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NOMENCLATURE

2D Two dimensional

3D Three dimensional

(u,v,w) Velocity components

ODE Ordinary differential equation
A Stretching parameter

PDE Partial differential equation
HAM Homotopy analysis method

T Fluid's temperature

M Magnetic parameter

T, Fluid's temperature at wall

A° Thermal expansion coefficient
T, Ambient temperature

r

Gravity dependent parameter

(71'72’73174)

Constants

Nc Convective parameter

(a, b,c) Stretching rates

Qo Thermal diffusivity of hybrid nanofluid

) Nanoparticle volume fraction of hematite

Pr Prandtl number

é, Nanoparticle volume fraction of copper oxide

(Vi Ves s Vit ) Kinematic viscosity of (fluid, nanofluid, hybrid nanofluid)
b, Nanoparticle volume fraction of silver

((Cp) 1 (Cp)ar (Cprmr)

Specific heat capacity of (fluid, nanofluid, hybrid nanofluid)

Ec

Eckert number

(K¢ Ky K ) Thermal conductivity of (fluid, nanofluid, hybrid nanofluid)
((C)u: (C))s2) Specific heat capacity of nanoparticles

(K, Ky,) Thermal conductivity of nanoparticles

w Angular velocity




Q Rotation parameter

(Os s Lot » Pon ) Density of (fluid, nanofluid, hybrid nanofluid)
i Concentration diffusivity of hybrid nanofluid
Q Dimensional heat generation / absorption coefficient
& Constant rate of 1 order chemical reaction
q, Radiation flux

o Stefan-Boltzman constant

0 Mean absorption coefficient

R Radiation parameter

Sc Schmidt number for chemical reactions

Ry Chemical reaction constraint

k Velocity slip factor

o) Heat generation parameter

a Velocity slip parameter

yij Thermal jump parameter

7 Extra stress tensor

(Q,,0)) Properties of Eyring-Powell fluid

(ALA) Chemical species

(a,a,) Concentrations of chemical species

(k,.k) Rate constants

q Heat flux

A Heat flux relaxation time

(@), Positive dimensionless constant

(Fy Fa) Coefficients of diffusion species (A, A,)
(7.6.,6,) Parameters of Eyring-Powell fluid

Le Lewis number

I Thermal slip factor

o thermal relaxation parameter

Ratio of diffusion coefficient




K, Fluid's thermal conductivity far away from the plane
] heterogeneous reaction strength

A Dimensionless thermal relaxation time

j Mass flux

C Concentration of the fluid

C, Ambient Concentration

Dy Brownian diffusivity

A Relaxation time of mass flux

o, Homogeneous reaction strength

k(T) Temperature dependent thermal conductivity

L Reference length

A, Dimensionless relaxation time of concentration
Sc, Schmidt number

@), Positive dimensional constant

C) Variable thermal conductivity parameter

Re Local Reynolds number




Chapter 1

Introduction

Heat transfer is an ubiquitous process occurring in nature. In an incompressible
fluid, this phenomenon has attained broad consideration because of its utilization
and developments in industry. These developments include rolling the steel at high
temperature, metal extrusion, metal working process, paper production, glass fiber
production, crystal flowing. Ostrach [1] evaluated these applications. Crane [2] in-
vestigated 2D flow for a stretched surface. He analyzed Nusselt number and skin
friction. Wang [3] considered the 3D flow by utilizing the stretched surface. Later
on, this work is extended by many investigators [4 — 15] by considering different
geometries. Some other applications related to stretching surface may be found in
[16 — 19]. However flow analyses over exponentially stretching sheets are examined
sparsely [20 — 24]. Magyari and Keller [25] scrutinized the influence of viscous fluid
induced by exponentially stretching surface. The heat transport phenomenon in a

nanofluid flow produced by exponentially stretching sheet was beautifully analyzed



by Nadeem and Lee [26].

Nanofluids are a classification of heat transfer fluids which are engineered suspen-
sion nanoparticles(1-100nm) dispersed in the fluid. Usually base fluids incorporate
water, organic fluids (e.g. ethylene, triethylene and so on) engine oil, polymeric so-
lutions, bio-fluids and other base fluids. Medium normally utilized as nanoparticles
encompass carbon in different structures (e.g. carbon nanotubes, graphite, diamond)
metals (e.g. copper, silver, gold), metal oxides (e.g titania, zirconia) and functional-
ized nanoparticles. Utilization of nanofluids has found an extensive variety of poten-
tial applications. Choi was the first one to study enhancement of thermal conductivity
in nanofluids [27]. As indicated by applications, nanofluids are listed as heat trans-
fer fluids, bio and pharmaceutical nanofluids, medicinal nanofluids, environmental
nanofluids etc. Numerous analysts contemplated how the size, concentration, shape
and other properties influence heat transfer rate of fluid. The fusion of specialized
liquids which are designed to enhance performance of heat transfer has turned out to
be progressively appealing lately. So this subject has tempted vast interest from an-
alysts as a result of fascinating properties and applications [28 —37]. Chen et al. [38]
presented an approach to estimate thermal conductivity of liquid having nano-sized
particles, depend on their rheological properties. Zhou et al. [39] examined aspects of
conductivity for different variety of mixtures. Heat transfer enhancement and thermal
conductivity in nanofluids had been studied by [40]. Kabeel et al. [41] examined the
performance of heat transfer of plate with alumina-water nanofluid and water-water

fluids. Significance and importance of nanofluids to increase the heavy duty engine



and automotive cooling rates was explained by Peyghambarzadeh et al. [42]. The
improvement in heat transfer with the help of nanoparticles concentration and flow
conditions was considered in [43]. Duangthongsuk and Wongwises [44] exposed differ-
ence among experimental data and computed thermophysical properties of nanofluids
on heat transport phenomena. Quiet recently numerous experiments have been done
with variety of nanoparticles suspended in base liquid named as ”Hybrid Nanofluid”,
cutting edge nanofluid. These are reasonably a new class of nanofluids which have
enormous applications in different heat transport phenomenon. When nano-sized
particles are dispersed appropriately, hybrid nanoparticles offer colossal benefit hav-
ing exceptional thermal conductivity. Particularly, nanofluid flow is well-known for
high heat transport as compared to simple liquid. To improve it even more, hybrid
nanofluid is instigated. Many experimental research articles have been published with
the concept of hybrid nanofluid. Momin [45] carried out a study of mixed convection
for laminar flow with (Al,O3 — Cu/H0). Study on synthesize (Al,O5 — Cu/H50)
of hybrid nanofluid was examined by Suresh et al [46]. Further, Suresh et al. [47]
explored effects of (AloO3 — Cu/H>0) hybrid nanofluid in heat transfer. The pressure
drop properties of hybrid nanofluid was scrutinized by suresh et al. [48].

Heat transport occurs due to temperature gradient in the medium. Later, Catta-
neo [50] extended this law by adding relaxation time. Christov [51] had given detailed
analysis of energy equation for the examination of heat transfer process. After that,
researchers and analysts have demonstrated Cattaneo- Christov heat flux hypoth-

esis for viscous as well as Non-Newtonian flows for different geometries presented



in [52-56]. Study of liquid flows with chemical reaction has immensely attracted
recent researchers. These flows are consequential in various procedures. For sure
homogeneous-heterogeneous reactions occur in these procedures. These reactions in
a time independent, viscous, boundary layer flow have been firstly considered by
Chaudhary and Merkin [57]. Bachok et al. [58] examined the aspects of chemi-
cal mechanisms for stretched flow. Khan and Pop [59] studied impact of chemical
mechanisms by considering viscoelastic liquid.

Study of non-Newtonian liquids has achieved considerable scrutiny in fluid me-
chanic’s theory. The fluids which don’t comply with Newtonian’s law of viscosity
are dropped into a class of non-Newtonian liquids. In perspective of the various at-
tributes of these liquids, various non-Newtonian liquids model have been presented
in literature. Eyring- Powell fluid model [60 — 63] is one of non-Newtonian models.
In 1944, a complete mathematical modelling of Eyring—Powell fluid [64] presented by
Eyring and Powell. Mathematically, the Eyring-Powell fluid model is extra multiplex
but this model has a lot of advantages because its equations can be extracted from the
Kinematic theory of fluids relative to empirical relation. Also, for low and high shear
stress it completely diminishes viscous flow conduct. Nadeem et al. [65] scrutinized
Eyring-Powell liquid flow in an endoscope. Flow of Eyring-Powell liquid with shrink-
ing surface was explored by Rosca and Pop [66]. Hayat et al. [67] studied effects of
developed heat and mass flux models on 3D exponential flow of Eyring-Powell fluid.

The vigorous investigation on nanofluid got extraordinary improvement and it is

applicable on different type of conditions, dimensions and surfaces by numerous an-



alysts. But very few theoretical studies were published in field of hybrid nanofluid.
Our basic aim is to enhance the present comprehension of the flow and heat transport
of this new class of nanofluid called hybrid nanofluid. Moreover, existing data shows
that investigation related to 3D flow of Eyring-Powell liquid with revised heat flux
relation is not legitimately investigated. So, by considering different perspectives,
this thesis explores the flow and heat transport phenomenon for hybrid nanofluid and
Eyring-Powell fluid. The governing partial differential equations representing our
problems are complicated, highly nonlinear and coupled in nature. After using suit-
able similarity transformations, system of these equations are converted into ODEs.
But it is very challenging to find the exact solutions of these types of problems. Hence,
the numerical and analytic series solutions will be achieved by using the BVP-4C and
optimal HAM. Detail of these methods are provided in Chapter 2 and Chapter 3.
Additionally, the impacts of various physical parameters will be considered for better
understanding and to see the physics of the problem.

This thesis consists of EIGHT chapters containing diverse features of above men-
tioned fluids detailed below which have been already published in international peer
reviewed journals of good impact factors. The order of the thesis is as follow:

Chapter 1 covers the introduction, motivation and methodology of the thesis.

In Chapter 2, aspects of time-independent 2D magnetohydrodynamic flow of
Hematite—water nanofluid for a convective stretched surface is considered. The gov-
erning PDEs are converted into ODEs by using transformations. Then obtained math-

ematical data is tackled analytically by optimal HAM. Impacts of physical parameters



are explored through graphical and tabular form. These contents are published in
“Neural Computing and Applications, (2017) 1-8, doi: 10.1007/s00521-
017-3139-9".

In Chapter 3, numerical treatment of rotating Ag—CuO /water hybrid nanofluid
flow with heat generation and absorption is examined. The comparison between heat
transport properties of hybrid nanofluid and simple nanofluid is also investigated. The
governing equations are solved numerically with BVP-4C technique. These contents
are published in “Canadian Journal of Physics, https://doi.org/10.1139/cjp-
2018-0011".

In Chapter 4, we have studied the rotating hybrid nanofluid flow with radiation
and heat source sink. Three dimensional stretching surface is considered in this chap-
ter. Aspect of chemical reactions is also discussed. Solution is acquired numerically
by using BVP-4C. Outcomes show that heat transport rate of hybrid nanofluid is
higher than ordinary nanofluid and its efficiency can be increased by choosing differ-
ent and proper portions of nanoparticles. These contents are published in “Results
in physics, 7 (2017) 2317-2324".

In Chapter 5, impacts of partial slip and thermal slip on three dimensional rotat-
ing hybrid nanofluid are analyzed. Effects of thermal radiations are also considered
here. BVP-4C technique is applied to solve the system of equations. Comparison
of heat transport rate of old data with present outcomes is also provided. These
contents are published in “The European Physical Journal E, (2018) 41: 75”.

In Chapter 6, three dimensional Eyring-Powell fluid flow with revised heat flux



relation and chemical processes with stretched surface are considered. The system of
reduced ODEs are simplified by OHAM. These contents are published in “J. Brazil-
ian Society Mech. Sci. Eng., (2018) 40:538 ”.

Chapter 7 is associated to flow of Eyring-Powell fluid using revised heat flux
relation and chemical reactions. Three dimensional exponential stretching surface is
considered in this chapter. Numerical solution is obtained by using BVP-4C tech-
nique. These contents are published in “Results in Physics, 8 (2018) 397-403”.

In Chapter 8 three dimensional chemically reactive exponential flow of Eyring-
Powell liquid subject to generalized relation is discussed. System of six highly coupled
and non-linear equations is handled through BVP-4C. Comparison of our outcomes
and previously published data for a limiting case is also taken into account. These
contents are published in“Results in Physics, 7 (2017) 3910-3917”.

Furthermore, probable extensions of the present study are discussed at the end.



Chapter 2

Magnetohydrodynamic aspects for
2D Hematite-water nanofluid over

a convectively heated surface

Magneto-hydrodynamic aspects for two dimensional (2D) Hematite—water nanofluid
with convective boundary conditions are considered. Governing PDEs of MHD nanofluid
using hypothesis of boundary layer reduced into system of nonlinear ODEs. The so-
lutions of these equations are found analytically with OH AM. Graphs are ploted for
various physical parameters. It is anticipated that rate of transport rises as we boost

volume fraction of nanoparticle and it decreases with Eckert number.
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Figure 2.1: flow diagram

2.1 Formulation of the Problem

Let us suppose an incompressible 2D flow of a nanofluid. Fluid occupies y > 0
with U, = ax where a > 0 (See Fig. 2.1). The surface is heated from hot fluid
by a convective heat transfer at Ty . Further, fluid is electrically conducting with
consistant mhd By which is applied uniformly and perpendicularly to flow in absence
of electric field. The aspects of induced mhd are negligible. The governing transport

equations are written as [68-69]:

V.V =0, (2.1)

pnyaj = V.T1pnsB + pyg, (2.2)



dr

(PCp) s = V.(KnVT) + trac(T,.L), (2.3)
where
Ty = —pI + p Ay (2.4)
V = [u(z,y), v(z,y), 0], (2:5)
A, =L+L" (2.6)

First Rivilin-Ericksen tensor is

90u u 4 Qv
oz 0 oz
A = Y (2.7)
ou ov Ov
ay T 25

The Cauchy stress tensor is given by

DA 2ing G g Ge g ge O
To= 1 g5+ sy —p+2p% 0 (2.8)

0 0 —p

Using Egs. (2.4)-(2.6) in Eq. (2.2) we get
prsa; = —Vp+ gV - Ay (2.9)
Due to MHD, an extra term J x B has been added in the equation (2.9) i.e.
JxB=—0,BV, (2.10)
Eq. (2.9), therefore

Pnfaj = —Vp + ,uan : AL — anfBgV, (211)

10



For j =1,2

du ou
g =—=u—+v
YT at Ox
_dv  Ov n
“C=a " Yor T
Using Eqs. (2.12)-(2.13) in Eq. (2.11), we get
For j =1,
ou ou -1 @ o Hnf 0%u N pinf O%u

U— F+V— = — —
Or 0y pnpOr  puyp 0% poy Oy
and for j = 2, we get the second equation that is

dv Qv iy OPu o, v 1 Op

Y0x T8y T pug 000y " puy 002 pas Oy

Applying boundary layer phenomena

while Eq. (2.15) reduce to

Boundary condition are

ov

a_y.

finy 0%V B onrBiu

Py Oxdy

+2

Pnf

Png OY?

Pnf

Y

fing v onpBiv

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

uw(x,y) = Uy(x) = ax, v(z,y) =0,—K,; (—) =h;(Ty—T) at y=0, (2.19)

dy

u(z,y) = Us (z) = cx, T(x,y) > T as y — 0.

11

(2.20)



Using Eq. (2.20) in Eq. (2.17), we have

—1 @ o Uooano n UnfBgUoo.

e =V (221)

Subtituting Eq. (2.21) in Eq. (2.17), we get To derive the Equation of thermal energy,

u@ N v@ _ U()@(?UOO N *u  o.4Bd
ox y

1 0
o l/"fa—yQ Py (u - UOO) + P [pfﬁ g(T - Too)]
(2.22)

we need the following quantities

dT 0 0

V(Ko VT) = Ko (— + —2) : (2.24)

—p3E + 2ping (32)° (2) (—p+ 2as2)
+(5) (Mnfg—Z + an%) + (

(5%) (Mnfg—z + %f%) (a—Z> (g G + Hnf 52)
+

ov ov ov v
+(52) <_p+2,unfa_y) a—y> (—p+2unfa—y)

T, L= , (2.25)

ou ou ov ou ov
trac(T1L)=(5-)(=p + 2ins 5 ) + (a—x)(unfﬁ—y + g5 -)

ou ou ov ov ov
V(g — + fing—) + (=) (=p + 2tns—). 2.2
+(ay)(” fay+u fa$)+(ay)( p+ Mfay) (2.26)

Using Egs. (2.23), (2.24) and (2.26) in Eq. (2.3), we get
PLEIILEAN. (82T+82T b (Gu O
Ox oy (pep),; Ox* — Oy? (pcp),; Oz Oy

2py 0w, OV 2ny ,O0u,  Ov
J— _|_ J—
(Pep), s (5

tng Oty
(pcp)nf Ay

fing OV,

* o G, 00 ), o)

+ (2.27)

12



The above equation in simplified form is

ua—T+va—T—(a )(82T+82T B (O‘nf>P(a_“+@
ox oy N g2 0y? K,y "0x Oy

)

2pinf(0ny) . Ou y ov 2pnf(0ny) Ou,  Ov ng(Cng) OV
* K,y ox +(8y) I+ K,s (Gy 61’)+ K,f (83:)
fng(Qny)  Ou
—_— 2.2
+ Koy (ay) (2.28)

u=0(1), z=0(1), T=0(1), v=0(0), y=0(5), vy = O0(?), ans = O(6).

Eq. (2.28) becomes,

or — oT O*T  ping(any) Ou
- " 2.29
U Ty = (a f)ay Koy (ay) (2.29)
The governing equations in simplified form are
ou Ov
4222 =0 2.30
5 oy = (2.30)
ou  Ou U, P*u  onp 1
v = U= F e — L B2 — Us) + —[p8°¢(T — Too)], (2.31
ugy T e Ty ot o(u )+p [0s579( )], (2.31)
T T T
0 0 d HonfCny au) (2.32)

“a_x+ 8y anfﬁy K,y "0y

where ayf, s, pny and K,y are defined in Table. 2.1.

u(w,y) = Uy (x) = ax, v(z,y) =0, — Ky (g—D —hy(Ty —T) at y=0, (2.33)

w(x,y) = U () =cz, T(z,y) > T as y— oo, (2.34)

We introduce following conversions

Rle

n=y =axf'(n), v=—Vavf(n), 0(n) = T T (2.35)

13



Utilizing Eq. (2.35), Eq. (2.30) is disappeared and Eqgs. (2.31-2.32) yield:
i = PN = p[M(f = X) +r6] =0, (2.36)
730" + Pr(f0' + v Ecf") =0, (2.37)

with boundary conditions

f=0, f/=1,60 =—=Nc[l1-6] at n=0, (2.38)
f'=X 6=0, asn — oo, (2.39)

where the physical parameters are defined as

/\:E,7r:Tf_2TOOM:ULBSPI‘:L'/ NC: zhf :M7
a a’x pra ay a K,y KTy —Tw)
(54)
1 y 1 ) Ky
M= - .10 12 = 17 /3 = (pCp)s1’
(1= ¢)*°[(1 = ) + &7] [(1=¢)+ 0] [(1—¢) + oA ]
1

T Aol 0+ oG

The Skin friction C'y and transport rate Nu, are defined as

T q]c[lf

" U2 Kp(Ty — T
Making use of Eq. (2.35), Eq. (2.41) is as
| Nuy  Knf .,
VReCy = o f(0), === = ==220/(0), (2.42)

(1-¢) VRe  Kj

14



Uz
vy "

where Re =

2.2 Solution Technique

The coupled nonlinear system (2.36) to (2.39) is handled analytically with Optimal
HAM (OHAM). Comprehensive description of OHAM is beautifully alaborated by
Liao [70], therefore to avoid the repetition we skip the detail and just define the

important quantities. Starting guesses and operator are defined as

folm) =+ (=N =e ), o) = (o)™ (249
_¢f _ & df
Ly (f) = i Lo(0) = a7 Ty (2.46)

The convergence for the solution depends mainly on h; and hy which are utilized
to obtain analytic solution via OHAM. From Fig. 2.2, we can visualize 11** order
approx. Convergent results are well presented in tabular form (2.1 —2.2). It has been
witnessed that growth in the order of approximation lessens the total residual error
(ef.) consequently guarantees the solution convergence. So, we notice that OHAM

gives appropriate procedure to pick parameters which gives convergent results.
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Table 2.1: Individual residual square errors for ¢/, and €’ .

ol

Q001

Figure 2.2: Graphical representation for 11** order approximation.

values> | hy =—1.57809 hy =—1.1836
€ €m
4 0.0000586612 0.00201884
8 3.46534 x 107 | 0.0000158615
12 1.1515 x 1077 | 1.50674 x 107°
18 472789 x 1078 | 1.26305 x 10~°
22 2.64815 x 1078 | 1.37207 x 107°
24 1.97362 x 107® | 3.501 x 1071
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Table 2.2: The convergence of parametric values for average residual square errors

(ef,) by OHAM.

e hy hy €
2 —1.70541 —1.00941 0.00770093
4 —1.27552 | —0.792843 0.00154008
6 —1.65486 —1.05643 0.0000448689
8 —1.33777 —1.16387 | 2.47712 x 1076
10 —1.33284 —1.11819 1.43086 x 107°
12 —1.38412 —1.2082 2.52638 x 1077
14 —1.57772 —1.19275 1.43531 x 1077
16 —1.67855 —1.19196 | 8.84055 x 10~®
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2.3 Graphical Outcomes

For the better understanding of problem, graphical examination of aspects of physical
parameters A, M, Nc, Ec and ¢ on f'(n) and 6(n) are elaborated in Figs. [2.3 —2.9].
Fig. 2.3 represents influence of M on velocity field f'(n). Fig. 2.4 clarify the impacts
of Ec on 0(n). Physically, an increment in the internal energy cause increase in tem-
perature. F'ig. 2.5 show the effects of Nc on 0(n). There is a rise in temperature with
increase in Ne. Fig. 2.6 explain aspect of ¢ on 0(n). There is a rise in temperature
with the enhancement in ¢. Physically, with the increment in ¢, heat energy increases
which eventually boost the temperature. Fig. 2.7 elucidate the impact of A on 6(n).
Increment in A correlates with higher stretching rate so obviously reduce the temper-
ature. Thermo-physical properties of hematite and water are in Table 2.3. Aspects
of parameters on friction factor and transport rate are provided in Table 2.4. Table

2.5 provide comparison of our results with Pop [6] (described in [71 — 72]).

Table 2.3: The Thermophysical properties of base fluid and Hematite nanoparticle.

Properties | H,O | Hematite

p(kg/m3?) 1997 | 5180

C,(J/kgK) | 4179 | 670

K(W/mK) | 0.613 | 9.7

Pr(m?/s) 6.2 -
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Table 2.4: Comparison of f”(0) for various A values with literature.

A | Pop et al. [6] | Our outcomes
0.1 | -0.96938 -0.96937

0.3 | -0.84942 -0.84940

1.0 ] 0.0 0.0

2.0 | 2.01750 2.01750
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I

Figure 2.3: Effects of M on f'(n).

0.6 ——Ec=0.0
-=--Ec=0.5
"""" Ec=1.0
0 2 4 6
n

Figure 2.4: Effects of Ec on 0(n).
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\
- ---Nc=0.5
0.41
—_ O N c=1.0
= M - N c=1.5
0.2
AIGY
o~
0 2 6

Figure 2.5: Effects of Nc on 6(n).

Figure 2.6: Effects of ¢ on 6(n).




—=0.0
- --\=0.2
-------- A=0.4
----- A=0.6
-------- A=1.0
S+ \=1.5
L \=2.0

Figure 2.7: Effects of A on 6(n).
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Table 2.5: Aspects of physical parameters on friction factor and heat transport rate.

M

Ec

Nec

Cf Re%

Nu, Res

0.0

0.5

0.1

0.5

-0.768854

0.337401

0.1

-0.703101

0.346810

0.5

-0.353752

0.375481

0.5

0.0

-0.349361

0.375614

0.5

-0.353752

0.375481

1.0

-0.390326

0.374692

0.1

-0.353752

0.375481

0.5

-0.336012

0.342264

1.0

-0.277429

0.311199

0.1

-0.464620

0.0916735

0.5

-0.353752

0.375481

1.0

-0.351414

0.609997

23




2.4 Remarks

Effects of magnetohydrodynamic on Hematite-water nanofluid over a convectively

heated stretched surface has been examined. The observation is as follows

The velocity field f” declines when we boost M but it rises with .

There is a rise in temperature as we enhance ¢, Ec and Nc.

The heat transport rate declines with the augmentation in Ec and M.

Increase in convective parameter Nc helps the phenomenon of heat transport.
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Chapter 3

Numerical analysis of rotating
Hybrid nanofluid with heat

absorption

This chapter is carried out to investigate aspects of (MHD), heat absorption/generation
and nanoparticle’s volume fraction on flow of hybrid nanofluid for a stretched sur-
face. Comparison of heat transport properties of conventional nanofluid wit hybrid
nanofluid is also taken into account. To study Lorentz force aspects on 3D stretching
surface, a model of "thermophysical properties” is considered. Whole system includ-
ing nanofluid and surface is in rigid body rotation about an axis normal to plane
with constant angular velocity. Nonlinear PDEs has been solved using some trans-
formations and sought out with an efficient numerical technique BVP-4C. Aspects of

physical parameters have been explained through graphs and tables. From current
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microscopic view

u= U, (x)

Figure 3.1: Physical regime of the problem.

analysis, heat transport rate of Hybrid nanofluid is very higher as nanofluid.

3.1 Mathematical Formulation of the Problem

Assume time-independent, 3-D, magnetohydrodynamic, viscous, electrically conduct-
ing, rotating flow of hybrid nanofluid. The fluid occupies z > 0. Also flow induction
is due to stretching of surface at z = 0 (see Fig. 3.1).

Here (Ag) and (CuO) nano-size particle with (H20) as a base liquid are used.
At beginning, CuO(¢;) of 0.1 vol. is added in base liquid to form CuO — water.
Thus, for Ag — CuO/water, Ag(¢2) with many volume fractions are scattered in
CuO — water. It is rotating in such a way along vertical axis that w* is constant.

With these assumptions, the governing system is written as [73]:

u=U,=ax, v=V,=by, w=0, T=T,, at z =0, (3.5)
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@_F@_Fa_w—o
or oy 0z

ou n ou n ou 0" 0%u a;meg
U +F V— + W— — 20"V = Vppr—=—" — u,
or Oy 0z "l 822 Phnf
ov n ov n ov Lot v opny B
U— + V— + W= + 20U = Vpp = — v,
ox oy 0z 922 Phnf
oT oT oT o*T
U— + v— @ T—Ty),

oz "oy TV T E T G, iy

u—0, v—=0, T—=>T, as z— .

By introduced transformations

u=axf'(n), v=ayg(n), w=—avy(f(n)+g9n)),

a T — T,
vy T, —Ty
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Consequently, the above problem reduce to

() = (1= 61)**(1 = 62)>°[(1 — o) {(1 — 1) +¢1<’)“>} +¢2<"52>]

<[(F'm)* = F" ) (f(n) + g(m) — 2909 ()] = (1 — ¢2)**(1 = d2)**M*f'(n) = 0,

(3.8)
g"(n) — (1= $1)*°(1 = 2)*°[(1 — do){(1 — ¢1) + ¢1<p51>} + ¢2<”j>1

<6/ ~ o) (Fn) + 9(m)) + 25 7)) — (1= 60)2(1 = 62)° Mg (5) =0,

(3.9)
K201 () 4+ Pr{(1 — 62){(1 — 1) + 62 (2522} o
+o (LA (f () + () (n) + 6:6(n) = 0,
f=0, fi=1 g=0 g¢g=x 0=1 at =0,
=0, ¢—=0 0—-0 as n— . (3.11)
Where 2, M, X\, 6; and Pr are defined as,
ES 2
Q - &7 M - JhnfB07 )\ - 97 51 = Q PI' = Vf(pCP)f’ (312)
a apy a a(pCy) ¢ Ky
and
uhnf(?;—) hng(52)2=0 a:K;mf (8T>
C T - 5 Cy, = = s Nux =
! pslax) M py(ax)? Ky (Tw —T) \ 0z )|,
(3.13)
1 1 11 -1 1 "
Rez Cf:): (1 — ¢1>2.5<1 — ¢2)25f (0), 0 " Rez ny (1 — (bl) (1 — ¢2)25g (O)
Re~% Nu, — — imf g (0) (3.14)
Ky
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3.2 Numerical solution

The coupled non-linear ODEs (3.8 — 3.10) with (3.11) are simplified using BVP-4C
technique [71 — 72]. In MATLAB, BVP-4C is applied to handle Eqs because of its
viability in solving BVPs which are very difficult than IVPs. In this procedure, system
of equations (3.8 — 3.10) escorted with boundary conditions is reduced to first order
ODEs. Then appropriate starting guesses are opted that satisfy conditions. The

procedure is as under:

let
_ 1 e pa pe2
R e (e R RS G PO )
(pcp)sl (pcp)82
=(1— 1— 1 —), 3.15
= (1= (1= 0n) + on (L)) (%) (3.15)
also
f:y17f,:y27f”:y37f”/:yéa (316)
9=y, 9 =vs, 9 =¥, 9" = s, (3.17)
O0=y;, 0 =y, 0" =yg. (3.18)
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and

Y2 =Yy (3.19)
Ys = Yo, (3.20)
Ys = i—j[yg — (y1 +ya)ys — 2Q0ys |, (3.21)
Ys =Yu (3.22)
Yo = Ys (3.23)
Yo = z_j[yg — (Y1 +ya)ye + 2(%)342 ], (3.24)
Ys =7, (3.25)
Ys = }—Pr[ps;(yl +ya )ys |, (3.26)
(=5
along with initial conditions that are given by

Yo (1) =0, 90 (2) = 1, %(3) = a,

Yo (4) =0, 50 (5) = A, w0 (6) = az,

Yo (7) =1, yo (8) = as. (3.27)

Here a; are the un-known parameters. Now we pick appropriate guesses with the
condition that solution satisfies at infinity boundary condition. Criterion to achieve
the convergence is set to 107%. The acquired outcomes exhibit aspects of dimensionless
parameters, €2, M, A\, 6; and Pr on liquid velocity, temperature, drag forces and heat

transport rate.
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3.3 Results and Discussion

Graphical analyses of flow and heat transport have been carried out to perceive cur-
rent situation. Comparison of velocity field for (Hy0), (CuO — water) and (Ag —
CuO/water) is presented in Fig. 3.2. Velocity of base fluid (H,0) is greater than
(CuO —water) and (Ag— CuO/water). Figs. (3.3 —3.4) demonstrate aspects of (M)
on f'(n) and ¢'(n). By increasing M, for both (CuO —water) and (Ag—CuO /water),
it is anticipated that there is enhancement in retarding force. Physically, the pres-
ence of transverse magnetic field creates Lorentz force which is resistive force and
restricts the motion of fluid. So by increasing magnetic field the Lorentz force in-
creases, that is why velocity and the associated boundary layer thickness diminish.
Moreover, velocity profile decreases as (£2) is augmented through Figs. 3.5 and 3.6.
The Figs. 3.5 and 3.6 also explain that the velocity of hybrid nanofluid is always
smaller than nanofluid velocity because addition of more colossal particle causes the
flow of the fluid to decay. Fig. 3.7 clarify aspects of A on ¢'(n). Physically, along y
axis, as vy increases, there is an increase in "rate of stretching”which implies rise in
velocity. Comparison for temperature profile for base liquid (H20),(CuO — water)
and (Ag — CuO /water) is exhibited in Fig. 3.8. Temperature for (Ag — CuO/water)
is higher than (H20) and nanofluid (CuO — water). Fig. 3.9 represents aspects of
M on temperature field. Fig. 3.10 shows aspect of €2 on temperature field. Rotation
enlarges thermal layer thickness. Additionally, instant increase in temperature is be-

cause of the hybrid nanofluid (Ag— CuO /water). The aspect of A on (n) can be seen
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in Fig. 3.11. We noticed that temperature distribution is the diminishing function of
A. As f’(n) rises, the thermal layer gets thinner which reduces temperature. Fig. 3.12
depict #(n) with ;. Increase in §; prompts an increase in temperature distribution
because of the reason that energy is produced at thermal boundary layer. In Figs.
3.13 — 3.14, by increasing 2, with the non-zero A, it is noticed that, in x-direction,
a normal stress in the tangential direction is decreasing to a particular value but in
y-direction, the same tangential stress enhances while hybridity increases skin friction
in both directions. In Table 3.1, thermophysical properties of nanofluid and hybrid
nanofluid are given. For spheric nanoparticles we put n = 3. Table 3.2 provides
the thermophysical properties at 25°C. From Table 3.3, by adding ¢,, the velocity
of the fluid increases which clearly reduces skin friction for both (Ag — CuO /water)
and (CuO — water). From Table 3.4, the 2 and M have decreasing impact but A
and ¢y have increasing impact on the rate of heat transfer. Continuously addition of
nanoparticles can exert more energy which increases the rate of heat transfer. Addi-
tionally, we have observed that hybrid nanofluid (Ag — CuO /water) has higher rate

of heat transport as (CuO — water).

Thermophysical Properties of Hybrid Nanofluid (Ag — CuO /water).
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prng = [(1 = @2){(1 — d1)ps + d1ps1}] + Paps,
- 2]
Fhnf = (1= ¢1)25(1 — §o)25
(pcp)hnf: (1= &){(1 - ¢1)(Pcp)f+¢1(PCp)s1}] + (/52(00;,;)527
King Ko+ (n—1)Kyr — (n = 1)¢o(Kyr — Koo)

be KSQ + (n — 1)be + qug(be — KSQ) ’
be:Ksl + (TL — 1)Kf — (n — 1)¢1<Kf — Ksl)
Ky Ka+(n— 1)Ky + ¢1(Ky — Ka)

Table 3.1: Thermophysical Properties of (CuO — water).

Properties Nanofluid (CuO — water)

Density (p) pny= (1 — ¢)pf+¢ps

Viscosity (i) P f= (PMW

Heat Capacity (6C) (0O, = (L= )(6C,) +(oC),
Thermal Conductivity (K) ]Ii"ff :Kszii_(i)_fi’;;ii;l()fgi_(gfs)

Table 3.2: The Thermophysical Properties of CuO, Ag and HyO.

Properties CuO Ag H,O

p(kg/m?) 6320 | 10500 | 997.1
C,(J/kgK) | 531.80 | 235 | 4179.0

K(W/mK) | 76.50 429 | 0.6130

Pr(m?/s) - - 6.20
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s
0.2 < 8

0.1 ~ i

Figure 3.2: Comparison of velocity field for (HyO), (CuO — water ) and (Ag —

CuO /water).

1 T T T T T
09/ A=0.5, Q=0.3, 6=1.0, (p2=0.1

CuO-water B

Ag-CuO/water B

£(n)

Figure 3.3: Velocity field for M in x direction.
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0.45 A=0.5, Q=0.3, 5=1.0, (p2=0.1

: CuO-water
0.35 1!
| ' I Ag-CuO/water
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Figure 3.4: Velocity field for M in y direction.
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Figure 3.5: Velocity field for €2 in x direction.
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Figure 3.6: Velocity field for €2 in y direction.
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Figure 3.7: Velocity field for A in y direction.
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Figure 3.8: Comparison of temperature field for (H20), (CuO — water) and (Ag —

CuO /water).

1 T T T T
0ol A=0.5, 0=0.3, 5=1.0, ¢,=0.1

0.8\~ ]
CuO-water
07 \ ~ B

ol ““““ Ag-CuO/water 4
c\ M=0.0, 2.0, 4.0

8(n)

Figure 3.9: Temperature field for M.
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0.1
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Figure 3.10:

Temperature field for (2.
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CuO-water

““““ Ag-CuO/water

Figure 3.11:

Temperature field for A.
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Figure 3.12: Temperature field for ;.
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Figure 3.13: Skin friction for M in x direction.
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Figure 3.14: Skin friction for M in y direction.
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Table 3.3: Variations of — f”(0), —g”(0) for CuO —water and Ag — CuO /water with

¢1 = 0.1.
QXN M | b |~ f(0) |~ 1(0) | iy’ (0) | =g (0)
0.1 | 0.5]0.71 | 0.06 | 2.04364 2.38553 1.18579 1.38416
0.3 1.93741 2.26152 1.53247 1.78884
0.5 1.88474 2.20005 1.86815 2.18068
03102 1.99092 2.32400 0.91252 1.06518
0.5 1.93741 2.26152 1.53247 1.78884
0.9 1.88373 2.19886 2.57639 3.00740
0 1.74780 2.04020 1.44325 1.68470
0.71 1.93741 2.26152 1.53247 1.78884
1.5 2.51442 2.93507 1.86305 2.17473
0.04 | 1.81933 2.01480 1.41764 1.56995
0.08 | 2.05920 2.53647 1.65120 2.03390
0.1 2.18521 2.84372 1.77456 2.30933
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Table 3.4: Variations of heat flux at surface —€'(0) for CuO — water and Ag —

CuO Jwater with ¢; = 0.1.

QN M g | HO(0) | —=L6(0)
0.1 05| 0.71 | 0.06 | 2.3941 2.1514
0.3 2.3486 2.1105
0.5 2.2881 2.0562
0.3 0.2 2.017 1.8126
0.5 2.3486 2.1105
0.9 2.7024 2.4285
0 2.3827 2.1412
0.71 2.3486 2.1105
1.5 2.2262 2.0006
0.04 | 1.6358 2.1781
0.08 | 1.6975 2.2599
0.1 1.7293 2.3021

3.4 Conclusion

In this chapter, numerical analysis is executed on magneto hydrodynamic 3-D flow of

rotating hybrid nanofluid (Ag-CuO/Water) for a stretched surface. The results are
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as follow:

e Flow of hybrid nanofluid assumes extraordinary part in heat transport with

magnetic field.

e Hybridity diminishes velocity; however, it increases temperature.

e Hybrid nanofluid would give preferable and better heat transfer execution when

contrasted with nanofluid.

e The heat transport rate of hybrid nanofluid may be accomplished by picking

distinctive and proper nanoparticle extents.
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Chapter 4

Heat transfer enhancement with

Ag-CuO /water hybrid nanofluid

Nanofluids are of great importance to researchers as they have significant uses in-
dustrially due to their high heat transfer rates. Recently, a new class of nanofluid,
"hybrid nanofluid” is being used to further enhance the heat transfer rate. This new
model in 3D is employed to examine the impact of thermal radiation and rotation
over a stretched surface. Chemical reaction and heat absorption/generation effects
are also considered. After employing similarity transformations, the system is solved
numerically. Present outcomes shows that hybridity boosts heat transport rate at

surface.
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4.1 Formulation

Consider 3-D rotating flow of an incompressible hybrid nanofluid for stretching sur-
face. The fluid occupy the half space at z > 0. We have considered Copper Oxide
(CuO) and Silver(Ag) nano particles with base liquid as a water. Initially, CuO(¢)
nanoparticle of 0.1 volume fraction is dissipated into water to make (CuO — water).
Thus, to formulate ”(Ag — CuO /water)”, Silver (¢9) with different volume fractions

is dispersed in nanofluid (CuO — water). Using these assumptions, the governing

system 1s
%Jrg—ZJraa—Z:O, (4.1)
u% UZ—Z + w% — 2wy = thf%, (4.2)
ug—z + vg—z + w% + 2wy = thf%, (4.3)
ug—z + vg—z + wg—z = Qpny 22:; + (pc'?)hnf (T —Tx) — %, (4.4)
u%+vg—;+w% :ﬁhnfg_zg —&(c— o)™ (4.5)

Using Roseland approximation [74 — 76], ¢, is given by

qr = _§g*aa—7:. (4.6)
Expanding the Taylor series about T},, we have [77]
T~ ATT? — 3T2. (4.7)
Related conditions for three dimensional flow are
u=U,=ax, v=V,=by, w=0, T=T,, c=c,, atz=0,
u—0, v—=0, T—=T,, c—cyp as z — 00. (4.8)
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Given issue can be stated in a more straightforward form by using the suitable simi-

larity transformation defined as

w=azf(n), v=ayg(n), w=—/a;(f(n) +g(n), n ==z —f

e (4.9)

Ty, —Ts’ Cow — Coo

0 (n)

With Eq. (4.9), Eq. (4.1) is satisfied while Eqs. (4.2-4.8) transformed into following
coupled nonlinear differential equations.

£ = (L= 60> (1 = 6207 [(1 = 92){(1 = 62) + 01(Z1)} + 6a(22)]
Py Pf

x[(f'(m)* = F" () (f(n) + g(n)) — 2Q84'(n)] = 0, (4.10)
" () = (1= 615 (1 — §2)>*[(1 — ) {(1 — 1) + &1 (Z2)} + o (22)]

143 Pf
x[(g'(m)> = g"(n)(f(n) + g(n)) + 2?]"(?})] =0, (4.11)
(T2 SR + Pt = o) (1 - o)+ on( S 2)
For SN + 9O ) + 16(a) =, (4.19)
() + ———C[(F(n) + g(m)IE() — Rl ) =0, (4.13)

(1= ¢1)(1 = ¢2)

ff—=0, ¢g—=0 606—=0 =0 as n— oo, (4.14)
where
* b C Ao*T3
YA WL SN Vi5 77 P A L
a a Ky ol a(pCy)y
o= Vi, gy = Glem )™ (4.15)
By a
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The physical quantities of the given problem are defined by

nf(52)s= nf (52)a= K T
O = ML, Gy = P N = it (52|, e
Sh, = —% (%) - (4.16)
With the use of similarity transformations, Eq. (4.16) take the form
Re} Cj, = ! ["(0), 6~ Ret Cy, = : ¢(0),
(1= 6051 = o) (1= 6051 = o)
Re 2 Nu, = —(KKL?” + %R)G’(O), Re 2 Sh, = —KKL?g/ (0). (4.17)

4.2 Results and discussion

Numerical evaluation of the non-linear equations has been carried out to get a better
understanding of the problem. The complete detail is provided in chap 3. The in-
fluence of pertinent physical parameters namely rotation parameter, stretching ratio
parameter, heat generation parameter, radiation parameter, chemical reaction and
Schmidt number on flow, heat and mass transport is presented graphically in F'igs.
(4.2 — 4.13). From Table 4.1, friction factor of hybrid nanofluid is enhanced with
nanoparticle volume fraction whereas declines as we increase A\. Chemical reaction
and Sc have no impact on skin friction coefficient. Increment in rotation reduces fric-
tion factor in z-direction, but, it escalates in y-direction. From Table 4.2 we conclude
that changes in stretching ratio parameter, rotation, Schmidt number and chemical
reaction have no influence on heat transport rate. The heat transport rate amplifies

in presence of ¢o. We learnt that due to hybrid nanofluid (Ag — CuO/water) the
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heat transfer rate was further augmented. The mass transfer rate diminishes when
we enhance rotation parameter and ¢, but it elevates with A, chemical reaction pa-
rameter and Schmidt number. To authenticate current numerical data, comparisons

of — f”(0) with published data for 2 = 0 = ¢; = ¢ = R is made through T'able 4.3.

4.2.1 Comparison of velocity and temperature profiles

The velocity profile comparison for HyO, CuO — water and Ag — CuO /water is
revealed in Fig. (4.1). Since no magnetic field is being applied in the present study
which accelerates nanoparticles, hence (Ag — CuO/water) reduces fluid’s velocity.
There is also a decrease in fluid velocity due to density and dynamic viscosity that
rise because of hybridity and so there is a decline in velocity. We also observe that the
velocity of hybrid nanofluid (Ag — CuO /water) is less than nanofluid’s velocity. The
reason being obvious that including further massive particles hurdles the normal fluid
flow. Fig. (4.2) depicts the comparison of temperature profile amid hybrid nanofluid
(Ag — CuO/water), CuO — water and HyO. We noticed (Ag — CuO /water) reaches
higher temperature than nanofluid (CuO — water). A sudden rise in temperature is

a result of hybrid nanofluid (Ag — CuO /water).

4.2.2 Impact of rotation parameter (€2)

It is demonstrated through Figs. (4.3—4.4) the aspect of rotation on f’(n) and ¢’(n) in

x and y direction respectively. We observe that as (£2) enhances, the liquid velocity
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decelerate along with boundary layer thickness. The temperature distribution for
Ag — CuO/water and CuO — water is displayed in Fig. (4.5). Here we observe
that immediate improvement in temperature is due to the hybrid nanofluid Ag —
CuO/water. In Fig. (4.6) the concentration, £(n), has been plotted to see the effects

against rotation. Rotation boosts the concentration.

4.2.3 Impact of ()

Fig. (4.7) elucidates aspect of (A) on velocity in y-direction. Increment in stretching
ratio parameter correlates with higher stretching rate in y-axis so obviously there is a
rise in velocity field. Aspects of (A) on temperature distribution is depicted through
Fig. (4.8). It is discovered from the graph, as A there is a reduction in the temperature

profile. Through Fig. (4.9) we observe the variation of concentration with respect to
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stretching ratio parameter \. Larger of A declines concentration profile.

4.2.4 Impact of (6;)

Fig. (4.10) illustrates nature of temperature profile with the variation of heat gener-
ation/absorption parameter. Increase in §; prompts an increase in the temperature

field since energy is produced at thermal boundary layer.

4.2.5 Impact of (R)

Impact of R over the @ profile is demonstrated in Fig. (4.11). Physically we analyze

higher values of this quantity % exhibit that thermal radiation is dominate over

conduction. Hence a great amount of heat energy due to radiation is being released

in the system giving a rise to temperature.
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4.2.6 Impact of chemical reaction parameter (R.;)

Fig. (4.12) demonstrate aspects of R, on the concentration profile. The raising
values of chemical reaction lead to decline fluid’s concentration. Consequently the

concentration boundary layer thickness get increased.

4.2.7 Impact of (Sc)

Impact of Sc on ¢ is exhibited in Fig. (4.13). Due to Se, the diffusion is decreases

consequently the fluid’s concentration reduces.
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Table 4.1: Effects of —

f//(0>,

—¢"(0) for (CuO — water) and (Ag — CuO Jwater).

1 ¢1) 2.5

—(1—¢1)~25

Q| A o | Ra | Se | g "(0) | T 0) | qieng(0) | SUSS g (0)
0.1 10.5]0.07 (0.5 |0.5|1.91658 2.29784 1.06164 1.27283
0.3 1.80930 2.16922 1.49397 1.79116
0.5 1.77585 2.12912 1.88764 2.26314
0.31]0.2 1.88714 2.26254 1.00655 1.20679
0.5 1.80930 2.16922 1.49397 1.79116
0.9 1.74547 2.09269 2.44057 2.92606
0.05 1.68693 1.91773 1.39306 1.58365
0.07 1.80930 2.16922 1.49397 1.79116
0.1 1.99913 2.60156 1.65059 2.14799
0 1.80930 2.16922 1.49397 1.79116
1 1.80930 2.16922 1.49397 1.79116
2 1.80930 2.16922 1.49397 1.79116
0.5 | 1.80930 2.16922 1.49397 1.79116
1.0 | 1.80930 2.16922 1.49397 1.79116
1.5 | 1.80930 2.16922 1.49397 1.79116
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Table 4.2: Effects of —0'(0) and —¢£'(0) for (CuO — water) and (Ag — CuO /water).

Q | X | d2 | Ra|Sc | L0(0) | TL0(0) | —(1-00)(0) | —(1—1)(1—d)¢(0)
0.1]0.5|0.07]0.5 | 0.5 1.32460 1.22440 0.65733 0.61131
0.3 1.32460 1.22440 0.64297 0.59796
0.5 1.32460 1.22440 0.62757 0.58364
0.3 0.2 1.32460 1.22440 0.60094 0.55887
0.5 1.32460 1.22440 0.64297 0.59796
0.9 1.32460 1.22440 0.68567 0.63767
0.05 1.32460 1.15700 0.64230 0.61019
0.07 1.32460 1.22440 0.64297 0.59796
0.1 1.32460 1.33120 0.64486 0.58038
0 1.32460 1.22440 0.38047 0.35384
1 1.32460 1.22440 0.82157 0.76406
2 1.32460 1.22440 1.08770 1.01150
0.5 | 1.32460 1.22440 0.64297 0.59796
1.0 | 1.32460 1.22440 0.957580 0.89055
1.5 | 1.32460 1.22440 1.209200 1.12460
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Table 4.3: Comparison of — f”(0) for A as (2 =0 = ¢; = ¢ = R).

A Wang [35] Arial [36] Butt et al [37] Our Outcomes
0.0 1 1 1 1

0.1 1.020902 1.017027  1.020260 1.02137

0.2 1.041804  1.034587 1.039495 1.0404

0.3 1.062705  1.052470 1.057955 1.05871

0.4 1.083607  1.070529 1.075788 1.07643

0.5 1.104509  1.088662  1.093095 1.09364

4.3 Conclusion

The three dimensional steady rotating flow of ”hybrid nanofluid (Ag — CuO /water)”

is examined on a linearly stretching surface. The main conclusion of the work is as

follows:

e Thermal boundary of "hybrid nanofluid (Ag — CuO/water)” increases by in-

crementing the heat generation parameter d;.

e There is an enhancement in rate of mass transport at surface by increasing

Schmidt number Sc and chemical reaction R,;.

e There is an increment in concentration profile with {2 where as it declines con-

centration at surface.
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Chapter 5

Slip flow of 3-D rotating hybrid

nanofluid with thermal jump

The comparison of properties of heat transport between Ag—CuO /water and CuO —
water are studied in this chapter. Also the impacts of rotation, partial and thermal
slip and radiation are examined. The numerical technique BVP-4C is used to tackle

the solution of problem, the detailed method is presented in chapter three.

5.1 Problem formulation

Here 3D rotating flow of Ag—CuO /water with surface temperature subject to partial
slip and (7}, + l%—:g) is considered. The fluid occupies z > 0. U, = ax and V,, = by,

a,b > 0,. Nanofluid is moving about an axis normal to plane with the constant w*.
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The representing system is:

%Jrg—eraa—Z:O, (5.1)
u% + UZ_Z + w% — 2wy = thf%, (5.2)
ug—z + vg—z + w% + 2wy = thf%» (5.3)
2
ug—z + Ug_j?; wg—f = Qs ng — (pci”mf%. (5.4)
Using Roseland approximation
G = _;Z*aa—jj, (5.5)
T ~ ATT2 — 3T%. (5.6)
So the equation (5.4) is
WL 4,90 0T ahnf82T | 16T T (5.6(2))
Ox dy 0z 022 30(pCp)nny 022
The endpoint conditions are
u:Uw—{—k’uf%, U:Vw‘l—kl/f%, w =0, T:Tw+laa—z, at z=0, (5.7)
u—0, v—=0, T-—>T, as z— 0. (5.8)
As
w=azf'(n), v=ayg(n), w=—/avy(f(n)+gm),
v=5 /o 600 = 5.9

consequently, the above governing problem reduce to
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() = (1= 61)*>(1 = 62)**[(1 = ¢2){(1 — ) +¢1<p“>} +¢2<p*2>1

<[(f')? = ") (f () + g(n)) — 2054 (n)] = 0, <5w>
gwm—mfwn%u—@fﬂu—@na—¢o+@fﬂn+@fﬂn
XMAmféfxgqﬁy+mm> (5.11)

(L + 4R)0" () + Pr(1 — do){(1 — 1) + 61 (220)}

)+
+02 (LN () + g(m)6' () =, (512)

=0, ff=1+af'0), g=0, ¢d=X+ad’(0), 0=1+p6(0) at n=0,

=0, ¢—=0 0—=0 as n— 0. (5.13)

And
o Mhnf(%)z—o o ,uhnf(%)zzo . thnf a_T
Cra = prlax)? O = prlax)? N K¢ (T, —Tx) \ 0z 70+(qr)w
Re:z C ! £"(0), 6 'RezC ! ¢"(0)
S Oy I PP - )2
1 _ [ Kins ,
Re™2 Nu, = (—Kf 3R)9 (0). (5.16)

5.2 Discussion Section

This section scrutinizes aspects of flow imperatives on velocity and temperature fields.
From Figs. (5.1 —5.2), with the rise in « there is a clear decrease in velocity field
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Table 5.1: Comparison of heat transport rate when a = =Q= R = 0.

\ Our Outcomes SSUDevi & SPA Devi [73]
Ag — CuO /water Cu — Al,O3/Water

0.0 1.7603 0.25575

0.2 1.953 0.26006

0.4 2.121 0.26329

or both (CuO — water) and (Ag — CuO/water). Behaviour of 5 on temperature
field is portrayed in Flig. (5.3). From this figure, there is reduction in temperature
with the rise in . Impacts of {2 on velocity and temperature field are elucidated
from Figs. (5.4 — 5.6). There is a noteworthy decay in velocity with the increase in
2 but on the other hand temperature rises significantly. Hybrid nanofluid (Ag —
CuO/water) has larger temperature than simple nanofluid (CuO — water) due to
its larger thermal conductivity which helps in enhancement in temperature. From
Fig. (5.7) the temperature distribution increases with R. This is due to reason that
heat flux at surface increases with R which ultimately boost temperature. F'igs.
(5.8 — 5.9) displays the character of friction factor with € for two estimations of «.
In Fig. (5.8), friction factor decreases with €2 and « but in Fig. (5.9) it rises with
2 and decreases with a. Also the friction factor of Ag — CuO/water is more than
simple nanofluid (CuO — water). Fig. (5.10) explore the effect of heat transport rate

with €2 for two estimations of a.. From this figure, heat transport rate diminishes with
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Figure 5.1: variation of o on f'(n).

2 and a. Additionally Ag — CuO /water has larger heat transport rate than CuO —
water. It could be accomplished by proper choice of proportions of nanoparticles.
The comparison of the results of Ag — CuO/water with nanoparticles composite
Cu— Al,Os /W ater are shown in Table 5.1. Also, effects of the parameters involved in

present study on friction factor and heat transport rate are given in T'ables (5.2—5.3).
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Table 5.2: Variations of — f”(0), —¢’

'(0) for CuO — water and Ag —

CuO /water with

$1 =0.1.
a |81 | X | R |~k f0) | =2 £10) | — iy (0) |~ g"(0)
0 1102]051] 0.5 1.85063 2.21877 1.27913 1.53358
0.1 1.52545 1.8289 1.06515 1.27704
0.2 1.30868 1.56902 0.91979 1.10276
0110 1.52545 1.8289 1.06515 1.27704
1 1.52545 1.8289 1.06515 1.27704
2 1.52545 1.8289 1.06515 1.27704
0 1.64273 1.96951 0.715103 0.857356
0.2 1.52545 1.8289 1.06515 1.27704
0.4 1.50328 1.80232 1.40482 1.68427
0 1.60783 1.92767 0.602434 0.722274
0.5 1.52545 1.8289 1.06515 1.27704
1 1.51305 1.81403 2.0322 2.43646
0 1.52545 1.82891 1.06516 1.27704
0.5 | 1.52545 1.82891 1.06516 1.27704
1 1.52545 1.82891 1.06516 1.27704
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5.3 Key Points

Important key points are given bellow:

e Temperature and rate of heat transport at surface in presence of hybrid nanofluid

(Ag — CuO/water) is noticed higher than simple nanofluid (CuO — water).

e Temperature rises with €2 and R but decreases with o and f.
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Table 5.3: Impact of —6'(0) for CuO — water and Ag — CuO /water with ¢; = 0.1.

a | B1Q [ A | R | —(FL+3RY0) | —(FL+5R)0(0)
0 1102]05|0.5|0.76136 1.087
0.1 0.73547 1.05
0.2 0.71339 1.0185
0110 1.6537 2.3609
1 0.73547 1.05
2 0.4729 0.67515
0 0.74932 1.0698
0.2 0.73547 1.05
0.4 0.71038 1.0142
0 0.34789 0.49667
0.5 0.73547 1.05
1 0.79091 1.1292
0 | 0.82359 0.76131
0.5 | 1.1056 1.05
1 1.3425 1.2919
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Chapter 6

An optimal solution of
Cattaneo-Christov heat flux model
and chemical processes for 3D flow

of Eyring-Powell fluid

This chapter investigates attributes of Eyring-Powell fluid with heterogeneous-homogenous
processes. Moreover, investigation of heat conduction is carried out with revised heat
flux relation. 3-D linearly stretching surface is considered. Analytical results are ob-
tained by OHAM. Aspects of pertinent parameters are delineated through graphical
illustrations. We found that temperature profile declines with enhancing the estima-
tions of thermal relaxation parameter. Furthermore, the concentration increases with

the augmented estimations of Lewis number.
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Figure 6.1: Flow representation.

6.1 Mathematical modeling

Consider (3D) time independent flow of Eyring-powell liquid occupies z > 0 shown

in Fig. 6.1. U, and V,,, are liquid velocities. In an Eyring-powell liquid,

S=—pl+7,, (6.1)
dv .
pﬁ = —Vp+V.(Tij), (62)
ou; 1 1 Ou;
7= u—r + —sinh T (—=2). )
Tij M@xj + lem (01 o, (6.3)

Assuming 2nd order estimation of sinh~! i.e.

01 a.Tj a 01 8xj 6 01 8xj ’ 01 (91:]-

sinh™*(

| <<< L. (6.4)

For cubic autocatalysis, the homogeneous isothermal reaction can be written as:

Ay 4 24,5 — 34y, rate = kyaal, (6.5)
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while the first order, single isothermal reaction on catalyst is represented as follows:

Ay — Ay, rate = kqaq.

(6.6)

Both reactions are supposed to be isothermal. In perspective of the theory of Cattaneo-

Christov, ¢ satisfies following equation [52]:

9 VG- GV + (V.1)§) = —kVT.

7+ A5y

(6.7)

By putting A.=0, equation (6.7) deduces to basic law of Fourier. By supposing steady

and incompressible flow, the above equation is as:

For under consideration problem, the boundary layer equations are [78 — 80]:

ou_ v ow_

oxr Oy 0Oz ’

ou ou ou 1 0% 1 du ., 0%u
u% + Uﬁ_y + w% =+ Quoip” 022 B 2910%p<%) 022’
u@—i—v@—kw@:(y—l— N (av) , 0%

Ox Ay 0z Qoip’ 022 2Q103p 02" 922
ua—T+va—T+wa—T+)\F Oéfa2—T

Ox oy 0z 022’

2

u%a; + U%a; + w%of = FAQ% + kTalag.

The prescribed B.C are

u=U,=ax, v=V,=by, w=0, T =T,, FAI% = ksaq, FAQ%

u—0,v—=0, T—=Ty,, ag = (a1)o, ag — 0,

5

_ksala

(6.8)

at 2 =0,

as z — Q.

(6.15)



Where

I, =u? o°r +v? o°T + w? O°T + 2uw T + 2ow O°T +2 T

‘ 0x? Jy? 02?2 0x0y yoz 0x0z
ou ou ou, 0T ov ov ov 0T
g gy e e T ey e gy

ow ow +w8_w)8_T
Ox dy 0z’ 0z’

Selecting

n=2y/= u=axf/(n), v=ayg (), w=—var(f(n) + g(n)),

0 = 7 a1 = (@)o€(n), a2 = (a)o Y1)

Automatically continuity equation is verified and Eqgs. (6.10-6.14) yield

(1 +’Y)f”,‘|‘ (f+g)f” _ f/2 _ '751(f,/>2f/// _ 0’
(1 +/7)g”/ + (f +g)g// . g/2 o 762(9,/)29,” — 0,

0" +Pr(f+9)0' —Praa{(f+9)(f +9)0 + (f+9)°0"} =0,

(Pr)lmﬁﬁ + (f+9)§ — 028T? =0,
mﬁf” + (f + )Y + 0267 =0,

fZO,flzl,g:O,g/:A,9:1,6/:j§,XT/:—jf, at77:0>

f'=0,4=00=0 (=1, T=0, asn— oo,
where
1 adx? a’y? v
= ) = 5. 2 2 = Pr = 0
1€l oy 2vo; 2vo; a af
ay k’r(&l)% FA2 ]{‘8
Le = , 09 = , X = , , a1 = A.a.
Fy,’ ° Fa, Fa,
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(6.17)

(6.18)
(6.19)
(6.20)

(6.21)

(6.22)
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It is supposed that Fi, and F, of A; and A, are of comparable size i.e. Fj, and Fj,

are equal so y=1. Thus:
§(n) +7T(n) = 1. (6.25)

Hence Egs. (6.20-6.21) takes the form

Tt U9 - el —ef =0, (6.26)

¢ =j€(0), &(o0) = 1. (6.27)

6.2 Graphical Results and Discussion

This area exhibits aspects of different related parameters, for example, A (0< A <1.5),
v (0< v <7),e1 (0< g1 <12) and £9(0< g5 <20), oy (0< oy <0.2), 09 (0< 09 <2), j
(0.5<j<2.0), Pr (0.5<Pr<1.0), and Le (0.5<Le<1.5) on #(n) and £(n) profiles. Range
has been referred to by [81]. Aspects of A on () profile are shown in Fig. 6.2. We
observe that, by increasing A, 6(n) declines. Physically, liquid velocity increases by
increasing A\ so there is less viscosity of the fluid to its motion. Hence production of
heat is low. Effects of y, €1, €5 on 6(n) are portrayed in Figs. 6.3 — 6.5. We observe
that associated thermal boundary layer and 6(n) increase when -, €1, €5 increase.
Aspects of Pr on 6(n) temperature profile can be analyzed from Fig. 6.6. Effects of A
on concentration profile are shown in Fig. 6.7. By increasing A, there is an increase
in stretching along y-axis which in turn increases concentration. F'igs. 6.8 — 6.10
show the influence of ~, €1, &5 on concentration £(n) profile. By increasing v, €1, &2,
&(n) decreases. Behaviors of Pr on £(n) are shown through Fig. 6.11. Increasing Pr
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6(n)

Figure 6.2: Aspect of A on 0(n).

enhances the concentration profile. Physically, higher Pr boosts momentum diffusivity
which results in increase in fluid concentration. F'ig. 6.12 depicts the aspects of Le on
&(n) profile. Greater values of Le relate to enhancement in thermal diffusivity, that is
why enhancement in concentration £(n) profile is noticed. Properties of oy and j on
&(n) are shown in Figs. 6.13 —6.14. By increasing o, and j, the concentration profile
decreases because more reactants are consumed which causes the concentration of a

fluid to decrease.
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Figure 6.3: Aspect of v on 0(n).

g = OO
g = 60
=
> £ = 120
5 6

Figure 6.4: Aspect of £; on 0(n).
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Figure 6.5: Aspect of 5 on 0(n).

6(n)

Figure 6.6: Aspect of Pr on 6(n).
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Figure 6.10: Aspect of g5 on £(n).
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Figure 6.12: Aspect of Le on &(n).

83



1.00F
0.95 =00
[ - - o, = 1.0
= 0.90]
e ; - 5 =20
0.85!
0.80

Figure 6.13: Aspect of g9 on &(n).

&)

Figure 6.14: Aspect of 7 on £(n).
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6.3 Concluding remarks

An analysis is performed on 3-D Eyring-Powell liquid past a stretching surface in
sight of homogeneous-heterogeneous processes. Heat transport study is effectuated
in the thermal relaxation parameter by imposing new heat flux model. Results are

achieved by employing OHAM. The main conclusions are as follows:

e 0(n) declines with the rising values of «;.

e Concentration profile decreases for both Prandtl number and Lewis number due

to the increase in momentum diffusivity and thermal diffusivity, respectively.

e Concentration profile is the decreasing function of both o, and j. Reason is
very clear that in reaction process, more reactants are consumed that is why

concentration of a fluid declines.
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Chapter 7

Flow of 3D Eyring-Powell fluid
with revised heat flux relation and
chemical processes over an

exponentially stretching surface

This chapter examines 3-D Eyring-Powell liquid flow with chemical reactions. A
new heat flux model is utilized to investigate properties of relaxation time. There
is an inverse relationship between temperature and thermal relaxation time. Tem-
perature inrevised heat flux relation is very less than classical Fourier’s relation. In
this study 3-D revised heat flux relation over an exponentially stretched surface is
calculated first time. For negative A, temperature firstly intensifies to its extreme

value and after that gradually declines to zero, which shows the occurrence of phe-
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Figure 7.1: Physical configuration and coordinate system.

nomenon (SGH)”Sparrow-Gregg hill”. Also, for higher values of strength of reaction

parameters, the concentration profile decreases.

7.1 Mathematical modeling and flow analysis

Consider the three-dimensional, incompressible Eyring-Powell liquid flow on an ex-
ponentially stretched surface. The laminar flow is restricted in the domain z > 0 (see
Fig. 7.1). A simple model of chemical reactions suggested by Chaudhary and Merkin

[57] is considered in the present chapter.
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The principal equations are [82]:

ou Ov Ow

%+8_y+520’ (7.1)
u% * UZ_Z * w% =+ Qlilp ZQZZ B QQlla:fp %>ng’ (7.2)
u% + Ug_z + w% =+ Ql;p giz B ZQllai’p %)2%’ (7.3)
pcp(ug—z + vg—z + wg—f) = —-V.{q, (7.4)
u%c;l + v%c;l + waaaz1 = Fm% — kyaja3, (7.5)
u%a; + U@@c;g + w%f = FAQ% + kyaia3, (7.6)

Now discard ¢ from Eqs. (7.4) and (6.8), the following governing equation is as follows

83]:
ua—T —HJa—T + wa—T =« oT A [u282T + 0282T —|—w282T + 2uv O°T + 20w O°T
ox dy 9z 02 T On? oy? 0z Jxdy Y0z
+2 82_T_|_<@+ @—F %)a_T_i_(@_F @4_ @)a_T
Wora: T o U@y Yo o T o U@y Yoz oy

+Hum—+v—+w—)=, (7.7)

With relevant conditions

8@1 aa2
u = Uwa v = Vw7 w = 07 T = Twa FAI_ = ksala FAQ_ = _ksah at z = 07
z 0z
B(z+y)
u—0,v—0,T—>Ty, ag = (a1)oe 22, ag — 0, as 2z — 00.

(7.8)

The velocities and temperature at the wall are given by

o4y z+y A(z+y)
Uy=upe T, Vy=ve 1t , T,="Ts+Toe 2L .
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Now transformations are [84]:

_ ﬂ Sy = we T (), v = uge T ' (),
l/
VUO (z+y)
“\3L +g(m) +n(f'(n) +49'(0)),
A(z+y) B(z+y) B(z+y)

T=To+Toe 22 0(n), ag = (a1)oe 2 &(n), az = (a1)oe 2 Y(n). (7.9)

Eq. (7.1) is automatically verified and Eqs. (7.2)-(7.7) yield

A+ + (S =20+ ) —raa(f) " =0, (7.10)
(L+7)g" + (f +9)g" —2(f' + ¢)g —1e2(9")°g" = 0, (7.11)
S A N0+ () S ) + (24 + )+ g

—A{(A+2)(f'+ ) = (f+ ) +9)}0 = (f +9)°0"] =0, (7.12)
€ (F ) = B +9)E — X2 =0, (7.13)
%T” F(f+g)Y + 026Y2 =0, (7.14)

fzovflzlvg:()?g/:)‘a8:175,:j§aXT/:_j§7 atn:07

f'=0,4=00=0 =1, T=0, asn— oo, (7.15)
where
1 . u863<zL+y) x? . ugeg(ILﬂ> y? V% p vy Aouge T
= = = - = — r = — =
Qo woll 2uoil ug’ ag’ L
v kr(al)o (B+1)(z+y) FA . ]{78 0L —(@+v
Sc=——, 09 = e L ,xX=—2 )= \—e T . 7.16
FA1 ? 2UOL X FAI / FAl Uo ( )

Using Eq.(6.25), Egs. (7.13-7.14) take the form

€+ (f+ 9 — B + )€ — a1 — £ =0, (7.17)
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For engineering interest, C; is demarcated as

-
Cr=—2 7.18
! pquvv ( )

where the wall shear stress 7, is given by

1 [ 0Ou 1 Ou,
w = — = —)_os 7.19
K (et Oq04 ) 0% 2=0 GQlaf(ﬁz)z_o ( )
or

V2ReCy = (149)(0) = 2 (f(0))" (7.20)

3

7.2 Discussion section

The set of ODEs (7.10-7.12), (7.17) with (7.15) and (6.27) are implemented utilizing a
solution technique named BVP-4C in MATLAB software. In this segment, the effect
of relevant physical parameters i.e. Eyring-Powell fluid parameter v, stretching ratio
parameter A\, temperature exponent A, thermal relaxation time A, Prandtl number
Pr, concentration exponent B, chemical reactions o, and j and Sc on velocities, tem-
perature and concentration profiles are represented in graphical and tabular form.
Fig. 7.2 describe the behavior of Eyring-Powell liquid parameter on f’ and ¢’. This
model explains properties of shear thinning liquid. From Fig. 7.2, as ~ increases,
velocity component also increases. F'ig. 7.3 portrays aspect of A on f’ and ¢’ distri-
butions. One can notice that intensification in A prompts reduction in f’ distribution
but an opposite trend is observed for ¢’ profile. As stretching rate along y direction

is higher because the adjacent surface starts to move in that direction rather than

90



x direction. Due to this, f’ profile decreases while ¢’ profile increases. Fig. 7.4 elu-
cidates temperature exponent impact on temperature profile for both positive and
negative values of temperature exponent A. For any under consideration value of
A, there is a decrease in temperature distribution . F'ig. 7.5 portrays the impact of
Eyring-Powell fluid parameter on temperature distribution. From Fig. 7.5, one can
observe that temperature is decreasing function of Eyring-Powell fluid parameter. In
Fig. 7.6, temperature distribution is plotted for different A. As A = 0 relates to
traditional Fourier’s law, therefore it is detected from graphical data that when we
involve A in energy equation temperature is smaller. Fig. 7.7 elucidates impacts of
A on temperature profile for both positive and negative values of temperature expo-
nent . For any under consideration value of A, temperature distribution declines as A
increases. For negative A, temperature profile firstly intensifies to its extreme value
and after that gradually declines to zero, which shows the occurrence of phenomenon
(SGH)” Sparrow-Gregg hill”. From this figure, for negative A, temperature distribu-
tion is concave down and for positive A, near the wall it is concave upward. Also, as
A increases, the thicknesses of thermal boundary declines. F'ig. 7.8 illustrates the im-
pacts of Pr on 6(n). Physically, the relation between Prandtl and thermal diffusivity
is inverse. As Prandtl number Pr increases, one can expect that there are less thermal
impacts to infiltrate into the liquid. Consequently, with the enhancement in Pr, 6(n)
decreases. F'ig. 7.9 describes the effects of concentration exponent B on . Aspect of
B on £ is decreasing. Aspect of stretching ratio parameter on £ is analyzed in Flig.

7.10. By the intensification of A, for any under consideration value of concentration
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exponent, the concentration distribution increases. This is due to the increment of
stretching along y direction that is why concentration enhances. Fig. 7.11 describes
the aspect of v on £&. We observed that impact of v on £ is rising. Aspects of o
and j on concentration distribution are depicted in Figs. 7.12 and 7.13. With an
increase in 09 and j, the concentration profiles depreciates. It may be the domination
of diffusion coefficient than reaction rate. This shows the good agreement with Raju
et al. [85]. Flig. 7.14 elucidates the variation of Schmidt number Sc on £. For larger
values of Sc, increasing behavior of ¢ is observed. Physically, increasing values of Sc
relate to high rate of viscous diffusion which causes the concentration of a fluid to
increase. F'igs. 7.15—7.16 are sketched to see the behavior of gamma on shear stress
versus stretching ratio parameter. These figures reveal that flow resistance boosts
with variation of Eyring-Powell fluid parameter as well as with stretching ratio pa-
rameter , therefore, shear stress increases in both directions. From Table 7.1, the
magnitude of skin friction rises with an expansion in v and A\. However it reduces

when €7 increases.
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Figure 7.2: Impact of v on f’ and ¢'.
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Figure 7.3: Impact of X\ on f" and ¢'.
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Figure 7.4: Impact of A on 6.
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Figure 7.5: Impact of v on 6.
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Figure 7.6: Impact of A on 6.
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Figure 7.7: Impact of A on 6.
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Figure 7.8: Impact of Pr on 6.
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Figure 7.9: Impact of B on &.

96



0 0.5 1 1.5 2 25 3
n
Figure 7.10: Impact of A on &.

0.9

0.8

0.5

0.4

y=0.1,05,1.0,1.5,1.8

Figure 7.11: Impact of

97



0sf .- 0,=0.1,05,1.0,14,18

02"

0.1 L L L L L L L L L
0 0.5 1 1.5 2 25 3 3.5 4 4.5
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Figure 7.15: Impact of v on skin friction along x direction.
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Table 7.1: Effects of Skin friction Cy along x and y directions

v e | A | -Cra(Re)z | -Cpy(Re)2

0.1]0.3 0.5 1.16824 0.586858

0.5 1.39662 0.709678
1.0 1.67553 0.85724
1.5 1.94891 1.00084
1.8 2.11098 1.08575
0.3 0.1 1.29827 0.651541
0.2 1.29077 0.650262
0.3 1.28308 0.648959
0.5 1.2670 0.646263
0.6 1.25854 0.644862

0.0 | 1.05405 0.0

0.1 | 1.10412 0.111621

0.2 | 1.15183 0.233044

0.3 | 1.19743 0.363538

0.5 | 1.28309 0.648961
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7.3 Concluding Remarks

e The three dimensional Eyring-Powell liquid flow using revised heat flux relation
and chemical processes was intended to be investigated in this paper. The

nonlinear ODEs are tackled with bvp-4c technique. Concluding remarks are:

e The intensification in stretching ratio parameter prompts reducing f’ distribu-

tion.

e Temperature in revised heat flux relation is lesser as compared to classical

Fourier’s relation.
e Temperature distribution declines as lambda boosts.
e For negative values of At, 6(n) represent SGH phenomenon.

e By the intensification of stretching ratio parameter, for under consideration

value of concentration exponent, the concentration distribution increases.

e The flow resistance increments with the variation of v as well as with A,therefore,

shear stress increases.
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Chapter 8

Consequences of improved
heat-mass flux relations for 3D

flow of Eyring-Powell fluid

Variable conductivity aspects and generalized Fourier’s-Fick’s laws are studied in this
chapter. Properties of heat/mass transport mechanisms are reported with time de-
pendent relaxation time in energy and concentration equations. Another heat flux
idea involving mystery of heat conduction is exploited which is not quite the same as
the usual literature. Such idea has been utilized as a part of perspective of Cattaneo-
Christov heat flux theory. The characteristic of temperature and concentration re-
laxation features are described. Other than this, chemical reactions are additionally
considered. A numerical technique bvp4c is adopted to simplify the highly complex six

ODESs. The skin friction coefficient for three dimensional Eyring-Powell fluid model
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is calculated. From the present analysis we observe that for higher values of strength

of reaction parameters, the concentration profile decreases.

Current effort for three

dimensional Cattaneo-Christov double diffusion and homogeneous-heterogeneous re-

actions over an exponentially stretching surface does not yet exist in the literature.

8.1 Mathematical modeling and flow analysis

We study 3-D, incompressible Eyring-powell liquid flow on an exponentially stretched

surface. The laminar flow is restricted in the domain. A simple chemical reaction

model is considered in the present analysis.For three dimensional flow, the principal

equations are [20]:

o, 0w _
oxr Oy 0z ’
@ @ @ . 1 0% B 1 (@)23%
ox Uay w@z -V Qyo1p’ 022 20 03p 02" 022’
u@—l—v@—kw@—(u—i— 1 822;_ 1 (811) , 0%
ox dy Dz Dop’ 022 2003p 02 0922’
oT oT oT .
pcp( a + Ua_y + U}a) = _VQ7
oC oC 80 -
aal 8@1 8@1 (92011 2
uax +v Dy + w 5 =y, — 522 — kyaqa;,
Oas das das 82012

= Fy,—— + kya1a2,
0z A2 5,2 12
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The frame indifferent generalization regarding Fourier’s and Fick’s laws are derived

as [51]:
- L S
7+ Ae(% +V.VG—q¢VV +(V.V)q) = —kVT, (8.8)
T4 M+ V.VG— NV +(V.V)J) = ~DpVC, (8.9)

replacing A, = A\, = 0, in equation (8.8-8.9), we get the classical Fourier’s law and
Fick’s law. By assuming steady state flow with (% =0) and (%—; = 0), also due the

incompressible flow (V.V = 0), Eqs. (8.8-8.9) can be rewritten as:

T+ A\(V.NG—§VV) = —kVT, (8.10)

J+\(V.VG— J.NVV) = —DpVC, (8.11)

V.i+A(V(V.VT—FVV)) = —V.(kVT), (8.12)
V.J+A(V.(VNG—JNVV)) = =V.(DpVC), (8.13)
V.VNG—GVV)=V.VNV.Q) + (VV)V.) = V.(V.QV), (8.14)
V.V = JVV)=V.V(V.J)+ (V.V)V.J) = V.(V.J)V), (8.15)

Eqgs. (8.12) and (8.13) can be rewritten as

V.i+AVA{(V.OVY = =V.(kVT), (8.16)

—

V.J+ AV A{(V.J)V}Y] = =V.(DVCO), (8.17)
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Using Eqgs. (8.4) and (8.5) in Egs. (8.16) and (8.17), the three dimensional equations

are [86]:

or 9T T 1 9 oT LT LOPT  ,0°T
(k‘(T)—)—)\e<u w"’v 8_y2+w w)

“oz Yy V82 T o502 9z

ox dy
O°'T FT + 2uw FT + u@ + va—u + w@ 8_T
ox Jy 0z ) Ox

— A (QUU 0y 2w 0y0z 0x0z

A u@+v@+w@ or ua—erva—erwa—w or (8.18)
¢ x oy 0z Ox oy 0z ) 0z '

dy

u@—l—v%%—w@—D 82—0—)\ u2820+v2820+w2820
Dy 9z Pz ‘ 02 Dy? 072
— Ae | 2uw oc + 20w s + 2uw s + u@ + v% + w@ oc
¢ 0x 0y Oyoz 0x0z ox Jy 0z ) Ox
oC < ow ow 8w> oC (8.19)

—A u@—l—v@—f—w@ —+|(v—F+v—F+w— | —
“\or y 0z ) Oy ox dy 0z ) 0z

0 0
u=U,, v=V,, w=0,T=T,, C=0C,, FAl%:k’Sal, FAQﬂ:—ksal, at z =0,
z z

u—0,v—0 T—>T, C—Cyx, a — (al)oeA(gLﬂl), as — 0, as z — 00.
(8.20)
Where k(T can be defined as:
T—-T
E(T)=Fkeo(l+0© s 8.21
(T) = hol(1 + O~ =) (8:21)
The velocities, temperature and concentration at the wall are
Uy, = uoexTy, Vi = ’uoe%, T, =T, + ToeA(;Lﬂl), Cp=0Csx+ C’oeA(;Lﬂ/). (8.22)
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No

W
n=z4/ QZ—OLe(Z;Ly), u = uoe%f/(n)a v = erw#gl(ﬁ),
vu (z+y) A(z+y)
w= = o )+ glo) + 0 ) + g D)), T =T+ Ty 50 ().

A(z+y) B(z+y) B(z+y)

C=Cx+Coe 2 V(n), a1 =(ar)oe = &£(n), az = (ar)oe 22 T(n). (8.23)

Eq. (8.1) is automatically verified and Eqs. (8.6-8.12) yield

(4" 4 (F+ 0T =27+ o)~ 3= (V" =0 (5.24)

(L+7)g" + (f +9)9" = 2(f + g)g = ve2(9")?9" = 0, (8.25)
A

S (1O + O — A+ g)0+ (F+0)0 + 5 [n(f + o) + (L4 24)( +9))

X(f'+ )0 — ALA+2)(f + ) = (f+o)(f +9g )0~ (f+9)%0"] =0, (8.26)

Siw SAG g (9 S g) + (L 24)( + )+ )
—A{A+2)(f + 9P = (F+9)(f +9 ) = (f+9)°P"] =0, (8.27)
S€ 4 () — B+ 9)E — 02607 =0, (8.28)
%T” F(f+9)T + 02612 =0, (8.29)

f:07 flzlag:()v g/:)\a 9:17 \IJ:L 5/:j€7 XT/:_]€> atU:0>
f'=0,4=00=0 =0 (=1, T=0, asn— oo, (8.30)

here the parameters are defined in the following expression as,

1 uges(x;y) 1‘2 ug€3(acL+y) y2 o vpC
’7/ = s 81 = —27 62 = —27 >\ = —, PI‘ = s
18201 2voiL 2voiL U koo
Aeuge T Actige T v v kr(a1)d sty
A= A= Se=—, Se=—, g = — 01
L ' L "~ Dg Fa,' > 2ul
F ks 200 —@+w
X= o, =y e (8.31)
FA1 FA1 Uo
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Now using Eq. (7.22), we get Eq. (7.23) along with the boundary condition defined

in Eq. (7.24).

8.2 Consequence

We characterize effect of relevant physical parameters on temperature and concen-
tration distributions in graphical and tabular form. The given mathematical model
is solved numerically by utilizing BVP-4C in MATLAB software c.f.[chap 3]. Fig.
8.1 describe the behavior of stretching ratio parameter on temperature profile . From
Fig. 8.1, we see that there is a reduction in temperature and thermal boundary thick-
ness as stretching ratio parameter intensifications. F'ig. 8.2 portrays the impacts of
variable thermal conductivity parameter on temperature distribution. One can no-
tice that intensification in prompts increasing temperature distribution. Physically,
the significant quantity of heat transfers from the surface to the substance results
an increase in thermal conductivity that is why increases. In Flig. 8.3, temperature
distribution is plotted for various values of non-dimensional relaxation time. Phys-
ically, when we boost A, then the material elements need more time to transport
heat to its neighboring elements and so temperature decays. For A = 0, the heat
transports quickly all over the material and relates to traditional Fourier’s law. Flig.
8.4 elucidates temperature exponent impacts on temperature profile. For any under
consideration value of A, we observe that there is a decrease in temperature distribu-

tion . Fig. 8.5 illustrates aspect of Pr on 6(n). There are less thermal impacts as Pr
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raises, thus, the temperature declines. F'ig. 8.6 illustrates the impacts of concentra-
tion relaxation parameter on concentration profile . There is a reduction in () when
Ay is increased. Here Ay = 0 relates to traditional Fick’s law. Flig. 8.7 explains the
impacts of Schmidt number on concentration distribution . We conclude that &(n)
is decreasing function of Schmidt number. As molecular diffusivity declines when
we increment the Schmidt number. F'ig. 8.8 describes the effects of concentration
exponent on concentration profile . From figure we note that the influence of concen-
tration exponent on £(n) is decreasing. Impact of stretching ratio parameter on &(n)
is analyzed in F'ig. 8.9. By the intensification of A, for any under consideration value
of concentration exponent , the concentration distribution increases. Physically, this
is due to the increment of stretching along y direction that is why concentration en-
hances. Aspects of o5 and j on concentration distribution are depicted in Figs. 8.10
and 8.11. With an increase in o9 and j, the concentration profiles depreciates. It may
be the domination of diffusion coefficient than reaction rate. F'ig. 8.12 elucidates the
variation of Schmidt number Sc on &(n). For larger Sc, we note increasing behavior
of £. Physically, increasing values of Sc relate to high rate of viscous diffusion which
causes the concentration of a fluid to increase. F'igs. 8.13 — 8.14 are sketched to see
aspects of v on shear stress versus stretching ratio parameter . From these figures, we
observe that the flow resistance increments with the variation of Eyring-Powell fluid
parameter as well as with stretching ratio parameter , therefore, shear stress increases
in both directions. From Table 8.1, the magnitude of Skin friction increments with

an expansion in v and A but decreases when ¢; intensifies. T'able 8.2 is prepared to
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compare present outcomes with those of Liu et al. [84] in a limiting case. Here good

agreement is observed.

Table 8.1: Comparative values of —f”(0) and —g”(0) for various values of A when

Present Results Liu et al. [84]
v~ N e’

A | -f10) 1 -g"(0) | -7(0) -9"(0)

0.0 | 1.281809 | 0.0 1.28180856 | 0.0

0.5 | 1.569888 | 0.784943 | 1.56988846 | 0.78494423

1.0 | 1.812750 | 1.812750 | 1.81275105 | 1.81275105
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Table 8.2: Effects of Skin friction C; along x and y directions

v g1 | A —Cfx(Re)% —ny(Re)%

0.1]0.3]0.5] 116825 0.586861

0.3 1.2831 0.648962
0.5 1.39664 0.709681
0.7 1.509 0.769324
0.3]0.1 1.29828 0.651543
0.3 1.2831 0.648962
0.5 1.26705 0.646268
0.7 1.24973 0.643416

0.0 | 1.05405 0.0

0.1 | 1.10412 0.111622

0.3 | 1.19743 0.363538

0.5 | 1.2831 0.648962
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8.3 Final Remarks

Temperature becomes high for greater variable thermal conductivity.

For non-Fourier’s and Fick’s laws, temperature and concentration are lesser as

compared to classical Fourier’s model.

Temperature and concentration reduces when temperature and concentration

relaxation parameters are increased.

The flow resistance increments with the variation of as well as with , therefore,

shear stress increases.

With the larger values of reaction parameters, concentration distribution de-

creases.
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Chapter 9

Further Study

There is a wide range of work for new exploration in the present field of research. We
have exhibited formulation for problem and analytical/numerical solutions for hybrid
nanofluid and non-Newtonian Eyring-Powell fluid inside this assortment of work. The
properties of transfer of heat over a stretching sheet are examined theoretically. Surely
there is a lot of study staying in this extremely intriguing new class of nanofluid called
hybrid nanofluid and Eyring-Powell liquid model. Here we will talk about a few,
however not all, of the numerous conceivable future extensions. Initially, it would be
an intriguing extension to think about the heat transfer properties of hybrid nanofluid
by taking different but suitable composite of nano particles with micropolar liquid
over an exponentially stretched surface which have a lot of technological and industrial
applications. However, there is a great deal of more examination that should be
addressed in the field of Eyring Powell liquid. Forexample, study of Eyring Powell

liquid in the context of unsteady flows over a wedge. no experimental examinations
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have yet occurred to the best of our information. Subsequently, the present piece of
work obviously persuades the need for comprehensive experimental outcomes to think

about for the comparison of this examination.

121



Bibliography

[1]

[4]

S. Ostrach, Natural convection in enclosures, J. Heat Transf, 110 (1988) 1175—

1190.

L.J. Crane, Flow past a stretching plate, Z. Angew, Math.Phys, 21 (1970) 645-

647.

C.W. Wang, The three-dimensional flow due to a stretching flat surface, Phys.

Fluids, 27 (1984) 1915-1917.

W. Ibrahim and B. Shankar, MHD boundary layer flow and heat transfer of a
nanofluid past a permeable stretching sheet with velocity, thermal and solute

slip boundary conditions. Comp. Fluids, 75 (2013) 1-10.

A.V Rosca and I. Pop, Flow and heat transfer over a vertical permeable stretch-
ing /shrinking sheet with a second order slip, Int. J. Heat and Mass Transf,

60 (2013) 355-364.

R. Nazar, M. Jaradat, N. M. Arifin and I. Pop, Stagnation point flow past a

shrinking sheet in a nanofluid, Cent Eur J Phys, 9(5), (2011)1195-1202.

122



[7]

[10]

[11]

[12]

[13]

S.K Nandy and T.R Mahapatra, Effects of slip and heat generation/absorption
on MHD stagnation flow of nanofluid past a stretching/shrinking surface with
convective boundary conditions, Int. J. Heat and Mass Transf, 64 (2013) 1091—

1100.

V. Kumaran, A.K Banerjee, A. Vanav Kumar and I. Pop, Unsteady MHD flow
and heat transfer with viscous dissipation past a stretching sheet, Int. Comm.

Heat and Mass Transf, 38 (2011) 335-339.

M. Turkyilmazoglu, Multiple solutions of heat and mass transfer of MHD slip flow
for the viscoelastic fluid over a stretching sheet, Int. J. of Thermal Sciences,

50 (2011)2264-2276.

A. Ishak, R. Nazar and 1. Pop, Unsteady mixed convection boundary layer flow

due to a stretching vertical surface, Arab. J. Sci. Eng, 31 (2006) 165-182.

A. Ishak, R. Nazar and I. Pop, MHD boundary-layer flow due to a moving

extensible surface, J. Eng. Math., 62 (2008) 23-33.

A. Ishak, R. Nazar and I. Pop, Magnetohydrodynamic (MHD) flow and heat
transfer due to a stretching cylinder, Energ. Convers. Manage, 49 (2008) 3265

3269.

K.L Hsiao, Numerical solution for Ohmic Soret-Dufour Heat and Mass Mixed

Convection of Viscoelastic Fluid over a Stretching Sheet with Multimedia

123



[14]

[15]

[16]

[17]

[19]

Physical Features, J. Aerospace. Eng., doi:10.1061/(ASCE)AS. (2016) 1943-

5525.0000681.

N.A Yacob, A. Ishak, I. Pop and K. Vajravelu, Boundary layer flow past a stretch-
ing/shrinking surface beneath an external uniform shear flow with a convective
surface boundary condition in a nanofluid, Nanoscale Res. Lett., 6 (2011) Arti-

cle Number 314.

M. Hussain, M. Ashraf, S. Nadeem and M. Khan, Radiation effects on the ther-
mal boundary layer flow of a micropolar fluid towards a permeable stretching

sheet, J. Franklin Inst., 350 (2013) 194-210.

M. K Laha, P. S Gupta, and A. S Gupta, Heat transfer characteristics of the
flow of an incompressible viscous fluid over a stretching sheet, Wa rme— Stof fu’

bertrag., 24(1989) 151-153.

M. E Ali, On thermal boundary layer on a power-law stretched surface with

suction and injection, Int. J. Heat Fluid Flow, 16 (1995) 280-290.

A. Ishak, K. Jafar, R. Nazar and I. Pop, MHD stagnation point flow towards a

stretching sheet. Physica A (2009); 388: 3377-838.

S. Nadeem, A. Hussain, and M. Khan. "HAM solutions for boundary layer flow in
the region of the stagnation point towards a stretching sheet.” Communications

in Nonlinear Science and Numerical Simulation15.3 (2010): 475-481.

124



[20]

[21]

[22]

[23]

[24]

[25]

[26]

Elbashbeshy, Heat transfer over an exponentially stretching continuous surface

with suction, Arch. Mech., 53, (2001) 643-651.

S. K Khan and E. Sanjayanand, Viscoelastic boundary layer flow and heat trans-
fer over an exponentially stretching sheet, Int. J. Heat Mass Transfer, 48,

(2005) 1534-1542.

M. Q Al-Odat, R. A Damseh and T. A Al-Azab, Thermal boundary layer on
an exponentially stretching continuous surface in the presence of magnetic field

effect, Int. J. Appl. Mech. Eng., 11, (2006) 289-299.

B. J. Gireesha, G. M. Pavithra and C. S. Bagewadi, "Boundary Layer Flow
and Heat Transfer of a Dusty Fluid over an Expo- nentially Stretching Sheet,”
British Journal of Mathematics & Computer Science, Vol. 2, No. 4, (2012),

pp. 187-197.

S. Nadeem, S. Zaheer and T. Fang, Effects of thermal radiation on the boundary
layer flow of a Jeffrey fluid over an exponentially stretching surface, Numer.

Algorithms, 57, (2011) 187-205.

E. Magyari and B. Keller, Heat and mass transfer in the boundary layers on an
exponentially stretching continuous surface, J. Phys. D : Appl. Phys., 32(1999)

577-585.

S. Nadeem and C. H. Lee, Boundary layer flow of nanofluid over an exponentially

stretching surface, Nanoscale Res. Lett., 7(2012) article 94.

125



[27]

28]

[29]

[30]

[31]

[32]

S.U.S. Choi, Enhancing thermal conductivity of a fluids with nanoparticles,

ASME Int. 66(1995) 99-105.

T. Hayat, R. Sajjad, A. Alsaedi, T. Muhammad and R. Ellahi, On squeezed flow
of couple stress nanofluid between two parallel plates, Results Phys 7 (2017)

553-561.

T. Hayat, R. Sajjad, A. Alsaedi, T. Muhammad and R. Ellahi, On MHD non-

linear stretching flow of Powell-Eyring nanomaterial, Results Phys 7 535-543.

R. Ellahi, M. Hassan and A. Zeeshan, Aggregation effects on water base A1203.
nanofluid over permeable wedge in mixed convection, Asia Pac. J. Chem. Eng,

Vol. 11 (2), (2016) 179-186.

G.S Seth and M.K Mishra, Analysis of transient flow of MHD nanofluid past
a non-linear stretching sheet considering Navier’s slip boundary condition,

Advanced Powder Technology, 28(2) (2017) 375-384.

G.S Seth, R. Sharma, M.K Mishra and A.J Chamkha, Analysis of hydromagnetic
natural convection radiative flow of a viscoelastic nanofluid over a stretching

sheet with Soret and Dufour effects, Eng. Comp. 34 (2) (2017) 603-628.

R. Tripathi, G.S Seth and M.K Mishra, Double diffusive flow of a hydromagnetic
nanofluid in a rotating channel with Hall effect and viscous dissipation: active
and passive control of nanoparticles, Advanced Powder Technology, 28 (10)

(2017) 2630-2641.

126



[34]

[35]

[36]

[37]

[38]

M. Hatami, S. Mosayebidorcheh and D. Jing, Two-phase nanofluid condensa-
tion and heat transfer modeling using least square method (LSM) for industrial

applications, Heat and Mass Transfer 53(6) (2017) 2061-2072.

T. Hayat and S. Nadeem, Induced magnetic field stagnation point flow of
nanofluid past convectively heated stretching sheet with Buoyancy effects, Chin.

Phys. B 25, no. 11 (2016): 114701.

T. Hayat and S. Nadeem, The effects of MHD and buoyancy on Hematite water-
based fluid past a convectively heated stretching sheet, Neural Comput Appl

(2017): 1-8.

T. Hayat and S. Nadeem, Flow of 3D Eyring-Powell fluid by utilizing Cattaneo-
Christov heat flux model and chemical processes over an exponentially stretching

surface, Results in Physics 8 (2017): 397-403.

H. Chen, S. Witharana, Y. Jina, C. Kim and Y. Ding, Predicting thermal con-
ductivity of liquid suspensions of nanoparticles (nanofluids) based on rheology,

Particuology 7 (2009) 151-157.

M. Zhou, G. Xia, J. Li, L. Chai and L. Zhou, Analysis of factors influencing
thermal conductivity and viscosity in different kinds of surfactant solutions, Fxp

Therm Fluid Sci 36 (2012) 22-29.

127



[40]

[41]

[42]

[43]

[44]

K. Kwak and C. Kim, Viscosity and thermal conductivity of copper oxide
nanofluid dispersed in ethylene glycol, Korea Aust Rheol J Journal 17 (2005)

35-40.

AE. Kabeel, T.A.E. Maaty and Y.E. Samadony, The effect of using nano-
particles on corrugated plate heat exchanger performance, Appl. Therm. Eng.

52 (2013) 221.229.

S.M. Peyghambarzadeh, S.H. Hashemabadi, S.M. Hoseini and M.S. Jamnani,
Experimental study of heat transfer enhancement using water/ethylene glycol

based nanofluids as a new coolant for car radiators, Int J Heat Mass Transf.

38 (2011) 1283-1290.

S.M. Peyghambarzadeh, S.H. Hashemabadi, M. Naraki and Y. Vermahmoudi,
Experimental study of overall heat transfer coefficient in the application of dilute

nanofluids in the car radiator, Appl. Therm. Eng. 52 (2013) 8-16.

W. Duangthongsuk and S.Wongwises, Comparison of the effects of measured and
computed thermophysical properties of nanofluids on heat transfer performance,

Exp Therm Fluid Sci 34 (2010) 616-624.

G. G. Momin, Experimental investigation of mixed convection with water-Al203

& hybrid nanofluid in inclined tube for laminar flow, IJSTR. 2 (2013) 195-202.

128



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

S. Suresh, K. Venkitaraj, P. Selvakumar and M. Chandrasekar, Synthesis of
Al203-Cu/water hybrid nanofluids using two step method and its thermo phys-

ical properties. C'olloids Surf., A 388 (2011) 41- 48.

S. Suresh, K. Venkitaraj, P. Selvakumar and M. Chandrasekar, Effect of A1203-
Cu/water hybrid nanofluid in heat transfer, Exp Therm Fluid Sci., 38 (2012)

54 -60.

S. Suresh, K. P. Venkitaraj, M. S. Hameed, and J. Sarangan, Turbulent Heat
Transfer and Pressure Drop Characteristics of Dilute Water Based Al203-Cu

Hybrid Nano fluids. J. Nanosci. Nanotechnol. 14 (2014) 2563-2572.

J.B.J Fourier, Théorie Analytique De La Chaleur. Paris 1822.

C. Cattaneo, Sulla conduzione del calore. Atti Semin Mat Fis Univ Modena

Reggio Emilia.(1948); 3: 83-101.

C.I Christov, On frame in different formulation of the Maxwell-Cattaneo model

of finite-speed heat conduction, Mech Res Commun. 2009;36: 481-486.

V. Tibullo and V. Zampoli, A uniqueness result for the Cattaneo-Christov heat
conduction model applied to incompressible fluids, Mech Res Commun. (2011);

38: 77-79.

B. Straughan, Thermal convection with the Cattaneo-Christov model. Int J

Heat Mass Transfer. (2010); 53: 95-98.

129



[54]

[55]

[56]

[58]

[59]

[60]

[61]

[62]

B. Straughan, Acoustic waves in a Cattaneo-Christov gas. Phys Lett A. (2010);

374: 2667-2669.

B. Straughan, Gene-culture shock waves. Phys Lett A. (2013); 377: 2531-2534.

S. Han, L. Zheng, C. Li and X. Zhang, Coupled flow and heat transfer in vis-
coelastic fluid with Cattaneo-Christov heat flux model. Appl Math Lett. (2014);

38: 87-93.

M.A. Chaudhary and J.H. Merkin, A simple isothermal model for homogeneous
heterogeneous reactions in boundary layer flow: 1. Equal diffusivities, Fluid Dyn.

Res.16. (1995); 311-333.

N. Bachok, A. Ishak and I. Pop, On the stagnation point flow towards a stretching
sheet with homogeneous—heterogeneous reactions effects, Commun. Non—linear

Sci. Numer. Simul. (2011); 16: 4296-4302.

W.A. Khan and I. Pop, Effects of homogeneous-heterogeneous reactions on the
viscoelastic fluid towards a stretching sheet, ASME J. Heat Transf. (2012);

134: 064506 1-5.

H. Zaman, Am. J. Comput.Math. 3 (2013) 313.

A. Mushtaq, M. Mustafa, T. Hayat, M. Rahi and A. Alsaedi, Z. Natur forsch.A

(2013) 68- 791.

M. Jalil, S. Asghar and S.M Imran, Int.J. Heat Mass Transfer (2013) 65-73.

130



[63] M. Poonia and R. Bhargava J.Thermophys.Heat Transfer, (2014), 28-499.

[64] R.E Powell and H. Eyring, Mechanisms for the relaxation theory of viscosity.

Nature (1944); 154:427-8.

[65] N.S Akbar and S. Nadeem, Characteristics of heating scheme and mass transfer

on the peristaltic flow for an Eyring-Powell fluid in an endoscope. International

Journal of Heat and Mass Transfer (2012); 55:375-83.

[66] A.V Rosca and I. Pop, Flow and heat transfer of Powell-Eyring fluid over a

shrinking surface in a parallel free stream [J]. International Journal of Heat

and Mass Transfer, (2014), 71: 321-327.

[67) T. Hayat and S. Nadeem, Aspects of developed heat and mass flux models

on 3D flow of Eyring-Powell fluid, Results in Physics, (2017): 3910-3917

https://doi.org/10.1016/j.rinp.(2017).09.048.

[68] R. Ul Haq, S. Nadeem, Z.H. Khan and N.F.M. Noor, Convective heat transfer

in MHD slip flow over a stretching surface in the presence of carbon nanotubes,

Physica B 457 (2015) 40-47.

[69] O.D. Makinde , W.A. Khan and Z.H. Khan, Buoyancy effects on MHD stagnation

point flow and heat transfer of a nanofluid past a convectively heated stretch-

ing/shrinking sheet, International Journal of Heat and Mass Transfer 62

(2013) 526-533.

131



[70]

[71]

[72]

[76]

[77]

(78]

S. J. Liao, Homotopy analysis method in non-linear differential equations.

Springer and Higher Education Press, Heidelberg (2012).

L.F Shampine , I. Gladwell and S. Thompson, Solving ODEs with Matlab. Cam-

bridge University Press: Cambridge; (2003).

L.F Shampine, M.W Reichelt and J. Kierzenka, Solving boundary value prob-
lems for ordinary differential equations in MATLAB with bvp4c . http://www.

mathworks.com /bvptutorial.

S. Suriya Uma Devi and S.P Anjali Devi, Can J Phys. 94.5 (2016) 490.

S. Mukhopadhyay and R.S.R Gorla, Effects of partial slip on boundary layer flow
past a permeable exponential stretching sheet in presence of thermal radiation,

Heat Mass Transfer (2012); 48:1773-81.

S. Mukhopadhyay, Slip effects on MHD boundary layer flow over an exponentially
stretching sheet with suction/blowing and thermal radiation. Ain Shams Eng

J (2013);4:485-91.

M. Mahmoodi and Sh. Kandelousi, Analysis of the hydrothermal behaviour and
entropy generation in a regenerative cooling channel considering thermal radia-

tion. Nucl Eng Des (2015);291:277-86.

M.M Rashidi, N. Vishnu Ganesh, A.K. Abdul Hakeem and B. Ganga, J. Mol.

Liq. 198, 234 (2014).

T. Hayat and S. Nadeem, Results in Physics 7 (2017): 2317-2324.

132



[79]

[80]

[81]

[82]

M. Khan, M. Irfan, W.A. Khan and L. Ahmad, Modeling and simulation for 3D
magneto Eyring—Powell nanomaterial subject to nonlinear thermal radiation and

convective heating, . Results in Physics , 7 (2017) 1899-1906.

W.A. Khan, M. Irfan, M. Khan, A.S. Alshomrani, A.K. Alzahrani and M.S.
Alghamdi, Impact of chemical processes on magneto nanoparticle for the gener-

alized Burgers fluid, J. Mol. Liq., 234 (2017) 201-208.

M. Turkyilmazoglu, Determination of the Correct Range of Physical Parame-
ters in the Approximate Analytical Solutions of Nonlinear Equations Using the

Adomian Decomposition Method, Mediterranean Journal of Mathematics, 13

(2016) 4019-4037.

M. Patel and M.G Timol, Numerical treatment of Powell-Eyring fluid flow using
method of satisfaction of asymptotic boundary conditions (MSABC). Applied

Numerical Mathematics, 59(10)(2009), pp.2584-2592.

Y. Dong, B.Y Cao and Z.Y Guo, Generalized heat conduction laws based on
thermomass theory and phonon hydrodynamics. Journal of Applied Physics,

110(6)(2011), p.063504.

[.C Liu, H.-H Wang and Y.F Peng, Flow and heat transfer for three-dimensional
flow over an exponentially stretching surface. Chemical Engineering

Communications, 200(2)(2013), pp.253-268.

133



[85] C.S.K Raju, N. Sandeep and S. Saleem, Effects of induced magnetic field and
homogeneous—heterogeneous reactions on stagnation flow of a Casson fluid.
Engineering Science and Technology, an International Journal, 19(2)(2016),

pp-875-887.

[86] J. Sui, L. Zheng and X. Zhang, Boundary layer heat and mass transfer with
Cattaneo- Christov double-diffusion in upper-convected Maxwell nanofluid past

a stretching sheet with slip velocity. Int.J.Thermal Sci. (2016);104:461-8.

134



