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In this article, flow and heat transfer effects of both single and multiple wall carbon nanotubes within the base
fluid (water) are analyzed between two rotating plates. Moreover, we have considered that the upper wall of
the channel is permeable while the lower wall is movingwith variable velocity to produce the forced convection
along with the Coriolis and centripetal forces with the rotation of fluid. The compatible transformations have
been used to construct the non-dimensional system of governing equations. Numerical simulation is performed
to obtain the solutions structure. Thermophysical properties of each basefluid and nano particle are incorporated
in the form of thermal conductivity, viscosity, density, specific heat, nanoparticle volume fraction and Prandtl
number to attain the solution of themodel. It is found that water based single wall carbon nanotubes (SWCNTs)
produce less drag and high heat transfer rate as compared to the water based multiple wall carbon nanotubes
(MWCNTs). Influence of rotation causes the drag increase and decreases the Nusselt number irrespective of
the other pertinent parameters. Moreover suction/injection plays an important role in determining the peak po-
sition of velocity. The effect of suction/injection is shown through plotting streamlines.

© 2015 Elsevier B.V. All rights reserved.
Keywords:
Nanofluid flow
Rotating channel
Single wall carbon nanotube
Multiple wall carbon nanotube
1. Introduction

Fluidflowandheat transfer in a channel is oneof themost important
phenomena in high performance heat exchangers, chemical reactors,
nuclear power plants, high temperature boiling plants, petroleum refin-
eries and refrigeration process. During these processes the basic princi-
ple is to efficiently manage the heat transfer process and reduce the
drag. Flows in rotating machines are modeled by using the rotating
frame of references. Rotating flows have numerous applications in
applications in turbomachinery. Rotating frames are not physically
rotating anything and therefore transient effects are not visible due to
the real motion. The rotating frame of reference approach can be used
to solve the problemswhere transient effects due to rotor–stator interac-
tion are small. A typical example is the mixing tankwhere the impeller–
baffle interactions are relatively weak; large-scale transient effects are
not present. The energy transfer between the fluid and rotor is an impor-
tant feature in several rotatingmachines. Therefore, the study of rotating
flows in the presence of nanoparticles will explore the possibility of heat
transfer enhancement.

In heat transfer studies one field which has gained immense interest
from the researchers is nanofluid flow. Nanofluids are a of basefluid and
nanoparticles. Nanoparticles can be metallic (Cu, Zn, Al, etc.) or non-
metallic and even chain of particles (carbon nanotubes). Nanofluids
have considerable advantages over the ordinary fluids due to the
mail.com (R.- Haq).
enhanced thermal conductivity. Initially, Choi [1] introduced the con-
cept of nanofluid based on incorporation of nano sized (10−9 to
10−11 nm) particles in a fluid. Masuda et al. [2] showed the thermal
conductivity enhancement due to addition of ultra-fine sized particles,
which were called nanoparticles. After Masuda [2], Pak and Cho [3]
discussed the heat transfer due to addition of submicron metallic
oxide particles in the base fluid. Their study concluded that the alter-
ation in heat transfer rate wasmainly due to higher thermal conductiv-
ity of submicron particles. Recently, several studies [4–6] were
published on the analysis of heat transfer due to incorporation of nano-
particles in base fluid. Boungiorno [7] developed a mathematical model
to study nanofluid flow. Seven slip phenomena were considered which
can be important and proved that only Brownian motion and
Thermophoresis are the dominant ones in relevance to nano fluids.
This model hasn't taken into account the effect of shapes of nanoparti-
cles in heat transfer. Recent studies [8–10] have showed that shape of
and nature of nanoparticles are important factors to enhance the ther-
mal conductivity of working fluid. Effect of shape on heat transfer has
been examined by Elias et al. [11], they considered five different shape
nanoparticles (cylindrical, spherical, bricks, blades and platelets). Their
study showed that although all of them increase the heat transfer char-
acteristics yet cylindrical shape nanoparticles have higher heat transfer
rate. Vanaki et al. [12] discussed the effect of turbulent nanofluid flow in
a wavy channel under different shaped SiO2 nanoparticles. They con-
cluded that platelet shape particles have better performance in heat
transfer phenomenon. Jeong et al. [13] showed that particle shape has
significant effect on the viscosity and thermal conductivity of base

http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2015.11.042&domain=pdf
mailto:r.haq.qau@gmail.com
http://dx.doi.org/10.1016/j.molliq.2015.11.042
www.elsevier.com/locate/molliq
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fluid. They found that rectangular shaped particles increased the viscosity
of base fluid by 69% and it is 7.7% higher than that of the spherical shape
particles. Timofeeva et al. [14] experimentally showed that shape of the
nanoparticle played an important role in percentage increase in the ther-
mal conductivity of basefluid andblade shapednanoparticles have higher
thermal conductivity compared to the rest of shapes.

Carbon nanotubes (CNTs) are cylindrical shapes like structures of car-
bon atoms with diameter ranges between 1 and 50 nm. They exhibit ex-
ceptional electrical, mechanical, thermal and optical properties at
individual level. According to the details given by the CNTmanufacturing
firm NTI, at individual tube level CNT particles have; two hundred times
strength and five times elasticity of steel, fifteen times thermal conductiv-
ity and thousand times the current capacity of copper and half the density
of aluminum.Moreover CNTs don't possess any threat to the environment
due to presences of carbon chains. Thus Environmental ProtectionAgency
(EPA) declared them articles which are not hazardous or toxic for the en-
vironment. Hence, it is important to explore the effects of CNT on the fluid
flow and heat transfer of Newtonian and non-Newtonian fluids. Haq et al.
[15] considered thewater basedflow in the presence of singlewall carbon
nanotubes (SWCNTs) and multiple wall carbon nanotubes (MWCNTs).
Their study reported the higher Nusselt number and skin friction for
SWCNT than the MWCNT. In another study Haq et al. [16] showed that
engine oil based CNT fluid has higher skin friction and heat transfer rate
as compared to water and kerosene based CNT fluid.

Stretching is an important phenomenon in the production of poly-
mer sheets, drawing of copper wires and film coatings. Sakiadis [17]
pioneered the idea of boundary layer flow over a continuously moving
surface and modeled the two-dimensional boundary layer equations.
Tsou et al. [18] extended this work to examine the effects of stretching
sheet on the momentum and heat transfer. Erickson et al. [19] took it
further to examine the effect of mass transfer by considering suction/
injection at the wall. Nadeem and Hussain [20] discussed the flow of
Williamson nanofluid over a linearly stretching surface. It has been
showed that Lewis number appearance in the governing equations de-
pends uponwhat types of similarity transformations have been chosen.
In another article, Hussain et al. [21] discussed the micro-rotation effect
on the nanofluid flow over a linearly stretching surface. It has been
showed that micro-rotation has a decreasing effect on skin friction
while an increasing effect on heat transfer rate. In recent years, several
studies [22–30] have been reported on the boundary layer flow of a
nanofluid over a continuously moving surface. But only few articles
have been written considering the nanofluid flow in a channel with
the stretching of lower plate along the axis of flow. Borakati and Bharali
[31] examined the effect of magnetic field on the two-dimensional
channel flows with heat transfer in a rotating system. Hussnain et al.
[32] obtained the HAM solution for three-dimensional flow of second
grade in a rotating frame. Large values of rotation parameter caused
the reversal of flow and fully develop flow is achievedwith the increas-
ing values of suction/injection parameter. Vajravelu and Kumar [33]
presented the analytic and numerical solution for the two-dimensional
flow in a channel and discussed the effect of rotation parameter on the
velocity. Freidoonimehr [34] discussed the effects of different nanoparti-
cles on the velocity and skin friction of the water based fluid in the
rotating channel. Recently, Sheikholeslami et al. [35] discussed the Cu–
water nanofluid flow between a porous plate and a stretching surface in
a rotating system. Their study reported that the skin friction coefficient
and the Nusselt number are greatly influenced by the presence of nano-
particles.Moreover the coefficient of skin friction andNusselt number de-
creases with the increase in rotation parameter. Recent studies attain the
considerable attention at industrial level and daily usage lubricant to
transfer, remove or add the heat based on thermal conductivity [36–40].

The aim of the present article is to discuss the effects of single and
multiple wall carbon nanotubes on the fluid flow and heat transfer of
water based fluid in a rotating frame of reference where the lower
plate is continuously moving along the horizontal axis and the upper
plate is porous. Thermo-physical properties of SWCNTs, MWCNTs,
Prandtl number and densities are used to develop the steady state solu-
tions. Flow field results are discussed through plotting the graphs of
velocity and temperature profile. Moreover the drag and heat transfer
rate are examined by plotting the graphs of skin friction coefficient
and Nusselt number against the nanoparticle volumetric fraction
and pertinent parameters. To the best of the authors' knowledge no
study reports the effect of CNTs on the fluid flow and heat transfer in
the rotating channel.

2. Mathematical modeling

Let us consider an incompressibleflowofwater based CNTs confined
between two infinite plates in a rotating frame of reference (angular
velocity Ω[0,Ω,0]). The upper plate is porous and the lower plate is
moving with velocity Uw=ax (aN0). The steady state velocity field is
defined as V [u(x,y),v(x,y),w(x,y)], where u, v, w are the velocity com-
ponents along x, y and z direction, respectively. The schematic diagram
of the problem is shown in Fig. 1:

The momentum governing equation for rotating flow is

ρnf
dV
dt

þ 2Ω� V þΩ� Ω� rð Þ
� �

¼ divT : ð1Þ

2Ω×V is the Coriolis force whose direction is perpendicular to both Ω
and V. Ω×(Ω×r) is the centripetal force, which is also perpendicular
to both Ω and V but is directed toward the axis of rotation. T is the
viscous stress tensor and ρnf is the density of nanofluid. In component
form it can be written as

∂u
∂x

þ ∂v
∂y

¼ 0; ð2Þ

ρnf u
∂u
∂x

þ v
∂u
∂y

þ 2Ω w
� �

¼ −
∂p�

∂x
þ μnf

∂2u
∂x2

þ ∂2u
∂y2

 !
; ð3Þ

ρnf u
∂v
∂x

þ v
∂v
∂y

� �
¼ −

∂p�

∂y
þ μnf

∂2v
∂x2

þ ∂2v
∂y2

 !
; ð4Þ

ρnf u
∂w
∂x

þ v
∂w
∂y

−2Ωu
� �

¼ μnf
∂2w
∂x2

þ ∂2w
∂y2

 !
; ð5Þ

Where p� ¼ p−Ω2x2
2 is the modified pressure and μnf is the effective

dynamic viscosity of nanofluid, the absence of ∂p�

∂z depicts the net cross
flow along z-axis. The heat transfer phenomenon can be expressed
mathematically as

u
∂T
∂x

þ v
∂T
∂y

¼ knf
ρcð Þnf

∂2T
∂x2

þ ∂2T
∂y2

 !
: ð6Þ

T denotes the temperature of the fluid. Where αnf ¼ knf
ðρcÞnf is the thermal

diffusivity of the nanofluid i.e. the ratio of effective heat capacity (ρc)nf
of the nanofluid to effective thermal conductivity knf of nanofluid. The
effective density of the nanofluid is given by

ρnf ¼ 1−ϕð Þρ f þ ϕρCNT ; ð7Þ

The heat capacity of the nanofluid and the effective dynamic
viscosity μnf are defined as

ρcð Þnf ¼ 1−ϕð Þ ρcð Þ f þ ϕ ρcð ÞCNT ; μnf ¼
μ f

1−ϕð Þ2:5
; ð8Þ



Fig. 1. Geometry of the problem.
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Where, μf is the dynamic viscosity of base fluid, knf is the thermal con-
ductivity and ϕ is the nanoparticle volumetric fraction. The subscripts
CNT, nf and f are used for carbon nanotubes, nanofluid and base fluid
respectively. Since the upper wall is porous so the y-component of
velocity at the upper wall is not zero (constant for uniform suction/
injection case). To develop the net temperature gradient across the
fluid, upper wall is kept at lower temperature T0 and the lower wall
at higher temperature Th i.e. ThNT0. The boundary constraints for the
system can be defined as

u ¼ Uw ¼ ax; v ¼ 0;w ¼ 0; T ¼ Th at y ¼ 0; ð10Þ

u ¼ 0; v ¼ −V0;w ¼ 0; T ¼ T0 at y ¼ h: ð11Þ

In the above V0 is the uniform suction (V0N0)/injection (V0b0)
velocity at the upper wall. Introducing the following similarity transfor-
mations and eliminating the pressure gradient

u ¼ axf 0 ηð Þ; v ¼ −ahf ηð Þ;w ¼ axg ηð Þ; ð12Þ

θ ηð Þ ¼ T−T0

Th−T0
; η ¼ y

h
: ð13Þ

The non-dimensional system of equation is given by

f iv−A1ϵ1 f 0 f ″− f f ‴
� �

−2A2 ϵ1g0 ¼ 0; ð14Þ

g″−A1ϵ1 g f 0− f g0
� �þ 2A2 ϵ1 f

0 ¼ 0; ð15Þ

θ″ þ Prϵ2
A1

ϵ3
f θ0 ¼ 0; ð16Þ
subject to the following non-dimensional boundary conditions

f 0ð Þ ¼ 0; f 0 0ð Þ ¼ 1; g 0ð Þ ¼ 0; θ 0ð Þ ¼ 1
f 1ð Þ ¼ S; f 0 1ð Þ ¼ 0; g 1ð Þ ¼ 0; θ 1ð Þ ¼ 0

�
: ð17Þ

In the above equations prime denotes derivative with respect to "η".
S=V0/ah is the suction/injection parameter. The non-dimensional
system of equation contains the following parameters

A1 ¼ ah2

ν f
Reynold0s number
� �

;A2 ¼ Ωh2

ν f
rotation parameterð Þ; ð18Þ

ϵ3 ¼ knf
k f

¼
1−ϕþ 2ϕ

kCNT
kCNT−kf

ln
kCNT þ kf

2kf

1−ϕþ 2ϕ
kf

kCNT−kf
ln

kCNT þ kf

2kf

; thermal conductivities ratioð Þ

ð19Þ

ϵ1 ¼ 1−ϕð Þ þ ϕ
ρCNT

ρ f

" #
1−ϕð Þ2:5; ð20Þ

ϵ1 ¼ 1−ϕð Þ þ ϕ
ρcp
� �

CNT

ρcp
� �

f

" #
: ð21Þ

The important physical parameter skin friction coefficient and local
Nusselt number are defined as

c f ¼
τw

ρnf U
2
w

2

; ð22Þ

Nux ¼ xqw
knf Tw−T∞ð Þ ð23Þ

whereτw ¼ μnf ð∂u∂yÞy¼0
is the shear stress atwall andqw ¼ −knf ð∂T∂yÞy¼0

is

the heat flux at wall. Eq. (22) is written in terms of nanofluid properties
as defined in the recent article of Choi et al. [31]. He has shown that the
controversies in the experimental and numerical studies [32–34] were
owing to the definition of Nusselt number in terms of base fluid proper-
ties rather than nanofluid properties. Also the trend prediction of
Nusselt number by homogenous and Boungiorono model is similar if
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it is defined in terms of nanofluid properties. Keeping this fact in mind
we also defined the skin friction in terms of nanofluid properties and
found that it's non-dimensional expression also depends upon the
nanoparticles volumetric fraction and density of nanofluid, which is
close to the experimental observations that skin friction depends upon
the volume percentage of nanoparticles and their density. By means of
similarity transformation defined in Eqs. (12) and (13), the resulting
form of Eqs. (22) and (23) takes the following form:

C f Re
1
2
x ¼

f ″ ηð Þ
1

1−ϕð Þþϕ
ρp
ρ f

 !
1−ϕð Þ2:5

										
η¼0

;Re−1=2
x Nux

¼ −θ0 ηð Þ		η¼0 lower surface of channelð Þ ð24Þ

C f Re
1
2
x ¼

f ″ ηð Þ
1

1−ϕð Þþϕ
ρp
ρ f

 !
1−ϕð Þ2:5

										
η¼1

;Re−1=2
x Nux

¼ −θ0 ηð Þ		η¼1 upper surface of channelð Þ ð25Þ

Where, Rex ¼ Uwx
ν f

is the local Reynold number.

3. Methodology

The above-mentioned coupled differential Eqs. (14) to (16) along
with the boundary conditions defined in Eq. (17) are tackled through
a numerical technique. Since the present mathematical model contains
the two point boundary value problem (BVP) so these equations are
solved with the help of the Runge–Kutta–Fehlberg (RKF) method. The
step size is taken as Δη=0.01 and the procedure for the RKF method
is repeated until we get the asymptotically convergent results within a
tolerance level of 10−6. All these working schemes are assimilated in
the computational software MATLAB.

4. Results and discussion

In order to analyze the flow and heat transfer behavior, results are
plotted in Figs. 2–5, describing the variation in the velocities (f′(η)
and g(η)) and temperature functions θ(η) within the restricted domain,
Fig. 2. Variation of (a) f′(η) (b) g(η) (c) θ(η
defined in the geometry. Before the analysis of graphical discussion
Tables 2 and 3 are constructed for skin friction coefficient and local
Nusselt number for various values of emerging parameters. These re-
sults are plotted against the nanoparticle volume fraction ϕ, suction/
injection parameter s A1 and rotation parameter A2. Fig. 2(a–c) provides
the comparison between the single wall (SWCNT) and multiple wall
carbon nanotubes (MWCNT) with the various values of nanoparticle
volume fraction ϕ. Although in Fig. 2(a) there is a very slight variation
in the velocity f′(η) for increasing values of nanoparticle volume fraction
ϕ. But it can be observed in the inset of Fig. 2(a) that SWCNTs have com-
paratively low velocity profile as compared to MWCNTs. Fig. 2(b) de-
picts the variation in g(η) with the various values of nanoparticle
volume fraction. As we can see, base fluid has comparatively higher ve-
locity distribution along z-direction as compared to the water based
CNTs.Moreover it can be observed thatwater based SWCNTs have com-
paratively higher velocity profile g(η) as compared to the water based
MWCNTs. Fig. 2(c) shows the variation of temperature profile against
nanoparticle volume fraction ϕ. We can observe in Fig. 2(c), tempera-
ture profile increases with respect to nanoparticle volume fraction ϕ,
however SWCNTs have almost the same temperature profile when it
is compared with the MWCNTs. (See Table 1.)

Fig. 3(a) and (b) demonstrates the velocity distribution along the x
and w direction, respectively. Fig. 3(a–c)is plotted against the suction/
injection parameter s. For each suction and injection case, velocity pro-
file f′(η) along the x-direction and g(η) along thew-direction increase,
respectively. Further it can be observed that, at themean position of the
channel, variation in the velocities is more significant as compared to
the vicinity of the lower and upper plate of the channel. They also depict
that the peak value of the velocity slightly shifts toward the lower wall
for positive s while for negative s, it slightly shifts toward the upper
plate. Fig. 3(c) depicts the variation of temperature profile with the var-
ious values of suction/injection parameter s. It can be determined that
increasing values of suction/injection parameter s resist the tempera-
ture distribution and hence it gives the decrease in the temperature
profile. Fig. 4(a–c)is plotted for f′(η) ,g(η) and θ(η) with the various
values of A1. Through plotted results in Fig. 4(a), the parameter A1

gives two different behaviors for velocity profile f′(η). One can see
that at the mean position of the channel velocity distribution swapping
its behavior from increasing to decreasing with the various values of A1.
This effect is primarily due to stretching of the lower plate. However in
Fig. 4(b), the velocity distribution g(η) shows the uniform decreasing
) with respect to various values of ϕ.



Fig. 5. Variation of (a) f′(η) (b) g(η) (c) θ(η) with respect to various values of A2.

Fig. 4. Variation of (a) f′(η) (b) g(η) (c) θ(η) with respect to various values of A1.

Fig. 3. Variation of (a) f′(η) (b) g(η) (c) θ(η) with respect to various values of S.
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Table 1
Thermophysical properties of different base fluids and CNTs [15].

Physical properties Base fluids Nanoparticles

Water SWCNT MWCNT

ρ (kg/m3) 997 2600 1600
Cp (J/kg K) 4179 425 796
k (W/m K) 0.613 6600 3000
Pr 6.2

141S.T. Hussain et al. / Journal of Molecular Liquids 214 (2016) 136–144
behavior with respect to higher values of A1. For the case of static lower
plate the velocity profile is completely symmetric about themean posi-
tion of the channel as the value of A1 increases the peak value of velocity
shifts toward the lower plate. The decreasing behavior of the tempera-
ture profile θ(η) has attained with increasing values of A1 (see
Fig. 4(c)).When A1 is zero i.e. the lower plate is at rest. The temperature
profile shows a linear decreasing behavior from maximum value 1 to
the minimum value zero. For other values of A1 it shows the nonlinear
decreasing behavior.

Fig. 5 carries the variation in the velocities (f′(η) and g′(η)) and tem-
perature profile θ(η) with respect to the various values of A2. In
Fig. 5(a), it is found that variation in the velocity profile f′(η) within
the restricted domain gives dual nature behavior. It can be observed
that the velocity profile f′(η) gives decreasing behavior with the various
values of rotating parameter A2 within the region 0≤η≤0.5, however
these results are quite opposite within the domain 0.5≤η≤1. The rotat-
ing parameter A2 gives the more dominant variation for velocity profile
at the upper half of the channel. In Fig. 5(b), one can see that in the ab-
sence of rotating parameter (A2 =0), z− component of the velocity, so
in the absence of rotation this problem reduces to the steady two-
dimensional flow in a channel. However, velocity distribution g(η)
gives the decreasing behavior with the increasing values of A2. Further
it can be seen that at the mean position of the channel disturbance in
Table 2
Numerical values of skin friction coefficient against the various values of emerging parameters

S↓ ϕ↓ CfRex
1/2 at η=0

A2 = 0 A2 = 1

A1 = 0.5 A1 = 1 A1 = 0.5 A1 =

−1 0.0 −9.73485 −9.46810 −9.79701 −
0.1 −10.94616 −10.67966 −11.00066 −1
0.2 −12.95422 −12.68803 −12.99946 −1

0 0.0 −4.04282 −4.08556 −4.05316 −
0.1 −4.52731 −4.57007 −4.53654 −
0.2 −5.33049 −5.37326 −5.33832 −

1 0.0 2.10694 2.21327 2.13398
0.1 2.34921 2.45567 2.37382
0.2 2.75083 2.85743 2.77224

Table 3
Numerical values of local Nusselt number against the various values of emerging parameter.

S↓ ϕ↓ Rex
−1/2Nux at η=0

A2 = 0 A2 = 1

A1 = 0.5 A1 = 1 A1 = 0.5 A

−1 0.0 0.67952 0.39074 0.67911 0
0.1 0.90091 0.80244 0.90078 0
0.2 0.95033 0.90141 0.95029 0

0 0.0 1.16185 1.33661 1.16161 1
0.1 1.04993 1.10094 1.04987 1
0.2 1.02508 1.05036 1.02506 1

1 0.0 1.62894 2.19513 1.62886 2
0.1 1.20111 1.40509 1.20108 1
0.2 1.10112 1.20408 1.10111 1
the velocity is higher as compared to the lower and upper surface of
the channel. Fig. 5(c) shows the increasing behavior in the temperature
profile with respect to the rotating parameter A2.

To analyze the skin friction of the fluid at the lower surface of the
channel, results are plotted against each physical parameter for both
SWCNTs and MWCNTs. In Fig. 6(a), skin friction coefficient is plotted
for both suction/injection parameter s and nanoparticle volume fraction
ϕ. It is noticed that the absolute values of skin friction coefficient in-
creasewith the increase in nanoparticle volumetric fraction irrespective
of the case of suction or injection. Also MWCNTs have higher skin
friction coefficient as compared to the SWCNTs irrespective of the
values of the pertinent parameters. Fig. 6(b) and (c) depicts the varia-
tion of skin friction w.r.t. rotating parameter, skin friction coefficient
gives the same increasing behavior. Fig. 7(a–c) shows the variation of
skin friction coefficient at the upper wall due to the rotation and forced
convection at the lower wall. Overall skin friction shows increase with
respect to nanoparticle volumetric fraction irrespective of the other per-
tinent parameters. The skin friction behavior at the upper wall is similar
to that of the lower wall for suction/injection and rotation parameter.
For A1 skin friction at the upper wall shows the decreasing behavior.

Fig. 8(a–c) describes the influence of physical parameter on local
Nusselt number. In Fig. 8(a), it is found that for s=0 and s=1, there
is a decreasing behavior in the heat transfer w.r.t. increasing values
of nanoparticle volume friction ϕ. However, s=−1 behavior for local
Nusselt number is quite opposite and increasingwith respect to various
values of nanoparticle volume friction ϕ. Influence of rotation parame-
ters A1 and A2 and nanoparticle volume friction ϕ on local Nusselt num-
ber is plotted in Fig. 8(b) and (c). It is observed that, there is rapid rise in
the local Nusselt numberwith the simultaneous increase in the rotation
parameter and nanoparticle volume friction. Furthermore it is found
that water based MWCNTs pound high heat transfer rate as compared
to MWCNTs. Fig. 9(a–c) shows the variation of Nusselt number at
upper wall against the nanoparticle volumetric fraction. Fig. 9(a–b)
.

CfRex
1/2 at η=1

A2 = 0 A2 = 1

1 A1 = 0.5 A1 = 1 A1 = 0.5 A1 = 1

9.54155 8.38630 8.80893 8.43150 8.85752
0.74281 9.35337 9.76990 9.39338 9.81257
2.73922 10.95734 11.36633 10.99095 11.40183
4.09595 1.97639 1.95318 1.97585 1.95289
4.57933 2.21861 2.19534 2.21811 2.19503
5.38111 2.62017 2.59682 2.61972 2.59651
2.23565 −3.88037 −3.77309 −3.92117 −3.81099
2.47647 −4.36417 −4.25497 −4.40085 −4.28935
2.87600 −5.16647 −5.05484 −5.19788 −5.08459

Rex
−1/2Nux at η=1

A2 = 0 A2 = 1

1 = 1 A1 = 0.5 A1 = 1 A1 = 0.5 A1 = 1

.39001 2.43038 4.82218 2.43055 4.82296

.80213 1.35280 1.79110 1.35284 1.79126

.90130 1.16777 1.35524 1.16778 1.35528

.33610 0.89872 0.80217 0.89889 0.80249

.10082 0.96741 0.93550 0.96746 0.93559

.05032 0.98347 0.96718 0.98349 0.96721

.19498 0.26551 0.05769 0.26564 0.05776

.40500 0.67410 0.44121 0.67418 0.44132

.20405 0.82221 0.67045 0.82224 0.67051



Fig. 8. Variation of local Nusselt number at ƞ = 0 for (a) S (b) A2 (c) A1.

Fig. 6. Variation of skin friction coefficient at ƞ = 0 for (a) S (b) A2 (c) A1.

Fig. 7. Variation of skin friction coefficient at ƞ = 1 for (a) S (b) A2 (c) A1.
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Fig. 10. Variation of stream lines for various values of S.

Fig. 9. Variation of local Nusselt number at ƞ = 1 for (a) S (b) A2 (c) A1.
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shows the increase in the Nusselt number at upper wall with the in-
crease in nanoparticle volumetric fraction, suction/injection parameter
and rotation parameter. The different behavior comes against A1. The
Nusselt number decreases for both nanoparticle volumetric fraction
and A1. Variations in the stream lines are plotted in Fig. (10) for various
values of suction/injection parameter s.

5. Conclusion

Effects of single wall and multiple wall carbon nanotubes have
been examined by using the thermos-physical properties of carbon
nanotubes for water based nanofluid flow in a rotating frame of system.
The flow drag and heat transfer rate has been discussed through plot-
ting the graphs of skin friction and Nusselt number. Incorporation of
SWCNTs in this type of flow is better than MWCNTs due to less drag
and high rate of heat transfer. This study can be concluded in the follow-
ing points:

• SWCNTs provide less resistance to the fluid flow as compared to the
MWCNTs. Resultantly, SWCNTs have small skin friction coefficient as
compared to the MWCNTs.
• Behavior of temperature profile is similar for both SWCNTs and
MWCNTs but the SWCNTs have higher Nusselt number against the
nanoparticle volumetric fraction as compared to the MWCNTs.

• Suction/injection parameter greatly influences the flow field. Particu-
larly, the position of peak value of velocity is changed according to the
value of suction/injection parameter.

• Increase in the rotation parameter causes the increase in the velocity
profile and temperature field.

• Increase in rotation parameter causes the drag increase while it
decreases the Nusselt number.

• Variation of steam lines depicts the fluid pattern as per suction/
injection parameter S.
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