rheological properties (Ellahi and Hameed 2012;
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Malik 2011; Mahomed and Hayat 2007; Nadeem and Akbar
2010). The three-dimensional analysis of peristaltic flow has
also been presented by some of the researchers to describe the
peculiarity of different kinds of fluid in space. The influence of
lateral walls on peristaltic flow in a rectangular duct has been
described by Reddy et al. (2005). Mekheimer et al. (2012)
have studied the mathematical model of peristaltic transport
through an eccentric cylinders. The concept of nanofluid in
peristalsis has been explored by some of the researchers. Na-
deem and Maraj (2012) have presented the mathematical
analysis for peristaltic flow of nanofluid in a curved channel
with compliant walls under the constraints of long wavelength
and low Reynolds number. Recently, Akbar and Nadeem
(2011) have produced endoscopic effects on the peristaltic flow
of ananofluid. It is to be noted that in the studies (Mahomed and
Hayat 2007; Nadeem and Akbar 2010), the flow is taken in a
two-dimensional geometry. The peristaltic flow of nanofluid
has not been discussed in three dimensions so far.

To observe the effects of space on the peristaltic flow of
nanofluid, we intend to study the peristaltic flow of nano-
fluid through eccentric cylinders. The three-dimensional
analysis is made in cylindrical coordinates to observe the
flow in tubes. The constitutive equations are simplified by
employing the assumptions of low Reynolds number
and long wavelength. The graphs for velocity, temperature
and nanoparticles concentration are plotted both in two and
three dimensions. The expressions for pressure gradient
and pressure rise are sketched under the impact of various
physical parameters. The trapping bolus phenomenon is
also elaborated through streamlines against different
quantities.

Mathematical formulation of the problem

Let us consider the peristaltic flow of an incompressible
nanofluid between two vertical eccentric cylinders. The
geometry of the flow is described as the inner tube being
rigid and the sinusoidal wave propagating at the outer tube
along its length. The radius of the inner tube is J, but we
would like to discuss the motion to the center of the outer
tube. The center of the inner tube is now at the position
r=¢,z7=0, where r and z are coordinates in the cross
section of the pipe as shown in the Fig. 1. Then the
boundary of the inner tube is described to order € by r; =
0+ ecos 0, where ¢ is the parameter that controls the
eccentricity of the inner tube position. Further, we assume
that the boundary of the inner tube is at the temperature 7T,
and the outer tube is maintained at temperature 7. The
nanoparticle concentration is described as Cy and C; at the
walls of the inner and outer cylinders correspondingly.

The equations for the two boundaries (Mekheimer et al.
2012) are
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rp =0+ ecosd,

r» =a+bcos [2% (z— clt)} ,
where 0 and a are the radii of the inner and outer tubes, b is the
amplitude of the wave, 4 is the wavelength, ¢, is the propa-
gation velocity and ¢ is the time. The problem has been con-
sidered with the system of cylindrical coordinates (r, 0, z) as
radial, azimuthal and axial coordinates, respectively.

The equations for the conservation of mass, momentum,
energy and nanoparticle concentration for an incompress-
ible nanofluid are described as (Akbar and Nadeem 2011)

div V =0, (1)
ov .
Pr (E +V- vv) = —Vp + udiv V+pega(T — Tp)
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Fig. 1 The simplified model of geometry of the problem
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(6C +V- vc> =DV’C + &VZT, (4)
d Ty
where py is the density of the incompressible fluid, (pc); is
the heat capacity of the fluid, (pc), gives the effective heat
capacity of the nanoparticle material, & implies thermal
conductivity, g stands for constant of gravity, p is the
viscosity of the fluid, d/dr gives the material time deriva-
tive, P is the pressure, C denotes the nanoparticle con-
centration, Dy is the Brownian diffusion coefficient and D
is the thermophoretic diffusion coefficient.

We introduce a wave frame (r, z) moving with velocity
¢ away from the fixed frame (R, Z) by the transformations

z=Z—-cit,r=Rw=W-—c,u=U,p=P. (5)

Let us assume that the velocity field for the flow is V =

(u,0,w). The dimensionless parameters used in the
problem are defined as follows
2 A
P = - p,W,:Kﬂ/l,:—I/l,V/:—7Z,:£,r/:£,9/:9,
uch c y) a
tl:£t7¢:ével:£7Re:pﬂ7 /_§7D: T7T07
A a a I a T,—Ty
C—-Cy U M a prgoa
= =9 ,00==,Br= C—C 5
CI_CO’ pav pD 0 ] Lic ( 1 ())
2
pr8oa tDg Dt
G,= T)—Ty),Ny=——2(C1 — Co),Ny=—— (T — Tp),
T T0). Ny =" (C o) M= (T~ Th)
k ¢
et (pe) ©)
(pc)e (pe)

where V, ¢, Re, dg, P;, Ny, N, G, and B, represent the
velocity of the inner tube, amplitude ratio, Reynold’s
number, dimensionless wave number, Prandtl number,
Brownian motion parameter, thermophoresis parameter, local
temperature Grashof number and local nanoparticle Grashof
number, respectively. After using the above non-dimensional
parameters and employing the assumptions of long
wavelength (09p—0) and low Reynolds number (Re—0),
the dimensionless governing equations (without using primes)
for nanofluid in the wave frame take the final form as

ou u Ow

DI I | 7
6r+r+ 0z ’ @)
az_w l@_w 1 & + B.g + G0 = dp (8)
o2 ror o T dz’
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The non-dimensional boundaries will take the form as
(11)

The corresponding boundary conditions are described as

rp=0-+¢€cosf, r,=1+ ¢cos2nz.

w=V atr=r, w=0 atr=rn, (12)
0=0 atr=r, 0=1 atr=n, (13)
=0 atr=r, o=1 atr=n. (14)

Solution to the problem

We use the homotopy perturbation method (He 2006) to solve
the above nonlinear, nonhomogeneous and coupled partial
differential equations of the second order. The deformation
equations for the given problems are manipulated as

(1 —q)(L[W] — L[Wo))
1 %w
(‘C 2602+BQ+G® dz)zo’ (15)
~a)(10) - £[0n])
v oo+ LTy, (0% 1000
1 T T\ o ar TR0 o0
2 a®
() 2())) -
_ 19°Q
(1= )(£[Q) = L[zo]) +a( LI+ 5
N (O 100 130\\ _
M<a7+?5+7zw =0. (17)

r@r(

the following initial guesses for w, 0 and &

o= Uog(r)—log(r)) 5 _ log(n)—log(r) -

The linear operator is chosen as £ = %) We suggest

log(r1)—log(ry) ’ 0_log(r1)—log(r2) (18)
Now, we describe
w(r,0,z,q) = wo +qwi + -+ (19)
O(r,0,2,9) = 0y + b1 + - - (20)
Q(r,0,z,q) = ao +qo1 + - - - (21)

Combining Egs. (19)—(21) with Egs. (15)—(17) and comparing
the terms of the first two orders, we have the following systems.

Zeroth order system

Llwo] — Lwo] =0, (22)
wo=0, atr=ry,, wy=V, atr=r, (23)
£[0] — £[ o] =0, (24)
Op=1, atr=r, 0,=0atr=r, (25)
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L[oo] — L[F0] =0, (26) w1 =0, atr=r, w =0, atr=ry, (30)
oo =1, atr=ry, ag9=0, atr =ry, (27) L[a } n 1 62@0 <600 Oayg 1 6@0 60'()>
1t >5 <3 b\ 22 T 320 a0
The solutions of the above zeroth order systems can be r? o0 or or ~ r? 00 00
obtained by using Egs. (18), (22)—(27) and are found as N RIN 2+ 1 /20, : _0 (31)
V(log(r) — log(r t or r2 \ 00 S
_ V(log(r) —log(ra))
WO(r>6,Z7q)* lo (I")—IO (r) ) B B
el el 0, =0, atr=r,, 0;=0, atr =ry, (32)
g,  log(r) —log(r) ~_ log(ri) —log(r) (28) , S .
log(ry) —log(r2)’ log(ry) —log(r2) L[a1] +i% M %+l% 1370 =0, (33)
r2 00? orz  ror  r?op? ’
First order system
or=1, atr=r, o =0 atr=r. (34)
2
£l + 12 0w i 0. B G0 + G0y — dp =0, (29)  The solutions of the above nonlinear ordinary differential
00 dz equations are found as
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For ¢ — 1, we approach the final solution. So from Eqgs.
(19)—(21), we get

w(r,0,z) = wo + wy, (38)
é(}’, 0, Z) =0y + 04, (39)
O'(}", Ha Z) =00+ o1, (40)

where wg, 0y, 0y, wi, 0; and o, are defined in Egs. (28)
and (35)—(37), respectively. The instantaneous volume flow
rate Q is given by

0= Zn/rwdr. (41)

The mean volume flow rate Q over one period is given as
[16]

d)Z
2

Q!

+2¢ cos2n(z — 1)] + ¢* cos*[2n(z — 1)].
(42)

Q(Z7 t) =

Now we can evaluate the pressure gradient dp/dz by
solving Egs. (41) and (42) and is elaborated as

dp 1

— 6=0.1

Fig. 2 Variation in pressure rise Ap with 6 and G, for fixed
0=08,¢=01,B,=02,N, =05 N,=02,¢=0.1,V=03

The pressure rise Ap in the non-dimensional form is
defined as

1
d
Ap = / d—';dz. (44)
0

— = 3 (1553(24Q — (By + Gy)n(ry — r2)3(r1 +r)

dz  60m(r) — r2)*(r1 + r2)(r2 — 8 — ecos[0])

+ 12n¢ (4 cos[2n(—t + z)] + ¢ cos[4n(—t + z)])) cos[30]

+ 262 cos[20)(2n((B; 4 G,)(r1 — r2)* (412 + 2217y 4+ 1972) — 5(873 — 27727, 4+ 1973)V)
—1080Q(r, — 8) — 45(B: + G;)n(r; — r2)3(r1 + 12)0 4 607(36(—r, 4 ) cos[2n(—t + z)]
+9(—ry + 8)¢? cos[dn(—1 4 z)] — r2(2rF 4 2r17y + 13)V(log(ry) — log(r2))))

+ ecos[0](—Ben(ri — r2)> (4(ry — 8)(1677 4+ 43rir + 3173 — 45(ry + 12)d)

+45(r + 1)€é?) — Gu(r) — 1)’ (4(ry — 0) (1612 + 43117y + 3112 — 45(ry + 12)0)

+45(r1 + rz)ez) +40(n(r; — rz)(28r% +rir + r%)V(rz —08)+270(4(r, — 5)2 + 52))

+ 601(36(4(ry — 8)* + ) cos[2m(—1 + 2)] + 9(4(ry — )% + ) Pp? cos[dn(—t + 2]

— 4ry) (27 4 21175 4+ 12)V(ry — 8)(log(r1) — log(r2)))) + 2(—120(n(ry — r2)*(2r1 + 1)V
+60(ry — 0))(r2 — 8)* = 30(n(8r3 + 3r2ry — 1113)V + 360Q(ry — )€

+ Bn(r; — r2)3(2(r2 — 5)2(8r% + 14r1rp + 8r§ —15(r1 4+ 12)0)

+ (872 + 44111y + 3872 — 45(r1 4 12)0) (%)) 4 Gen(ry — 1) (2(ra — 6)*

x (877 + 14riry + 813 — 15(ry + 12)8) + (877 + 44riry + 3815 — 45(ry + 12)d)€?)

+ 1801(—4(rs — 8)(2(r2 — 0)* + 362 cos[2n(—1 + 2)] — (r2 — 8)(2(rr — 8)* + 3¢?)

x % cos[4n(—1 + 2)] + 12 (21} + 211y + 13) Ve (log(ry) — log(r2))))). (43)
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dp/dz

0 Z

Fig. 3 Variation in pressure rise Ap with ¢ and N, for fixed Fl_g.o601V§rla(t)1c())r; I‘I; Ergs;uree_géaglz)nt_c(i)p /lszw_lt(l; 5G ;Varil OB g f](\)]rf)(()eg
0=08,¢6=01,B,=02,G,=02,N=2,¢=02,V=03 e=PEL 0=005, V=00U=0.8,9=104 =00, Mp =09, M =1

0
Fig. 7 Variation in pressure gradient dp/dz with ¢ and Q for fixed
Fig. 4 Variation in pressure rise Ap with ¢ and B, for fixed €=0.01,G,=2,V=0.3,0=0.8,¢$=0.1,B,=0.8, N, =0.5, N, =0.2
0=08, ¢=01,N,=05 G =02 N =02=01V=03

-10

dpldz

-15

—20

Fig. 8 Variation in pressure gradient dp/dz with € and V for fixed
Fig. 5 Variation in pressure rise Ap with ¢ and N, for fixed 0 = 0.8, ¢ =01, Go=2, Q=05 0=08, ¢ =0.1, B,=02, N, =05,
=01, N=05, G,=02, B,=05,0=0.1,V=03 N, =02
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Fig. 9 Variation in pressure gradient dp/dz with N, and N, for fixed
0=0.05G=2,0=1,0=08,90=0.1,B,=0.2,¢=0.01,V=0.1

(b)

Al 7 R
S sy “"'-:‘i‘"‘!.'.”"‘"‘
£ 0

775 2y \J ‘~,¢“

275
<400

Fig. 10 Variation in velocity profile # with ¢ and Q for fixed e =
0.1, Ny=0.5,M,=0.1,B,=0.3,G,=1,z=0,V=0.3,0=0.8,p =
0.1 for (a) two-dimensional and (b) three-dimensional

Results and discussions

In this section, we discuss the effects of different
physical parameters on the profiles of velocity,

(b)

Fig. 11 Variation in velocity profile u with € and V for fixed 6 =
0.1, Ny=0.5N,=0.1,B,=03,G,=1,z=0,0=1,0=0.8, ¢p =
0.1 for (a) two-dimensional and (b) three-dimensional

temperature and nanoparticles concentration. Three-
dimensional analysis is also made to measure the influ-
ence of physical quantities on the flow properties in
space. The variation in pressure gradient and peristaltic
pumping is also considered for various values of perti-
nent quantities. The trapping bolus phenomenon observ-
ing the flow behavior is also manipulated as well with
the help of streamline graphs. Figures 2, 3, 4, 5, 6, 7, 8
and 9 show the impact of different parameters on the
peristaltic pressure rise Ap and pressure gradient dp/
dz, respectively. Variations in velocity profile, tempera-
ture distribution and nanoparticle phenomenon under the
influence of observing parameters are shown in Figs. 10,
11, 12, 13, 14 and 15, respectively. The streamlines for
the parameters B, G;, N, and N, are displayed in Figs.
16, 17, 18 and 19.

Figure 2 represents the effects of parameters 6 and G, on
the pressure rise Ap. It is noticed here that pressure rise is
an increasing function of local temperature Grashof num-
ber G, throughout the domain, but for 9, the pressure rise

Dislae cllod duao .
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(a) ‘

(b)

Fig. 12 Variation in velocity profile u with B, and G, for fixed 6 =
0.1, N=05,Ny=2,6=0.01,V=03,z=0,0=1,0=0.8,¢9p=0.1
for (a) two-dimensional and (b) three-dimensional

Ap increases in the retrograde pumping region
(Ap >0, 0<0), while decreasing in the peristaltic
pumping region (Ap > 0, Q > 0) and augmented pumping
region (Ap <0, Q > 0). Figure 3 shows that Ap decreases
with the increasing effects of Brownian motion parameter
Nyp. Figure 4 shows that pressure rise Ap varies linearly
with local nanoparticle Grashof number B, and the effects
of the parameter € are the same as that of 6 measured in
Figs. 2 and 3. Similarly, variation in the thermophoresis
parameter N, produces the same behavior on the pressure
rise graph as seen for G, (see Fig. 5).

We can observe the impact of the parameters local
temperature Grashof number G, and local nanoparticle
Grashof number B, on the variation in pressure gradient
dp/dz from Fig. 6 when all other parameters are kept
fixed. It is noted that the pressure gradient is directly
proportional to both the parameters. It is also depicted

Dislase cllod ay .
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(b)

Fig. 13 Variation in velocity profile u with N, and N, for fixed 6 =
0.1,B,=0.9,G,=2,¢e=03,V=0.1,z=0,0=1,0=0.8, $ =0.1
for (a) two-dimensional and (b) three-dimensional

from the considered graph that the pressure gradient is
wider near the walls, but closer in the central part of the
geometry which means that much pressure gradient is
needed at the boundaries to maintain the flow as compared
with the middle part for the parameters G, and B,. To
study the influence of radius & and flow rate Q on the
pressure gradient dp/dz, we prepared the graph shown in
Fig. 7. It is seen here that the pressure gradient is a
decreasing function of flow rate Q at all points within the
flow. However, it has also been measured from this graph
that dp/dz decreases in the middle of the flow, but rises at
the boundaries of the container. Figure 8 presents the
effects of velocity of the inner tube V and € on the pres-
sure gradient profile. One comes to know from this graph
that dp/dz changes linearly with V, but for ¢, the pressure
gradient decreases in the region z € [0.9,1.7] while an
increment is observed at the walls of the outer cylinder,
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(@) 10
08

0.6

Np=0.0, N, =0.2, N, =0.4
Ny =0.6, N, =0.8, N, = 1.0

0.4

0.2

0.0

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

Fig. 14 Variation in temperature profile 6 with N, for fixed 6 =
0.1,e=04,V=0.1,N,=0.2,2=0, 0§ =0.8, ¢ = 0.1 for (a) two-
dimensional and (b) three-dimensional

ie., in the range z €[0.64,0.9]U[1.7,1.97]. We can
observe the variation in pressure gradient with Brownian
motion parameter N, and thermophoresis parameter N,
from Fig. 9. We can observe that the pressure gradient
profile rises directly when the magnitude of both the
parameters is varied throughout the flow.

It is observed from Fig. 10 that the velocity profile
decreases in the region r € [0.1,0.55], but increases in the
rest of the domain with increase in the value of 8, while
direct variation in velocity is observed in case of flow rate
Q in every part of the region. We present Fig. 11 to obtain
variation in the velocity profile w for varying magnitudes
of parameters ¢ and V. The velocity directly varies with
V when seen in the range r € [0.15,0.6), but inverse
behavior is reported in the zone r € [0.6,1.05] while
totally reverse investigation is made for the parameter €. It
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Fig. 15 Variation in temperature profile 0 with N; for fixed 6 =
0.2,e=04,V=0.1,N,=0.5,2=0,0=0.8,p=0.1 for (a) two-
dimensional and (b) three-dimensional

is noticed from Fig. 12 that the velocity profile
w increases when we increase the value of the Grashof
number G, and the local nanoparticle Grashof number B,
at every point of the flow. The velocity profile obtains the
maximum altitude with the increasing effects of N, but
rise in the value of N, lessens the height of velocity dis-
tribution w (see Fig. 13).

To observe the behavior of temperature distribution 6
with the variation in Brownian motion parameter N, and
thermophoresis parameter N,, we display Figs. 14a, b and
15a, b, respectively. It may be concluded here that the
temperature increases with the increase in the magnitude of
N, and N,. Temperature attains the maximum value at the
boundary of the outer tube and vanishes at the center of the
outer tube. We look at the Figs. 16a, b and 17a, b to
observe the impact of N, and N, on the nanoparticles’
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Fig. 16 Variation in nanoparticles phenomenon ¢ with N, for fixed
0=0.1,e=0.2,N,=0.1,V=0.1,z=0,0=0.8, ¢ = 0.1 for (a) two-
dimensional and (b) three-dimensional

concentration ¢. From these graphs, we observe that
nanoparticles’ distribution increases with rising N,, but
diminishes when we increase the effects of V.

A very interesting phenomenon in the fluid transport is
trapping. In the wave frame, streamlines under certain
circumstances swell to trap a bolus which travels as an
inlet with the wave speed. The occurrence of an internally
circulating bolus stiffened by closed streamline is called
trapping. The bolus described as a volume of fluid
bounded by a closed streamlines in the wave frame is
moved at the wave pattern. Figure 18 shows the stream-
lines for the various values of the parameter local nano-
particle Grashof number B; in the upper part of the outer
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Fig. 17 Variation in nanoparticles phenomenon ¢ with N, for fixed
0=0.1,e=04,N,=0.5,V=0.1,z=0,0=0.8, ¢ = 0.1 for (a) two-
dimensional and (b) three-dimensional

cylinder. It is noted that the number of trapping bolus
decreases with increase in the magnitude of B,, while the
bolus becomes large with greater values of B,. From
Fig. 19, it can be seen that boluses increase in number, but
the size of the bolus is reduced with increase in the values
of local temperature Grashof number G,. The number of
trapping boluses is decreased with the rising effects of N,
but the size of the bolus remains steady with varying N,
(see Fig. 20). Figure 21 reveals the effect of N, on the
streamlines for wave travelling down the tube. It is
noticed here that number of bolus varies randomly with
N,, but the bolus expands across the wave with increase in
the magnitude of N,.
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02,V=03,0=0.1,¢=0.1,0=0.6,6=0.1, N, =08, N, =0.1,
B. =09

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.

AT g

04 06 08 1.0 12 14 16
z

S A
MM

04 06 08 1.0 12 14 16 04 06 08 10 12 14 16
Zz z

@
14 I

=
5

(

Fig. 20 Streamlines for different values of N,. a For N, = 0.1, b for
Ny = 0.5, ¢ for N, = 0.9, d for N, = 1.3. The other parameters are
e=01,V=03,0=0.1,¢=0.1,0=06,6=0.1,N =1, G, =
2,B, =02

(a)

- A

0.8

0.6

(0

(a)

::: %/’\/\W -\

0.8 0.8

0.6 0.6

04 06 08 1.0 12 14 16 04 06 08 1.0 12 14 16
z Z

Fig. 21 Streamlines for different values of N,. a For N, = 0.1, b for
N, = 0.3, ¢ for N, = 0.5, d for N, = 0.7. The other parameters are
e=01,V=03,0=08,¢=0.1,0=0.6,6=0.1, N, =0.5, G,
=1,B,=03

References

Akbar NS, Nadeem S (2011) Endoscopic effects on peristaltic flow of
a nanofluid. Commun Theor Phys 56:761-768

biglse clloll 3o .
KACST a1151lg (oglel) @ Springer



404

Appl Nanosci (2014) 4:393-404

Akbar NS, Nadeem S, Hayat T, Hendi AA (2012) Peristaltic flow of a
nanofluid in a non-uniform tube. Heat Mass Transf 48:451-459

Ellahi R, Hameed M (2012) Numerical analysis of steady flows with
heat transfer, MHD and nonlinear slip effects. Int J Numer Meth
Heat Fluid Flow 22:24-38

He JH (2006) Homotopy perturbation method for solving boundary
value problems. Phys Lett A 350:87-88

Mahomed FM, Hayat T (2007) Note on an exact solution for the pipe
flow of a third grade fluid. Acta Mech 190:233-236

Malik MY, Hussain A, Nadeem S (2011) Flow of a Jeffrey-six
constant fluid between coaxial cylinders with heat transfer.
Commun Theor Phys 56:345-351

Manca O, Nardini S, Ricci D (2012) A numerical study of nanofluid
forced convection in ribbed channels. Appl Therm Eng
37:280-292

Mekheimer KS, Abdelmaboud Y (2008) Peristaltic flow of a couple
stress fluid in an annulus: application of an endoscope. Physica A
387:2403-2415

Mekheimer KS (2008) Effect of the induced magnetic field on
peristaltic flow of a couple stress fluid. Phys Lett A
372:4271-4278

Mekheimer KS, Abdelmaboud Y, Abdellateef Al (2012) Peristaltic
transport through an eccentric cylinder: mathematical model.
Appl Bionics Biomech. doi:10.3233/ABB-2012-0071

Nadeem S, Akbar NS (2009) Influence of heat transfer on a peristaltic
flow of Johnson Segalman fluid in a non-uniform tube. Int
Commun Heat Mass Transf 36:1050-1059

sialate cllol ay .
rACSTJ;fmlJIq ru:f;uo @ Springer

Nadeem S, Akbar NS (2010) Effects of temperature dependent
viscosity on peristaltic flow of a Jeffrey-six constant fluid in a
non-uniform vertical tube. Commun Nonlinear Sci Numer
Simulat 15:3950-3964

Nadeem S, Maraj EN (2012) The mathematical analysis for peristaltic
flow of nanofluid in a curved channel with compliant walls. Appl
Nanosci. doi:10.1007/s13204-012-0165-x

Reddy MVS, Mishra M, Sreenadh S, Rao AR (2005) Influence of
lateral walls on peristaltic flow in a rectangular duct. J Fluids
Eng 127:824-827

Srinivas S, Kothandapani M (2008) Peristaltic transport in an
asymmetric channel with heat transfer: a note. Int Commun
Heat Mass Transf 20:514-522

Sobh AM, Azab SSA, Madi HH (2010) Heat transfer in peristaltic
flow of viscoelastic fluid in an asymmetric channel. Appl Math
Sci 4:1583-1606

Tripathi D (2011a) Peristaltic flow of a fractional second grade fluid
through a cylindrical tube. Therm Sci 15:S167-S173

Tripathi D (2011b) A mathematical model for the peristaltic flow of
chyme movement in small intestine. Math Biosci 233:90-97

Wang X, Mujumdar AS (2007) Heat transfer characteristics of
nanofluids: a review. Int J Therm Sci 46:1-19


http://dx.doi.org/10.3233/ABB-2012-0071
http://dx.doi.org/10.1007/s13204-012-0165-x

	Effects of heat and mass transfer on peristaltic flow of a nanofluid between eccentric cylinders
	Abstract
	Introduction
	Mathematical formulation of the problem
	Solution to the problem
	Zeroth order system
	First order system

	Results and discussions
	Open Access
	References


