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Preface

Human mind strive to achieve more and create smart things, which simplify the work and make
the life convenient. One such recent advancement are smart materials, which are designed so
that one or more properties of the material are set variable and can be significantly changed
external due to stimuli so that it achieve the said purpose. Magnetic smart materials are the
material, which are controlled by using external magnetic field. Ferrofluid is an example of
such smart materials synthesize by NASA for fuel transport in weightless situation. These
fluids are not naturally available, but are to be synthesized, The variety of applications like in
instrumentation, electrical and electronics engineering such as, lubricants in bearing and
dumpers, heat controller in electric motors and hi-fi speaker systems, sealing of computer hard
disk drives, rotating x-ray tubes, rotating shafts rods and sink-float systems for separation of
materials. In field of biomedicine, they have been found very useful. These can be used to
deliver certain drugs to a certain area of human blood. There is also an idea to use ferrofluids
for cancer treating by heating the tumor soaked in ferrofluids by means of an alternating
magnetic fields is the prospect of influencing flow by the magnetic field and vice-versa

The purpose of the present thesis is to characterize the flow behavior of non-conducting
ferromagnetic fluid under the influence of magnetic field. Mathematical modeling is based
upon continuity, momentumn and energy equations. The physical problems are first modeled
and then the basic governing equations are formulated into a set of dimensionless form by using
appropriate transformations. In some cases a numerical procedure is implemented to solve the
non-linear boundary value problem by mean of 4™ order Runga-kutta based shooting technique.
The impact of pertinent parameters: ferromagnetic interaction, Prandtl number, porosity,
viscous dissipation, viscoelastic, suction, slip, Deborah, unsteady, relaxation time, mixed
convection, heat source/sink, Schmidt number, Soret number, Chemical reaction, radiation and
volume fraction of magnetic nanoparticle are demonstrated through graphs and tables.
Comparison between the numerical results are made is some cases and found to be an excellent
agreement with those published in literature.

This thesis consist of eleven chapters. Chapter one provides literature review, introduction,
some basic definitions, governing equations, constitutive relation for Newtonian and non-
Newtonian fluids, modelling of ferromagnetic flow and methodology relevant to the material

which will use in the subsequent chapters.



In chapter two, the effect of thermal radiation and heat transfer on the flow of ferromagnetic
liquid over a stretching surface is investigated under prescribed surface temperature (PST). The
appropriate combination of non-magnetic viscous base fluid, magnetic solid and surfactant
composes magnetic fluid is considered in the presence of dipole. This study is published in
Journal of Molecular Liquids, 215 (2016) 549-554,

Chapter three, describes two dimensional steady boundary layer mixed convection flow and
heat transfer in ferromagnetic fluid past a stretching surface. Velocity slip is taken into account
instead on no-slip. Is this analysis the role of local skin friction, heat transfer rate,
ferromagnetic-interaction parameter, slip parameter and buoyancy parameter on velocity and
temperature profiles inside the boundary layers are examined through graphs and tables. This
study is published online in the Journal of Thermal Science. DOI:
10.2298/TSCI160610268Z.

Chapter four, investigates stagnation point flow and heat transfer of a ferrofluid made from a
suspension of tiny magnetic particles over a flat stretching or shrinking porous sheet under
dipole field. Influence of various pertinent parameters are elaborated with the help of graphs
and tables. This analysis is published in the Caspian Journal of Applied Sciences Research,

5 (2016) 34-44.

Chapter five illustrates unsteady ferromagnetic boundary layer fluid flow and heat transfer
analysis over a stretching sheet. Two different types of thermal boundary conditions namely,
(i) prescribed surface temperature (PST) and (ii) prescribed heat flux (PHF) are considered.
This study is published in the Journal of Molecular Liquids, 223 (2016) 528-333.

Chapter six explores the two-dimensional ferromagnetic viscoelastic boundary layer flow
problem and heat transfer over a stretching surface with a linear velocity under the impact of
magnetic dipole and suction. Constitutive equation are first derived for viscoelastic flud and
then solved numerically for several controlling parameter. This study is online available in

the Journal of Neural Computing and Applications, Doi: 10.1007/300521-016-2830-6.

Chapter seven designates, chemical reaction and heat transfer on boundary layer Maxwell
ferro-fluid flow with Soret and suction under the influence of external magnetic field. The sheet
is assumed to be permeable in a semi-infinite domain. This study is published in the Journal

of Engineering Science and Technology, 223 (2016) 528-533.



Chapter eight offers two dimensional boundary layer flow of a Maxwell ferromagnetic fluid
toward a flat plate with the occurrence of external magnetic field because of the fact that two
equally line dipole which are equidistant from the wall and perpendicular to the flow plane.
Cattaneo-Christov heat flux model is utilized in modified form of Fourier’s law to disclose the
heat transfer characteristic. This study is published in the Journal Magnetics 22(3), (2017)
472-477.

Chapter nine describes two-dimensional boundary layer slip flow and heat transfer
characteristics of magnetic nanofluid (ferrofluid) via porous medium is investigated. The flow
is generated due to stretched surface under the influence of magnetic dipole. Magnetite as a
nanoparticle with three different types of base fluids such as water, kerosene and refrigerant-
134a is utilized. The content of this study is submitted in Mathematical Problems in

Engineering,

Chapter ten addresses the boundary layer flow of magnetic nanofluid over a stretching surface
with velocity slip condition have been investigated. Water is selected as a base liquid whereas
ferromagnetic, paramagnetic, diamagnetic, antiferromagnetic and ferrimagnetic are chosen as
nanoparticles. The use of magnetic nanoparticle is to control the flow and heat transfer process
via external magnetic field. The study is online available in the Journal of Neural

Computing and Applications, DOI: 10.1007/s00521-017-2989-5.

Chapter eleven investigates the shapes effect of magnetic nanoparticle on boundary layer flow
of ferrofluid over a rotating disk with the presence of low oscillating magnetic field. The disk
is rotating about an axis perpendicular to its plane with uniform angular velocity. Water is

considered as a base fluid while magnetite ( Fe,0,} as nanoparticle with three different shapes like

platelet, cylinder and brick, which is based on Hamilton-Crosser model. This study is published

in the Journal of Magnetism and Magnetic Materials 443, (2017) 36-44.



Nomenclature

-

Distance from surface to dipole

[#]
A Velocity slip factor
A Ratio of velocity parameter
¢*  Stretching/ shrinking constant
CP Specific heat
C, Concentration susceptibility
C / Skin friction coefficient
J Dimensionless stream function
G’ Mixed convection parameter
H Magnetic field
H Heat source/sink parameter
K Pyromagnetic constant
K*  Mean absorption coefficient
K Permeability of porous medium
{ Characteristic length
K Porosity parameter
K, Chemical reaction parameter
I Some of moment of Inertia
Greek symbols
P Density
s Stefan-Boltzmann constant

Pr

Prandtl number

Heat generation/absorption
coefficient

Suction/injection parameter
Schmidt number

Soret number
Heat flux

Reynold number

Temperature

number of particle
Curie temperature
Mean fluid temperature
Free stream velocity
Wall velocity

Velocity components

Cartesian coordinates
Magnetization
Radiation parameter

Nusselt number

Shape factor

Dimensionless temperature

Thermal diffusivity



k Thermal conductivity
H Viscosity

1% Kinematic viscosity
1% Wall mass flux

A Unsteady parameter

U, Permeability

(n7,£) Dimensionless coordinate

¢ Volume fraction
Y Stream function

o Magnetic potential

T Radian skin friction

T Transverse skin friction

Tp Brownian relaxation

th Frequency

o, Angular momentum

X Langevin parameter
Subscripts

nf  Nanofluid

A Base fluid

4

L(X)

Dimensionless distance

Thermal relaxation time

Ferrohydrodynamic
interaction parameter

Magnetic field strength

Deborah number

Dimensionless curie
temperature

Viscous dissipation parameter
Amplitude
Viscoelastic parameter

Relaxation time parameter
Effective magnetic parameter

Small inertia

Ratio of relaxation to
retardation

Dimensionless slip parameter
Vorticity

Langevin function

Solid particle
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Chapter 1

Preliminary
1.1 Literature survey

1.1.1 Ferrofluid

Ferrofluids have emerged as a new class of “magnetic nanofluids”. Its extraordinary physical
properties and usages in many electrical and smart appliances fascinates scientist and engineers
over the years. Ferrofluids are stable colloidal dispersions of micron-sized ferromagnetic
particles in carrier liquid and its heat transfer properties. Usually ferrofluid comprise 10%
surfactant, 5% magnetic solid and 85% liquid. These fluids have potential applications in area
of microelectromechanical system (MEMS) and nanoelectromechanical system (NEMS) using
ferrofluid particles like nanoduct flows, nanomotors, nanogenerators, purification of molten
metals, microfluidic actuators, coolers of nuclear reactors, shock absorbers, leak-proof seals,
lithographic patterning, x-ray tubes, microfluidic valves and pumps, sealing of hard drives and
rotating shafts and rods comprises of ferrofluids. Also, it is utilized as lubrication in bearing
and dumpers, to regulator the heat in electric motors systems and speaker systems [1-4]. The
contributions of these fluids in biomechanics is also valuable, because it is also useful to supply
drugs to unreachable parts of human blood and for the treatment of tumour by heating the lump
absorbed ferrofluids by means of substituting external magnetic fields [5, 6]. Maruno et al. [7]
utilized ferrofluids as a magnetic ink for high-speed, low-cost and soundless printers.
Ferrofluids likewise have exceptionally fascinating shapes, structures and patterns, that can
create from ferro-hydrodynamic hazards as sketched in Figs. 1.1 and 1.2. Now the peaking
behavior of ferrofluid, consequences of magnetic field which is orthogonal to the layer of
ferrofluid. Rrigging-like structure see fig. 1.3, result of radial orthogonal field uncertainty when
litle magnet is situated beyond a ferromagnetic liquid drop restricted among
closely disseminate crystal plates, for labyrinth uncertainty see figs. 1.4 and 1.5 fallouts when
external magnetic field is employed tangently to tinny layer of ferromagnetic liquid and
restricted among definitely disseminate crystal plates. All images perform a ferrofiuid with
immersion magnetic polarization of 400 G. In figs. 1.3 to 1.5 ferrofluid is enclosed by 50%
deionized water, 50% propanol blend so as to keep impede ferrofluid from wetting the crystal

plates.






field. Ferrofluid was first developed by NASA in the early 1960s to report the distinctive
desires of moving fuel in a gravity-free outer-space. Rosensweing [8] has given an influential
overview to the investigation on magnetic liquids in his paper and gave the interesting
information of the impact of magnetization. Later on Neuringer [9] was the first who
considered classical boundary layer flow problem to simulate the effects of applied magnetic
field on stagnation point flow to drenched ferromagnetic liquid against a cold wall and parallel
flow along flat plate with linearly decreasing surface temperature. Tangthieng et al. [10]
elaborated heat transfer enhancement in ferromagnetic fluid flow among the flat surfaces and
box by varying magnetic field made with the help of vector potential field and permanent
magnet produced by a dipole magnet by utilizing finite element simulation. Yamaguchi et al.
[11] have considered ferromagnetic natural convective flow in square cavity with four rigid
walls. They found that when the both buoyancy and the magnetic force co-occurs, heat transfer
characteristics remain low at lower area of Rayleigh number. Although by rising Rayleigh
number, heat transfer improved highly and shows greater value under a strong magnetic field.
Snyder et al. [12] examined combined influence of natural and magnetic field on convective
energy transport through a ferromagnetic liquid in a cubic enclosure. It was found that
magnetoconvection can be predicted numerically and validate the standard theory experiment
under constant magnetic field gradient. Ramanathan and Suresh [13] discussed MFD in an
anisotropic porous media. It was found that system is destabilizes with the occurrence of
anisotropic porous medium, however the stimulus of magnetic field dependent (MFD)
viscosity is to stabilize the system. Finlayson [14] analyzed irregularity of ferromagnetic liquid
heated from beneath in the appearance of uniform magnetic field. He described the
consequence of buoyancy and magnetic field and using linear theory and possibility of
oscillatory instability cannot occur. Ganguly et al. [15] considered two-dimensional pressure-
driven convective flow and heat transfer in ferrofluid under the inspiration of line-source dipole
in a channel. They concluded that the overall heat transfer enhancement relies predominantly
on net magnetized current and comparative placement of the line dipoles.

Aminfar et al. [16, 17] analyzed uniform transverse magnetic force effect and non-uniform
axial magnetic force on MHD and thermal behaviours of a ferromagnetic mixed convective
flow in a pipe. They disclosed that uniform transverse field and negative gradient field act in
the same way and enhances skin friction and Nusselt number whereas reverse trend is noted
for positive gradient axial field. Aminfar et al. [18] have also employed two phase model and
CVT is used to examine the hydrothermal features of a ferrofluid in a rectangular made by an

electric current passing through wire situated below the duct embedded with non-uniform
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magnetic field. Their outcomes display that Nusselt number and friction factor increases
against magnetic field and generates a couple of vertices that improves heat transfer
characteristics and precludes alluvium of nanoparticles. Strek and Jopek [19] considered time
dependent ferromagnetic fluid flow and transfer of heat among two parallel surfaces beneath
the impact of dipole field. Sheikholeslami and Rashidi [20] described finite element technique
to stimulate ferrofluid and treatment of heat transport in a lid-driven semi annulus with variable
magnetic field. Outcomes illustrate that Nusselt number vary directly to Richardson number
and volume concentration of nanoparticle. Ghofrania et al. [21] elaborated an experimental
study of ferrofluid and convective heat transport flow in a tube beneath the impact of an
alternating magnetic field with a uniform heat flux. It was observed enhancement in convective
heat transport against laminar boundary condition. Selimefendigil and Oztop [22] conducted
numerical visualization of heat transfer enhancement and fluid flow over a rotating cylinder
with dipole field using backward facing step geometry. They showed that the impact of
cylindrical rotation at low Reynolds number Nusselt number is more prominent.

Jafari et al. [23] have deliberated kerosene based ferrofluid and transfer of heat in two cylinders
with diverse dimensions using CFD. They applied heat flux and uniform magnetic fields over
numerous geometries, Sekar and Vaidyanathan [24] have examined instability of convective
magnetized ferrofluid in a porous rotating system along a vertical axis using Brinkman model.
The result disclose that the porous medium tend to stabilise system for low permeability and
higher rotation. Zahn and Rosensweig {25] demonstrated that fingering instability occurs when
additional viscous fluid is penetrated across the voids of porous region, which can be controlled
if magnetic field is applied along tangential interface to horizontal surface splitting
magnetizable and non-magnetizable. Jue [26] have implemented semi-implicit finite element
numerical scheme to obtain a ferrofluid flow in a cavity under buoyancy and magnetic force
effects. Result shows that flow strength escalations for large magnetic field, whereas there is
decline in side-wall heat transfer rate for high magnetic ficld. Narayana et al. [27] reported
micropolar ferromagnetic liquid flow over an elastic stretching sheet for two type of heat
process, specifically PST and PHF. It was establish that the impact of ferrohydrodynamic
interaction is to slow down fluid movement as compared to pure MHD case. Application of
conventional ferromagnetic liquid usages DC magnetic fields from permanent magnets for heat
transfer in loudspeakers and usages as a liquid O-ring in rotation and omission seals [28].

The ferromagnetic fluid injecting in a traveling wave magnetic field lack of free surface is
discussed by obtaining the time average torque and magnetic force are solved numerically. It

is essential that the term of particle spin and fluid convection be important in the
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magnetization constitutive law and the spin viscosity must be low in order to forecast the
experimentally perceived forward pumping at higher magnetic field and backward pumping
at lower magnetic field [29]. Zahn and Pioch [30, 31] investigated anomalous behaviour of
ferrofluid in AC magnetic field and examine the infrequent type of pair of electro-mechanical
system using the flow model of rectilinear and angular momentum equations involving non-
symmetric Maxwell and viscous stress tensors. They examined the magnetic field component
transverse and paralle] to the duct and fluctuating sinusoidally with time. In uniform magnetic
field the magnetization features rely on spin velocity of fluid whereas does not rely on the
velocity of fluid. Zakinyan et al. [32] have explored experimentally the performance of
magnetic liquid drop lying on a flat surface and bounded by non-magnetic liquid under the
inspiration of constant magnetic field which is rotating at low frequency in vertical plane. They
also observed the shape deformation and translatory motion of the drop velocity for different
field amplitude and frequencies. Buzduga et al. [33] performed experimental studying for the
stability of ferrofluids in magnetic fields. Interaction between the ferrofluid and the magnetic
field allows us to study the specific properties of both the ferrofluid and the magnetic field in
order to develop specific applications. Shliomis and Morozov [34] conducted that under the
impact of linearly polarized magnetic field, viscosity of ferrofluid is positive at low frequencies
and negative at high frequencies.

Oliveira et al. [35] examined the reaction of ferromagnetic liquid droplet along a radial
direction of magnetic field. At the point when the flow of droplet is restrained between two
parallel plates they checked how the constancy properties of the boundary interface and shape
of evolving arrangements response under the influence of magnetic fluid. Also established the
fingering pattern at interface and destabilizing toward radial direction. We have also confirmed
that magnetic field praise the development of peaked pattern structures within nonlinear weakly
regime, which incline to become sharper and sharper as the magnitude of the magnetic impact
is enhanced. Vieru et al. [36] have employed integral transform method to investigated
unsteady viscoelastic Maxwell fractional fluid flow on continually hastening plate among two
sided walls orthogonal to flat plate. Fetecau et al. [37] considered an incompresstble flow of
viscous fluid past a porous plate that implements a shear stress to the fluid with thermal
radiation effects. Bég et al. [38] demonstrated natural convection and transport of heat of a
chemically reactive Newtonian fluid toward a vertically inclined plates under the inspiration of
Soret and Dufour effects. Vafai [39] used asymptotic series expansions method to investigate
the convective heat transport in a porous region with variable porosity and inertial forces under

impermeable boundary condition. Jothimani and Anjali Devi [40] have analyzed the stability
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of two superposed ferromagnetic viscous fluids under the action of an oblique magnetic field

past an infinite flat plate.
1.1.2 Fluid with nanoparticles

The problems of boundary layer viscous flow and characteristics of heat transport owing to
stretching sheet have fascinated many investigator because of several applications and play a
vital role in the field of sciences and engineering. like annealing and tinning of copper wires,
manufacturing of rubber sheets and plastic, glass blowing, fiber spinning and continuous
cooling, manufacturing and extraction of polymer and rubber sheets, glass-fiber and wire
drawing etc. In recent years, emergent technology, modem industries like microelectronics,
manufacturing, lubricants and oil, cthylene glycol and transportation are facing a problem of
limiting cooling efficiency of heat transfer fluids as water etc. On another way, fast cooling is
also a fundamental need in food science and innovation. Consequently, heat properties of base
liquids may be enhanced by considering minor insertion of nanoparticles into base fluids. This
suspension is named “nanofluid” is a comparatively novel type of liquid which comprise of
conventional fluid with nanoparticles suspended within them, which first is presented by Choi

[41]. Nanoparticles are made from numerous materials, like Cu, Au, Fe, Hg, Ti, Ag, etc. metals
and non-metallic TiO,, 8i0,, AL,O; CuQ. Nanofluids have innovative characteristics that

make them conceivably valuable in numerous application in transfer of heat transfer, Some
applications where nanofluids can be utilized as a regular fluids i.e. engine cooling, cooling of
electronics, nuclear reactor, solar water heating, biomedical science, refining the efficiency of
diesel generator, domestic refrigerator, cooling of heat exchangeable devices, [42]. Choi et al.
[43] exhibited that heat conductivity of the fluid increases twice with the insertion of small
amount of nanoparticles to conventional base fluid. A detailed analysis on heat conductivity of
nanofluid was discussed by Buongiorno et al. [44]. Variation of heat conductivity and fluid
viscosity by dissolving a fine particles TiO2, Si0O2 and Al>O; were discussed by Masuda et al.
[45]. Abu-Nada et al. [46] studied natural convection flow and heat transport of nanofluid based
on Cu-water in an inclined cavity and also considered an angle of inclination as a converging
parameter for heat transport. Khan and Pop [47] examined laminar nanofluid flow past a
stretchable surface under the presence of thermophoresis and Brownian effect. They establish
theat Nusselt number is declining for each non-dimensional number, whereas the Sherwood
number is rises for higher value of Pr and reduces for lower value of Pr. The influence of

chemically reactive and radiation in the manifestation of a nanoparticle flow over a porous



surface was deliberated by Ismoen et al. [48]. Hady et al. {49] examined viscous nanofluid and
heat transfer of nanofluid past a moving nonlinear isothermal flat plate by considering radiation
and Rosseland approximation. Nadeem et al. [50] deliberated the influence of velocity slip and
heat radiation on MHD stagnation point of nanofluid over a stretchable surface. Das et al. [51]

studied two to fourfold rise in thermal conductivity improvement for a nanofluids depend on

water comprising CuO or Al,O, nanoparticles for a low temperature. Vajravelu et al. [52]

explored the heat transfer characteristic of convective nanofluids based on Ag-water or Cu-
water. They pointed out that under the influence of nanoparticles, absolute value of skin friction
is increases toward the surface and reduction is noted for the Nusselt number. These effects are
establish to be further noticeable for Ag-water as compared to the Cu-water solution. The
solution of boundary layer thickness decreases for Ag-water solution more than that of the Cu-
water solution, Turkyilmazoglu and Pop [53] inspected two types of heating boundary
condition with heat and mass transfer of nanofluid flows over an infinite horizontal plate with
radiation effect. They also considered the behavior of dissimilar based on water nanofluids
comprising Cu, CuQ, Ag, TiO; and Al0;. Some of the recent study related to nano and
ferrofluids are [54-89].



1.2 Laws of conservation in fluid mechanics

There are three fundamental laws, which are used to solve the fluid dynamics problems [90].
The governing equations of motion can be obtained using a CV technique. This is equal to a
“fluidic black box” where we know all about the flow is what is going in and what is coming
out of the control volume. We get the expression in differential form by applying the Stoke’s
theorem to an infinitesimally small volume with in the flow. When investigate a control volume

problem following three fundamental laws of fluid dynamics:
1.2.1 Law of conservation of mass

The continuity equation that comes by applying the conservation law of mass to a fluid flow
which is mathematically defined as

%+V.(p\f)=0, (1.1
where V is the velocity of fluid. The 1% term in above equation describes increasing rate of
density in control volume and the 2™ term denotes the mass flux rate fleeting out of the control

surface. The Eq. (1.1) can be rewrite in following form

Dp _
e +V.(pV)—0, (1.2)
where
D()_a()
AT v ). 1.3
o= YO (-

Eq. (1.1) was obtained with the help of Euleriun technique. In this technique, a fixed control

volume is used and the deviations to the fluid are documented as the fluid passes with in control

volume. On the other hand in Lagrangian approach, the variations in the element of fluid

properties are noted by a viewer moving toward the fluid element. The viewpoint of Eulerian

is commonly used in fluid mechanics. The Eq. (1.2) in Cartesian coordinate system as follow
op

3, 3, 0
a~+a(pu]+5;(pv)+é;(pu’)—0, (14

where u ,v, w denote the components of velocity toward x, y, z direction. The density of the

each fluid element remains constant is termed an incompressible. Mathematically stated as



Dp
= =y, 1.
Dr (1.5)

which diminish Eq. (1.2) to

V.V=0, (1.6)

or
@+@+@=0 1.7
PY VAP (1.7)

1.2.2 Law of conservation of momentum

Conservation equation of linear momentum is recognized as the Navier-Stokes equation.

Mathematically

DV

——=V.T+pg. 1.8
th Pg (1.8)

Under the directive of an Eulerian explanation, acceleration vector on the left hand side called
known material derivative, which is interchanged with the sum of convective and local

accelerations to get
0
,0|:§+(V.V]]V =V.T + pF. (1.9)

In the above Eq. (1.9), F represent the body force per unit volume. If we consider weight of
the fluid as bod force then F will replace with the gravitational acceleration vector g. The 1%
term on right hand side (RHS) of Eq. (1.9) shows surface forces. These forces are applied by
the external stresses on the fluid element. The stresses comprise of shearing stresses and normal
stresses are symbolised by the stress tensor components. Different fluids are defined by
different stress tensor. The momentum equation for single dipole described by Andersson and

Valnes [91] are

P(V.VYV =-Vp+V.T+ 4, (M.V)H. (1.10)

When two dipoles are taken in account the momentum equation takes the form [92]

p(V.V)V=—M(T9—T)+V.T. (1.11)
1
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1.2.3 Law of conservation of energy

Energy equation take the form

oh
Jo M.'-V'(hemhafpyv) =—@+V.(kVT)+lP1, (112)
ot Dt
where, £, represent the enthalpy which is associated to internal energy as Pty = e+ 2

o

. T is absolute temperature and ¥, is dissipation function indicating the work done against

viscous force, which is irrevocably transform into internal energy. Pressure term on RHS of
Eq. (1.12) is normally omitted. To get this energy equation it is assumed that the conduction
heat transport is regulate by using Fourier's law and thermal conductivity of the fluid.
Conservation of energy specified in Eq. (1.12) can be streamline by taking the fact that density

is constant for incompressible flows. Also using the definition of enthalpy along with

dah =C,dT" and de = C dT relation, Eq. (1.12) takes the following form

erthudpy
oT 2
pC, [E+(V.V)T}:kv T+V¥, (1.13)

here C, display specific heat. Also note that C, = C, for incompressible flows. For single

dipole energy equation are of the form [91]

pcp(V.V)T=—Vp+kV2T-pOT(iEM.((V.V)H)+p ¥, (1.14)

2 2 2
where ¥ ={2[auJ +2[_@1] +[@+Qy_) ]
ox oy ox Oy
1.3 Constitutive relation for Newtonian and non-Newtonian fluid

The stress tensor in Eq (1.8) and (1.9) are defined by nature of fluid. The fluids can be separated
into Newtonian and Non-Newtonian fluid base on Newton’s law of viscosity defined as a
relationship in which shear stress among the adjacent layers of fluid is proportional to the

negative value of the velocity gradient between the two layers.

10
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1.3.1 Newtonian fluid
The stress tensor for Newtonian fluids are defined as
T =-pl+x, (1.15)

where 7 represent Cauchy stress tensor, K = 4R, is extra stress tensor, u is dynamic

viscosity. R, is first Rivlin-Ericksen tensor

1.3.2 Jeffrey model

The necessary equations for Jeffrey model can be written as [93]. The stress tensor used
throughout this thesis defined as follow

r R ]
=——IR +A|—+VV|R |, 16
* 1+12{ : '[ar ] (1.16)

where A, is relaxation time and A, is retardation time parameter of Jeffrey fluid.

1.3.3 Maxwell model

The extra stress tensor x for Maxwell fluid satisfies the following relation [94]
(1+x 2]K=,uR (1.17)
' or r '

1.3.4 Viscoelastic (second grade) model
The extra stress tensor k for viscoelastic fluid can be written as [95]

k=uR +5R,+5R! (1.18)

Pl I

where &, and &, are the material moduli while the kinematic tensors, R, and R, .

1.3.5 Rivlin-Ericksen tensor
R, =grad V +(grad V)

i 1.19
R, =R, +R, (grad V)+ (grad V) R, (113

11



1.4 Mechanism of heat transfer

The transfer of energy as heat from a region of high temperature to low region temperature is
called heat transfer, which occurs as a temperature difference across the boundary of the
system. This temperature difference is thought of a driving forcc that causes heat to flow. There

are three different modes of heat transfer: conduction, radiation and convection. [96]

1.4.1 Conduction

Conduction is a mode of transmit of heat via substance without perceptible motion of the
substance itself. Heat can be transfer within a solid, liquids or gas medium or between different
mediums which are in physical contact with each other. The conduction may be observed as
the energy transfer from more active molecules to neighbouring less active molecules of a
substance. When a fast moving molecules of high temperature region strike to slow moving
molecules of lower temperature region, energy is transfer between the places. The molecules
having low energy absorb energy and then gain a temperature, and high energy molecules
obtained lower temperature. The conduction heat transfer in liquids and gases occurs due to
collision and diffusion of molecules during their random motion. However, the nature is more
complex. Most liquids, except water, become poorer conductors at high temperature. For
gasses, the distance between molecules is related to the pressure. However, unless at very high
pressure, the molecules is gases are at large distances and, therefore, thermal conduction is
almost negligible. The temperature gradient is the potential for heat conduction. If a body in

any phase has a temperature gradient, that body will definitely have conduction heat transfer.
[96].
1.4.2 Radiation

Radiation is the energy produced by substance because of its temperature. The radiation energy
discharged by a body is communicated in space. Radiation is an electromagnetic phenomenon
according to the Maxwell theory [96] and the radiation which is propagated as a result of
temperature difference is called radiation. Irrespective of the form of substance (gas, solid, or
liquid), the emanation of energy is because of variation in the electron configuration of the
constituents’ molecules. While the transport of energy by convection or conduction needs the
occurrence of material medium, radiation does not. Actually, radiation heat transfer is more

effective in a vacuum. A good literature on radiative transfer can be seen in well-presented

12



texts by Ozisik [98], Sparrow and Cess [97], Siegel and Howell [99], and Howell [100].

Applying Rosseland approximation of radiation we have
* 4
g =30 o (1.20)
3k Oy
where &~ and ¢ are the mean absorption coefficient and the Stefan-Boltzmann constant,

respectively. We consider small temperature difference and the term T* exhibit as a linear

function of temperature by expanding T* in term of Taylor series about T, as below
T =T} +4T3(T-T,)+6T2(T-T,) +.. (121)

Ignoring higher power terms in Eq. (1.21), we obtained
T =4T73T-T}. (1.22)
Then, utilizing Eq. (1.22) into Eq. (1.20), we get

16T} oT
31(“ ay .

g, = (123)

1.4.3 Convection

Convection is the transport of energy by bulk movement of the fluid motion from a region of
higher temperature to a region of lower temperature. Such motion in the existence of
temperature gradient enhances the heat transfer, In convection problem the examination of fluid
mechanics plays a vital role. The convection heat transfer is further classified as natural

convection, forced convection and mixed convection [96].
1.4.3.1. Natural convection

Natural convection phenomena is a procedure in which the motion of the fluid fallouts from
heat transfer. When a fluid is heated or cooled, its density is changes and buoyance effects
produce a natural circulation in the affected region, which caused the increase of warmer fluid
and the decrease of colder fluid. Therefore energy transfer from hotter regions to colder regions
as long as temperature difference exits in the fluid. It has many applications in industrial and
engineering process such as electric absorption heaters in process vessels and steam heated
coils, removal of heat from electronic components and electric conductors, heat loss from

process piping. Which is suitable suggestion that natural convective boundary layer is designed

13



owing to divergent viscous force and thus the miracles of natural convection is considered by

a non-dimensional recipe of few forces entitled as Grashof number [96].

1.4.3.2. Forced convection

In the mode of forced convection, the fluid is flow due to force past a surface by means of
external source like fan or a pump. Many applications of heat transfer utilize forced convection
such as heating and cooling of parts of the body through circulation of blood, radiator system

in vehicles because the heat transfer rate is more faster than it is with free convection [96].

1.4.3.3. Mixed convection

The mechanisms of natural and forced and convection flows act together to transfer heat in
called mixed convection or a situation where both pressure and buoyancy forces interact. This
mode of heat transfer is also very significant, occurs in numerous engineering devices and in
nature. The ratio of buoyancy force to inertial force and precisely stated as [96]:

Gr

G ==,
Re' (1.24)

x

where Re indicate Reynolds number and Gr is Grashof number and. When (G” << 1) the
inertial force is superseding in flow reign and flow trend is termed as forced convection flow
on the other hand for (G* >> 1) the buoyancy force is superseding in flow reign and obviously
flow pattern is called natural convection flow. Normally, the mixed convection reign is

happened in the central range of mixed convection
1.5. Porous medium

Porous medium means a pores comprising the void space should be interconnected [101]. The
interrelated pore space is sometime called efficacious pore space. The unconnected void may
be reflected as a part of solid matrix. In simple condtition the pore is drenched by a single fluid
where as a usual porous medium the circulation of pores based on size and shape is unbalanced
such as rye bread, sandstone, limestone, beach sand, the human lung and wood. Most of the
time, a porous region is labelled by its porosity and sometimes the other properties like
permeability, tensile strength, and electrical conductivity are also measured as a respective
aspects of its constituents and the pores [102]. The mathematical expression regarding porosity
has been described by Henry Darcy and known as Darcy’s law [103]. His experimental

investigation on steady state uniform flow in unidirectional exposed a proportionality among
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applied pressure gradient and flow rate. In modern way, mathematical communication in

refined form as
K
V=-—Vp. (1.25)
7.
After simplifying the above expression we obtained the following relation.

M
Vp=—1_V, 1.26
P=—r (1.26)

This is an isotropic case where permeability X is scalar [104]. Hong et al. [105] stated that
Darcy model is only effective under small porosity and low velocities with the absence of
inertia effect. Therefore it is essential for physical flows to revise the Darcy model to associate
non-Darcian impact on the porous medium examination. Further, Forchheimer included an

additional term to Eq. (1.25) has converting to new model.
Yp= 2\VlY, (1.27)
V-<£ oV

where ¢pis a non-dimensional form-drag constant. Forchheimer reported that with high

permeability Darcy’s law was not useable. Darcy’s law also not applicable for no-slip case
between the porous medium and solid wall [107]. For low Reynolds number the Darcian model
is also valid, while for higher Reynolds numbers non-Darcian models has to be considered.
Numerous non-Darcy models have been suggested to involve inertia impact. Poulikakos and
Bejan [108] and Prasad and Tuntomo [109] employed extended Darcy-Forchheimer equation
to scrutinise the flow past a porous medium under inertia impact. Brinkman [110, 111] revised
Darcy’s law for boundary frictional influence and to integrate a shear stress and no-slip
boundary equation at the surface by including a Brinkman term into Equ. (1.25). The

transformed equation is of the form
—_H 2y
Vp= V+ aveyv (1.28)

where /i is the effective viscosity. Brinkman presumed & equal to the fluid viscosity u .
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1.6 Suction and injection

Suction or injection of a fluid through the bounding surface can remarkably variate the flow
field. In general, suction tends to magnification the skin friction, although injection behave is
reverse manner [112]. The progression of suction/blowing has of great importance in several
engineering events like in the design of thermal oil recovery, radial diffusers and thrust bearing
[113]. Suction is utilized to chemical processes to eliminate reactants [114]. However, suction
or injection of a stretching surface for constant velocity and temperature field was presented
by Erickson et al. [115] and Fox et al, [116]. Further Chen and Char [117] examined suction
or injection for linearly stretched surface with uniform heat flux and wall temperature, these
authors also focused on impermeable case with variable surface heat flux. Mathematically

conditions of suction/injection for a flat surface at y=0, can be written as

S=—-—+ (1.29)

where S represent the non-dimensional constant which determine the flow rate. .S <0 signify
injection (blowing) velocity of fluid, S >0 signify suction velocity of fluid and S=0

describes impermeable surface.
1.7 Heat source/sink (generation/absorption)

The investigation of heat source or sink impact on energy transport is most imperative due to
its crucial effects in controlling the heat transmit. Abo-Eladahab and El Aziz [118] analyzed
the influence of variable heat source under suction or blowing, which is restricted to viscous

fluids only
Q=—, (1.30)

where () represent heat source (>0 and sink corresponding to Q < 0.

1.8 Soret and Dufour effects

The phenomena in which heat transmit induced through gradient of concentration is named the
diffusion-thermo or Dufour effect while mass transfer owing to temperature gradient is termed
thermal-diffusion or Soret effects [119]. When both temperature gradient and concentration are

high, then influence of these parameter are very prominent. Some studies associated to energy
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and mass transport, impact of Soret and Dufour are neglected because of a lower order of
magnitude as compared to the influence defined by Fourier’s and Fick’s laws. Eckert and Drake
[120] investigated that there are several cases where Soret and Dufour effects are very
prominent for the fluids in the fields such as nuclear waste, geothermal energy, hydrology,
1sotope separation and in the combination of dissimilar gases Hydrogen or Helium due to their

light molecular weight. Mathematically dimensionless form of Soret and Dufour are

S _D.kT(Tc_Tw) D _D-kT(Cw_Cw)
" rv(c.-C) 7 cev(f-T,)°

(1.31)

here, k. is thermal diffusion ratio, D° is mass diffusivity, ¢, is concentration susceptibility,

T is mean fluid temperature and ¢, specific heat of fluid,.

1.9 Stagnation point flow in a plane

In fluid mechanics, a point on the flow region where velocity is zero is called stagnation point.
The flow in neighbouring of a stagnation point is named stagnation point flow. In fluid
dynamics, two dimensional flow problem nearby a stagnation point is one of the most widely
studied. Hiemenz [121] was the first one to introduce the stagnation flow in a plane around a

stagnation point which is also called the Hiemenz flow. For the potential flow the component

of velocity around the stagnation point at x =y =10 are stated as

u=ax, v=—a,y, (1.32)

here a, is a constant. The flow move toward the y-axis and impinges on solid surface (y = 0).

The flow accelerates toward the x-axis. Boundary layer grows toward the x-axis due to no-slip

condition. For viscous flow, the presumed components of velocity are

u=xf'(y), v=-f(3), (1.33)

which fulfil the equation of continuity. For the pressure distribution, the following Bernoulli’s

equation can be used for potential flow
I Y T
p,,—p—ipal (x +y ) (1.34)

p, signifies the pressure, for viscous flow, it is supposed that
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p\;—p%paﬁ(x%f‘“(y))- (1.35)

1.10 Governing equations for ferromagnetic flow
The equation described the flow of ferromagnetic particles in fluid are explained hare.

1.10.1 Magnetic force on ferrofluid

In the presence of an applied magnetic field, the suspension of ferromagnetic colloidal particles
in carrier fluid, which make fluid magnetized and produce magnetic forces on each particle due
to polarization that produce a body force in fluid [122]). The magnetic (Kelvin) force F on

ferrofluid per unit volume is given by

=n,(M.V)H, (1.36)

where 4, is magnetic permeability, H is strength of extermal magnetic field, M is

magnetization.

1.10.2 Magnetic field intensity (H)

Magnetic field intensity at a point is the number of magnetic lines of force crossing per unit
area around that point, the area being held perpendicuiar to the direction of lines of force. in SI

system, the unit of magnetic intensity is Ampere/meter.
1.10.3 Magnetic induction (B)

When a magnetic material is located in a uniform magnetizing field (H) it acquires magnetism
and develops its individual magnetic field because of induction. As a consequence of this
induction, the original magnetic field is rehabilitated both outside as well as inside the magnetic
material. This modified or resultant field is called magnetic induction and is measured as the
number of lines of induction passing normally through unit area of the material and is denoted
by B. It is expressed in Tesla in SI units. Thus total number of magnetic lines crossing per unit

area normally through a magnetic substance is called magnetic induction.
1.10.4 Intensity of magnetization (M)

It is a measure of the extent to which a substance gets magnetized. Intensity of magnetization
M of a magnetic substance is showed as its magnetic moment per unit volume, the specimen
being so small that its magnetization can be supposed to be uniform. In SI system, the unit of

intensity of magnetization is Weber/metre?.
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1.10.5 Magnetic susceptibility ()

It measures the ease with which a specimen takes magnetism. Magnetic susceptibility of a

magnetic substance is defined as the ratio of the intensity of magnetization M induced in the

substance to the strength of magnetizing field H in which the substance is situated.

Mathematically, it can be expressed as

M=H.

(1.37)

Based on this the magnetic response of materials may be categorised into the following five

groups
Magnetic susceptibility
Magnetism X Iustrations
Sign | Magnitude
- . . tor : -
Diamagnetism - | Low, Constant Superclzonduc 1¥1g materials, Metals like Bi,
Organic materials,
. Alkali and transition metals, Rare earth
Paramagnetism + | Constant , Low
elements
_ N Function of H | Transition metals (Ni, Fe, Co), Rare earth
Ferromagnetism Large, elements (Gd)
Antiferromagnetism + | constant, Low Salts of transition elements (MnQ)
High, Function | Ferrites (MnFeO,, ZnFeO,) and
Ferrimagnetism + )
of H Chromites
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1.11 Single dipole field

The characteristic of magnetic field influenced the ferrofluid flow due to dipole field. The

scalar potential of magnetic dipole is [91]

x

o=7| ——| (1.38)
2 x’+(y+a)
when the magnetic is place at (0, - 2" ). The components of magnetic field H are
a0 x—{y+d 2
H=-222204 2 ( ) >, (1.39)
o 27 (x2+(y+a ) )
J
oD 2x(y+a’
- E_r ( ) L (1.40)
oy 2z (x2+(y+a‘))

4

In Eqs (1.39) and (1.40), /_ and H_ are components toward coordinate axes. The magnetic

force and gradient of H are proportionate with each other, so we find the expression

)]

The elements of VA in term of scalar potential are

oD 5*d aq) 8’0

oH_ o o "oy oy

(2]

o0 50 arpa%
oH _ axaxay & &

lererf
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For single dipole

L=-L (1.44)

and

(1.45)

1.12 Double dipole field

Magnetic scaler potential & at any point (x, y) under the influence of dipole are taken as [92]

e [Tan‘l [J’—t‘i}r Tan’ [ZJ’—dﬂ ,
2 X x

where ¥ is strength of magnetic field and the corresponding components along the coordinate

(1.46)

axcs darce.
_ T
H=-20__ v yrd yed | (1.47)
Ox 2r | x* +{(y+d) x"+(y-d)
oD b4 _ x x ]
H =-——=-2— + |- 1.48
ox 27| x*+(y-d) x*+(y+d) ] (1.48)

The magnitude A of the force field is specified from Eq. (1.41). Utilizing equation (1.46) in
Eqs. (1.42) and (1.43) and expanding order up to x* , we get
cH

0, 1.49
Py (1.49)

. oD &0 : ,
since at the surface of wall . =|— =0 adjacent to the boundary regions and
=0 y__o

distance from leading edge is huge as collated with the line dipole from the flat plate that is

x> d so
oH _ y 1
e (1.50)
The dissimilarity of M in term of temperature 7' [91] is taken as.
M=K(T -T), (1.51)
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here X* demonstrate pyromagnetic co-efficient, 7, is Curie temperature, although, the

following are the important key fact for the existence of ferromagnetic fluid: (a) the external

magnetic field is nonhomogeneous and {(b) fluid at temperature T differ from 7,. Once the

ferromagnetic fluid tend to Curie temperature, where no further magnetization exist. Actually
physical characteristics are very important due to very high Curie temperature, which is 1,043

Kelvin for iron.
1.13 Slow oscillating magnetic field

The comprehensive form of equations also contains the Maxwell’s equations are

V.(H +47M)=0, VxH =0. (1.52)

and

M=Ms[cothl—%} (1.53)

Inabove, M is fluid magnetization, M, = M,[" is the saturation magnetization in fluid, which

is represent the produce of instantaneous magnetization M, and volume concentration I' of

the magnetic component [123, 124]. At7, =0, the instantaneous stability magnetization M,

is takes as

L(X)=CothX — X", annmL(X)E, L (1.54)
H ol

where ¢ is Boltzmann constant , X is Langevin parameter, £(x) is Langevin function, # and

M denote the number of particle and the magnetic moment.
1.14 Geometries of problems

In this thesis following geometries are used.

1.14.1 Geometry 1

Consider an incompressible, two dimensional electrically non-conducting ferromagnetic fluid
induced by stretched horizontal sheet having velocity ¥,(X)=cX where c is stretching rate,

which is directly dependent to the distance from the origin. A permanent dipole is situated at

distance o" from surface with its center exactly located on y axis as display schematically in
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fig. 1.6. The direction of magnetic field is pointed in positive x-direction gives rise to magnetic

field of appropriate strength to drench ferromagnetic liquid. It is assume that Curie temperature
T, is higher than the temperature at surface 7, , on the other hand, fluid elements away from

the surface is at temperature T, =T,

Fig. 1.6. Geometry of the problem, circles indicate magnetic dipole.

1.14.2 Geometry 2

Consider a flat surface with two equally line dipole. Which are equidistant 4 from the wall and

perpendicular to the plane as seen in fig. 1.7.

’ - H= ﬁ+Hd
i /f\\ v
I {I 1'» |
A \[“ L
v~
.’ T=T0-3
d -
= - l
o x
_d’_dﬂ—"‘\
- - N\
f 4,"\..\ 1
{ {1. fo ]
! ,“‘..’z,
M.y -

P

Fig. 1.7. Geometry of the flow model.
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1.14.3 Geometry 3

Considering a disk rotating steadily with angular velocity speed Wr,0,2)=Q,r/1-at about z-

axis fluctuating with time as shown in fig. 1.8.

wWr.d,2)=0r l-ar

Fig. 1.8. Geometry of the model.

1.15 Boundary conditions
The following type of boundary conditions, we have taken.
1.15.1 Boundary condition on velocity

The boundary conditions on velocity profile rely on the nature of the liquid flow and geometry
of the boundary wall. If the boundary sheet is stretched with velocity linearly proportional to

x coordinate that is distance from a slit, the boundary equations are
u=cx, v=0, at y=0, (1.55)
u—0, y-—>00. (1.56)
Her the boundary sheet is considered to be impermeable. For the permeable stretching surface

the boundary equations are assumed in the form

u=cx, v=-v, at y=0, 157
u—0, yow (1.57)

The condition ¥=-V, at y =0, represent the suction/injection in the boundary layer region.

The above boundary condition arise as a result of no-slip when we take partial slip into account

the velocity condition at y = 0 is taken in the following form
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u=cx+A@, ay=0,
%

with A representing the velocity slip factor.

1.15.2 Boundary condition on temperature

Boundary conditions on temperature field depend on thermal process. Now we deliberate two

types of thermal process

1. Prescribed surface temperature (PST)
2. Prescribes wall heat flux (PHF)

Mathematical forms of such boundary conditions are:

PST Case

2
T=T,=2;-DG) at y=0,

T'>T, yo>ow,
PHF Case

or xV
~k—=q,=D|>] at y=0,
L a=D(3)

THT, yow

1.16 Similarity transformation

One-parameter (€) Lie group of infinitesimal transformations in (x, y, ¢,¥, P) are [125]

x" =x+eg(x, ytw,, P)+0(e?),
Y =y+eg,(xy.t.p,, P)+O(e"),
t =t+eF(x, y.ty,PY+0(e),
v, =y, ten(xyby,, P)+ (),
P =P+eg (x, 3,1y, P)+0(c?),

where ¢ is a small parameter ¢, , 6, F,n,, 8 are infinitesimal elements of the group. The

Lie symmetry in the set of vector form,

25






along with boundary conditions
»(0)=0, y(W)=8, (1.67)

here # demonstrated arbitrary function and information is given at x=0 and x= W. The above

differential equation designates an IVP, if the set of information is described as
¥{0}=0, y'(0)=s, (1.68)

For the solution of BVP, reduce the system of equation in two 1% order as

%zf(x,y,u), %:m (1.69)
corresponding 1.C’s

¥(0)=0, #(0)=»'(0)=s5, (1.70)

here ‘s’ represent missing initial conditions allocated for a starting initial value. Next, we will
get the original value of ‘s’, in such a way the solution of Eq. (1.66), with initial conditions

(1.68) fulfil the required conditions in Eq. (1.67). Further, if the resulting solution of IVPs are

represent by u(x,s) and y(x,s) , we are looking for the value of ‘s’ that is
y(W.s)-B=0=¢(s). (1.71)

Here Newton’s iterative scheme is applied to obtain the value of ‘s’ because we take a solution

of the algebraic Eq. (1.69) which is given as

(=)

s = () 1.72
) dg(s")/ ds 472
which becomes
y(L s")-B
s = 5(n)- ( ()) . (1.73)
aj/(L, s )/ds

Differentiated Eqs. {1.69) and (1.70) w.r.tto ‘s’ we obtained
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dY v o, o
Loy S=Zy+ly,
dx & ou

here  U=8u/8s, ¥ =dy/ &8s, and corresponding initial conditions are
¥(0)=0, U(0)=1.

1.17.2 Runge-Kutta method

The formula for the forth order Runge-Kutta technique to solve the single IVP.

D e 1E)=

is defined as
1
yj+l=yj+h_6-(k1+2k3+2k3+k4)’
where
kl=f(x;’yj)l
h k)
k=f|x+=-y.+21]|,
2 f( 1Ty 2 )

3

h k
=flx += y,+-2%
k, f{ ARy
ky=f(x, +hy,+k),

here A is step size.

Likewise, the classical forth order R-K method for the system of equations

Y
X % y,Y,Ya)y YX)D=Y,

may be written as

Y.

i+

1
=Yj+hg(K,+2K2+2K3+K4),
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X 5

where

kll kl2 kl] k]ii
K, = k:2l LK, = :22 LK, = k:za K, = :24
k., k, k, k.,
and
ky =/, (x}., Yigs Yoy0000 Vo ):
h kll knl\
kf'2=j;( ] 2’yl;+7' yZJ 2 ' !yn_; 5 )!
L g )
k = ; 3 J E) +_1 =) 2 )
,3 f?( Fo Wy Iy e Yyt
ko=1 (xj +h, T +k,;, Y +k23"“’ynj +kn3)’
i=11)n
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Chapter 2

Effect of magnetic dipole on viscous ferro-fluid
past a stretching surface with thermal radiation

2.1 Introduction

In this chapter, the impact of magnetic dipole on boundary layer flow of ferromagnetic liquid
with thermal radiation has been inspected. Flow is caused by linear stretching of surface. The
suitable mixture of non-magnetic viscous base fluid, surfactant and magnetic solid constitutes
a magnetic flutd. The boundary layer partial differential equations with the interaction of
ferromagnetic fluid are reduced into system of nonlinear ordinary differential equations by
implementing similarity procedure. Then resulting set of equations are solved numerically. The
influence physical converging flow parameters on dimensionless quantities such as velocity

profile, temperature profile, pressure profile, skin friction and Nusselt number are deliberated

via graphs.

2.2 Flow assumption and mathematical formulation

Consider a two-dimensional, incompressible viscous flow of ferromagnetic particles
electrically non-conducting base fluid over a stretching surface as defined in the geometry of

the problem in section 1.15. The flow is assumed to be in the domain y > @ . The radiative
heat transfer magnetization effect in heat equation is taken in account. By applying boundary
layer approximation the governing flow equations in component forms, using Egs. (1.1), (1.10)

and (1.14), we have

%‘+%=0, Q2.1
p[u%+v%]=—%+p@4%+p(g—3+%} (2.2)
p[ug+vg]=4z—i+poﬂ{i—f+y[g—+2:;], (2.3)
pcp[ug +v%]+p0?“aa—ﬂ;(u%+v%)= Z;—Z—% (2.4)
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The radiation flux vector ¢, and are explained in Egs. {1.20) to (1.23), hence.

8q, 16Tc" 8T

aJ) Bk“ a_})z N (2'5)
Assuming the stretching boundary conditions
u=cx, v=0, y=0

(2.6)

u=0, p+%p(u2+v2)=constant y—>of’

along with PST condition for temperature profile from Eq. (1.59). Using similarity
transformation from Eqgs. (1.64) and (1.65) to the Egs. (2.1) to (2.4) and comparing the

quantities up to ¢, we get equations take the form

I 2436,
ST+ 428 - — =0, 2.7
(n+a,) &7

. o 206
P—f-ff———==0, 28
(n+a) (28)

. 26 456
P - — - =0, )
(7+a) (n+a) (2.9)
(l+N)9,"+Pr(f6’.'-2f'6'.)+—2—f—(€'_—£)f1é+292=0, (2.10)

(r;+a,)

(1+N)92'-Pf(4f*92—fé'z')’fgw-ﬁﬁ(ﬂ-6){ 2f’4+ i s}=0 (2.11)
(7+a) (n+a) (n+a)

and the boundary equation (2.6) becomes

f=0, f'=1, 6,=1, 6,=0, at =0, )12
f'>0, 650, 6,50, P>-P, L0 as o] (2.12)
The dimensionless flow parameters are defined below
e 2
Pr= h-’ A= __CH , = T;
k pk(T.-7,) ~ T.-T,
. (2.13)

3
f=TP uK(T-T,), N=2C1e o [Py
2mu” 3kk T

where Pr is Prandtl number, A is viscous dissipation parameter, & is Curie temperature, &,
is dimensionless distance and A is the ferromagnetic interaction parameter. The physical

quantities in the vicinity of surface, i.e., skin friction coefficient and Nusselt number are stated
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as

=27 xq
C = h,} . Nux = L L]
Ix p(cx)h _k(]: _Tw) (214)
here
. :;{@J q =-x{gj (2.15)
W @) y=0 W a}] y=u .

In non-dimensional form

Re"? C, = _2f"(0), Re"? Nu_ = _[9"(0) + &8, (O)J, (2.16)

where f"{0) and 8 (0) are skin friction and heat transfer rate, Re, represent Reynolds
number. Flow region 1s influenced by ferro-magnetic parameter 2. Whereas in case of MHD
(8 =0), :"2(0) becomes a constant, and flow problem is separated from the thermal energy

problem. So, it is more suitable to swap the quantity —Q’z—[f}»‘l’(o)+§29§(0)] by ratio

g0
L) called the dimensionless form of Nusselt number at surface. Also, the

7O g0)p=0

quantity P, (0) is called wall pressure parameter.

2.3. Results and discussion

For the present problem, the numeric values of parameters 4 = 0.01, o, =1.0, £ =2.0 is fixed.

To check the legitimacy of the current method, the numeric fallouts of Nusselt number is drawn
in table 2.1 for limiting case, which are associated with those existing in open literature Chen
[126] and Ishak et al. [127] and found as excellent agreement. Figs. 2.1 to 2.4 are sketched for
numerous flow parameters on temperature field. Fig. 2.1 portrays the effect of Prandtl number
Pr on temperature profile, results shows that temperature decreases by increasing Pr in
boundary region, for higher values of Pr results in diminishes thermal boundary layers. Fig,

2.2 describes the impact of ferromagnetic interaction B on temperature profiles. It is noted
that fluid temperature is boost up with an increase in /. This is because to fact that the

communication between the ferromagnetic particles and the motion of the fluid. This
collaboration increases the frictional heating between the fluid layers or resistance among the

fluid particles enhances, so extra energy is produced, consequently increase in temperature and
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associated boundary layer thickness. Fig. 2.3 exhibits to perceive the response of radiation
parameter N on temperature distribution. It is pointed out that temperature grows up by
increasing radiation parameter. Physically, impact of radiation parameter is to improve the
thermal diffusivity of the medium.

The consequence of the applied magnetic field due to dipole demonstrates through a
ferrohydrodynamic (ferromagnetic) parameter . The existence of magnetic effects play as
retarding force on fluid velocity and thereby as increases, so produce retarding force and
hereafter the results in suppressing the velocity profile. Because this occurs owing to the
influence of opposing force which confront the fluid flow and produce more resistance to the

transport phenomena. Also noted that in fig 2.4 the velocity profile is smaller as compared

with hydrodynamic case ( b= 0). Fig. 2.5 highlights the coefficient of skin friction under the
influence of Prandtl number Pr versus £ . By scrutinizing the graph it discloses that shear

stress —f "(0) accelerate for higher values of Pr as well as g and reduces approximately

linearly by increasing thermal radiation parameter N as displayed in fig. 2.6. Fig. 2.7
demonstrates the effect of Pr on local Nusselt number against /. It is observed that that
Nusselt number enhances by increasing the value of Pr and opposite trend is noted in the case
of for radiation parameter N as shown in Fig. 2.8. Figs. 2.9 to 2.10 are plotted for pressure
against £ for several values of Prand N , it can be analyzed that pressure is decline for higher
value of Pr and increasing effect is noted for thermal radiation parameter N . Fig. 2.11 15
plotted to see the nature of heat transfer rate against thermal radiation parameter N for
numerous value of Pr. It is clear that there is improvement in energy transfer rate for higher

values of Pr.

Table 2.1 Comparison of Nusselt number —9,'(0) when g=0, N=0.

Pr Chen [126] ISh[af‘z‘f,t] Al present results
0.72 1.0885  cceeee 1.08862

1 1.3333 1.3333 1.33333

3 2.5097 2.5097 2.50972

10 4.7968 4.7969 4.79682
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Fig. 2.1. Impact of Pr on temperature profile.
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Fig, 2.2. Impact of # on temperature field.
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Fig. 2.4. Impact # on velocity field.
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Fig. 2.6. Impact Effect of ¥ on skin friction against 3.
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Fig. 2.8. Impact of N on Nusselt number against 5 .
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Fig. 2.11. Impact of Pr on Nusselt number against N.

2.4 Conclusion

Mathematical analysis has been performed to inquiry the combine effect of dipole magnetic

field and thermal radiation on viscous fluid flow over a stretchable surface. PDE’s are

converted in to system of ODE’s by applying similarity approach. The behavior of feasible

controlling parameters on flow field (velocity, temperature) is presented via graphs. The

important conclusion are

e Velocity profile decreases for larger value of the femomagnetic parameter and Prandtl
number.

¢ Temperature field shows an increasing function of 2 and N whereas it reduces for larger

values of Prandtl number.

e Skin friction coefficient boost up by increasing Prandt] number but declines for radiation
parameter.

e Nusselt number increases for greater values of Pr and opposite response in seen for thermal

radiation parameter.
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Chapter 3

Mixed convection flow and heat transfer in
ferromagnetic fluid over a stretching sheet with
partial slip effects

3.1 Introduction

The purpose of the current exploration is to study heat transport and mixed convection analysis
in ferromagnetic liquid flow over a stretchable surface. The influence of momentum slip is also
considered. Similarity approach is adopted to convert the boundary layer model into a system
of differential equations which are then elucidated numerically by R-K based shooting
technique. The characteristic of friction factor, Nusselt numocr, slip parameter
ferrohydrodynamic thermo-mechanical parameter and mixed convection parameter on flow
fields on boundary layer region are deliberated through graphs and tables. Lastly an assessment

is also made with the available data and establish a tremendous agreement.
3.2 Flow assumption and mathematical formulation

A mixed convection heat transfer for two-dimensional, incompressible ferromagnetic liquid,

electrically non-conducting base fluid with linear stretching velocity 4, =CX. Using the

boundary layer assumption, the flow equations established due to conservation of mass,

momentum and energy transport with viscous dissipation in component form are

au+6|v’_0 3.1
Ox ’ G-
d
p[u—”w_a“J:_g—i’ E.M—+ [—+—m)+ gf (T, -T), 3.2)
ov ov __6p H v “rr
p[uax+v J— ——+ pig M — [ _5 J gp . -1), (3.3)

ox oy or \ o« By o’
[ (aujz (avT [av au)] G4
2| 2] 42| 2 | 2 E
Ox oy ox oy

40

oT  oT oM ( OH aH OT
pe,|u——+v— |+l —|u——+ =k—



Corresponding boundary equations are

u=uw+A@. v=0, at y=0

a
;" ‘ (3.5)
u =0, p+5,o(u2+v2)=constant as y—rw

along with PST condition for temperature described in Eg. {1.59). Using similarity
transformation Egs. (1.64) and (1.65) in to the Egs. (3.1) to (3.5) and equationg the coefficients
up to order . The system of equations along with Eqgs. (3.5) and (1.59) takes the form

f"’+jf”—f’2——2ﬂ7+2f’z +G'6 =0, (3.6)
(n+a)
R’—f”—ﬁ'—ﬂ%—ﬁG'ﬂ =0, (3.7
(’?"'al)
})2,__ 2ﬁ92 ; + 4ﬁ91 : +Gt92 203 (38)
(n+a) (n+a)
2f(6,—¢&)A,
91"_ Pr(2f'€l _fgf)"' M_“A(f’)z =0, (3.9)
+a,)
i r 3 2 r 4
(r}+al) (U+al) (310)
+ 2O gyt =,
(7+a,)
FI=146£70),f =0, 6,=1, 8,=0, at 7=0 i
f >0, 50, 6,50, B>-P,P—0as norx| '
The non-dimension parameters occurring in Egs. (3.6) to (3.11) are
. _ G _ g8 Ty e
G —E,Gr,————g ER 5—AJ:}, (3.12)

where G 20 is mixed convection, Gr, is Grashof number, & is slip parameter. Skin friction

and Nusselt number are mentioned in Eq. (2.15).
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3.3. Results and discussion

Influence of numerous pertinent parameter like ferrohydrodynamic interaction parameter 2,

partial slip parameter & , Prandtl number P7 , mixed convection parameter *, and heat

transfer characteristic on boundary layer ferromagnetic fluid are investigated with the help of

figures and table. Throughout the problem the values to physical parameter for computational
workas Pr=0.72,4=001, £¢=2.0, & = 1.0 . To authorize the convergence of the current
numerical technique, numeric values of Nusselt number - g;(0) are matched with available
published data described by Chen [126], Abel et al. [128] and Ali [129] for innumerable values
of Pr when g =0 are given in table 3.1. It can be realized that superb agreement is obtained
with those availabe results. Further table 3.2. display the values of Nusselt number and skin
friction are given in the presence of 4.

The behavior of various sundry parameter on dimensionless velocity and temperature fields are
elaborated through figs. 3.1 to 3.7. Figs. 3.1 and 3.2 outlined the inspiration of slip parameter
& on flow velocity and temperature field. From fig. 3.1 it is witnessed that the velocity reduces
under the attendance of & . Also fluid velocity decreases monotonically and approaches to zero
away from the solid surface, whereas under no slip circumstance, Near the sohd surface the
velocity of the fluid and stretching surface is equal, then f’(0) =1, which is obviously justified
in the figure. Fig. 3.2 indicate that temperature of the fluid increases by enlarging velocity slip
parameter ¢ , therefore reduction in temperature gradient, which illustrate the heat transfer
rate. This statement is validated through the results presented in fig.3.9. Fig. 3.3 and 3.4
describes the impact of ferromagnetic interaction parameter S on velocity and temperature
field which is due to magnetic force prompted via dipole field on the fluid dynamics. The
existence of magnetic field, reduction is observed in fluid velocity for higher values of £.
Because this happen due to Lorentz force which has tendency to opposes the flow and hereafter
declines in the axial velocity as shown in fig. 3.3, whereas inverse behavior is noted for

temperature fteld as shown in fig. 3.4.

Fig. 3.5 interprets the impact of G’ on f°(m . Results indicate increasing behavior for velocity

profile for G and associated boundary layer thickness. Fig. 3.6 represent the behavior of G

on temperature field g, (s;). It is manifest that reduction is noted for temperate and thermal

boundary layer thickness against buoyancy parameter. Behavior of Pr on ¢, is outlined in fig.
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3.7. Decreasing effect is noted for temperature profile and associated boundary layer thickness
by enhancing Pr. Physically higher Pr fluids have weaker thermal diffusivity and smaller Pr
means stronger thermal diffusivity. Figs. 3.8 and 3.9 are drawn for local skin friction coefficient

and rate of heat transfer against 4 for numerous values & . It is evaluated form fig. 3.8, that
skin friction coefficient increases for 4, whereas it declines corresponding to & . It implies
that, for no-slip case (& = 0.0), the maximum shear stress arises at surface for ferromagnetic
fluid (5 =0).

Fig. 3.9 is scrutinized to display the rate of heat transfer for several values of velocity slip
parameter & against # . Apparently graph discloses that Nusselt number reduces for larger
values of # and & . Fig. 3.10 is plotted to see the behavior of pressure profile against g for

some values of & . The fallouts indicate that pressure is enhances for g as well as & . Figs.

3.11 to 3.13 are sketched to see the impact of mixed convection parameter G on skin friction,

heat transfer rate, and pressure versus 4 . It is examined from fig. 3.11 that Nusselt number is
declines for larger values of £, whereas it is increasing function of mixed convection

parameter and skin friction coefficient enhances with 4 as seen in Fig 3.12, whereas inverse

response is noted for G. Fig. 3.13 exhibit the pressure profile for a set of values of mixed

convection parameters. It is perceive that pressure is reduces by rising the valued of G-,

whereas increasing linearly with the variation of 3.
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Table 3.1. Comparison of Nusselt number —9|’(0) in case of PronceG' = f=A=6=0.

Pr Chen [126] Ab[‘;lzzt]a" Ali[129]  Present results
0.72 1.0885 10885 1.08863

1 13333 13333 13333 133334

3 2.5097 — 2.5097 2.50967

10 4.7968 4.7968 4.7968 479671

Table 3.2. Skin friction —£*(0) and heat transfer rate —9;(0) for some values of 2 when

Pr=1.0.

; ~"(0) -8/(0)
0.0 1.0000 1.3333
0.5 1.0507 1.3286
1.0 1.1015 1.3237
1.3 1.1524 1.3187
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3.4 Conclusion

In this chapter two-dimensional viscous flow of ferrofluid over a horizontal stretched surface
ts examined. The impact of mixed convection parameter and partial slip also taken in to
account. Goveming equestions are obtained through similarity approach and handle via
numerically. The effects of involving flow field quantities are elaborated graphically. The

present problem has the following key points.

Velocity profile is an increasing function of G and decreases for larger & and 3.

¢ Temperature of the fluid enhances for # and & , on the other end it declines for Pr and G.

P ¥
e Heat transfer rate is increases for G and decreases for & .

¢ Skin friction is reduces for & and G* whereas it increases for higher values of

ferrohydrodynamic parameter.
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Chapter 4

Stagnation point flow of ferromagnetic particle-
fluid suspension over a stretching/shrinking
surface in a porous medium with heat
source/sink

4.1 Introduction

This chapter scrutinizes stagnation point flow with heat transfer of a ferromagnetic liquid made
from a suspension of tiny magnetic particles in a fluid move along a flat stretching or shrinking
surface through a porous media with the existence of magnetic dipole. The influence of suction
or injection parameters are also deliberated. By employing similarity approach mentioned in
section 1.17, the resulting system of coupled equations are solved numerically by 4" order
Runge-Kutta method. The impact of controlling flow quantities, like ferrohydrodynamic
interaction parameter, porosity parameter, velocity parameter, wall mass flux parameter and
heat source/sink parameter on dimensionless form of (velocity, temperature field) and skin
friction and Nusselt numbers are explained pictorially and tabular form. A comparison with

already published studies in limited case revealed an excellent agreement.
4.2 Flow assumption and mathematical formulation

Consider an incompressible, stagnation point flow of ferromagnetic fluid over a stretching or
shrinking surface with wall velocity #, =%¢x, where ‘+* indicates stretching and ‘- indicates
shrinking surface and free stream velocity U(x)=ax. The flow transpires in the domain at

y > 0. The flow equations modelled due to conservation of mass, momentum and energy along

with boundary layer assumption with standard representation are of the form

6_”4..@——0 4.1
ox o @1
Ou  OUN_ o AUGY Mo OH p(8%n O'u) p
[uax+vayJ—U(x) o +pMax+p(8x2+5y2 +pK(U(x)—“)s (4.2)
[u@+v@J:ﬂMa—H+£(?—?+a—§)~iv, (4.3)
& ) p & p\a ) pK
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4.3. Results and discussion

This chapter mainly focuses on heat transfer characteristic and stagnation-point flow of
ferromagnetic fluids over a stretching and shrinking surface with the existence of porous
medium. Calculated numerical conclusions are displayed pictorially and tabular forms for some

values of physical parameters. Throughout the problem the values of parameters 2 = 0.01,
£=2.0 and @ =10 are considered, fixed. Present results is compared in the case of §=0 for

f"(0) and *9:(0) with those of Wang [130], Hammad and Ferdows [131], Pal et al. [132] and

Hammad and Pop [133] for numerous values of Pr, x, and a/c are displayed in Table 4.1 to

4.3, which shows an excellent agreement with published data and confirm the validity of our

numerical technique. Also the calculated values of £"(0) and ~8(0) for stretching and

shrinking sheet are exhibited in table. 4.4 for several values of pertinent parameter suchas a/c,

B, &, H,§ and Pr. Effect of ferromagnetic parameter £ on velocity and temperature
fields can be examined from figs. 4.1 and 4.2. The change in velocity profile against # is
simplified in fig. 4.1 for several values of ferromagnetic parameter g(=2,4,6) when a/c=2.
From fig. 4.1, it 1s noted that there is reduction in the thickness of boundary layer by rising £

for both type of sheet. Infect ferromagnetic fluid basically has a Newtonian carrier fluid with
micron sized suspended particles of ferrite which enhance the viscosity of the liquid and hence

velocity of the field is decreased as the values of £ increased. It is also noticed that velocity

profile for stretching is higher than shrinking sheet. Fig. 4.2 determined temperature

distribution for some values of ferromagnetic parameter #. It is also pointed out that
temperature is an increasing function of A for both type of sheets, this is due to the

collaboration among fluid motion and act of external dipole. This collaboration diminishes the
velocity field and enlarging frictional heating among the fluid layers. In both cases temperature

profile gradually decreases with the variation of 7, the value of temperature profile approaches
to zero when r—08 (stretching) and 714 (shrinking) sheet (meeting the end point
condition 6, — 0 as 77 —>0). It is also viewed that for shrinking sheet temperature field is

greater than stretching sheet.

Fig. 4.3 shows effect of several values of suction/injection parameter S on 4. From the figure,

it is perceived that temperature profile decline by snowballing the value of § for

stretching/shrinking surface. Figs. 4.4 and 4.5 are sketched to perceive the influence of S on
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Table 4.1. Comparison of —&{0) for stretching sheet in the case when #=0, a/c =0,
K =0,H,=0,5=0.

Pr Wang [130] Fgg?‘z‘: Flnfl] Paletal. [132] Present results
0.2 0.1691 0.16909 0.16952 0.169522
0.7 0.4539 0.45391 0.45391 0.453907
2 0.9114 0.91136 0.91135 0.911359
7 1.8954 1.89540 1.89540 1.895412
20 3.3539 3.35390 3.35390 3.353902

Table 4.2. Comparison of s+(0) when g=H =5=0, Pr =0.05.

Hamad and
a/c K Ferdows [131] Paletal. [132] Present results
2 0.0 1.99907 2.017 2.017416
0.1 2.01021 2.041 2.041706
0.5 2.11021 2.136 2.136219
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Table 4.3. Comparison of -9,'(0) in the case when §=K =H# =5=0

Pr aje H;‘;}‘f‘[a;g;‘d Palctal, [132] Present results
I 0.1 0.6216 0.6244 0.602138
0.5 0.6937 0.6924 0.692449
1.0 0.8001 07978 0.797896
20 0.9788 0.9782 0.978724
30 1.1221 1.1327 1132100
1.5 0.1 0.7952 0.7971 0.776822
0.5 0.8673 0.8647 0.864818
1.0 0.9774 0.9772 0.977201
20 11721 1.1780 1178113
3.0 13419 1.3519 1351950
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Table 4.4. Computed values of skin friction f"(0), and Nusselt number —&'(0)

Stretching sheet

Shrinking sheet

ale

S

Pr

7O

-6/(0)

S0

-610)

1.8

1.5

1.5

0.1

0.2

0.3

0.1

0.2

0.3

0.1

0.2

0.3

0.1

0.2

0.3

0.1

0.2

0.3

2.0671

1.5861

0.9186

0.9186

0.8804

0.8541

0.9186

0.9319

0.9451

0.9186

0.9448

0.9446

0.9186

0.9473

0.9766

0.9186

0.9212

0.9231

1.0017

0.9662

0.9100

0.9100

0.9102

0.9104

0.9100

09106

0.9111

0.9100

0.8615

0.8099

0.9100

0.9777

1.0471

0.9100

1.3009

1.6131

4.4805

3.8717

2.9908

2.9908

2.9462

2.9016

2.9908

3.0979

3.2012

2.9908

2.9901

2.9894

2.9908

3.1536

3.3205

2.9908

2.9918

2.9922

0.6115

0.5519

0.4488

0.4488

0.4467

0.4445

0.4488

0.4569

0.4644

0.4488

0.3746

0.2948

0.4488

0.5191

0.5925

0.4488

0.5017

0.5148
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4,4 Conclusion

We explore boundary layer flow and heat transport behavior under porous medium over a
stretching and shrinking surface with the impact of mass flux. The governing flow model of
momentum and energy transport are renovated into ODE’s by employing similarity approach.
The obtained coupled nonlinear ODE’s are then solved with the help of shooting technique.
Impact of various converging parameters like suction/injection parameter S, ferromagnetic
interaction parameter B, porous parameter K,, heat source/sink parameter #, and Prandtl
number Pr on flow field are studied in detail. The major findings are in compact form as
follows:

e Velocity profile shows decreasing behavior for larger values of ferromagnetic

parameter £, whereas temperature field increases with 4 .

o Temperature profile increases by increasing the value of #,, but revers effect is occur

for few values of injection parameter § <0.

o Skin friction coefficient decreases by enlarging S for both type of sheet, whereas
opposite behavior is noted against &3 .

¢ Nusselt number rises for both type of sheets by increasing values of &, with the

vanation of 7.
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Chapter 5

Unsteady ferromagnetic liquid flow and heat
transfer analysis over a stretching sheet with the
effect of dipole and prescribed heat flux

5.1 Introduction

In this chapter, focus in on time dependent ferromagnetic liquid flow on boundary region and
heat transfer characteristics over a stretchable surface under the action of dipole field. The
problem of momentum and energy transport equation are first modeled into system of ODE’s
by utilizing similarity approach, then numerically solved by using RKF-45 based shooting
technique. Two kinds of heating process are considered, specifically (i) prescribed surface
temperature (PST) and (ii) prescribed heat flux (PHF). The influence of the innumerable
emerging parameters involving in the problem namely ferrohydrodynamic parameter, viscous
dissipation parameter, unsteady parameter, Prandtl number on flow velocity, temperature

fields, Nusselt number and skin friction are illustrated through pictorially and tabular form.
5.2 Flow assumption and mathematical formulation

Consider an incompressible, two dimensional unsteady boundary layer viscous flow of
ferromagnetic liquid past a stretching surface (see section 1.17) located at y=0 stretching with

velocity U (x,r)=ex/(1-a,t). Here, c is stretching rate, while effective stretching rate

c/(l-ay) is growing with time. Boundary layer equations for the current system takes the

form

ou_ oy 6.
—+—=0,
ox Oy
2
O POty O O (5.2)
oo &x ¥y p ox pdy
8T or oT oM( oH o8HY . &T (éu) oY
9w el iy G pau & .
pc’(ar +u8x+v6yj+p"T6T{ ox +vay] ay‘p[ay]Jr F[GJJ’ 6-3)

associated boundary equations are
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il

u=U (x,1)= < ,v=0,
1-at
_ bx
T=T(x,t)=T -—— for PST roat y=0, (5.4)
l-ap
4T =q.(x,0=T - dX_ for PHF
oy l—at )
u-0, T-T, a y-wo, (5.5)

where ¢, =dx/(1-at) is heat flux, ¢, b;, & and @, are positive constant with &>, ¢>0 and ¢, 20

(such that @t <1), and both b, and ¢ have dimension of inverse time. It is important to know
that at t = 0, Eqs. (5.1) to (5.3) obtained steady flow past a stretching surface. U, (x,+) and
T, (x,7) are selected in such a way to refurbish the PDE’s (5.1) to (5.3) into ODE’s. Substituting
Egs. (1.64) and (1.65) into the Egs. (5.2) and (5.3) and equating the coefficients up to power of

2 .
¢°, we acquire

" LENrrs e u ' l vl _ 2ﬁ9| —

-0 A[f +2r7fj “_(ma,)‘ 0, (5.6)
. o 228(6,-¢)f . 1.3 n
e pra (6,308 )-22(7 =0 5.7)

. , , 2f 4
6’,—Pr(4j'6’2—f91]—iﬂ(6{—e)[(q_'_{z).,+(Q+fa),}

9 (5.8)
—Pm[q +1m9'J+ 22097 _ 47y =0,
2 (n+e,)
In Egs. (5.4) and (5.5) representation of boundary conditions take the form
=0, f'=1, 6 =1, 8 =0, forPST
f fr ' f at q = 0 ’ (59)
f=0, f'=1, @=-1, & =0,forPHF
S>>0, 6 —0, 8§ —0, as 7 — . (5.10)

Here A=a,/c is the unsteady parameter, by applying Egs. (1.64) and (1.65), the non-

dimensional form of skin friction and Nusselt number for PST and PHF defined in Eq. (2.14)
are
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C,Re’ =-217(0),
Nu,/Re!” = —{8/(0)+£'6;(0}) PST . (5.11)
Nu_/Re” =1/(6,(0)+£°6,(0)) PHF

5.3. Results and discussion

For evaluating numerical results, we have taken two kind heating process PST and PHF, impact
of numerous convergence flow quantities, like viscous dissipation parameter A, ferromagnetic
(ferrohydrodynamic) parameter £, Prandtl number Pr, and unsteady parameter A on flow

fields are discussed via graphs and in tabular form, We have used the values Pr=0.72, f=0.1

,A=01, 41=001,£=20, & =10 inour problem. To confirm the accuracy and exactness of
current results, the numeric values of Nusselt number -#/(0) are matched with Ali [129],
Grubka and Bobba [134], and Bachok et al. [135] when (£ = 0) and steady parameter (A =0

) against some values of Pr are define in table 5.1. From the table it can be analyzed that
splendid agreement achieved between the current and earlier publicized results. Additionally,
influence of various parameter of interest on wall temperature (PHF), skin friction, and wall
temperature gradient (PST) are exhibited in table 5.2. Ferromagnetic parameter  demonstrate
the significance of applied magnetic field persuaded by dipole field on the dynamics of fluid.
The presence of magnetization perform as a repelling force on the velocity field, as g
enhances, so does resisting force, therefore reduces axial velocity. From graphs it is observed
that under the impact of magnetic field fluid velocity f'(s) is lower as compared to
hydrodynamic case (£ = 0) for PHF and PST as shown in figs. 5.1 and 5.2. The reason behind
is that there occur intervention among fluid motion and stroke of external dipole field. This
involvement decreases velocity and enhances frictional heating among the layers of fluid which
is responsible for the increment in the thickness of thermal boundary layer as portrayed in figs.
5.3 and 5.4. Also observed that temperature & (7) for prescribes heat flux is higher than that
of prescribes surface temperature. Figs 5.5 to 5.8 highlights the influence of unsteady parameter
A on temperature and velocity profile. Form the fallouts it is identified that f'(z) reduces
with the deviation of unsteady parameter A for PST and PHF, which consequently reduction
in the thickness of momentum boundary layer. The non-dimensional temperature reduces

monotonically against 7 for numerous values of A as exposed in fig. 5.8. Also witnessed that
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the influence of unsteady parameter A on temperature is more noticeable than velocity field.

Figs. 5.9 and 5.10 portrays the temperature field &, (#7) versus 7 for PST and PHF against

numerous values of Prandtl number Pr. By studying the graph, we conclude that temperature
declines for higher values of Pr, which indicates that viscous boundary region is thicker than
thermal boundary region. By increasing Pr means that thermal diffusion rate is slow. Though,
for larger value of Pr, temperature enhances near the boundary layer and declines when far
away from boundary in PST. While it might be dissimilar other than unity in PHF due to
adiabatic surface temperature. The significance of frictional heating owing to magnetic field
and viscosity on temperature profile is signifies by dissipation parameter A . Figs. 5.11 and
5.12 demonstrate the impact of A on &, (z7) for PST and PHF. Resets shows decreasing impact
in the thickness of thermal boundary region for higher value of A for both PST and PHF. For
lesser values of A, it disclose that temperature in PST is less than PHF. Due to extra ordinary
behavior of ferrofluid, this is contradictory to hydro-dynamic case (/4 =0) whereas
snowhalling the value of A, result is enhanced temperature field near the boundary region.
The influence of unsteady parameter and ferromagnetic interaction parameter on skin friction
and heat transfer rate are presented in figs. 5.13 and 5.14. It is perceived that by enlarging the
unsteady parameter, the amount of skin friction and Nusselt number increases significantly.
Also heat transfer rate is reduces with the variation of 4 but opposite trend is noted for skin
friction, this is because of the fact that there is a resistive Lorentz force is produced. This force
has propensity to slow down the fluid motion on boundary region and hence an increasing in

skin-friction coefficient.
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Table 5.1. Comparing Nusselt number -8; (0) for few values of A, 8, Pr when A =0.

A g Pr gjrggak? la;;]] Ali [129] BaTl[l?g ;it' Present results
0 0 0.01 0.0197 - 0.0197 0.079813
0.72 0.8086 0.8058 0.8086 0.808640
1 1.0000 0.9961 1.0000 1.000000
3 1.9237 1.9144 1.9237 1.923609
10 3.7207 3.7006 3.7207 3.720580
10 0 0.72 - - 1.1005 1.100529
1 - -- 1.3205 1.320529
3 -- - 2.4024 2.402342
7 -- -- 3.7682 3.768204
10 -- -- 4.5428 4542738
~ 0 1.0 0.72 -- -- -- 0.771890
1 - - -- 0.962935
3 - - -- 1.888929
7 - - - 3.041760
10 - -- -- 3.692413
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Table 5.2. Variation of skin friction, heat transfer rate (PST) and wall temperature (PHF) for
numerous values of Pr, A, 4, A.

i A A Pr —~f"(0) —8.(0) PST  1/8,(0)PHF
0.0 0.1 0.01 0.72 1.0341 0.8498 0.8499
1.0 1.4011 0.8169 0.8051
1.5 1.5890 0.7984 0.7761
0.1 0.0 0.01 0.72 1.0366 0.8143 0.8131
0.5 1.2020 0.9697 0.9700
1.0 1.3537 1.1054 1.1068
0.1 0.1 0.01 0.72 1.0704 0.8467 0.8459
0.2 1.0693 1.0135 1.0517
0.3 1.0687 1,1014 1.2059
0.1 0.1 0.01 0.72 1.0704 0.8467 0.8459
1.0 1.0689 1.0389 1.0403
2.0 1.0653 1.5684 1.5742
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5.4 Conclusion

In this chapter, we considered heat transport exploration of a time dependent ferromagnetic
fluid with the existence of dipole field and prescribed heat flux. The governing boundary layers
problem condensed into nonlinear differential equations by means of suitable similarity
approach. Velocity profile and temperature fields are also examined under two heating process,

like PST and PHF. The influence of Prandtl number (Pr) , ferromagnetic parameter (5),
viscous dissipation parameter (1), unsteady parameter (A), are displayed graphically in Figs.
5.2 to 5.15. Also the numeric values of-f "(0), heat transfer rate -8'(0) (PST) and wall
temperature 1/ 6 (0) (PHF) are presented in table 5.2. Main finding of the current problem are

summarized as follows:

» Velocity is decreases by increasing the value of ferromagnetic interaction parameter § or
unsteady parameter (A) .

e The outcome of viscous dissipation (1) is to decreases in temperature profile.

¢ Temperature profile increases for large value of g .

¢ There is enhancement in heat transfer rate for higher A and Pr, whereas decrement occur

with the variation of §.
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Chapter 6

Heat transfer analysis in ferromagnetic
viscoelastic fluid flow over a stretching sheet
with suction

6.1 Introduction

In this chapter, two-dimensional analysis has been performed to determine the boundary layer
flow and heat trgmsfer characteristic of ferromagnetic viscoelastic liquid flow past a stretching
sheet with linear velocity under the action of dipole magnetic field and suction. The governing
PDE’s are rehabilitated into a system of non-linear ODE’s by employing suitable similarity
approach. Resulting equations are then solved by applying effective Runge-Kutta Fehlberg
technique based on shooting algorithm. Physical interpretation of pertinent flow parameter like
Prandtl number, viscoelastic parameter, ferromagnetic interaction parameter, and suction on
flow fields, Nusselt number and skin friction coefficient inside the boundary layer are revealed

pictorially and discussed, in detail.
6.2 Flow assumption and mathematical formulation

Assume two dimensional viscoelastic ferromagnetic incompressible fluid flow past a stretching
surface (see geometry in section 1.17). A circular magnetic field submerge with dipole effect.
The governing flow equations includes continuity equation, Naiver Stokes equation with stress
tensor of viscoelastic fluid defined in Eq. (1.18) and heat transfer equation along with viscous

dissipation takes the form

-é;+'5y'=0, (6.1)
8 Qu|—_9p OH 2y, &
p(ua”+v5£J~—a+yoM-a;+p[—§-j+ay_;J_
(6.2)
klu@u oy u oy Pu Py ub’u Budv _ 5| dudu  fv
0[ o Caat aty o Tar Vo \Far ¥oll)
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Here 2°=%C s the viscoelastic parameter. Physical point of view, the supreme authoritative
M

quantities are skin friction and rate of heat transfer are specified in Egs. (2.14) and (2.15)

using

(1= 2\l 2
re=(1 l)p(ay)yzo (6.12)

and employing similarity approach from Eqs. (1.64) and (1.65), we have

C,Re? ==2(1-27) £7(0),  Nu,/Re)? =—(6(0)+&%6;(0)). (6.13)

6.3 Results and discussion

The influence of various pertinent parameter such as, viscoelastic parameter A", ferromagnetic
thermos-mechanical parameter 4, Prandtl number Pr and suction parameter .S on the flow

behavior of ferromagnetic viscoelastic fluid are studied through graphs. The numerical values

to the controlling physical parameter throughout the problem are taken as Pr=7, 4 =0.01,
£=2.0, a, =1.0.Figs. 6.1t06.3 has been drawn to highlights the impact of £ on velocity
f'(n7), temperature 6, (7;) and pressure profile p,(r). Fig. 6.1 illustrate the effect of external
magnetic field generated through dipole on dynamics of fluid. So occurrence of ferromagnetic
parameter /7, it is simply notice that velocity of the fluid decreases for higher values of 5.
Infect an increment in S boosts up the Lorentz force which has a tendency to resist the fluid
motion, consequently fluid velocity reduces. Fig. 6.2 pointed out the influence of 5 on

temperature profile. It is detected that temperature of the fluid increases expressively for higher

value of g . This is because of resistance among the fluid particles enhances, so that more heat
is produced, so fluid temperature rises. Fig. 6.3 establishes that pressure p, enhances

monotonically for larger values of £ . It is fascinating to distinguish that for hydrodynamic

case [ﬂ =0), the value p, become constant and equal to zero at infinity, so we obtained exact

analytical result found by Crane [136] represented by symbols as shown in Fig. 6.3. Figs. 6.4

to 6.6 shows the influence of viscoelastic parameter 1* on stream function f£(77), velocity
J'(z7) and temperature field ¢,(7) against 7. This graphs confirm that by increasing the values

of viscoelastic parameter A” restrict the motion of fluid adjacent to stretching surface whereas
assists fluid motion which away from the stretching surface. By rising the values of 2* permits

the fluid to flow at a faster rate, due to this there is reduction in heat transfer rate. It is
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answerable for increase in momentum phenomena, So for larger values of 2 the non-
dimensional stream function and velocity increases, although temperature is reduces. Figs. 6.7
and 6.8 designate the velocity and temperature field, once #=0.1, r=7 and A' =0.] for
innumerable values of suction parameter .S . From graphs it is witnessed that velocity reduces
meaningfully for increasing suction parameter. Also perceived that, boundary layer thickness
decreases when wall suction (S > 0)and temperature declines duve to increase in suction
parameter as displayed in fig. 6.8.

Fig. 6.9 represent the behavior of Prandtl number Pr on temperature field. Results clarify that
the influence of Pr is to reduce the fluid temperature, which subsequently diminishes
associated boundary layer thickness for higher values of Pr. For greater values of Pr means
slow rate of thermal diffusion. Figs. 6.10 to 6.12 depicts the heat transfer rate, pressure profile
and skin friction with the deviation of ferromagnetic parameter @ for dissimilar values of
viscoelastic parameter A*. Graphs simply clarify that coefficient of skin friction and pressure

profile increases for @ and reduces with an increase in A*, Fig. 6.11 is drawn to seen the
impact of heat transfer rate diminish by varying g, along x-axis, whereas reverse effect occurs

for 2~

1 v T -
0.9 [S=vd,Pr=7,ar= 0.1 | ;
0.8 r— A
07p 3 4
o6r s=s=sp=1 N
= o B=3
;\-:0.5 \‘ mimimnp =g J
04} b 1
v J
0.3k 3
LS
N
0.2F e
\
0.1 % ~ - 1
0 I =T g P
0 0.5 1 LS 2
n

Fig. 6.1. Impact of # on velocity profile against 77 .
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(aT aTJ pnTaM( OH aH] k o'T
u—+v— [+ —|u—+v— |=—

o) peor\"ax ) pe, o
1 2 (73)
Dk OC K p[a_uJ +2#(@J
ce, ' pe, |\ )|
1 aIT
ua—c-+va—C-=DQ—€—ku(C—C,,)+Dk’—;, (7.4)
ox oy T oy
u=u =cx, v=v, C=C, at y=0,
Bu (7.3}

u—>0 ——o0, C—->C as y—>wm,

along with PST for temperature (1.59). Using similarity transformation Eqs. (1.64) and (1.65)
into the Eqs. (7.2) to (7.5), and comparing coefficients up to &2 , we get

. ., 2p8
L3 _ 2 _ rz_ ___1__=0’

MR S MEY i i) (7.6)

o vos6 270y« O 4 pyr-o, (1.7)

(n+a) -

v odarn e\ 2AB0S oo |2 Af |
9 Pr(4f6'2 f92)+——(q+a1)3 AB(6 8)[(7?”)&(“&‘)5} Af=0,  (78)

¢ +S(/d-k$+50) (7.9)

The initial and boundary conditions (7.5) are renovated as

f=S, f'=1, 8=1, 6,=0, =1, at =0 210
/50, 850, 50,650 asyp—oowo (7.10)
The new non-dimension quantities occur in Eqs. (7.6) to (7.9) are
—AcS—M K=-5 g_v 711
NEAS S TTve ey T e T [ 711

where /] is Deborah number, A is viscous dissipation parameter, S, is Schmidt number, s,
in Soret number, X, is chemical reaction parameter. Concerning capacities of practical concern

are friction of skin, rate of heat transfer, and Sherwood number, which can be expressed as:
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C = ~, Nu = ), Sh = —————, 7.12
x ple) T k(T-T) T D(C.-C) (712
where
B
fu=#(1+r.)[g—;} ,qw=—k[%j—)] ,Ju=—D¢[—E§-J : (7.13)

Using the relation from Egs. (1.64) to (1.65), we obtain
C, Re!" =—(1+7,)f"(0)
Nu_/ Re" =—(6§'(0)+.§36§'(0)) . (7.14)
Sh/ Re!* =-¢'(0)

7.3. Results and discussion

In this section, comprehensive numerical experiments are conducted for several pertinent
governing constraints that designate the flow pattern and results are demonstrated through
pictorially and tabular form. Figures are drawn for velocity, temperature, and concentration
profiles against ferromagnetic interaction parameter, Soret number, chemical reaction
parameter, Deborah number, suction parameter and Schmidt number. The values of the
emerging parameter throughout the problem are taken as Pr=7, g=0.1, y =0.1, A=0.01,
§=01, 5,=05 5=05, K,=02, £=20, o =1.0. The comparison is given in table 7.1,
showing a marvellous agreement with the published data. Fig. 7.1. illustrate the concentration
profile for some values of the Soret number. From the figure it is perceived that increase in Sr,
concentration of fluid is growing boundary layer region because of involvement of temperature
gradients in species diffusion escalations the concentration. The impact of Schmidt number Sc
on dimensioniess concentration profiles is pointed out in fig. 7.2. It is simply apparent from the
fipure that concentration in boundary layer thickness suppressed by enlarging the Schmidt
number. By definition, Sc is inversely varied to the diffusion coefficient D *. Also observed that
Sc defined electiveness of the momentum diffusion in hydrodynamic flow to the species
diffusion in concentration field. So higher values of Sc causes reduction in concentration field.
Chemical reaction parameter shows similar behavior as the Schmidt number on concentration
profile. By analyzing the influence of a destructive chemical reaction parameter ( k. > 0)
caused a reduction in the concentration diffusion species. Physical point of view chemical
reaction for destructive case is very large. Because of this fact molecular motion is quite higher

which enhances the transport phenomenon, thus suppressing the concentration field in the fluid
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Table 7.1. Comparison of Nusselt number for the case of #=4=7,=5=K =§=§,

Abel et al.

Pr [128] Chen [126] Present results
0.72 1,0885 1.0885 1.088527
1 1.3333 1.3333 1.333333
3 - 2.5097 2.509725
10 4.7968 4.7968 4.796873
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Fig. 7.13. Influence of 5, on Sherwood number versus 3.
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7.4 Conclusion

In this investigation, the problem of boundary layer heat and mass transfer with chemically
reactive Maxwell Ferro-fluid flow over a stretching sheet under the influence of single dipole
have studied. Mathematical equations are modelled and converted into ODE'’s, then solved
numerically by adopting Runge-Kutta based shooting technique with MATLAB package.
Some effective governing parameter on the flow problem like chemical reaction parameter
(K ), Deborah number (y,), ferromagnetic interaction parameter (/3), suction parameter ()
, Soret number ($), Schmidt number (5) on velocity profile, temperature profile,
concentration filed, skin friction, heat transfer rate and Sherwood number are sketched
graphically and elucidated in detail. Heat transfer rate is taken against Pr which is increased
approximately 18%, 56.6% and 77% at Prandtl number 1.0, 3.0 and 10. Some of the major

observations of the current flow probiem are elaborated as follows:

¢ Fluid velocity is flattening for larger values of suction and ferromagnetic parameter.

¢ Nusselt number and Sherwood number decreases by increasing chemical reaction and
ferromagnetic interaction parameter, whereas reverse effect in noted for Skin friction
coefficient as seen in table 7.2.

* Both concentration and temperature field enhances with increasing Deborah number.

s Rising the values of Schmidt number is to reduce the concentration profile and reverse

nature is found for Sort number.
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Chapter 8

Impact of Cattaneo-Christov heat flux model on
the flow of Maxwell ferromagnetic liquid along
a cold flat plate embedded with two equally
magnetic dipole

8.1 Introduction

The target of this chapter is to inspect theoretically two-dimensional boundary layer Maxwell
ferromagnetic liquid flow toward a flat surface with the occurrence of external magnetic field
because of the fact that two equally line dipole which are equidistant from the wall and
perpendicular to the flow plane. Cattaneo-Christov heat flux model is utilized in modified form
of Fourier’s Law to disclose the heat transfer characteristic. Governing flow problems are
normalized into ordinary differential equation by adopting transformation procedure. The
solution of resulting non-linear ODE’s are solved numerically using MATLAB. Characteristic
of sundry parameter like magneto-thermomechanical (ferrohydrodynamic) interaction
parameter, dimensionless thermal relaxation, Prandti and Deborah numbers on velocity and
temperature fields are displayed via graphics and tables. It is also pointed out that temperature
profile suppresses by varying values of the thermal relaxation time and Prandtl number and
increasing behaviour is seen against ferrohydrodynamic interaction. Present numerical results

are matched with those published previously in the literature for the case of Newtonian fluid

(a, 0) and found an excellent agreement.

8.2 Flow assumption and mathematical formulation

Consider an incompressible flow of Maxwell ferromagnetic liquid over a flat plate with two

equally line dipole as shown in fig.1.7. Temperature of the wall is assumed 7., - 7, ( - %)

where [ represent plate length (1 »>d ) Heat transfer analysis are deliberate, because the
impact of applied force on the flow field is restricted to a tinny region which in very near to

the wall where temperature 7" of the fluid is reasonably less from Curie temperature (T <Ty)
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The governing equations reporting the physical situation of the flow problem in term of

Maxwell ferromagnetic fluid communicated as

du ©Ov

u—a—u+v—+ﬁ.I uza—u+vlau+2w Ou 'U”MaH 51:, (8.2)
Bx ox' o oxey) p x  Oy
pec, [u%+v%]=—?q. (8.3)
C-C model [137] is taken as
q+A4 [ +(V.V)q—(q.V)V +(V. V)q] =—kVT, (8.4)

where q is heat flux, when 4 =0, Eq. (8.4) is reduced to Fourier’s law. By assuming

incompressible fluid, Eq. (8.4) can be written easily in the form:

q+ﬂq[ +(VV)g—-(q V)V]——kVT. (8.5)

By eliminating ‘q’ between Egs. (8.3) and (8.5), the transformed equation for temperature is

specified by

au 6T 5‘v 6T av or

eT 8T “orax 8y 8y “ox EY k 8T
”E”EH‘ du 8T PT LT LT | pe, o (8.6)
+y +2uv +u° 3 +v2 5 Pep
8y x Oxdy ox oy

The corresponding boundary relations imposed to the cold flat plate are given by

u=v={, T=}':9(l-§) aty=0

u=uy, I'=T, aty =oo

(8.7)

Using the following similarity transformation [92]

- ].
1=y, wmf ) v f[2LD SO 1op - 2a)| 69
VX x 2 | !

2

Substituting Eq. (8.8) into the Egs. (8.2) to (8.6), we obtained the consequential equations:
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fm(l_a-_fz]Jrﬁr”_l;.(f”f”r;+2ﬂf”)—ﬂ9:0, (8.9)

1 ) fH' o
— 4 JY gt “ L e @"Y=0. )
2 5 f€+4(21j‘ +29 - 18")=0 (8.10)

The corresponding transformed boundary relation given in Eq. (8.7) taken as

f=f=0, 6=1, at n=0}’ (8.11)

=1, =0, asp-ow
where g= ﬁl‘gi is the ferrohydrodynamic interaction parameter, y =Aux" 15 the
molu,
dimensionless Deborah number and a, = 4,»,x is the dimensionless thermal relaxation time.
In view of many industrial applications, we have also computed the friction factor and Nusselt
number is computed as
Using Egs. (2.14) and (2.15) along with similarity transformation, the Skin friction and heat

transfer rate are acquired as

CRe,"> = f'(0), NuRe, " =6(0). (8.12)
8.3. Results and discussion

In this segment, we have explore the different rheological aspects of the problem, the behavior
of numerous governing parameters involved in velocity and temperature profile are illustrated

in figs. 8.1 to 8.7. For verification and efficiency of the numerical procedure, evaluation of our

present results corresponding to local Nusselt number €' (0) in case of Newtonian fluid (a, = 0)
are compared with those reported by [92] for several values of /Z are presented in table 8.1
and found an dazzling agreement with the available data which shows the legitimacy of our
numerical scheme.

Fig.8.1 is displayed to highlight impact of ferromagnetic interaction parameter A2 on velocity
field. It is simply perceived that in the occurrence of magnetic dipole velocity profile reduces
for large values of £, because this happen owing to the existence of resistive force (Lorentz
force), which restarted the flow and this force has tendency to develop more resistance to
enhance the temperature field and consequently flattening the axial velocity f'(x). It is more
stimulating to observe that the occurrence of applied magnetic field, the velocity profile is less

as compared with the hydrodynamic case (8 =0), because due to interference among fluid
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motion and the stroke of applied dipole field. This kind of interference decreases velocity and
rising the frictional heating involving within the layers of fluid which are accountable for the

increment in the thickness of thermal boundary layer as cleared in fig. 8.2.

Fig. 8.3 illustrate the outcome of thermal relaxation parameter @, on temperature field. It is
obviously noticeable that fluid temperature decreases by enlarging .. The physical thinking
behind it, is the case that by rising the value of @,, material particles need additional time to

exchange energy to their neighbouring particles. Thus for larger value of &, causes decrement

in temperature field and opposite trend is noted for velocity profile as illustrated in fig. 8.4.

Fig. 8.5 disclose the behavior of Deborah number regarding to relaxation time ¥, on velocity

profile. It is prominent that velocity profile indicate decreasing result corresponding to higher
values of Deborah number. This is because of the fact that ratio of relaxation to observation
times represent the Deborah number. So relaxation time is upshot by increasing Deborah

number which gives extra imperviousness to the motion of the fluid. Hence, boundary layer

thickness also decreases. Fig. 8.6 illustrate the physical characteristics of Deborah number },
on temperature field @(77). One can observe that larger values of Deborah number leads to

increases fluid temperature. As greatest values of Deborah number relates to larger relaxation
time which conveys opposition to the fluid motion and consequently heat is generated and
therefore increases thermal boundary layer thickness. Therefore fluid temperature is rises.

Fig. 8.7 is outlined to discuss the behavior of Pr on temperature field. It is concluded that higher
Pr lead to decline in temperature distribution. From physical point of view Pr is the proportion
of momentum diffusivity to thermal diffusivity. Reduction in thermal diffusivity consequently
decreases the temperature field. In addition it is seen that for greater Pr, heat diffuses bit by
bit, so thinning the thermal boundary layer as contrasted to low Pr . Qutcome of low Pr marks

a denser thermal boundary layer which diffuses heat rapidly than bigger Pr . Fig. 8.8 shows the

impact of Deborah number ¥, on Nusselt number with the change of Prandt] number. It is

evident that rate of heat transfer increases by rising Prandt] number while reverse trend is

detected for higher values of }, .
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Table 8.1. Comparing Nusselt number and Skin friction when Pr = 10,y; = 0,a; = 0.

(0 8'(0)

B Neuringer [92] Present result  Neuringer [92] Present result
0.0 0.3320 0.3321 1.1756 1.1757
0.05 0.3058 0.3058 1.1557 1.1552
0.10 0.2782 0.2777 1.1338 1.1333
0.15 0.2497 0.2491 1.1102 1.1096
0.20 0.2199 0.2193 1.0845 1.0837
0.25 0.1887 0.1880 1.0561 1.0553
0.30 0.1556 0.1548 1.0244 1.0233
0.35 0.1201 0.1191 0.9881 0.9866
0.40 0.0811 0.0798 0.9449 0.9429

l =k
0.9} Prel 1o, =0.1 | T
0.8} o Z'L-" ’
0.7 ,'I:-'_,‘."'
0.6 Pt . _"I' 4
— J '_/ — = 0.0
=05 S = B =0.1
=~ SO e P =015
0.4b ',',.-‘_,' ===l =p2
0'3 3 ”j - ,,.f
0.2f ,:‘T:II;I’ 9
0.1} ,':E“; ‘
% = 1 2 3 4 s 6
Ui

Fig. 8.1. Impact of 2 on f'(n).
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8.4 Conclusion

In this chapter, we investigate two dimensional incompressible parallel flow of Maxwell fluid
saturated with ferromagnetic liquid over a flat surface under the influence of two dipole current,
The mathematical model of the flow problems are converted into ODE’s and then solved
numerically by adopting R-K based shooting method using MATLAB package. Influence of

some pertinent parameter on the flow problem like ferromagnetic interaction parameter £,
Deborah number 7, , thermal relaxation time &, , Prandtl number Pr on velocity, temperature,
and local Nusselt number are deliberated through sketchily in detail. Important judgements of

the present problem are as follows:

e Velocity of the fluid reduces, while temperature increases by enlarging the values of

ferromagnetic interaction parameter /3 .

o Temperature profile indicate falling behavior of Cattaneo-Christov model {112] as

compared with Fourier's law.

¢ For large values of Deborah number ¥, velocity profile decreases.

e Nusselt number is enhances against £r and reverse trend is examined for 7, .
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Chapter 9

Study of boundary layer slip flow of heat
transfer ferrofluid comprising nanoparticle in
porous medium under the influence of magnetic
dipole

9.1 Introduction

This chapter, characterizes the heat transfer and velocity slip flow of magnetic nanofluid
(ferromagnetic liquid) through porous medium over a stretching sheet. Cogitate a three
different sort of conventional fluids like kerosene, water and refrigerant-134a with magnetite
as a nanoparticle is taken into account. The partial differential equations are first mended into
nonlinear system of ordinary differential equations by implementing appropriate
transformations and then evaluated by using R-K Fehlberg scheme depend on shooting
algorithm. Impact of emerging parameters are discussed through graphs and tables in details. .
Graph reveals that influence of thermo-mechanical (ferrohydrodynamic) parameter in to
diminish the velocity profile whereas temperature profile demonstrate the opposite behavior
for larger values of nanoparticle volume fraction. Also noted that heat transfer rate is greater
in case of refrigerant-134a than water and kerosene base fluid with snowballing nanoparticle

volume fraction.
9.2 Flow assumption and mathematical formulation

Consider a viscous two-dimensional, incompressible magnetic nanofluid. Taking water (H,0)
, Refrigerant-134a (CzHFs) and kerosene (C10H22) a5 conventional fluid with the suspension
of magnetite (Fe;O.) nanoparticle flow over a stretching sheet (as shown is section 1.17) The

boundary layer equations of ferromagnetic liquid flow and heat transport are stated as

L) 9.1

ax @} > (')
u_a..L{_i_v@:ﬁ[a—l:].{_ﬂM@_ pﬂf u’ (92)
ox oy p,\ox p, & pK

113



[ T 3TJ 4, 6M[ 8H 6H]
U—+v— [++—— T —|u—+v—
& ) (pc), OTU & o

. , (9.3)
o, O B (@] ,,2(92] ,
¥ (pe,), [\ &
subject to substantial boundary equations with slip and suction at wall are
u=u +A9L-£—, v=v at y=0
(9.4)

u—>0, as y—ow

Along with PST temperature on the surface Eq. (1.59). The thermo-physical parameters are
specified as follow [138]

s Ky fl + 0.9 9.5
By = (1¢)“p =p(1-#)+p¢ 93
k
a,= —, (pcp)qr=(1_¢)(pcp)f+(pcp)¢’ (9.6)
(pcp)nf
- k{Zk +k, ~2(k, k)¢} ©7)

2k, +k +(k —k)¢

Applying Egs. (1.64) and (1.65) into the Eqgs. (9.2) to (9.4) reduces to following system of

equations of order £*

250

(ea )}Kf 0, (9.8)

f-_(1_¢)2’{[(1 ~g)+gte J(f" )+

k (pc,), . o 2406 -€)f 24,
v Pe(f8 -2 - =0, 99
k,a +[(1 ¢)+¢( ’)J (6 -2/ )+ (n+a) (1_¢);.=f 9.9

k, . (pc, ' . 2486, f B
e +[a 9+ pc,),] R AR
A2 af | A

|:(r;c+al)‘ +(ﬂ+a.)s} T f7=0

(9.10)
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Also, the boundary conditions (9.4) are of the form

S=8=1+6f", =1 6=0, at :;:0}

S =0, 8-50 650, anporw G-11)

Expression for skin friction, and Nusselt number stated in Eqs. (2.14) and (2.15), after utilizing
the Egs. (1.64) and (1.65), we get
L2 2

" vro_ k_nf ! 1!
CRe == i /110 NusRe? =35(6(0)+£0/0).

9.3. Results and discussion

The evaluated numerical fallouts are achieved for a some sundry dimensionless parameter alike
A,Pr.4,0 , K and §on temperature and velocity fields are discussed via graphs in Figs. 9.1-
9.7. Thermal characteristic of conventional fluid (H20,C:HFs- Cioty ) with magnetite (Fe,0,)
particle are described in table 9.1. Fixed values of pertinent parameters for the present problem
are taken as 2=0.01, ¢ =2.0, @ =1.0. The values of Nusselt number and skin friction
coefficient against volume fraction of nanoparticle ¢ with three sort of conventional fluid water
(H0}, Refrigerant-134a (C2H2F) and kerosene (CwHz) for numerous values of
ferrohydrodynamic (ferromagnetic) parameter £ are presented in table 9.2. From results it is
clear that the that both the values of Nusselt number and skin friction remains lesser without
/3 and greater with the occurrence of 4. This is due to the fact that alignment of ferroparticle
in definite order. Similarly witnessed that Nusselt number and skin friction coefficient have
larger values for Refrigerant-134a based ferrofluid rather than the others.

Influence of nanoparticle volnme fraction 0 < @ <1 on velocity and temperature profiles of

magnetite (Fes0.) with three different conventional fluid like water (Hz0) | Refrigerant-134a

(C2HoE) | and kerosene (CioHz2)  for relevant parameters 4, K , S and Pr are displayed

pictorially. Figs. 9.1 and 9.2 elucidate that for higher values of volume fraction of nanoparticles
velocity profile decreases gradually and reverse impact is prominent for temperature field. Fig,
9.2 exhibited physical response with the variation of nanoparticles volume fraction indicate
enhancement in thermal conductivity and thickness of boundary layer. Further fig. 9.1 shows

that Fe304 nanoparticle based on kerosene fluid has more impact on velocity field rather than

others, on the other hand temperature profile gain maximum enhancement for Fe;O,

115



nanoparticle based on Refrigerant-134a fluid followed by kerosene and water as perceived in
fig. 9.2.

Figs. 9.3 and 9.4 depicts the impact of porosity parameter k. - 0.0,0.4,0.8 on velocity and

temperature fields. From the given fallouts that velocity reduces for larger porosity parameter.
This is owing to the fact that, increment in permeability parameter, enhances the permeable
media resistance, which is the reason for slow down the motion of fluid and reverse behavior
is noted for temperature as seen in fig. 9.4. Moreover inspected that boundary layer thickness

and velocity field of FesO4 nanoparticle based on kerosene are higher than Refrigerant-134a

and water, whereas temperature field is maximum for Refrigerant-134a based nanoparticle as
compared to the remaining ones. Figs. 9.5 and 9.6 elaborate the influence of velocity slip
parameter & =0.0,0.4,0.8 on velocity and temperature distribution. Fig. 9.5 reveal that wall
velocity reduces for larger slip parameter and approaches to zero on the edge of the boundary
at 7 equal to 5.For no-slip case (§ equal to 0), then f'(0) equal to 1. It is because of the fact
that greater value of § comes to acceleration lubrication and slipperiness of the surface.
Diversely, fig. 9.6 shows that surface slipperiness disturbs the fluid temperature reversely; so
increment in & goes to enhances the temperature and thickness of thermal boundary layer.
Also observed that velocity is larger for kerosene based magnetic nanofluid as compared to the

other conventional fluids, although temperature field achieve maximum increment in Fe;Os

nanoparticle based on Refrigerant-134a fluid followed by kerosene and water based magnetic
nanofluid. Figs. 9.7 and 9.8 describes the influence of thermo-mechanical (ferromagnetic)
parameter £ due to dipole field on temperature and velocity distribution by considering

different fluids such as water (H,0 ), Refrigerant-134a (C2H2F4} and kerosene (C10H22) Since

magnetic dipole field play as a retarding force which opposes the fluid motion, therefore for
increase in @, produce more retarding force, hence outcomes shows decrease in velocity
profile as displayed in fig. 9.7. Since there exist a collaboration among motion of fluid and the
impact of applied field. This relation increasing the frictional heating and declines velocity
profile, which accordingly enhances heat transport as displayed in fig. 9.8. Also noticed that in

case of FeaO,;-Refrigerant-134a temperature distribution have increasing impact than other

base fluids.
Fig. 9.9 describes the deviation of skin friction under the impact of slip parameter ¢ for
dissimilar base fluids with the suspension of magnetite nanoparticle. The fallout confirm that

skin friction coefficient rises against volume fraction ¢ and reduces for higher values of slip
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parameter. Furthermore perceived that coefficient of skin friction gain maximum increase for

Fe;04 nanoparticle based on Refrigerant-134a fluid. This is due to minimum Prandtl number

and specific heat of Refrigerant-134a as compared to water and kerosene. Fig. 9.10 describe

the influence of porosity parameter k; on skin friction coefficient with horizontal variation of
volume concentration ¢ of nanoparticle. The graph exemplifies that skin friction boost up for
both ¢ and X, . Also noted that the numeric results of nanoparticle with kerosene base fluid are

lower than Refrigerant-134a and water base fluid.

Table 9.1. Thermo-physical characteristics of base fluid and nanoparticle

Matenial properties Base fluids nanoparticle

Water Kerosene Refrigerant-143a Fe30,

Iz 997 783 1199.7 5180
C, 4179 2090 1432.0 670
! 0613 0.15 0.0803 9.7
Pr 6.2 21 3.4
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Table 9.2. Calculated results of skin friction and Nusselt number.

Magnetite Fe40, Nanoparticle

Presence of Ferromagnetic Absence of Ferromagnetic

Parameter =2 Parameter # =0

Water Kerosene Refrigerant Water Kerosene  Refrigerant

¢ base base -134a base base base -134a base
CRe® 0.02 14489 13099 1.5189 10606  1.0727 1.0531
0.05 1.5593  1.4336 1.6154 11626  1.1921 1.1440
0.1 17563  1.6523 1.7895  1.3454  1.4032 1.3083
NuRe” 002 02647 0.1183 0.3896 02565  0.1169 0.3718
0.05 02991  0.1333 0.4385 02902 0.1317 0.4194
0.1 03643 0.1614 0.5302 03540  0.1596 0.5091

Be2.0,K =01,5=0.1,5=0.2

Feao 4-Kerosana
..... Feso4-Water
G F9304-Refrigerant-1 Ja |

¢ = 0.05, 0.15

Fig. 9.1. Influence of 4 on 1.
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Fig. 9.3. Influence of x, on f'.
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Fig. 9.5. Influence of § on 7.
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p=2.0, K1 =0.1,9=0.1, §=0.2
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Fig. 9.9. Influence of § and ¢ on skin friction coefficient.
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Fig. 9.11. Influence of x, and 4 on skin friction coefficient.

9.4 Conclusion

In current discussion, we have examined the characteristic of nanofluid and transfer of heat by
stretched surface. Water (H,0), refrigerant-134a (C,H,F,), and kerosene (C,oH,,) are
considered as base fluid with the insertion of F¢:0: nanoparticle. The main key points are

condensed as:
. Skin friction increases for larger values of concentration of nanoparticle whereas it
reduces against slip.

. Fe;O, _Refrigerant-134a based nanoparticle has attained supreme value as compared to

water and kerosene based magnetic nanofluid.

. Nusselt number F¢:0: -Refrigerant-134a based nanofluid is superior than base fluid like
water and kerosene for higher values of ¢, due to higher thermal conductivity

enhancement in refrigerant-134a based nanofluid rather than others.
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Chapter 10

Analysis of magnetic nano particles due to
applied magnetic dipole in aqueous medium

with momentum slip condition

10.1 Introduction

In this chapter, flow of magnetic nanoparticles and dipole effect past a stretchable surface
toward velocity slip condition have been investigated. Water is chosen as a base fluid while
ferromagnetic, diamagnetic, paramagnetic, antiferromagnetic and ferrimagnetic particles are
considered as nanoparticles. The flow and heat transfer process can be control with the help of
external magnetic nanofluid. Obtained system of boundary layer problems are renovated into
ordinary differential equations which are then elucidated via shooting algorithm. Influence of
some emerging constraints on flow field (velocity, temperature), Nusselt number and skin
friction are clarified pictorially. We notice that diamagnetic particle has larger thermal
conductivity to the others. Furthermore, the values of Nusselt number and skin friction have

minimum value for ferrimagnetic particle (Fe,0,)-

10.2 Flow assumption and mathematical formulation

Let us contemplate incompressible, two dimensional viscous flow of ferro and non-ferro nano
fluid due to stretched surface embedded with dipole field define in geometry under section
(1.17). Under boundary layer assumption, the governing flow equations over current problem

take the form.

a_u+ay—0
5o =0 (10.1)

z
ou a”—ﬁ[a”]+&Ma—H———“"‘ u, (10.2)

U—_—+v—= ;
&x & p\») p, & pK
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or  or u . oM{ 0H oH
U—+v— |+ +—— T —|u—+v—|=a
x Oy (pcp)v T\ & &) "

oT  u, (au Jz
X——+ =1
& (pe,) \O

Cormresponding boundary condition for stretching sheet and velocity slip at the wall are

(10.3)

u=u,+A@, v=0,at y=0
&y : (10.4)

u—0, as y—»rmo

along with prescribed surface condition (PST) in Eq. (1.59). The thermophysical parameters
are specified as [138]

P ==}, + 90, y,,f=h—f#, (10.5)
k
(pcy),, =0=Xpc,), +4pc,), ay=r—"—, 10.6)
af (pcp)"f (
e+ 2k, 290k, - k)
ko “kf{ k,+ 2k, + gk, —k,) } (197)

Employing transformation Eqs. (1.64) and (1.65) into the Egs. (10.2) to (10.4) reduces into the

following system of equations

f'-(1—¢)”{[(1—¢)+¢

26

} Kf=0, (10.8)
(n+a,)

&J(f” - )+

P,

(pC ) ' 22’[3(91 —S)f 24 i
*“’9 1- 8 -216)+ o - =0, 10.9
k, (pc,), v ) 2AB6f
e +[(1 Do o ,.),f] Pr(re/ a0 ) TR0
(10.10)

- _ 2f af LA m_
e 8)[(“&[)&(””])5] el
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Boundary equations are

F=0,f=1+6f", 8=1, 6,=0, at n:o}

f =0, 850, 850, as o> (10.11)

The non-dimensional form of skin friction and heat transfer rate are defined in Eq. (9.12).

10.3. Results and discussion

We have taken different kinds of nanoparticles like ferromagnetic (Fe), ferrimagnetic ( Fe;04 ),

paramagnetic (Ta), diamagnetic (Cu), and anti-ferromagnetic (CuO) on velocity and
temperature profiles, Nusselt number and skin friction coefficient. Graphs are drawn for
numerous controlling parameters to check the efficiency of the particles in different situation

like 4, ¢, kx , 8. Physical parameters of base fluid { H,0 ) and nanoparticles are presented in
Table 10.1. Throughout the problem fixed values of sundry constraints are Pr=6.2,4=1.0,
¢=01, k=02, d=01,A=001,6=20, 4=10. The influence of magnetic nanoparticles like
ferromagnetic, ferrimagnetic, diamagnetic, paramagnetic, and anti-ferromagnetic on velocity
profile f'(r) and temperature profile g, (;;)are portrayed in figs. 10.1 to 10.2. It is fascinating
to point out that velocity arrangement enhances in direction Ta, Cu, Fe, CuOQ, and Fe;04 . From

results we determine that boundary layer thickness and velocity for ferrimagnetic particle

{ Fe;0,4 ) 1s greater than the remaining ones. Also we infer that reverse trend 1s noted for
temperature field and thickness of thermal boundary layer has maximum value for
paramagnetic particle (Ta) followed by Cu, Fe, CuO and Fe;04 in fig. 10.2.

Figs. 10.3 and 10.4 display the different type of magnetic nanoparticles on skin friction and

Nusselt number versus ferromagnetic interaction parameter £ . Results pointed out that skin
friction coefficient accelerate monotonically for higher values of g . Physically, because in
fact that increment in B produces a resistance force in the flow field, called Lorentz force

which has ability to suppress the velocity profile and rising skin friction, and reduces the heat
transfer rate. Also establish that paramagnetic particle gain maximum values of skin fnication
and ferrimagnetic has minimum values of Nusselt number as compared with the others as
shown in figs. 10.3 and 10.4. The principles of skin friction against slip parameter § are
exhibited in fig. 10.5. For higher values of slip parameter, there is decay in flow resistance and
consequently magnitude of skin friction coefficient reduces in each case. We accomplish due

to sufficiently smooth surface, skin friction coefficient at wall diminishes significantly. The
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effect of porosity parameter x, on skin friction coefficient and heat transfer rate are provided

in figs. 10.6 and 10.7. Fig. 10.7 disclose that skin friction coefficient enhances very rapidly for

higher value of k, for all sort of nanoparticles comprising Tu, Cu, Fe, CuQ, and Fe;0,.

Additional, it is witnessed that Nusselt number and skin friction and have smallest value for

fermimagnetic ( Fe;0, ) while compared with the others. Fig. 10.7 depict that Nusselt decays for
largest porous medium parameters. Fig. 10.8 demonstrates thermal conductivities £, /X, of

dissimilar kind of nanoparticles with the insertion of water (HEO) , describe the ratio of thermal
conductivity of solid particles to thermal conductivity of conventional fluid with the deviation
of particle fraction 4. From graph it infer that thermal conductivity of nanoparticle enhances
linearly by increasing the concentration of volume fraction. Though highest thermal
conductivity is noticed for diamagnetic case tailed by paramagnetic, ferromagnetic, anti-
ferromagnetic, and ferrimagnetic. The reason is that diamagnetic have maximum thermal

conductivity rather than the other nanoparticles as displayed in table 10.2,

Table 10.1. Material properties of base fluid and nanoparticle [139]

Physical . . Base

properties Magnetic Nanoparticles Auid
Param Diamag Ferroma Anti- Femrimag o
agneti  netic gnetic  ferromagnet  DefIC (H O)
c(Tu) (Cu) (Fe) ic (Cu0)  (Fe304) 2
16600 8933 7870 6320 5180 997

plkg/m’)

(Kgk) 140 385 447 531.8 670 4179

k(W/ m.K) 57.5 401 80.2 76.5 9.7 0.613

Pr -—- 6.2
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Table 10.2. Thermal conductivities of nanoparticles and volume concentration.

Thermal conductivities of magnetic particles

Volume
concentration k 1k
LA f
Parama Diamagne Ferroma Anti- Ferrimagn
¢ 148 g ferromagn €

gnetic tic netic etic

etic

0.25% 1.0073 1.0075 1.0073 1.0073 1.0063
0.50% 1.0146 1.0150 1.0147 1.0147 1.0125
0.75% 1.0220 1.0226 1.0222 1.0221 1.0188
1.00% 1.0293 1.0302 1.0296 1.0296 1.0252
1.25% 1.0368 1.0378 1.0371 1.0371 1.0315
1.50% 1.0442 1.0455 1.0446 1.0446 1.0379
1.75% 1.0517 1.0532 1.0522 1.0521 1.0443
2.00% 1.0593 1.0609 1.0598 1.0597 1.0507
3.00% 1.0898 1.0923 1.0906 1.0905 1.0768
4.00% 1.1209 1.1244 1.1221 1.1219 1.1032

5.00% 1.1527 1.1571 1.1541 1.1540 1.1302
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104 Conclusion

Here we explored behavior of different magnetic nanoparticles over a stretching sheet. The

following points are summarized as follow.

The velocity for paramagnetic nanoparticles is highest whereas it has lowest in
temperature profile.

Skin friction coefficient increases versus ferromagnetic parameter as well as porosity
parameter while it declines for slip parameter.

Nusselt number declines by increasing ferromagnetic interaction parameter and porous
medium parameter.

Both Nusselt number and skin friction have lowest value for ferrimagnetic
particle(Fe;0,) case as compared with the others.

Thermal conductivity of nanoparticles enhances with the deviation of volume fraction,
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Chapter 11

Particle shape effects on ferrofluids flow and
heat transfer under influence of low oscillating

magnetic field disk

11.1 Introduction

This chapter investigate the shapes effect of magnetic nanoparticle on boundary layer flow of
ferrofluid over a rotating disk with the existence of low oscillating magnetic field. The disk is
rotate about z-axis with uniform angular velocity. Water is considered as a base fluid while
magnetite as nanoparticle with three different shapes like platelet, cylinder and brick, which is
based on Hamilton-Crosser model. Ferrofluid is electrically non-conducting. Transformation
procedure is adopted to change the governing equations of motions into nonlinear ODE’s which
are then tackle numerically by employing robust R-k method. A tremendous agreement is
viewed among the present results and earlier published in the literature for limiting case. Shape
effects on radial, tangential, and axial velocity along with temperature fields are demonstrated
through graphically while computational values of shear stress and heat transfer characteristics
are elaborated in tabular form against ferromagnetic (ferro-hydrodynamic) parameter and

volume fraction of magnetic nanoparticle.
11.2 Flow assumption and mathematical formulation

Consider an incompressible axially symmetric laminar and non-conducting ferromagnetic

liquid flow over rotating disk with speed {,7/1-4/ as displayed in section (1.17). The basic

governing flow equations containing continuity, momentum with rotating effects, temperature,

magnetization and rotational motion equations takes the form

V.V =0, (11.1)
dv —_
Py~ Ho(MV)H =—Np+ 1, V'V + =V x(w, - Q), (11.2)
t 24,
dr
(Co)y 5 =HV'T (11.3)
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2/

?+—(M—M0)=wpo, (11.4)
dw, 1
s (w,-Q2)=MxH. (11.5)

Here, V= (u,,u,,,u:) is velocity, w, is angular moment of particles, I is total moments of

inertia, £4, is permeability of free space , 7, is Brownian relaxation time, , € is vorticity of

the flow. For small 4;, the inertial term i.e., !%)f Y !%, hence, Eq. (11.5) lead to the
expression
wp=n+$(MxH). (11.6)
Now, Eqs. (11.2) and (11.4) with involving Eq. (11.6) takes the form
pm,-‘g+(M.V)H=—Vp+p!,\72v-»%Vx(MxH) (11.7)
%”?'é(‘” M,)= ?Mx(MxH)+QxM (11.8)

where M x H is magnetic torques. When both torques, magnetic and viscous are be in balance

form, then rotation of particle is inscribed as
MxH=-6(Q-w,)u,db, (11.9)
and at equilibrium

LA )MA ¢ ¢
A

where x_effective magnetic parameter and ¢ designates the concentration of nanoparticle.

M= (11.10)

Under the stimulus of sluggish vacillating magnetic field Eq. (11.8) is stated as [140-142]

d A A 1 L L}
—| L = |=Qx| L = |-—=(X_-% A.—X). ,
df[ ¢ xJ X( (4 xJ Z_B xe( € ) rﬂx'ﬁ ( ¢ ) (1111)

So, from Eq. (11.11) effective field can be stated in term of zero approximation equation as

-l

dx,  (dlogL X
20 el 11-=2cosmpt |. 11.12
Pt [dke]( X, "] L2

L
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Above, the parameters o, and x, are frequency and amplitude of magnetic field, whereas the
active Langevin function is donated as parameter z_. From [143], applying linear estimations

in Qr, and the statement

MY =(%,)r,RM Qxh. (11.13)

Here M = L(kc);ﬁM, and 7/ is unit vector toward the applied field, Eq. (11.11) reduces to

dR(%,) 1(, 1(x -L
%:a[l—f{fjcosw@xkuR(?Le)]. (11.14)

Subsequently torque is not zero, so from Egs. (11.9) and (11.11), the statement for magnetic

torque turn out to be

M H = -65upQ, ﬂ=%hucosa)utL(7££,)R(?Le). (11.15)
Here, p(x,,w, r,) represent effective magnetization parameter.
1 —_ 1 3 3
Evaerf =5v x—6(ﬂ,)¢'m=—5ﬂ,ﬂ¢V (V.V)=Eﬂfﬂ¢V2V. (11.16)

In view of Eq. (11.16), Eq. (11.7) takes the form

av 3
pnfz_[#ﬁf+5ﬂf¢ﬂ]v2v=_vp+(M.V)H, (11.17)
dv 3 -
oo, 2 0,807V = L1y

Here —¥p is condensed pressure, transformed equations of motion and energy with pressure

in cylindrical coordinates along with boundary conditions are

Ou u Ou

roy e _=:0, .
6r+r+az (L19)
= 3 u, 0fu ou,
‘%{"‘nf*i”f‘éﬂ)[ or +5[7)+ o2 ]Jrg(pﬂ)dg_r&)

3 (11.20)
l:@ur ou, ou, U, }
=p??f +Hu —tU, — — — N

ot " Or f oz I3
[ 2 )| 2ty 1) T\ o, 7T
For 2»“; ort  or\ » oz* ELOP "

Ou, Ou, Ou, uu,
= Lo +u, +u. + s
ot or oz r

(11.21)
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ap 3 O'u. 1 ou.  Ju.
-— + = -—'+ -+ |+ T-T,
2 +[ﬂ,,,f 2ﬂf¢ﬂ]{ 3 T e & g(ph),( )
(11.22)
_ %H ou. O ]
Pl e e T
oT or oT o'T 18T T
C — — [=k ——+=5 | .
(,0 p)"f[ar+ " dr T 62] "’[6r2+r aﬁaf} (11.23)
Q
at z=0; u = Q“r,u9= i , u,=0, T=T,
1-at 1-ay (11.24)
at z=w; u =0, u,=0, T=T,
Employing following transformation
1=JATY, e 4, (1 0,2) =Y F (1), u(r.0,5)= -G (n), |
P lmat’ 1-ayt 1-ay
5 5 - s (11.25)
14 Vv, -
9,2 = / E ’ £‘=— d P s = = ’

By using Eqs. (11.25) into Eq. (11.19) to (11.23) and obtained non-dimension system of

equations in ordinary form

2F(m)+E'(n)=0, (11.26)
p”f[Fz Gz+EF+S{F+""Fﬂ Py 3aplpaPeg 1o
Py 2 My 2 (pB),

&L[EG'+2FG+S(G+EG'H [’“’“ 3¢,BJG" (pﬂ')”fﬂ (11.28)
Py 2 Hy (plgl)f

Bﬂi{EE'gE E'}=—6—P [’u’*’ x )E (Pﬂ]),,,g 11.29
Pr +2( o ) 57)+ He ¥ (IB])_{ (1129

(pcp)".-’ 1 7 o kﬂ'f 1
(,ocp)f Pr[EG +559 ]:[kf +Rd}9 (11.30)

with suitable boundary conditions

G(0)=1, F(0)=0, E(0)=0, 8(0)=1,
Gz®)=0, F(=)=0, Q(m()zo }’ (11.31)
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where, A=4/fL is unsteadiness parameter, and Pr=y,C  /k, is modified Prandtl number. For
magnetite (Fe;04), £, the expression of density, 4, dynamic viscosity, and heat capacitance

(pCpayr , and thermal expansion coefficient (A are described as

={]— = )uf
p,={-d)p, +dp.u, Tk (11.32)
(pC), =¢(pC), +(1-98)pC),, (11.33)
(0B), =(1-8)pB), +#(pB)., (11.34)

where ¢ is symbolized as volume concentration of solid particle, 4, is viscosity of the
conventional fluid, g, and P, are effective densities of base fluid and nanoparticle, k, and k,

are signify energy conductivities for pure fluid and solid particle. Thermal conductivity k,,f of
the nanoparticles specified by Hamilton and Crosser [144] is defined as

. =kf{k:+(m+1)kf—(m+l)¢(kj +k‘)}.

k,+{m+1)k, +¢(k}, ~k,)

(11.35)

Here, “m” represent the empirical shape factor specified by 3/y°. When we take shape factor

m=3, Hamilton-Crosser model becomes Maxwell model. The values of nanoparticles for

different sphericity and shapes are given in table 11.1. Skin friction and Nusselt number are

2 2
C - «/Tw"”fw N = rq,

R e
|

1-ayt

describe as

Here 7, is radial and 7, is transversal skin friction coefficient of rotating disk, 4, is

temperature flux are presented as

3 Ju, Ou 3 Ou, 1 0u
= + — — L4z , s = + — ) — ¥ -z .
o (”“f 2”"”](& aoLO o [’“’-” 2”’*”6][ &z raeLo

oT

qw = _kqf (E)z:ﬂ "

After replacing Egs. (11.25) and (11.37) in to Eq. (11.36), we get

(11.37)
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3 ! knf
+2¢B |,  Nu/Re?=--2L0(0), (11.38)
2 k,

1

; ; H,
C, Re? ={/F(0) + G0} | 22
Hy
where, Re=r"Q, / (I - a3t)v s 1s the rotational Reynolds number.

11.3. Results and discussion

In this section, interpretation of controlling quantities involved in velocity and temperature
profiles are inspected via Figs. 11.1 to 11.8. Ferrofluid contained magnetite- Fe,0, nanoparticle
with different shapes with water is taken as a base fluid. The influence of low isolating
magnetic field is also accounted. The values of the goveming constraints throughout the
problem are considered Pr =62, #=0.1, A=001,A=0.1 to perceive the influence of volume
fraction and ferro-magnetization effects on velocities and temperature profiles along with three

shapes of magnetic nanoparticles. Some thermo-mechanical properties of magnetite (Fe,0,)
and water are enumerated in table 11.2. In table 11.3 we compared the results of F(0), G[0),

£ (05‘) and ¢(0) with available literature and obtained good agreement.

The numerical values of different dimensionless physical parameter are of practical interest.
The influence of volume fraction on shear stress and heat transfer rate are displayed in table
11.4. Skin friction increases when the fluid has interaction with the surface of the body. It is

perceived that when volume fraction of magnetite ( Fe;0, ) increases, then skin friction at wall

is increases. The skin friction depends on acceleration and dynamic viscosity. It is establish
that when the concentration of particles is enhanced, then dynamic viscosity and gradient of
the velocity rises that are reason for enhancement in skin friction. In table 11.4, it is also

perceived that there is enhancement in heat transfer rate against ¢ . In heat transfer process the

role of thermal conductivity is imperative. For specimen, if increment in thermal conductivity
is noted 35% and 70.3% at 5% and 10% volume fraction of magnetic nanoparticles. Then by
similar tendency, increment in Nusselt number at surface is noted 11.4% and 21.7% at 5% and
10% concentration. The consequence of ferromagnetic parameter on skin friction coefficient
and Nusselt are exposed in table 11.5. It is declared that with the decrement of ferromagnetic
parameter, there 1s depression in shear stress and heat transfer rate. In addition, results indicate

that for higher value of # skin friction and Nusselt number gain maximum decrease in brick

case when compared with cylinder and platelet.
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The impact of volume fraction of magnetite ( Fe;0, ) nanoparticles of different shapes on radtal,

tangential, and axial component of velocity are shown in figs. 11.1 to 11.3. The results indicate

that velocity components reduces by increasing volume fraction of magnetite (Fe,0,)
nanoparticle ¢. Because increment in volume fraction of magnetic nanoparticle ¢, the viscosity

of ferromagnetic liquid increases and thinning the velocity boundary layer as suggested by
Brinkman [143].

It is further comprehended that different shapes of magnetite (Fe,0,) nanoparticles like
platelets, cylinders and bricks atso affect the velocity profiles due to their dissimilar orientation
and physical properties. The ferromagnetic nanofluid that consist of platelets and cylinder
shape particle has gain maximum velocity in radial and tangential direction when compared to
other shapes whereas opposite behavior is noted for axial velocity case as shown in fig. 11.3.

Fig. 11.4. demonstrate the influence of magnetic nanoparticle concentration ¢ on temperature
circulation. It is prominent that the temperature of magnetite  Fe,0, } nanofluid is increases by

intensifying volume fraction. When the amount of volume fraction is increases, then thermal
conductivity enhances and hence produce enhancement in thermal boundary layer,
Additionally, impact of ferromagnetic particle shapes also affect the temperature profile. It is
perceived that fluid temperature has gained ultimate increment due to platelets followed by
cylinder and brick respectively.

Figs. 11.5 to 11.7. fascinates the velocity profiles along radial, tangential and axial direction
for numerous values of low oscillating ferromagnetic parameter. Form the figures we observed
that the impact of ferromagnetic parameter in is not so conspicuous on axial, radial and
tangential directions. Because under the action of low oscillating applied magnetic field angular

velocity of magnetite (Fe,0,) nanoparticle become lesser when compared to the angular

velocity of fluid. So influence of ferromagnetic parameter is not so prevailing. Also noticed
that velocity components are suppressed in all direction when ferromagnetic parameter is
decreased. This is because of the fact that increase in angular velocity of the magnetic
nanoparticle, which correspond to reduction in magnetization effects and created an extra
opposition in ferromagnetic fluid. Fig. 11.8. portrays the temperature field under the effect of
ferromagnetic parameter. Results shows that temperature is boost up by enlarging the
magnetization impact. The outcome of magnetization is the signs of increment in turning

viscosity that develop a foundation of temperature enrichment.

140



Table 11.1 The values of different shapes factor and sphericity of nanoparticles [145].

Shape of

Nanoparticles Phase ratio Sphericity  Shape factor (m)
Cylinder 1:8 0.62 4.9
Brick 1:1:1 0.81 3.7
Platelet 1:1/8 0.52 5.7

Table 11.2 Physical properties of water and magnetic nanoparticle.

plkg/ m’) e/ Kg.K) k(W/m.k) px10° (k™)

water 997 4179 0.613 21

Fey0, 5180 670 9.7 0.5

Table 11.3 Comparison of current results with previously published work when Pr=62,

A=f=A=0.
Present result Kelson and Rashidi et al.
Desseaux [146] [147]
F'(U) 0.5102327 0.510233 0.50186
_G'(O) 0.6159220 0.615922 0.61589
—E'(0) 0.8844681 0.884474 e
-¢'(0) 03258625 e 0.3276
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Table 11.4 Effect of volume fraction magnetite (Fe,;0,) nanoparticle on Skin friction and

Nusselt number when Pr=6.2,8=0.1,A=001,A=0.0.

@ Platelet Cylinder Bricks

C,Re"” 0.0 0.8042 0.8042 0.8042
0.05 1.0864 1.0863 1.0863

0.10 1.3699 13698 1.3697

0.15 1.6599 1.6597 1.6595

MuRe™ 0.0 0.3319 0.3319 03319
0.05 0.369% 0.3669 0.3633

0.10 0.4038 0.3991 0.3925

0.15 0.4356 0.4292 0.4203
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Table 11.5 Effect of ferromagnetic parameter on Skin friction and Nusselt number when

Pr=62,¢4=0.1,4=001, A=00.

e Platelet Cylinder Bricks
C,Re” 0 1.0925 1.0924 1.0923
0.5 1.1234 1.1233 1.1231
1.0 1.1534 1.1533 1.1532
1.5 1.1826 1.1825 1.1824
2.0 1.2112 12111 1.2109
3.0 1.2663 1.2662 1.2661
5.0 1.3699 1.3698 1.3697
NuRe™ 0 0.3842 0.3802 0.3745
0.5 0.3869 03828 0.3771
1.0 0.3895 0.3853 0.3795
1.5 0.3918 0.3875 0.3816
2.0 0.3940 0.3896 0.3836
3.0 0.3978 0.3933 0.3871
5.0 0.4038 0.3991 0.3925
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