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Abstract

In this thesis work, effect of heat transfer on single and multiple walled carbon nan-
otubes between two rotating plates, in the presence of transverse applied magnetic
field, linear thermal radiation and the constant heat source is observed. The governing
partial differential equations (PDEs) are transformed into ordinary differential equa-
tions (ODEs) by using a set of similarity transformations. Thereafter using MATLAB
(bvp4c), the numerical solutions are obtained. Numerical computations are carried out
for water based single walled and multiple walled carbon nanotubes respectively. The
impact of governing physical parameters including nanoparticle volume fraction (¢),
suction/injection (5), reynolds number (A;), rotation (As), magnetic parameter (M),
thermal radiation (Nr) and heat generation or absorption parameter (@) on velocity
and temperature profiles are studied. The skin friction coefficient and local Nusselt

number are also analyzed.
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Chapter 1

Introduction

Nanofluids are made up by including solid nanoparticles that are evenly and consis-
tently distributed in the base fluid. There are many applications of nanofluids in the
industrial setups, for example, significant amount of unwanted heat is generated in
industrial devices and nanofluids are used as a coolant as they increases the thermal
conductivity of fluid. They are also used in various solar system including PV /thermal
(PV/T), collectors and water heating technologies. Masuda et al. [1] showed that with
the addition of ultra-fine sized particles (nanoparticles), the thermal conductivity of
ordinary fluid can be increased. Choi and Eastman [2] was the first one who gave
the idea of nanofluids and proposed its use in energy production, electronics, textiles,
and paper manufacturing. Xie et al. [3] studied the enhanced thermal properties of
nanofluids containing carbon nanotubes (Cxr).

Heat transfer induced by fluid flow is a major research field in fluid mechanics. There-
fore, researchers have paid attention to heat transfer mechanism. Recent studies [4-5]
shows that in the presence of magnetic field, thermal conductivity in nanofluids in-

creases. Chamkha and Aly [6] described the effect of heat generation and absorption



on MHD flow of nanofluids. Haq et. al [7-8] investigated the effect of volume fraction
of C'yr on heat transfer over a stretching sheet.

Radiation increases the temperature of the fluid which in turn increases the thermal
conductivity of the fluid. Motsumi and Makinde [9] and Shehzad et. al [10] studied
the thermal radiation effect on nanofluids. It was observed that both velocity and
temperature of the nanofluid increases with the increase in radiation parameter. Many
researchers [11-14] examined the effect of thermal radiation on MHD flow of nanofluids.
In turbomachinary, rotating flows are used in variety of ways. [15-17] presented the
study of flow of nanotubes in a rotating frame of reference. Sheikholeslami and Ganji
[18] studied the MHD flow of nanofluid and heat transfer with the effect of radiation.
Hussain et.al [19] investigated the rotation effect on fluid flow of Cyy. It was observed
that in comparison with MWeanr, SWent have reduced drag and high rate of heat
transfer. In a recent study, Jawed et. al [20] described the effect of radiation on the
rotating flow of Cyr.

The goal of the present research is to analyze heat transfer and flow of Cyr in the
presence of applied uniform magnetic field, thermal radiation and the constant heat
source, between two rotating plates. Suction / injection (.S), reynolds number A;, ro-
tation parameter Ay, nanoparticle volume fraction (¢), magnetic parameter (M), rate
of heat generation or absorption coefficient (@) and thermal radiation (Nr), influence
on local nusselt number and the skin friction coefficient are discussed and analyzed.
The MATLAB package bupdc is used to find numerical similarity solutions of reduced
nonlinear ordinary differential equations.

The overview of the thesis is as follows:

The second chapter includes basic definitions of fluid mechanics. Definitions of some

dimensionless parameters, thermophysical properties of C'yr and equations used fur-



ther in the thesis.

In chapter 3, detailed review of Hussain et.al [19] is presented. Here the heat transfer
and the rotation effect of Cyr is analyzed. Using similarity transformations, set of
PDEs is converted into a set of ODEs with given boundary conditions. Graphical and
tabular results of velocity and temperature profiles along with the local Nusselt num-
ber and skin friction coefficient for various parameters are discussed and illustrated
graphically.

Chapter 4 extends the problem presented in chapter 3. Effect of magnetic field, thermal
radiation and heat source on Cyr (water as basefluid) in a rotating channel is observed.
Graphical and tabular results are obtained for different parameters including the local
Nusselt number and the Skin friction coefficient.

Chapter 5 includes the concluding remarks of this dissertation.



Chapter 2

Basic Definitions

In this chapter we will define some basic concepts of fluid mechanics. Some definitions

are taken from the book of White [21].

2.1 Fluid mechanics

Fluid mechanics is the branch of applied mathematics which deals the behavior of fluids
at dynamic and static situations. It handles relationship between force, motion and

statistical condition in a continuous material.

2.2 Specific heat capacity

The amount of heat required to raise the temperature of a substance of one kilogram
mass by one degree with constant pressure is called the specific heat. It is denoted by
Cp and given by

Cp === (2.1)



where ¢ is the supplied heat and VT is the difference in temperature. Since heat is

added into the system, therefore, specific heat can’t be negative.

2.3 Steady and unsteady flow

A steady flow is one in which physical quantities do not change with time. Mathemat-

ically,
dy

5 =0, (2.2)

where y is any physical quantity (density, velocity, pressure etc) of fluid and ¢ represent

the time. If these physical quantities change with time then it is an unsteady flow.

2.4 Laminar flow

When the fluid particles moves regularly and evenly then the flow is known as laminar
flow. This flow is linked with Reynolds number, when viscous force is dominant and

Reynolds number is low then the fluid particles do not cut through each other.

2.5 Turbulent flow

When the fluid particles move irregularly in all directions and they cut through each
other then the flow is called turbulent flow. When inertial forces dominate and

Reynolds number is high then it causes turbulent flow.



2.6 Viscosity

The viscosity of a fluid is a measurement of it’s resistance to flow.
There are two types of viscosities. One is dynamic viscosity and the other is kinematic

viscosity.

2.6.1 Dynamic viscosity

Dynamic viscosity is a measurement of fluid’s internal resistance to flow when subjected
to external forces. It is denoted by u. Higher viscosity indicates that fluid is thick and

lower viscosity means fluid is thin.

2.6.2 Kinematic viscosity

Kinematic viscosity is the ratio of dynamic viscosity (u) to the density (p). It is a
measure of fluid’s resistance to shear flow under the weight of gravity. It tells us how

fast a fluid is moving when certain amount of force is applied.

_H
v= > (2.3)

2.7 Thermal conductivity

The ability of a given material to transfer heat per unit time is known as the thermal
conductivity (k),
Qd

R = A—V’Iﬂ (24)

where () is the total transferred heat, d is the distance between two isothermal planes in

which heat is transferred, A is the area of the surface and VT is the temperature differ-

6



ence. Higher value of thermal conductivity means the rate at which heat is transferred

through the material is high.

2.8 Thermal diffusivity

The ratio of thermal conductivity to the specific heat capacity and density where

pressure is kept constant is defined as thermal diffusivity (a). Mathematically,

K

= (2.5)

(67

It is clear that larger value of thermal diffusivity means fast distribution of heat into the
material and if its value is small, then it shows that large amount of heat is absorbed by
the material. Lower value of C'p means less energy is required to raise the temperature

of one unit volume by one degree kelvin.

2.9 Heat Flux

Heat flux is defined as the amount of heat transferred per unit area per unit time,
to/from a surface. The rate of thermal energy that passes through a surface is called

heat flux (¢,). It always flows from the higher temperature to lower temperature.

¢q = —KVT. (2.6)



2.10 Nanofluids

Fluids containing nano-sized suspended solid particles are known as nanofluids. They
are two phased systems, one is solid phase and other is liquid. In comparison with other
base fluids like water and oil, nanofluids have enhanced thermophysical properties
like thermal conductivity, thermal diffusivity, viscosity and convective heat transfer
coefficients. Nanofluids are efficient heat transfer fluids and are used in many thermal

energy systems to improve the systems efficiency.

2.11 Carbon nanotubes

Carbon nanotubes are hexagonally shaped arrangements of carbon atoms (graphene),
rolled into tubes. They were discovered by lijima [22]. Carbon nanotubes have high
thermal conductivity, mechanical strength and corrosion resistance. There are single
wall carbon nanotubes (SWenr) that can have diameter less than 1 nm and there are

also multiple wall carbon nanotubes (M Wenr) that can have diameter upto 100 nm.

2.12 Centripetal force

A net force that act on an object to move it in a circular path is called a centripetal
force and is directed towards the center of curvature.

In Newton’s second law of motion (F = ma), m is the mass of the object and a is the
acceleration. When circular motion is uniform then, a=a. (centripetal acceleration).

The expression for the centripetal force F. is given by

F="" (2.7)



where m is the mass of the object, v is the speed or velocity of the object and r is the

radius.

2.13 Coriolis force

An apparent deflective force that acts on moving objects as a result of rotation of earth
is known as coriolis force.

F=2m(Qx V), (2.8)

where €2 is angular velocity and V is tangential velocity.

2.14 Free and Forced convection

When motion of fluid occurs due to natural means then it is free (natural) convection.

When fluid is obligated to move due to some external forces then it is forced convection.

2.15 Dimensionless parameters

Throughout this thesis various parameters will appear. The pertinent parameters are

collected with brief detail in this section.

2.15.1 Prandtl number

Prandtl number is the ratio of kinematic viscosity to thermal diffusivity. It is dimen-

sionless and usually used in heat transfer as well as natural and forced convection



problems in fluid mechanics. Mathematically,
Pr=—, (2.9)

substitution of Eq. (2.3) and Eq. (2.5) in Eq. (2.9) gives

_ pnCp
—

Pr (2.10)

Small values of Prandtl number means fluid has high thermal conductivity and is
therefore a good choice for heat conducting liquids. Prandtl number can’t be zero
because both kinematic viscosity and thermal diffusivity are physical parameters of

fluid and have positive values.

2.15.2 Nusselt number

Nusselt number is a dimensionless parameter defined as the ratio of convective to

conductive heat transfer coefficient. Mathematically,

Nu=—, (2.11)

K

where h is heat transfer coefficient and L is characteristic length.

2.15.3 Reynolds number

Reynolds number determines the ratio of inertial and viscous forces. It is denoted by
Re and plays a very significant role in anticipating the behavior of the fluid. High

Reynolds number means fluid’s behavior is turbulent due to dominant inertial forces

10



and low Reynolds number means viscous forces are dominant. Mathematically,

= 2.12
Re » ( )

2.15.4 Skin friction coefficient

The friction which is caused when fluid experiences a resistance against direction of
flow on any solid surface is known as the skin friction. The skin friction coefficient C

is defined as
Tw

pUz’

v

Cp = (2.13)

where U, is the free stream velocity, 7, represents the local wall shear stress and is

expressed as

ou
Tw = unfa—y

2.16 Continuity equation
The continuity equation (conservation of mass) is given as

o =,
e + V(pv) =0, (2.14)

when the flow is incompressilbe, that is

S} (2.15)

the Eq. (2.14) becomes
pVi = 0. (2.16)



as density p is scalar quantity then Eq. (2.16) becomes

Vi = 0. (2.17)

2.17 Momentum equation

According to Newton’s second law of motion, momentum of a system remains constant

until an external force is applied. It can be expressed as

dV
— =V. 7404 2.1
dt TTp.g, ( 8)

where V.7 represents the surface force and p.g represents the body force in the system.
V.r = —VP+uv?V (2.19)

substituting Eq. (2.19) in Eq. (2.18) gives

dv

p—r =-VP+ V2V + pg. (2.20)

It is also known as Navier-Stokes equation. If V = V(Ui(z,y, z,t), Us(z,y, 2,t),
Us(z,y, 2,t)), then Eq. (2.20) can be written in component form as

X-component

ou
dy

oU, ou

8TU1 8]7 82U1 821U1 821U1
4 ot +Us ox O

L e
+Us 0z )= 8x+u( 0x? Oy? * 022

LU,

)+p9s, (2.21)

12



y-component

oU, ou

oU
P tUi5;

dy

oU,

2 U, ——21Us;

Z-component

0U; ouU
2 ot +Us ox

ouU
Oy

U3

3 LUy ——2 41U,

2.18 Energy equation

82):

8z):

dp 00, U, U,

Law of conservation of energy can be written as

pC,(V.V)T = —Vq,

by using Fourier’s law of heat transfer

q=—rVT,

substituting Eq. (2.25) in Eq. (2.24) we get

~a, M T e )T (222)

S CAL i )
0 " ox* Oy 02

(2.24)

(2.25)

(2.26)

pC,(V.V)T = k(V°T).

13



Chapter 3

Water driven flow of carbon

nanotubes in a rotating channel

This chapter describes the review of an article by Hussain et.al [19] which describes the
heat transfer and flow of Cyp with water as base fluid in a rotating channel. By using
a set of similarity transformations, the governing partial differential equations are con-
verted into non-linear ordinary differential equations and solved numerically by using
bvp4c, a built-in solver of MATLAB. The fluctuations of velocity profile, temperature
profile, local Nusselt number and the skin friction are presented graphically for various

values of governing parameters.

3.1 Problem geometry

In a rotating frame of reference, consider a physical model that consists of two infinite
plates, the plate on the top is permeable and the plate at the bottom is moving with

variable velocity U,=maz (m > 0). Let the temperature at the upper wall is T and

14



the temperature at lower wall is T, i.e T, > Ty. Assume a steady, two dimensional,
incompressible flow of Cyr within base fluid (water) between the infinite plates. The

simplified geometrical representation of the problem is depicted

¥

F4

[ 1] %D

X
I
|
i
I
|
|
L
T
I

Ll

E g -Tu

M

> U,
T,

Figure 3.1: Schematic figure of the problem [19]

For the given flow, the momentum equation is given as

A%
Pnf (E +22xV+Qx(Q2x I‘)) = div'T, (3.1)

where 2(€2 x V) is the coriolis force and €2 x (2 X r) is the centripetal force. In rotating
flow, both forces are produced due to the variable velocity of the lower wall. Velocity
field is denoted as V[U; (z,y), Ua(z, y), Us(x, y)] where Uy, Uy and Uj are the velocity
components along z, y and z directions respectively. Coriolis and centripetal forces are
perpendicular to V and €, and are directed towards y-axis (axis of rotation).

The continuity equation in cartesian coordinates system is given as

15



As the given flow is steady, incompressible and two dimensional then Eq. (3.2) will

become
U, 90U,

+
ox dy

= 0. (3.3)

The coriolis force 2(2 x V) for V = (U, Uy, Us) and angular velocity Q2 = (0, £2,0)

can be written as

i j k
2QxV)=2[0 O 0]=2QUi—-QUsk). (3.4)
U, U, Us

Using Eq. (3.4), Navier-Stokes equation (2.20) in component form, become

pnf(Ulagil + Uﬁ(gl +2QUs;) = —%i + Mw(% + 8;;;1), (3.5)

O 2+ 0,5 =, (O O (36)

g0 522+ 0,52 — 200 = oy (G 0% + S50, (37)
Q22

where p* = p — ( ) and fi,r = W is the effective dynamic viscosity. The energy

2

equation (2.26) can be written as

or orT or orT o*T T  9*T

,OC(E-FIUH%—FUza—y—FUs&) = k(axQ + 17 + 822). (3.8)
For the present model, Eq. (3.8) can be represented as
oT oT o*T  0°T
(UI% + UQa—y) = Oznf(w + a_y2)7 (39)

K f
(pC)ns

where ¢ is the volumetric fraction, a,; = is the thermal diffusivity of nanofluid,

16



pnf = (L —&)p + ¢pent is the effective density of the nanofluid, (pC),r = (1 — ¢)pC +
&(pC)ent 18 the heat capacity of nanofluid and the subscripts nf and ent stands for
nanofluid and carbon nanotube respectively.

The boundary conditions for the given system are

U =U,=mx, Uy=0, U3=0 T=T, at y=0 (3.10)

Ul = O, U2 = —79, Ug = 0, T = Tg. at Yy = h (311)

At the upper wall, vy is the uniform suction (vy > 0) or injection (vy < 0) velocity. To
transform the given system (3.5)-(3.11) to non-dimensional form, we use the following

similarity transformations (see for details [19])

T —"1To

Uy =maf'(n), Uz =—mhf(n), Us=mazg(n), 0(n) = Cn=4 (3.12)
T, — Ty h
Using Eq. (3.12), various derivatives of Uy, Uy and Uj are
U, , ou, maf'(n) 0°U;, maf"(n) 0°U; maf®
ax mf (77)7 ay h/ ) ayQ h2 ) ay3 h3 ) (3 3)
oU, oU, / Uy —mf"(n)
= = — = 3.14
ax 07 ay mf (77)7 ayz h 9 ( )
0U; oUs  maxg  0*Us  mag”
— — = 3.15
Ox 0 oy h ' 0Oy? h% 7 (3.15)
and those of T" and 0 are
aT o°T o  (T,—T)0 PT (T, —Tp)
_ = —_— _— = = 0”. 316
Ox 0 Ox? 0 oy h T Oy? h? (3.16)

Using Egs. (3.13, 3.14), Eq. (3.3) (continuity equation) is identically satisfied. To

17



eliminate the pressure gradient, we take partial derivative of Eq. (3.5) and Eq. (3.6)

with respect to y and x respectively

0*U, 0U, 90U, 0*U;, 90U, 90U, 0U3

p"f<Ulayax * dy Ox +Us 0y? * dy Oy dy )= (3.17)
( o’U, n 831U1) '
Hns oyox?  Oyd
0’U, 00U, 00U, 0?U, 00U, 00U, U, 0°U,
p— -1
pns (U 0x? + or O +U189§8y * or 0Oy ) = tins oz +6w8y2)’ (3.18)

By subtracting Eq. (3.17) and Eq. (3.18) and then substituting Eq. (3.13) and Eq.
(3.14), we get

(1= @)p+ ¢pent {+m2th LA m%hf . QQ”;W - - ¢)2_5(mwh€(w) ,

[(1 o+ qsp;m] (- d))%[mthf' o m%hf " zﬂzxg'] _ % mxhéuv) |
erm’ef f! — mPaf " + 20mag] = v(%’m),

B )estmap 7~ maf 7+ 20meg) = maf )

FO — e A (f " = ff") — 261459 = 0. (3.19)

Here A; and A, are dimensionless parameters which are defined as

h? Qh?
A= m—, (Reynolds number) A, = —, (Rotation parameter)
v v

azkl—@+¢ﬁﬂu—¢ﬂ? (3.20)

18



Similarly substituting Eq. (3.15) in Eq. (3.6), we have

mxg'

(1= 6)p + bpont [<mxf'><mg> T (—mhf)(

[(1 _8)+ ¢H (1= )2 mef'g — m? fod — 2maf] —

m:t:g”
)

ei[m?zf'g — m?frg — 20maf] = v(
v
h?
e1di(gf = fg') —2Qma f = ¢",

9" — a1 Ai(gf' — fg') + 2142 = 0.

e1(=)[mPxf'g — m*frg — 2Qmaf] = mag”,

Further substituting Eq. (3.16) in Eq. (3.9) gives

m+—mwﬂlg%wm:

0" + thf(n)f/(PC)nf _

/{nf

h2(pC), ,
s L) sy = o,

RV

Rnf Ta - TO
(pChng™ b2

0,

)0//

0//+[

VK

0"+ 221 = 9)pCp + dlpChen F) =0,

Aqves(pCp)

€3k

0" + ?@Prf(n)ﬁ' =0,
3

0" Jf(me" =0,

where,

o= [(1- )+ 6Lk

Fong 1= @+ 2¢( et ) In(megtt)

K —K
83 — cnt

ko 1— ¢+ 20(——) In(facs)’

Kent—R

) —20Qmaf'| =

),

(3.21)

(3.22)

(3.23)

(3.24)

Here Egs. (3.19-3.22) are the non-dimensional system of ordinary differential equations

along with the following non-dimensional boundary conditions.
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at 7 = 0 (corresponding to y = 0, from Eq. (3.10) and use of Eq. (3.12))

at 7 =1 (corresponding to y = h, from Eq. (3.11) and use of Eq. (3.12))

g(1)=0, 6(1)=0, f(1)=5, [f(1)=0.

where S is the suction/injection parameter.

(3.25)

(3.26)

Th important physical parameters of skin friction coefficient and local Nusselt number,

in terms of nanofluid properties (see details in [2]) are

.
Cy = —
PnsUZ
Ty

Nu=— "%
Knf(To — To)

ou oT
where 7, = ,unfa— is the shear stress and ¢, = —Iinfa— is the heat flux.
Yy Y

similarity transformations from Eq. (3.12), Eq. (3.27) and Eq. (3.28) give

o U 20
Vg ’
e CES

(1-9¢)+¢ p

h
Nu! = ;Nux =—0'(n),

atn=0and n=1.
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(3.28)

Using

(3.29)

(3.30)



3.2 Results and Discussion

A built-in solver bvpde (MATLAB) is used to numerically solve the problem given
by Eq. (3.19-3.22) with boundary conditions Eqs. (3.25, 3.26), then the effect of
different parameters (suction/injection (), nanoparticle volume fraction (¢), Reynolds
number (A;) and rotation (Ay)) on SWenr and MWenr are presented graphically.

Thermophysical properties of base fluid (water) and CNTs (Haq et. al [23]) are given

in Table 3.1
Physical properties Base fluid (water) | MWenr SWenrt
Pr 6.2
K 0.613 3000 6600
p 997 1600 2600
Cp 4179 796 425

Table 3.1: Thermophysical properties of base fluid and carbon nanotubes.

3.2.1 Velocity and Temperature

In Fig. 3.2(a), with increasing value of volume fraction ¢, f’(n) also increases. However
there is a minor diversity in velocity profile, velocity of SWenr is lower as compared
to MWepnr. Figure 3.2(b) shows variation of g(n) with different values of ¢ and it is
observed that SWenr have high velocity profile in comparison with M We . Moreover
velocity g(n) decreases with increasing values of nanoparticles volume fraction. Figure
3.2(c) shows an increase in 6(n) with increasing values of ¢, which is due to more
resistance between fluid and sheet. In this case, both SWenr and MWenr have

nearly same temperature profile.
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Figure 3.2: Velocity variation in (a-b) and temperature in (c) with respect to n for
diverse choices of ¢.
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Figure 3.3: Velocity variation in (a-b) and temperature in (c) with respect to 7 for
diverse choices of S.

Figures (3.3)-(3.5) are plotted for f'(n), g(n) and 0(n) for varying values of suc-
tion/injection parameter (S), Reynolds number (A;) and rotation parameter (Ay) for
SWent respectively.

Figures 3.3(a-b) demonstrate that both velocity profiles f'(n) and g(n) increase with
increasing values of S. As compared to the upper and lower plates of the channel,
these differences in the velocities are more notable at the mean position. Figure 3.3(c)

depicts that when values of S increase, temperature profile § decreases.
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Figure 3.4: Velocity variation in (a-b) and temperature in (c) with respect to n for
diverse choices of Aj;.

In Fig. 3.4(a), with the increasing values of Reynolds number Aj;, the velocity profile
f'(n) changes its behavior in ascending order at the mean position due to the stretching
effect of lower plate. In Fig. 3.4(b) g(n) decreases, as value of A; rises. When the lower
plate is at static position, the peak value of g(n) is shifted towards the lower plate. In

Fig. 3.4(c), temperature profile (6(n)) falls as the value of A; rises.
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Figure 3.5: Velocity variation in (a-b) and temperature in (c) with respect to 7 for

diverse choices of As.

In Fig. 3.5(a), f'(n) is decreasing with rising values of rotation parameter (Ay) but

this decreasing behavior of f’(n) is of dual nature. Figure 3.5(b) shows a decreasing

behavior of g(n) but in comparison to lower and upper wall velocity variation is higher

at mean position. The problem is reduced to two-dimensional flow in a channel, with-

out the rotation parameter A,

0 (z-component of the velocity). In Fig. 3.5(c),

temperature profile 6 is increasing with the rising values of rotation parameter A,.
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3.2.2 Local Nusselt number and the skin friction coefficient

The skin friction coefficient and the local nusselt number behavior for different param-
eters is observed in this section. Prior to graphical discussion, Tables (3.1)-(3.4) are
constructed in which different values of C} (Eq. 3.29) and Nuj (Eq. 3.30) are obtained

for increasing choices of Reynolds number (A;), rotation parameter (As), nanoparticle

volume fraction (¢) and suction / injection parameter (S).

S ¢ Ay =0 Ay =05 Ay =1
A =05 [A=1 |A=05|A=1 |A=05|A4-=1
1 0 210694 | 221327 | 2.1137 | 2.21887 | 2.13398 | 2.23565
0.1 | 234916 | 245562 |2.35531 | 246081 | 2.37377 | 2.47642
0.2 | 275073 | 2.85732 | 2.75608 | 2.86197 | 2.77213 | 2.8759
0 0 404282 | -4.08556 | -4.04541 | -4.08816 | -4.05316 | -4.09595
0.1 | -4.52721 | -4.56997 | -4.52052 |-4.57228 | -4.53643 | -4.57922
0.2 | -5.33028 |-5.37306 |-5.33224 |-5.37502 |-5.33811 |-5.3809
1 0 L0.73486 | -9.46811 | -9.75041 | -9.48649 | -9.79701 | -9.54155
0.1 |-10.9459 |-10.6794 |-10.9595 |-10.6952 |-11.0004 |-10.7426
0.2 | -12.9537 |-12.6875 |-12.965 |-12.7003 |-12.9989 | -12.7387

Table 3.2: Numerical values of the skin friction coefficient (Eq. (3.29)) at n = 0

against different parameters.

In Table 3.2, when S = 1, C} is showing an increasing behavior for increasing val-
ues of ¢, A; and A, but for S = —1 and 0, its value falls. For fixed value S (S > 0), ¢

and A, for increasing values of rotation parameter (As), value of C} increases.
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S b Ay =0 Ay =05 Ay =1
A =05 | A =1 |A4,=05 |A =1 |A =05 |4=1
1 0 -3.88037 | -3.77309 | -3.89058 | -3.78257 |-3.92117 |-3.81099
0.1 | -4.36407 | -4.25487 |-4.37324 | -4.26347 | -4.40075 | -4.28925
0.2 |-5.16626 |-5.05463 |-5.17412 |-5.06207 |-5.19767 |-5.08438
0 0 1.97639 | 1.95318 | 1.97626 | 1.95311 | 1.97585 | 1.95289
0.1 |221856 |2.19520 |2.21844 |[2.19521 | 2.21806 | 2.19498
0.2 |2.62007 |2.59671 |2.61996 | 2.59663 | 2.61962 | 2.5964
-1 0 8.3863 8.80893 | 8.39761 | 8.82109 | 8.4315 8.85752
0.1 |9.35315 | 9.7697 9.36315 | 9.78037 | 9.39315 | 9.81237
0.2 [10.9569 | 11.3659 | 10.9653 | 11.3748 | 10.9905 | 11.4014

Table 3.3: Numerical values of the skin friction coefficient (Eq. (3.29)) at n = 1

against different parameters.

In Table 3.3, behavior of C7 is opposite to that found in Table (3.2). When S =1, C}

is decreasing with rising values of ¢, A; and A, but it rises for S = —1 and 0.
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Figure 3.6: Fluctuation of the skin friction coefficient (Eq. (3.29)) at n = 0 for SWenr
and MWyt against different values of S, A; and As.

For the skin friction, the comparisons between SWeonyr and MWenr with different
parameters are shown graphically in Fig. 3.6 and 3.7 for n = 0 and 1 = 1 respectively.
Figure 3.6(a) shows C} at lower wall for diverse values of suction/injection parameter
S. For S =1, SWenr and MW eyt behaves differently as compared to S = 0 and —1.
In Fig. 3.6(b-c) + is plotted for varying Reynolds number and rotation parameters
(A; and As). In both cases there is an increasing behavior. In comparison to SWenT,

MWent have higher C}.
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In Fig. 3.7(a) we can observe C7 at upper wall for different suction parameter S. For
S = —1 and 0, C} is increasing but for S = 1, its behavior is opposite. In case of
rotation parameter Ay (Fig. 3.7(b)), behavior of C} at the upper wall is same as it was

at the lower wall. In Fig. 3.7(c), the value of C7 is decreasing for increasing values of

A
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Figure 3.7: Fluctuation of the skin friction coefficient (Eq. (3.29)) at n = 1 for SWenr
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S b Ay =0 Ay =05 Ay =1
A =05 | A =1 |A4,=05 |A =1 |A =05 |4=1
1 0 0.679525 | 0.390749 | 0.679423 | 0.390567 | 0.679116 | 0.390023
0.1 | 0.900872 | 0.802434 | 0.900841 | 0.822358 | 0.900749 | 0.802129
0.2 |0.950328 | 0.901409 | 0.950317 | 0.901381 | 0.950284 | 0.901298
0 0 1.161852 | 1.336615 | 1.161792 | 1.336485 | 1.161611 | 1.336104
0.1 | 1.049929 | 1.100939 | 1.049914 |1.10091 | 1.049871 | 1.100822
0.2 |1.02508 | 1.050363 | 1.0205075 | 1.050353 | 1.025059 | 1.050322
1 0 1.628038 | 2.195148 | 1.628918 | 2.195110 | 1.628859 | 2.194999
0.1 | 1.201080 | 1.405087 | 1.201072 | 1.405066 | 1.201049 | 1.405002
0.2 | 1.101123 | 1.204080 | 1.101120 | 1.204072 | 1.101112 | 1.204048

Table 3.4: Numerical values of local Nusselt number (Eq. (3.30)) at n = 0 against

different parameters.
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S Qb AQZO A2:05 Agzl

A1:05 A1:1 A1:05 A1:1 A1:05 A1:1

-1 0 2.430376 | 4.822166 | 2.430418 | 4.822362 | 2.430543 | 4.822943

0.1 1.352946 | 1.791098 | 1.352954 | 1.791140 | 1.352978 | 1.791262

0.2 1.167787 | 1.355238 | 1.167790 | 1.355249 | 1.167797 | 1.35528

0 0 0.898716 | 0.802164 | 0.898759 | 0.802245 | 0.89889 0.802489

0.1 0.967408 | 0.935499 | 0.967426 | 0.935521 | 0.967453 | 0.935587

0.2 0.983468 | 0.967174 | 0.983472 | 0.967185 | 0.983484 | 0.967209

1 0 0.265509 | 0.057693 | 0.265542 | 0.057711 | 0.265642 | 0.057765

0.1 0.674365 | 0.441207 | 0.674384 | 0.441236 | 0.674439 | 0.441322

0.2 0.822230 | 0.670448 | 0.822238 | 0.670462 | 0.822261 | 0.670505

Table 3.5:Numerical values of local Nusselt number (Eq. (3.30)) at n = 1 against

different parameters.

In Table 3.4, when S = 1, value of Nu] is increasing with increasing values of ¢,
Ay and Ay but for § = —1,0 it is decreasing. But at n = 1, its behavior is totally
opposite, as is obvious from Table 3.5

For the local Nusselt number, the comparison between SWenr and MWenr with dif-

ferent parameters are shown graphically.

32



SWCNT

05

02F

0.1

0.6 . . . . . . . . . 0 .
0 0.02 004 006 0.08 01 012 014 016 018 02 0 0.02 0.04 006 008 01 012 0.14 0.16 0.18 0.2
¢ ¢

(a) (b)

A, =‘2

0 0.02 004 006 008 01 012 014 016 018 02

¢
()

Figure 3.8: Fluctuation of local Nusselt number (Eq. (3.30)) at n = 0 for SWenr and
MWyt against different choices of S, Ay and A,.

Figure 3.8(a) depicts Nu} at the lower wall for different values of S. With the increas-
ing values of nanoparticle volume fraction ¢, Nu is decreasing but for S = —1 it shows
an increasing behavior. In Fig. 3.8(b-c) graphs are plotted for Reynolds number (A;)
and rotation parameter (Ay) respectively. It is observed that increasing the Reynolds

number and rotational speed causes an increase in heat transfer rate.
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Figure 3.9: Fluctuation of local Nusselt number (Eq. 3.30) at n = 1 for SWenr and
MWyt against different choices of S, Ay and A,.

Figure 3.9 (a) and (c) demonstrates that with the increase in the suction/injection
parameter (S) and rotation parameter (As), Nu} increases but in Fig. 3.9(b) case is
different. The value of Nu decreases with increasing Reynolds number. SWenp have
high heat transfer rate as compared to MWenr. In case of A, Ay and S = —1, with

the rising value of ¢, Nu} rises but for S = 0,1 its value falls.
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Chapter 4

Thermal radiation and heat source
effect on MHD flow of carbon

nanotubes in a rotating channel

The effect of thermal radiation and the heat source on flow of Cyr in a rotating chan-
nel, in the presence of magnetic field is investigated in this chapter. Using similarity
transformations, non-linear ordinary differential equations are obtained from govern-
ing partial differential equations. Numerical solutions for velocity profile, temperature
profile, local Nusselt number and the skin friction coefficient are obtained by using
bupdc, solver of MATLAB. Graphs are presented to explore the physical behaviors of

relevant parameters on the flow and heat transfer characteristics.
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4.1 Mathematical formulation

Consider a steady, incompressible rotating flow of Cyr, with water as base fluid,
between two infinite plates. The variable velocity of the lower plate is of the form
U, = mz(m > 0) while the upper plate is porous. To uniformly access the motion of
Cnr, a uniform magnetic field By is applied in direction of y-axis. Uy, Uy and Us are
the components of velocity in z, y and z directions respectively.

¥y

B =[0,B,0]

FLL YD L

. -;Fn

M

Figure 4.1: Flow field geometry

The governing continuity, momentum and thermal energy partial differential equations

for the given MHD flow are

ou, 0U,
= 4.1
Ox i Jy 0 (4.1)
81U1 81U1 (9])* 82U1 82U1 2
2Q = — — —oB, 4.2
pnf(Ul 833 + UQ ay + U3) (933' + Iunf( 8332 + ayg ) o OUla ( )
8U2 8U2 _ 8]3* 62U2 82U2
prf(Ur o Us By ) = oy + Mnf(w + a—yQ)’ (4.3)
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U3 ou
ox U Jy

0°Us; N 0°Us
0x? 0y?

2= 20U1) = fing(

pus (U ) — o BAUL, (4.4)

where, p* = p — (QTIQ), png is the dynamic viscosity of nanofluids, p,s is the effective
density of nanofluid and the subscripts nf stands for nanofluids.

The thermal energy partial differential equation is:

orT oT o*T T, g,
S U =k (L Cy Y T-T,). 4.
(pC)nf(Ul 833' + U2 8y ) ,inf( 81}2 + ayQ ) 8y + QO( a) ( 5)
. : . 40*T)) .
where (pC),r = (1 —¢)pC + ¢(pC)ent is the heat capacity of nanofluid, ¢, = — T

the radiative heat flux [24], o* is Stefan Boltzman constant, &* is the mean absorption
coefficient and () is the heat source parameter.

The initial and boundary conditions for the given problem are:

U =U,=mz, U;=U3=0, T=1T, at y=0,

Ul = 0, U2 = —7op, U3 = 0, — K= = h[T — Ta], at Yy = h. (46)

where x, h and vy represents the thermal conductivity, convective heat transfer coeffi-
cient and the uniform suction/injection velocity. The last boundary condition in Eq.
(4.6) is due to Newton’s law of cooling.

Following similarity transformations are used to obtain non-dimensional system of

equations (4.1-4.6) [19]

T -1y

Ui =maf'(n), Uz =—mhf(n), Us =mag(n), 6(n) = 7—

)
== 4.7

Equation (4.1) (equation of continuity) is satisfied identically. To eliminate the partial

derivative of p*, we take the y derivative of Eq. (4.2) and z derivative of Eq. (4.3).
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The resultant equations are subtracted and we arrive at a single equation, after using

Eq. (4.7) this becomes

2 f/f// 2 ff/// 20) / fiv "
(1=9)p+ ¢pcnt[m xh - xh + Tng )= (1 —M¢)2.5(mz3 ) — o Bgmaf”,

Opcnt semPxf'f mPxf " 2Qmag’ W ma f*
(=) P I =0 h a h + h ]_;( E )

g
. ;Bgmxf”(l . ¢)2.57

ol 17— waf 7+ 20me) = o) - L Bmaf" (1 - 0,

h? ’ h?
()ealm®af f = mPa f " + 20mag]) = maf” = Z= Bimaf'(1 - ¢)*,
v pv

fz'v . 51A1(f/f” . ff///) o 2A2519, o Mf// =0. (48)

Here A; is the Reynolds number, A, is rotation parameter and M is the magnetic
parameter.

oh*B?
pv

(1-9)**, (4.9)

h? Qh? on
A1 = my ) A2 = 77 €1 = [(1_¢)+¢ppt](1_¢)2'5, M =

Substituting Eq. (4.7) in Eq. (4.4), the differential equation in g(n) is obtained as

[(1—¢>)+gbp;’”](l—gb)2‘5[m2xf'g—m2fxg’—Zmef’] :%< o )B2
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mxg”

o
ri-) = Bimrg(1 - 6",

ei[m*zf'g —m*fag — 20maf] = v(——
S (me g —m? frg — 2ma ] + piBomxgu 6 = mag”

g"—e1Ai(gf — fg') +2e1Asf' — Mg = 0. (4.10)

substitution of Eq. (4.7) in Eq. (4.5) gives

/ Rnf " 160* Tc? " Qo
—mfl = 0" + 0" +
1= 00 3 GO T 0
2 * 3
N ((po)nf) mfh29’ . QOh 0_ 0" (1 + 160 Ta ) _ 0’

Knf Enf 3K* Knf

W20(pC)ny 1 o Qh. (. 160 T3
{wg} Fm)o + %’f 040 ( U_a> — 0,

0,

1 3 2
0" <1+ 6"£) + [M]f( o+ Qg g, (4.11)
3K* 3K €3k €3k

Substitute the value of (pC, ) in Eq. (4.11)

160 T? A h?
0" (1 + 3; 83”;) + [gﬂ;((l — 0)pCp + d(pC)enr)1 ()0 + %9 =0,
Nr Av(pCp) P(pC)cn , QO
o (1T [P (0o ) s+ Z =
o (14 20) 4 R s
£3 E3K £3
6" (1 + &) + éegprf(n)el + @ _ 0. (4.12)
3 €3 €3

Equation (4.12) is the ordinary differential equation in 6(n). Various parameters ap-

pearing in Eqs. (4.8), (4.10) and (4.12) are given as

1 _ + 2 Kent Kentt+K
TR e e A e (4.13)
K 1—¢+2¢( "= —) In(Hentth)

= [(1- )+ 6L
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160 T3 h?
Pr— Ny 00T Qo (4.14)

K 38* K K

The corresponding non-dimensional boundary conditions are

at 7 = 0 (corresponding to y = 0)

FO)=0, f(0)=1, g(0)=0, 6(0)=0, (4.15)

at 7 =1 (corresponding to y = 1)

f(yy=s, f(1y=0, g(1)=0, ¢1)=—— (4.16)
€3
Here S is the suction/injection parameter and Bi = %@ s the Biot number. The skin
K

friction coefficient and the local Nusselt number are defined as

Ty

Cf=—2 4.17
d pnfUE’ ( )
T4y
Ny=— "% 4.18
Kng(Ta — To) (4.18)

or N 160*T32 0T | the Leat fl
= —Kpf— — is the heat flux.
fay 3k* Oy

Using similarity transformations from Eq. (4.7), Eq. (4.17) and Eq. (4.18) give

ou
where 7, = 1, I is the shear stress and g,
Y

_ Uk [ ()

C3 ) Cr= 1 , (4.19)
S| a-ops
(1—¢)+ ™"
)
Nu) = ﬁNux =—0'"(n)(1+ M) (4.20)
x €3
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for n =0 and 1.

4.2 Numerical method

The boundary value problem (4.8), (4.10) and (4.12) with boundary condition Egs.
(4.15, 4.16), is solved numerically in this section. Equations (4.8), (4.10) and (4.12)

are first converted into a system of first order equations by using following substitutions

n=1F vo=1 y=1" u=1" ys=9 yo=9, yr=0, ys=0.  (4.21)

This gives
Yy Y2
yé Y3
yg Ya
Y e1A1(Yays — y1ya) + 2Ase1y6 + Mys
= (4.22)
yé Ys
Y6 e141(Ysy2 — 11Ys) — 261 A2y + Mys
?/7 Ys
A
K i ey (_5_3,152PTyly8 - Qe_?) |

Whereas the relevant boundary conditions from Eq. (4.15-4.16) are
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-yl(O)- 0

y2(0) 1

y5(0) 0

O _ : (4.23)
(1) S

y2(1) 0

ys(1) . 0

_y7(1)_ __BZZ - 1)_

Equation (4.22) gives the system of first order ODEs along with boundary conditions
Eq. (4.23). This system is solved using bvpdc in MATLAB. The following section gives

detailed analysis of the solutions.

4.3 Results and discussion

In this section, graphical and tabular results for single and multiple wall Cyr are
observed with different physical parameters including suction / injection parameter
(S), Reynolds number (A;), rotation parameter (As), nanoparticle volume fraction (¢),
magnetic parameter (M), thermal radiation parameter (N7) and the heat generation

or absorption parameter (Q).
4.3.1 Velocity and temperature

Velocity and temperature graphs are discussed in this subsection
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Figure 4.2: Velocity variation in (a-b) and temperature in (c) with respect to n for
diverse choices of ¢ with Bi = 10.

Figure 4.2(a-b) demonstrate the changes in velocity for diverse choices of ¢, for

SWenr. Both f'(n) and g(n) are higher as compared to that for MWeyr. This is

opposite to the behavior recorded in the absence of M, Nr and @ in [19]. Figure 4.2(c)

shows the fluctuation of 6. For SWenr, temperature profile is higher than that for

MWenr for a fixed value of ¢. This is a little different from that shown in [19], as the

boundary conditions are different.
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Figure 4.3: Velocity variation in (a-b) and temperature in (c) with respect to n for
diverse choices of S with Bi = 10.

Figure (4.3)-(4.7) are plotted to show the behaviors of velocity and temperature for
varying S, A; and A, in the case of SWonr.
Figure 4.3(a-c) depict the changes in velocity and temperature for diverse values of S.
In both Figs. 4.3(a-b), the behavior of f'(n) and g(n) is quite similar to that recorded
in [19] which is that the velocity increases with increasing S. In Fig. 4.3(c) temperature

decreases with increasing values of S.
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Figure 4.4: Velocity variation in (a-b) and temperature in (c) with respect to n for
diverse choices of A; with Bi = 10.

In Fig. 4.4(a), firstly f’(n) is showing an increasing behavior then it decreases at
mean position while in Fig. 4.4(b), g(n) is decreasing for increasing value of A;. This
is quite similar to the behavior recorded in [19], in the absence of M, Nr and Q. In

Fig. 4.4(c), temperature profile is decreasing with an increase in Aj.
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Figure 4.5: Velocity variation in (a-b) and temperature in (c) with respect to 7 for
diverse choices of Ay with Bi = 10.

In Fig. 4.5(a-c) we can observe the fluctuation of velocity and temperature profile
for rotation parameter A,. In Fig. 4.5(a-b), for different values of Ay, f'(n) and g(n)
decrease with an increase in 7). Variation of g(n) is higher at mean position as compared

to the boundary. In Fig. 4.5(c), temperature profile shows decreasing behavior with

increasing As.
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Figure 4.7: Temperature variation for diverse choices of Nr and ) with Bi = 10.

Figure 4.6(a-b) illustrates the effect of M on velocity f’(n) and g(n). The velocity
distribution is observed to decrease. The Lorentz force, which opposes fluid motion
and decreases fluid freeedom of movement, is produced by a magnetic field. Therefore,
when magnetic field increases, the retardation force increases as well, and this resistance

to the flow is what causes the fluid velocity to decrease.
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In Fig. 4.7(a-b), the effect of radiation Nr and heat source @) on temperature of the
fluid is represented. As observed in Fig. 4.7(a), an increase in Nr results in decreasing
temperature. Figure 4.7(b) displays that the temperature rise as heat source (Q)

ncreases.

4.3.2 Skin friction coefficient (C}) and local Nusselt number
(Nu3)

In this section, the comparison between previous results [19] and current results for C
and Nu) at 7 = 0 and 1 are shown.

Table 4.1 shows how changes in the S, ¢ and M affect C} at n = 0. With the rise
in M, C} decreases. In case of ¢, both previous [19] and present results show similar
behavior. For S = 1, C} increases as ¢ increase but for S = 0 and —1 it shows an
opposite behavior.

Table 4.2 represents the effect of increasing values of S, ¢ and M on C} at n = 1. In
comparison with Table 4.1, for S = 0,1 behavior of C7} is same as M increases but for
S = —1, value of Cf rises. In case of ¢, behavior of C} is opposite as it was in Table
4.1 for S = 1. (% falls with the rising values of ¢ at S = 1.

Table 4.3 and 4.4 show the effect of variation of ¢, S, Nr and ) on Nu} at n =0 and
n = 1 respectively. In both cases, Nu} rises with the rising values of () while it falls

with the rising values of Nr and ¢ .
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S 0] M Present skin fric- | Results from Hussain et. al
tion 19] (M =0)
-1 0.0 2 -10.2194 -9.750415
0.1 -11.4843 -10.9595
0.2 -13.582 -12.965
-1 0.2 1 -13.2767
2 -13.582
3 -13.8812
0 0.0 2 -4.30362 -4.04541
0.1 -4.81925 -4.52952
0.2 -5.67422 -5.33224
0 0.2 1 -5.50537
2 -5.67422
3 -5.83904
1 0.0 2 2.04464 2.1137
0.1 2.27874 2.35531
0.2 2.66702 2.75608
1 0.2 1 2.71019
2 2.66702
3 2.62633

Table 4.1:Results of skin friction coefficient (Eq. 4.19) for varying choices of ¢, S and
M with A; = A, = 0.5, Bi=10, Nr =04, Q@ =0.5 and Pr =6.2 at n = 0.
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S [0) M Present skin fric- | Results from Hussain et. al
tion 19] (M =0)
-1 0.0 2 8.51706 8.39761
0.1 9.49932 9.36315
0.2 11.129 10.9653
-1 0.2 1 11.0465
2 11.129
3 11.2126
0 0.0 2 1.91557 1.97626
0.1 2.15016 2.21844
0.2 2.53909 2.61996
0 0.2 1 2.5783
2 2.53909
3 2.50212
1 0.0 2 -4.14171 -3.89058
0.1 -4.65604 -4.37324
0.2 -5.50936 -5.17412
1 0.2 1 -5.34374
2 -5.50936
3 -0.6715

Table 4.2:Results of skin friction coefficient (Eq. 4.19) for varying choices of ¢, S and

M with A; = A, =0.5, Bi =10, Nr =04, Q =0.5and Pr=6.2at n=1.
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S [0) Nr Q Present local | Results from Hussain et. al
Nusselt number | [19] (Nr=Q = Bi=0)
-1 0.0 0.5 0.5 0.301895 0.679423
0.1 0.109816 0.900841
0.2 0.0649132 0.950317
-1 0.2 0.5 0.5 0.0649132
1 0.0648088
2 0.0646422
-1 0.2 0.5 0.5 0.0649132
1 0.131662
2 0.27106
0 0.0 0.5 0.5 0.293849 1.161792
0.1 0.109518 1.049914
0.2 0.0652628 1.025075
0 0.2 0.5 0.5 0.0652628
1 0.0651253
2 0.064908
0 0.2 0.5 0.5 0.0652628
1 0.13237
2 0.27251
1 0.0 0.5 0.5 0.277623 1.628918
0.1 0.108403 1.201072
0.2 0.0654577 1.101120
1 0.2 0.5 0.5 0.0654577
1 0.0653141
2 0.0650836
1 0.2 0.5 0.5 0.0654577
1 0.132754
2 0.27325

Table 4.3:Results of local Nusselt number (Eq. 4.20) for varying choices of ¢, S, Nr

and Q with Ay = A, =0.5, Bi=10, M =2 and Pr =6.2 at n = 0.
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S 0] Nr Q Present local | Results from Hussain et. al
Nusselt number | [19] (Nr=@Q = Bi=0)
-1 0.0 0.5 0.5 0.319987 2.430418
0.1 0.0745681 1.352954
0.2 0.032436 1.167790
-1 0.2 0.5 0.5 0.032436
1 0.0323131
2 0.0321174
-1 0.2 0.5 0.5 0.032436
1 0.0660433
0.137031
0 0.0 0.5 0.5 0.237746 0.898759
0.1 0.0685953 0.967426
0.2 0.0315805 0.983472
0 0.2 0.5 0.5 0.0315805
1 0.0315236
2 0.0314334
0 0.2 0.5 0.5 0.0315805
1 0.0642906
2 0.133347
1 0.0 0.5 0.5 0.167682 0.265542
0.1 0.0621762 0.674384
0.2 0.0305971 0.822238
1 0.2 0.5 0.5 0.0305971
1 0.0306265
2 0.0306707
1 0.2 0.5 0.5 0.0305971
0.0622718
2 0.129088

Table 4.4:Results of local Nusselt number (Eq. 4.20) for varying choices of ¢, S, Nr

and @) with A; = Ay =0.5, Bi=10, M =2 and Pr=6.2 at n = 1.
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Chapter 5

Conclusions

In this thesis rotating channel is considered containing MHD nanofluid. In addition to
MHD (represented by M), the effects of radiation and heat source are also analyzed.
The governing partial differential equations include various parameters such as the in-
jection / suction (S), Reynolds number (A;), rotation (Ay), radiation (Nr) and heat
source (@). The effects of these parameters are analyzed on velocity, temperature,
local nusselt number and the skin friction coefficient. A system of ordinary differen-
tial equation is obtained using similarity transformations and the MATLAB built-in
function bvpdc is used to obtain numerical solutions. These solutions are obtained for
representative values of the effective parameters and are illustrated graphically.

The following observations are made:

e As the volume fraction of nanoparticles increases, the velocity and temperature

are found to increase.
e Velocity profile decelerates with increasing M.

e As the heat in the system increases, that is with increasing @), the temperature
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of the fluid rises.

o SWenr have lower skin friction coefficient as compared to MWenr which indi-

cates that SWenr produce less resistance to fluid flow.

e As compared to MWent, SWent show higher heat transfer rate since these bear

higher local Nusselt number.
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