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Abstract 

The current research scrutinizes the effects of Hall current and Ion slip impacts on a steady three-

dimensional flow of hybrid nanofluid induced by bi-directional sheet stretching. Zinc oxide (ZnO) 

and Gold (Au) nanoparticles are dispersed in Kerosine oil and water to establish the two different 

hybrid nanofluids.  Additionally, for heat transfer analysis, the temperature equation incorporates 

the effects of Cattaneo-Christov (C-C) heat flux and non-uniform heat source/sink. The Tiwari and 

Das model is used to examine the characteristics of the fluid flow. The similarity transformations 

are employed to reduce highly nonlinear governing partial differential equations to a system of 

ordinary differential equations and are numerically performed through the use of the MATLAB 

software's bvp4c scheme. Graphs are portrayed to demonstrate the effects of dimensionless 

parameters on the velocity and temperature fields. In addition, the skin friction coefficient and 

Nusselt number for practical applications are evaluated in Tabular form. It is learned that ZnO-

Au/Kerosene Oil leads ZnO-Au/Water when it comes to temperature profile increase. 
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Chapter 1

Introduction and literature review

1.1 Introduction

Conventional heat transfer liquids have weak thermal conductivity as compared to solids.

Advanced miniaturized technologies with comparatively small channels would get blocked,

if conventional �uids which contain mm or nm sized particles were to be used. Choi

coined the term "nano�uids," which are engineered colloids consisting of a base �uid and

nanoparticles. Nano�uids are one of the most recent advancements in nanotechnology.

Nano�uids are high-e¢ ciency heat-transfer �uids made by dispersing nanoparticles with

diameters less than 100 nm in conventional �uids. Due to the occupancy of a signi�cant

number of atoms on boundaries, nanoparticles have a wider surface area to volume ratio

than microparticles, providing them with high thermal stability in suspensions. Nano�u-

ids have enhanced properties such as thermal conduction. The properties like enhanced

stability and better conductivity of the scattered Nano-species make them highly de-

sirable for developing heat transit �uids. As various industrial products such as power

electronic circuits, high power lasers, x-ray generators etc. require cooling for better

performance.

As an extension of nano�uid, hybrid nano�uid is developed by dispersing composite

two distinct nanoparticles in the base �uid. As a consequence, it is expected that hybrid
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nano�uid would have better thermal conductivity than base �uid and nano�uid contain-

ing single nanoparticles. In recent years, researches have focused on developing hybrid

nano�uids that should be more stable and sustainable, with reduced viscosity and high

thermal conduction. These �uids have transformed a wide range of heat transfer func-

tions, including cooling, nuclear systems, solar heating, drug reduction, biomedical etc.

As a result, these industrial applications require stable and unique production techniques

for hybrid nano�uids using less expensive equipment.

Strati�cation is a major aspect of heat and mass transmission that is being studied by

a number of scientists.It occurs in �ow �elds due to temperature changes, concentration

di¤erences, or varying liquid densities. Because of its vast range of natural, industrial, and

engineering uses, it is important to expose the impact of strati�cation on the mechanism

of convective transport in real-world applications. Thermal strati�cation of reservoirs

and seas, heterogeneous mixtures in the atmosphere, industrial food and manufacturing

processes, and the salinity strati�cation phenomenon in rivers, ground water reservoirs,

and oceans are examples of these applications.Thermal strati�cation has the disadvantage

of preventing oxygen from mixing from the upper to lower layers of water, causing water

to become anoxic as a result of biological activity.

Magnetohydrodynamics is the analysis of the magnetic characteristics and behav-

iour of electrically conducting �uids. Plasmas, liquid metals, salt water, and electrolytes

are some examples of magneto�uids. Many manufacturing processes, such as drawing

of copper wires, continuous stretching of plastic �lms and arti�cial �bres, glass-�ber,

metal extrusion, and spinning, depend on investigations of magnetohydrodynamic (MHD)

boundary layer �ow and heat transfer of viscous �uids over a �at sheet. The magneto-

hydrodynamic (MHD) concept is used to generate electricity from coal-�red or nuclear

power plants. MHD generating plants do not require a turbine and do not have a genera-

tor shaft. Thermal energy in plasma is converted directly to electrical energy in an MHD

generator. When an electric conductor passes through a magnetic �eld, it generates a

voltage, which results in an electric current. The solid conductors in an MHD generator
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are replaced with a gaseous conductor, an iodized gas.When such a gas is moved at high

speed through a strong magnetic �eld, a current is generated that can be collected by

placing electrodes in appropriate positions in the stream.

Fourier�s coined work was regarded as the most appropriate method that has been

used as a guideline for decades because of its wide-ranging applications. One of the

model�s �aws is that it frequently leads to a parabolic energy equation indicating that

the initial disturbance was immediately observed by the medium under consideration.

Cattaneo introduced relaxation time to address a �aw in Fourier�s law known as the

"Paradox in heat conduction". It can be seen that this modi�cation results in the hyper-

bolic energy equation and allows heat to be transported via propagation of thermal waves

with limited speed. Christov later improved Cattaneo�s model by substituting the time

derivative for the upper convected derivative of the Oldroyd equation. This improved

version is now known as the Cattaneo-Christov heat �ux model.

1.2 Literature Review

The advancements in the �eld of nano�uids have the potential to be signi�cant due to its

wide usage in daily life and advanced heat and mass transport processes such as domes-

tic refrigerators, hybrid-powered engines, heat exchangers, solar water heating, nuclear

reactors, chillers, and pharmaceutical processes, [1-2]. Choi and Eastman [3-5] coined

the term "nano�uids." These �uids are created by dispersing nanoparticles in traditional

�uids to increase thermal conductivity. A nano�uid is a new type of heat transfer �uid

that consists of a base �uid mixed with nanoparticles. It has been demonstrated that

nano�uids increase the thermal conductivity and convective heat transfer performance

of base liquids. Brownian movements of nanoparticles inside the base �uids are one of

the proposed causes for the unusual increase in thermal conductivity of nano�uids. Ti-

wari and Das [6] proposed a two-stage model for analysing nano�uids that combined

powerful thickness, consistency, warm, and electrical conductivities. It should be noted
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that several recent papers [7-8] have been published on the mathematical and numeri-

cal modelling of natural convection heat transfer in nano�uids. Buongiorno [9], Kakac

and Pramuanjaroenkij [10], conducted an extensive study of convective transport in

nano�uids. Khan and Pop [11] investigated the boundary layer �ow of a nano�uid past

a stretching sheet using the Buongiorno model. Rana and Bhargava [12] studied the

boundary layer �ow of a nano�uid �ow over a non-linearly stretching sheet recently.

Many researchers were intrigued by the boundary layer �ow of a nano�uid induced by a

stretching surface [13-15].

Turcu et al. [16] and Jana et al. [17] proposed the concept of "hybrid nano�uid" in

their experimental works to improve the thermal properties of regular nano�uid. A hybrid

nano�uid is a liquid that has been developed and consists of more than one nanoparticle

with synergistic and improved heat transfer properties immersed in a conventional �uid

[18-19]. The concept of hybrid nano�uids with enhanced heat transfer characteristics in

comparison to ordinary nano�uids has piqued the interest of researchers who want to

explore new avenues for increased heat transfer rates. Rostami et al. [20] use a two-step

technique to conduct an experimental hybrid nano�uid synthesis study with graphene

oxide, copper oxide nanoparticles combined with water, and ethylene glycol at temper-

atures ranging from 25�to50�C. The study reveals that with a volume fraction of less

than 0.4 percent, the nano�uid exhibits Newtonian behaviour, but as the concentration

increases above 0:4%, the nano�uid viscosity is a¤ected by an increase in shear rate.

Taherialekouhi et al. [21] investigated the thermal conductivity of a hybrid nano�uid

containing graphene oxide and aluminium oxide nanostructures immersed in water with

volume fractions of 0:1; 0:25; 0:5; 0:75; and 1%at temperatures ranging from 25 to 50�C in

another experiment. When the volume fraction is considered as 1% at 50�C, the results

show an increase in thermal conductivity of up to 33.9%. Kaska et al. [22] investigated

the heat transfer properties of a hybrid nano�uid (AlN�Al2O3=H2O) inside an elliptical

tube with varying nanoparticle volume concentrations. Mdallal et al. [23] investigated

the �ow of various types of hybrid nano�uids over a �at plate with Marangoni bound-
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ary conditions while subjected to radiation and an inclined magnetic �eld. Waini et al.

[24] studied the heat transfer phenomenon of a hybrid nano�uid �owing over a stretch-

able sheet and discovered that a higher nanoparticle concentration results in more heat

transfer. The e¤ects of a magnetic �eld and suction on a moving plate covered with a

water-based hybrid nano�uid were investigated by Aladdin et al. [25]. Furthermore, the

e¤ects of suction and MHD on velocity and thermal �eld have also been discussed. Some

important research in the �eld of nano�uid dynamics are present in [26-32].

The research of MHD �ows, the Hall current, and ion slip relations in Ohms law have

been ignored in order to easily conduct scienti�c examination of the �ow. Nonetheless,

the e¤ect of the Hall current and ion slip is considerable in the presence of a strong mag-

netic �eld. Thus, it is critical to include the in�uence of Hall current and ion slip terms of

the magnetohydrodynamics articulations under a variety of typical circumstances. As a

result of these facts, various research have been conducted on MHD �ows in the presence

of Hall and ion slip currents. Accordingly, Gul et al. [33] scrutinize the e¤ects of hall

and ion slip in a thermally strati�ed nano�uid �ow comprising Cu and Al2O3 nanopar-

ticles on a nonlinear stretchable sheet with the e¤ect of nonuniform heat source sink.

It is discovered that as the magnetic �eld intensity is increased, the temperature of the

nano�uid increases. The rise in Ohmic and viscous dissipations causes this enchantment

in the temperature of the liquid. Using a Maxwell liquid over an extending vertical sur-

face, Nawaz et al. [34] investigated the Hall and ion slip impacts on three-dimensional

combined free and forced convection �ow of a Maxwell liquid. They found that the Hall

parameter has similar impacts on both the tangential and the lateral velocities, whereas

the ion slip parameter has opposite impacts on both the velocities. The e¤ects of Hall

and ion slip on the three-dimensional �ow equations of nano-plasma �uid in the presence

of a homogeneous applied magnetic �eld were also investigated by Nawaz and Zubair

[35], who discovered that the inclusion of copper (Cu) and silver (Ag) nanoparticles has

a signi�cant impact on the velocity components and temperature of the nano-plasma.

Ramzan et al. [36] examined the dynamics of Hall e¤ect and Ion slip e¤ects on the �ow
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of natural �uids over the birectional stretching sheet are altogether distinct in comparison

to the �ow of natural. There are also further research articles incorporating the e¤ects

of Hall and ion slip currents in the references [37�40].

The current study is inspired by previous studies and seeks to examine the e¤ects

of Hall current and Ion slip on a hybrid nano�uid �ow with a non-uniform source/sink.

Such a study, to the best of knowledge, has not yet been done. All results presented in

graphs and tables are thoroughly examined.
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Chapter 2

Preliminaries

2.1 Fluid

A material that deforms continuously under forced shear stress or external pressure is

�uid. Fluids are a substance form of liquids , gases, and plasma.

2.2 Nano�uid And Base �uid

A nano�uid is a �uid in which nanometer-sized particles suspended in a base �uid form a

colloidal solution of nanoparticles. The nanoparticles used in nano�uids are often formed

of metals, oxides, carbides, or carbon nanotubes, with water, ethylene glycol, and oil

serving as the base �uids. Nanoparticles are employed to improve the �uid�s thermal

conductivity.

2.3 Hybrid Nano�uid Flow

The thermal properties of the nano�uid might be improved by adding more than one

nanoparticle into the basic �uid, which was termed "hybrid nano�uid." A hybrid nano�uid

is an advanced �uid that contains more than one nanoparticle capable of increasing the

7



heat transfer rate.

2.4 Fluid mechanics

The branch of mechanics concerned with �uid characteristics. It is divided into two

subcategories, which are as follows:

2.4.1 Fluid statics

It is the sub branch which investigates the attributes of liquids in stationary state.

2.4.2 Fluid dynamics

It is the sub branch which investigates the attributes of liquids in state of motion.

2.5 Stress

Stress is de�ned as the ratio of applied force F to cross section area A. Symbolically, we

have

Stress =
F

A
: (2.1)

In the SI system the unit of stress is kg/m.s2 and the dimension is [(M/(LT2))]. It is

further categorized into 2 kinds.

2.5.1 Shear stress

Shear stress is the kind of stress when external force acts parallel to the unit area of

the surface.
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2.5.2 Normal stress

Normal stress is the kind of stress when force acts vertical to the surface of unit area.

2.6 Strain

Strain is the dimensionless quantity, which is used to measure the deformation of an

object when a force is applied on it.

2.7 Flow

Flow is characterized as a material that deforms smoothly and �uently under the impacts

of various kinds of forces. Flow is further divided into two major subclasses as follows:

2.7.1 Laminar �ow

Laminar �ow is obtain when the �uid travels in regular paths, with no interruption

between the layers.

2.7.2 Turbulent �ow

Turbulent �ow is obtain when the �uid particles have irregular velocity in the �ow

�eld.

2.8 Viscosity

Viscosity is fundamental property of �uid that measures the �uid�s resistance to �ow

when numerous forces are acting on it. Mathematically can be represented as follows

viscosity =
shearstress

grad ient of velocity
: (2.2)
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2.8.1 Dynamic viscosity

Dynamic viscosity (�) also called absolute viscosity is the maesure of internal resistance

to �ow. Its dimension is ML�1T�1and its unit is Kg/ms.

2.8.2 Kinematic viscosity (�)

Kinematic viscosity is de�ned as the ratio of absolute viscosity (�) to the density of �uid

(�) . Mathematically it is represented by

� =
�

�
: (2.3)

Its SI unit is m2/s and its dimension is [((L2)/T)].

2.9 Newton�s law of viscosity

It is stated that the shear stress is directly proportional to the velocity gradient. Math-

ematically, it can be expressed as follows:

� yx /
du

dy
; (2.4)

or

� yx = �
du

dy
; (2.5)

in which � yx indicate the shear force applied on the �uid�s element and � indicate the

proportionality constant.

2.9.1 Newtonian �uids

These are the �uids which satisfy the Newton�s law of viscosity and �uid with a constant

viscosity. In these �uids shear force � yx is proportional linearly to the gradient of velocity
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du
dy
. Alcohol, water, glycerine and kerosene are common examples of Newtonian �uids.

2.9.2 Non-Newtonian �uids

These are the type of �uids which donot satisfy the Newton�s law of viscosity. Here,

nonlinear and direct relationship exists between shear stress � yx and gradient of velocity.

Mathematically, it is expressed as:

� yx / (
du

dy
)n n 6= 1; (2.6)

or

� yx = �
du

dy
; � = m(

du

dy
)n�1; (2.7)

where � the apparent viscosity, n the �ow behaviour index and m the consistency index.

For n=1 above eq. converts to Newton�s law of viscosity. Yougurt, fabric, paints and

ketchup exhibits the non-Newtonian �uid behavior. These �uids are classi�ed mainly

into three- kinds such as di¤erential type, integral type and rate type. The �uid models

which are considered in this dissertation are subclass of a di¤erential type �uid namely

second order �uid and second grade �uid. Stress tensor presented by Cauchy for the �rst

order and second order �uids are expressed as

� = �pI + �A1; � = �pI + �A1 + �1A2 + �2A12; (2.8)

whereA1 and A2 denote the �rst and second Rivlin-Ericksen tensors, i:e,

A1 = (r:V ) + (r:V )T ; (2.9)

A2 =
dA1
dt

+ A1(r:V ) + (r:V )TA1: (2.10)
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2.10 Density

Mass of a material per unit volume is known as density. This quantity is used to measure

the amount of matter that is present in a certain volume of it.

Mathematically expessed as follows:

� =
�

�
: (2.11)

The SI unit of density is kg/m3.

2.11 Pressure

Pressure is de�ned as force exerted on a surface per unit area.

Mathematically expressed the pressure is given by:

P =
F

A
: (2.12)

N/m2 is the SI unit of pressure..

2.12 Mechanism of heat transfer

Heat is a form of energy which transmits from warmer to colder region. Heat transfer

phenomenon arises between two objects which are placed at di¤erent temperatures. The

dispersion of heat takes place by means of three main mechanism, conduction, convection

and radiation.

2.12.1 Conduction

Conduction is a procedure in which heat transfer from hot area to the cool area of liquids

and solids by collisions of free electrons and molecules. In this phenomenon molecules

are not transferred. Mathematically,
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q

A
= K

T1 � T2
X1 �X2

= K
4T
4X ; (2.13)

or

q = �kAdT
dx
; (2.14)

in which q represents the heat �ow, A the area of the surface, k the thermal conductivity,

T1 temperature is greater than T2 , (dT)/(dx) denotes the temperature gradient and

heat is conducted from high to low temperature when the sign is negative.

2.12.2 Convection

In this process heat transfer from hot to region of liquids and gases due to the motion of

molecules. Mthematically,

q = hA[TS � T1]; (2.15)

here h is for convective heat transfer coe¢ cient, TS for system temperature, A for the

area and T1 for the reference temperature.

2.12.3 Radiation

A process in which the heat is transferred by the electromagetic waves is called radiation.

This process plays vital role when heat is transferred through vacuum. Mthematically,

q = e�A(4T )4; (2.16)

where q denotes the heat transfer, e for emissivity of the system, � for the constant

Stephen-Boltzmann, A for area and (4T)4 for the temperature di¤erence between two

systems fourth power.
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2.13 Dimensionless numbers

2.13.1 Reynolds number

It is the most important dimensionless number which is utilized to recognize the

distinctive �ow behaviors like laminar and turbulent �ow. It depicts the inertial to

viscous forces ratio. Mathematically it can be expressed as:

Re =
V L

v
: (2.17)

Here V denotes the velocity of �uid, L represents the characteristic length and v stands

for kinematic viscosity. Reynolds number are used to characterize di¤erent �ow regimes

within a similar �uid, such as laminar or turbulent �ow. At low Reynolds number laminar

�ow arise, where viscous forces are dominant. At high Reynolds number turbulent �ow

arise, where inertial forces are dominant.

2.13.2 Prandtl number

The ratio of Momentum di¤usivity (�) to thermal di¤usivity (�) is known as Prandtl

number. Mathematically, it can be expressed by

Pr =
�

�
=
�Cp
k
; (2.18)

in which � represents the dynamic viscosity, Cp denotes the speci�c heat and k stands

for thermal conductivity. The Prandtl number is used in heat transfer to control the

thicknesses of momentum and thermal boundary layers.

2.13.3 Skin friction coe¢ cient

When �uid is passing across a surface certain amount of drag appears which is known

as skin friction. It occurs between the �uid and the solid�s surface which leads to slow

down the motion of �uid. The skin friction coe¢ cient can be de�ned as:
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Cf =
�w

1=2�U2w
: (2.19)

in which �w stands for wall shear stress, � stands for density and Uw represents the

velocity.

2.13.4 Nusselt number

The dimensionless quantity which represents the convective to conductive heat transfer

ratio is known as Nusselt number. Mathematically,

NuL = [(h4T )=(k4T=L)] = ((hl)=k); (2.20)

where h stands for convective heat transfer, L for characteristic length and k for thermal

conductivity.

2.14 Fundamental laws

The fundamental laws that are used for the �ow speci�cation in the subsequential analysis

are given below.

2.14.1 Law of mass conservation

It states that in any closed system, the total mass will remain constant. Mathematically

D�

Dt
+ �r:V = 0; (2.21)

or

@�

@t
+ (V:r)�+ �r:V = 0; (2.22)

or
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@�

@t
+ (V:r)� = 0: (2.23)

It is known as the equation of continuity. For the steady �ow above eq. becomes:

r:(�V ) = 0; (2.24)

and if the �uid is incompressible then above Eq. implies that

r:V = 0: (2.25)

2.14.2 Law of momentum conservation

It is stated that the total linear momentum of a closed system is constant. Generally it

is given by:

�
DV

Dt
= div � + �b; (2.26)

where � is Cauchy stress tensor and b is for body force.

2.14.3 Law of energy conservation

Law of conservation of energy is also known as energy equation and is given by:

�
De

Dt
= � :L�r:q + �r; (2.27)

in which e stands for speci�c internal energy, q for heat �ux vector and r for thermal

radiation. Energy equation without thermal radiation takes the form:

�Cp
DT

Dt
= �L+ kr2T; (2.28)

where e = CpT; q = kOT; k denotes the thermal conductivity and T for temperature.
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2.14.4 Law of conservation of concentration

For nanoparticles the volume fraction equation is:

@C

@t
+ V:rC = � 1

�p
r:jp; (2.29)

@C

@t
+ V:rC = DBr2C +DT (

r2T

T1
): (2.30)

2.14.5 Thermal di¤usivity

Thermal di¤usivity is a material speci�c property for describing the unsteady conductive

heat �ow. This value describes how speedily a material respond to change in temperature.

It is ratio between thermal conductivity and the product of speci�c heat capacity and

density. Mathematically,

� =
k

�Cp
; (2.31)

where thermal conductivity is represented by k., speci�c heat capacity is represented by

Cp and density is represented by �.

2.14.6 Thermal conductivity

The ability of a material to conduct heat is determined by thermal conductivity. Acoord-

ing to Fourier Law of heat conduction ,it is described as " The amount of heat transfer

rate (Q) through a material of unit thickness (L) times unit cross section area (A) and

unit temperature di¤erence (4T)". Mathematically written as:

k = [(QL)=(A(4T ))]: (2.32)

In SI system thermal conductivity unit is W/(m.K) and dimension is (ML)/(T3�).
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2.15 Hall E¤ect

The Hall e¤ect is the motion of charge carriers through a conductor in the direction of

a magnetic attraction. The e¤ect is named after Edwin Hall, who discovered it in 1879.

The e¤ect is magni�ed in a semiconductor due to the presence of moving positive charge

carriers known as Halls.

Fm = eVdB; (2.33)

where Vd is the drift velocity of the charge.
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Chapter 3

Comparative analysis of magnetized

partially ionized Copper, Copper

Oxide-water and kerosene oil

nano�uid �ow with

Cattaneo-Christov heat �ux

In this comparative study, the impact of two di¤erent nanoparticles, Copper and Copper

Oxide, in two di¤erent partially ionized magneto nano�uid �ows (water and kerosene oil

mixed with Copper/Copper Oxide) over a linearly stretching surface is investigated. In

the presence of the Cattaneo-Christov heat transfer model, the e¤ects of electron and ion

collisions are also investigated. The e¤ects of key parameters on velocity and tempera-

ture �elds are graphically represented. The nonlinear partial di¤erential equations are

transformed using a similarity transformation procedure. Our numerical methodology is

based on the Finite di¤erence method, which is the standard method in the MATLAB

scheme�s bvp4c built-in function. Our �ndings show that the e¤ects of CuO on nano�uid

velocity are greater than those of Cu. The temperature of the �uid is more noticeable
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when the concentration of nanoparticles in Cu-water nano�uid is increased.

Fig. 3.1 Flow diagram of the mathematical model

3.1 Mathematical Formulation

Partially ionised magnetised nano�uid �ows over a horizontal stretching sheet in a con-

stant magnetic �eld, with (C-C) heat �ux taken into account. The velocity of a mag-

netised partially ionised nano�uid is Vw = [b(x + y); c(x + y); 0]: The below are the

magnetohydrodynamic (MHD) equations for the incompressible time-independent �ow

of Newtonian �uid with invariable properties.

Ux + Vy +Wz = 0; (3.1)
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UUx + V Uy +WUz = �nfUzz +
�nf�

2
0[�V �e + U(1 + �i�e)]

�nf [(1 + �e�i)
2 + (�e)

2]
; (3.2)

UVx + V Vy +WVz = �nfVzz �
�nf�

2
0[U�e + V (1 + �i�e)]

�nf [(1 + �e�i)
2 + (�e)

2]
; (3.3)

UTx + V Ty +WTz =
knf

(�Cp)nf
Tzz �

� o
(�Cp)nf

fW 2Tzz

+ (UWx + VWy +WWz)Tzg: (3.4)

The boundary conditions listed below are utilized to interpret the problem:

U jz=0 = b(y + x); V jz=0 = c(y + x); W jz=0 = 0; T jz=0 = Tw;

U jz!1 = 0; T jz!1 = T1:

The thermophysical properties are:

�nf = �f (1� ')�2:5;

�nf =
�nf
�nf

;

�nf = (1� ')�f + '�n; (3.5)

(�Cp)nf = (1� ')(�Cp)f + '(�Cp)n;
knf
kf

=
(kn + 2kf )� 2'(kf � kn)
(kn + 2kf ) + '(kf � kn)

;

�nf = (1 +
3(�n
�f
� 1)�

�n
�f
+ 2� (�n

�f
� 1)')�f :

3.2 Similarity Transformation

Following transformation is used to convert PDE�s to ODE�s:
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U = b(x+ y)F 0(�); V = b(x+ y)G0(�); W = �(bvf )1=2[F (�) +G(�)];

� = (b=vf )
1=2z; T = (Tw � T1)� (�) + T1: (3.6)

Making use of similarity transformations equation of continuity is identically satis�ed

and the ordinary non-dimensional system of equations along with boundary conditions

take the following form:

(
1

'1
)F

000
+ F 00(F +G) = F

0
(F

0
+G

0
) + (Ha)2(

'2
'1
)[
(1 + �e�i)F

0 � �eG
0

(1 + �e�i)
2 + �2e

]; (3.7)

(
1

'1
)G

000
+G

00
(F +G) = G0(F

0
+G

0
) + (Ha)2(

'2
'1
)[
(1 + �e�i)G

0 � �eF
0

(1 + �e�i)
2 + �2e

]; (3.8)

(
1

'3

Knf

Kf

)�00 = Pr[f(F +G)2�00 + (F +G)(F 0 +G0)�0 � (F +G)�0g]; (3.9)

with boundary conditions

F (0) = 0; G(0) = 0; F
0
(0) = 1; G

0
(0) = a; �(0) = 1;

F 0 (1) ! 0; G
0
(1)! 0; � (1)! 0;

where
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�1 = (1� �)2:5(1 + �� ��n
�f
);

�2 = (1� �)2:5f1 +
3(�n
�f
� 1)�

�n
�f
+ 2� (�n

�f
� 1)�g;

�3 = (1 + �� �(�Cp)n
(�Cp)f

): (3.10)

The expression for the non-dimensional parameter given in equation (3.8)-(3.11) are:

a =
c

b
; Ha = (

�nfB
2
o

b�f
)
1
2 ; Pr =

�f (Cp)f

kf
;  = � ob: (3.11)

Dimensional form of Surface drag co-e¢ cient and Nusselt number are;

Cx =
� zx
�fu

2
; Cy =

� zy
�fv

2
; Nux =

(x+ y)qw
kf (Tw � T1)

;

� zx = �nf (uz + wx); � zy = �nf (uz + wy); (3.12)

with equation (3.7), we obtain a non-dimensional form of surface drag co-e¢ cient and

Nusselt number given as follows:

(RexL)
0:5Cx =

1

'1
F 0(0);

(ReyL)
0:5Cy =

1

'1
G0(0);

(RexL)
0:5Nux = �knf

kf
�0(0); (3.13)

RexL and ReyL are local Reynolds number, which are expressed as:

RexL =
b(x+ y)

�f
; ReyL =

c(x+ y)

�f
: (3.14)
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3.3 Results and Discussion:

In the presence of the C-C heat �ux model, the heat transfer impacts of Cu and CuO

nanoparticles in partially ionised magnetic nano�uids based on water and kerosene oil

are theoretically investigated. The numerical default approach of the bvp4c built-in

function is used to solve the mathematical system of equations. The di¤erent e¤ects

are numerically modelled and displayed in both graphical and table formats. Fluid �ow,

shears and heat transfer rates on the wall, is examined under a number of physical

conditions in both x and y directions. The variables used in analysis are �e; �i; a; :

Figures 3.2 and 3.3 depict the impacts of (a= c/b) on the x and y velocity pro�le,

which are the ratio of the rate of stretched surface c in the y-direction to the rate of

stretched surface c in the x-direction. The momentum di¤usion of y-direction is slower

than x-direction. The velocity of partly ionised nano�uid �ow is larger in the case of

CuO-kerosene oil nano�uid, to the extent that the velocity of CuO-kerosene oil nano�uid

surpasses the rate at which b is stretched in the x-axis. As a result, it may be deduced

that velocity increases in the y direction and decreases in the x direction. Figs. 3.4

and 3.5 shows that the x component of velocity increases as ( �e ) increases, while the y

component of velocity decreases. Figures 3.6 and 3.7 depict the impact of �i on the x and

y axes. As the Ion slip factor is raised, the �uid velocity increases in both the x and y axes.

It depicts that behavior of �i on x -compoenets is same as �e on x components of partially

ionized �uid. As the �uid speed increases due to ion collisions � i in time or the frequency

of ions (!i) increases as a result of an increase in the ion slip parameter, velocity rises.

The decreasing trend of the stretching ratio parameter with relation to �uid temperature

is seen in Figure 3.8. Temperature variations in Cu-water nano�uids are greater than in

CuO-kerosene oil nano�uids. Fig. 3.9 depicts the observations for partially ionised �uid

temperature as a function of the thermal time relaxation parameter. The temperature

of a partially ionised nano�uid is lowered as the value of  decreases. Furthermore, the

zero thermal relaxation time is consistent with existing methods. According to Fourier�s

law, the temperature is lower than the conventional Fourier�s model. Cu nanoparticles
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distributed in partially ionised water-base �uid have the greatest temperature than the

other three partially ionised water-base �uids under the impact of prominent factors

nano�uids that have been ionised.

Tables 3.1(a,b),3.2(a,b), and 3.3(a,b) demonstrate the impact of various variables on

heat transfer and skin drag . The table illustrates numeric values for heat �ux and

skin drag for two types of partially ionized �uids (water and kerosene oil) versus two

types of nanoparticles volume fraction ', Hartmann number Ha, thermal time relaxation

parameter , Hall and ion slip parameters �e and �i, and stretching ratio parameter a for

two types of partially ionised �uids (water and kerosene oil). When the Hall parameter �e

is raised, shear stress at the wall in the x-direction decreases, whereas shear stress at the

wall increases when the ion slip parameter is increased. Shear stress at the y-direction wall

decreases as the Hall parameter �e grows, but shear stress at the y-direction wall increases

when the ion slip parameter increases. When �i is increased, the heat �ow at the wall

increases. Numerical studies show that raising the thermal time relaxation parameter

causes a modest increase in wall heat �ux. As nanoparticle dispersion increases, so does
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skin friction (both in the x and y axis) and �ow of heat at the wall.
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Table 3.1(a) Analysis of Skin/Surface drag in x-axis

'1 Ha  �e �i a Copper(water) Copper Oxide(water)

0.01 -1.3478952 -1.3612856

0.02 -1.2809354 -1.3045165

0.03 -1.2209122 -1.2522615

0.01 0.1 -1.1690065 -1.1815156

0.3 -1.1931705 -1.2065709

0.5 -1.2399456 -1.2528109

0.8 0.1 -1.3478952 -1.3612856

0.3 -1.3478952 -1.3612856

0.5 -1.3478952 -1.3612856

0.5 0.1 -1.3652991 -1.3787380

0.3 -1.3659952 -1.3612856

0.5 -1.3670789 -1.3609839

0.5 0.1 -1.3602233 -1.3736169

0.3 -1.3537355 -1.3671276

0.5 -1.3478952 -1.3612856

0.5 0.1 -1.2289698 -1.2405280

0.3 -1.2899924 -1.3024977

0.5 -1.3478952 -1.3612856
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Table 3.1(b) Analysis of Skin/Surface drag in x-axis

'1 Ha  �e �i a Copper(oil) Copper Oxide(oil)

0.01 -1.3290680 -1.3468623

0.02 -1.2483745 -1.279019

0.03 -1.1782113 -1.2180605

0.01 0.1 -1.1558839 -1.1716080

0.3 -1.1792828 -1.1960799

0.5 -1.2240452 -1.2411975

0.8 0.1 -1.3290680 -1.3471201

0.3 -1.3290680 -1.3471201

0.5 -1.3290680 -1.3471201

0.5 0.1 -1.3460022 -1.3639729

0.3 -1.3290680 -1.3468623

0.5 -1.3264790 -1.3443249

0.5 0.1 -1.3410002 -1.3589029

0.3 -1.3347209 -1.3525666

0.5 -1.3290680 -1.3468623

0.5 0.1 -1.2105855 -1.2267139

0.3 -1.2713945 -1.2885132

0.5 -1.3290680 -1.3468623
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Table 3.2(a) Analysis of Skin/Surface drag in y-axis

'1 Ha  �e �i a Copper(water) Copper Oxide (water)

0.01 -0.7481555 -0.7549908

0.02 -0.7090244 -0.7208294

0.03 -0.6741528 -0.6895493

0.01 0.1 -0.5861337 -0.5923779

0.3 -0.6094333 -0.6161330

0.5 -0.6529924 -0.6596934

0.8 0.1 -0.7481555 -0.7549908

0.3 -0.7481555 -0.7549908

0.5 -0.7481555 -0.7549908

0.5 0.1 -0.7094796 -0.7162494

0.3 -0.7481555 -0.7549908

0.5 -0.8043621 -0.8113016

0.3 0.1 -0.7690649 -0.7759392

0.3 -0.7578884 -0.7647415

0.5 -0.7481555 -0.7549908

0.5 0.1 -0.1887964 -0.1900994

0.3 -0.4546673 -0.4585576

0.5 -0.7481554 -0.7549908
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Table 3.2(b) Analysis of Skin/Surface drag in y-axis

'1 Ha  �e �i a Copper(oil) Copper Oxide(oil)

0.01 -0.7366010 -0.7462150

0.02 -0.6891233 -0.7053459

0.03 -0.6481502 -0.6688613

0.01 0.1 -0.5795261 -0.5873872

0.3 -0.6020764 -0.6105802

0.5 -0.6442662 -0.6531216

0.8 0.1 -0.7366010 -0.7463125

0.3 -0.7366010 -0.7463125

0.5 -0.7366010 -0.7463125

0.5 0.1 -0.6990055 -0.7083001

0.3 -0.7366010 -0.7462150

0.5 -0.7911882 -0.8013409

0.3 0.1 -0.7569085 -0.7667223

0.3 -0.7460530 0.7557598

0.5 -0.7366010 -0.7462150

0.5 0.1 -0.1851113 -0.1873405

0.3 -0.4471607 -0.4529255

0.5 -0.7366010 -0.7462150
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Table 3.3(a) Rate of heat transfer analysis

'1 Ha  �e �i a Copper(water) Copper Oxide(water)

0.01 7.62570480 6.74610810

0.02 7.40457490 6.56191800

0.03 7.20182010 6.38516550

0.01 0.1 8.84073250 8.09590100

0.3 8.56542160 7.80225640

0.5 8.24273840 7.44828030

0.8 0.1 7.62423740 6.68397270

0.3 7.62497060 6.71482800

0.5 7.62570480 6.74610810

0.5 0.1 7.69683580 6.82813970

0.3 7.62570480 6.74610810

0.5 7.43556690 6.52417060

0.3 0.1 7.53355578 6.63861360

0.3 7.58225670 6.69550880

0.5 0.1 7.62570480 6.74610810

0.3 6.51155540 5.34888110
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Table 3.3(b) Rate of heat transfer analysis

'1 Ha  �e �i a Copper(oil) Copper Oxide(oil)

0.01 7.39028910 6.77532020

0.02 7.19080400 6.64042350

0.03 7.01120300 6.51230990

0.01 0.1 8.64775540 8.09759640

0.3 8.35315670 7.81075800

0.5 8.02400550 7.46420840

0.8 0.1 7.38823010 6.70226120

0.3 7.38925900 6.73769510

0.5 7.39028910 6.77532020

0.5 0.1 7.46333790 6.85591820

0.3 7.39028910 6.77532020

0.5 7.19450440 6.55655470

0.3 0.1 7.29534810 6.66929950

0.3 7.34553490 6.72542900

0.5 0.1 7.39028920 6.77532020

0.3 6.22776550 5.37534120
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Chapter 4

Impact of Hall Current and Ion slip

on a hybrid nano�uid �ow with

non-uniform source/sink

The �ow of partially ionised magnetised 3D ZnO/Au-water and ZnO/Au-kerosene oil

nano�uids over a linear stretching sheet with a constant magnetic �eld Bo as well as

C-C heat �ux is considered. Magnetized partially ionised nano�uid is moving at high

speed. Tw is the surface temperature and T1 is the surrounding temperature. The

e¤ects of viscous and ohmic dissipation are not considered. There is no applied electric

�eld because current charges are in motion. We neglected the induced magnetic �eld

since high-velocity �ow predicts a very low Reynolds number. The tables below exhibit

the thermophysical properties of the associated base �uids, namely water and kerosene

oil, as well as the nanoparticles, namely ZnO and Au.

4.1 Mathematical formulation

The assumptions of the envisioned mathematical model are given as under:

i. Three-dimensional partially ionized hybrid nano�uid �ow over a linear extended
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surface.

ii. The hybrid nano�uid �ow is comprised of Zinc oxide, Gold, submerged into the

kerosine oil and water.

iii.The impacts of the nonuniform source/sink are considered.

iv.The stretching velocity is taken as V=[b(x+y), c(x+y) , 0].

v. The wall and the ambient temperatures are taken as To and T1 respectively.

vi.The magnetic �eld Bo is taken along the z-axis.

vii.The induced magnetic �eld is ignored owing to the Reynolds number small values.

Fig. 4.1 Flow diagram of the mathematical model
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MHD (Magnetohydrodynamic) equations for the steady, incompressible time-independent

�ow of Newtonian �uid with invariable properties are provided.

5:V = 0; (4.1)

�hnf :
dV

dt
= �rP+

�
�hnf (J�B0) + �hnfO2V; (4.2)

J = �hnf [
�e�i
jB�j2

(J�B�)�B� �
�e
jB�j

(J�B�) + (E+V �B�); (4.3)

with C-C heat �ux model

q+ � ofq0 + (O:V)q + (V:Oq)� q:OVg = �khnfOT; (4.4)

(�Cp)hnfT
0 + � ofV:O(V:OT )g = khnfO2T+

1

�hnf
J+Q: (4.5)

Table 4.1 shows the thermophysical characteristics of the basic �uids used, namely water

and kerosene oil, as well as the nanoparticles, namely ZnO and Au.

Table 4.1: Thermal properties of ZnO, Au, water and kerosineoil

Thermophysical Properties � Cp k �

ZnO 5600 495.5 13 0.015

Au 19282 129 310 4.10�107

Water 997.1 4179 0.13 5.5�10�5

Kerosine Oil 783 2090 0.15 2.1�10�6
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4.1.1 Governing Equations

For 3D incompressible steady �uid �ow, boundary layer approximations are used, the

above equations (4.1), (4.2), and (4.5) are reduced to:

Ux + Vy +Wz = 0; (4.6)

UUx + V Uy +WUz = �hnfUzz +
�hnf :B

2
0 [�V �e + U(1 + �i�e)]

�hnf [(1 + �e�i)
2 + (�e)

2]
; (4.7)

UVx + V Vy +WVz = �hnfVzz �
�hnf :B

2
0 [U�e + V (1 + �i�e)]

�hnf [(1 + �e�i)
2 + (�e)

2]
; (4.8)

UTx + V Ty +WTz =
Khnf

(�Cp)hnf
Tzz �

� o
(�Cp)hnf

fW 2Tzz +

(UWx + VWy +WWz)Tzg+
Q

(�Cp)hnf
; (4.9)

where Q is the heat absorption/generation parameter and is given below

Q = [
khnfUw

�hnf (x+ y)
fA1(T � T1) +B2(Tw � T1)g]; (4.10)

with associated boundary conditions

U jz=0 = b(y + x); V jz=0 = c(y + x); W jz=0 = 0; T jz=0 = Tw;

U jz!1 = 0; T jz!1 = T1: (4.11)
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4.1.2 Similarity Transformation:

Following transformation is used to convert PDE�s to ODE�s:

u = b(x+ y)F 0(�); v = b(x+ y)G0(�); w = �(bvf )1=2[F (�) +G(�)] ;(4.12)

� = (b=vf )
1=2z; T = (Tw � T1)� (�) + T1:

Using similarity transformations, the equation of continuity is identically satis�ed, and

the ordinary linear non-dimensional system of equations, including boundary conditions,

has the following form:

(
1

�1
)F 000 + F 00(F +G) = F 0(F 0 +G0)] + (Ha)2(

�2
�1
)f(1 + �e�i)F

0 � �eG0

(1 + �e�i)
2 + �2e

g; (4.13)

(
1

�1
)G000 +G00(F +G) = G0(F 0 +G0)] + (Ha)2(

�2
�1
)f(1 + �e�i)G

0 � �eF 0

(1 + �e�i)
2 + �2e

g;(4.14)

(
1

�3

khnf
kf
)�00

1

Pr
= [f(F+G)2�00+(F+G)(F 0+G0)�0�(F+G)�0g]+ 1

Pr
(A1F

0+B2�): (4.15)

where

�1 = (1� �1)2:5(1� �2)2:5(1� �2)f(1� �1) + �1
�s1
�f
g+ �2

�s2
�f
;

�2 = ((1� �1)2:5(1� �2)2:5f1 (4.16)

+
3�(�1�1 + �2�2 � �bf (�1 + �2))

[(�1�1 + �2�2 + 2��bf )� ��bf ((�1�1 + �2�2)� �bf (�1 + �2))]
g;

�3 = (1� �2)f(1� �1) + �1
(�Cp)s1
(�Cp)f

g+ �2
(�Cp)s2
(�Cp)f

:

with boundary conditions

F (0) = G(0) = 0; F
0
(0) = 1; G0(0) = a; �(0) = 1 F 0 (1) = G0

(1) = � (1) = 0:

(4.17)
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The expression for the non-dimensional parameter given in equation (4.13)-(4.15) are:

a =
c

b
; Ha = (

�nfB
2
o

b�f
)
1
2 ; Pr =

�f (Cp)f

kf
;  = � ob: (4.18)

Table 4.2: Model for nano�uid thermophysical properties

khnf =
ks2+2kbf�2'2(kbf�ks2)
ks2+2kbf+'2(kbf�ks2)

� kbf ;

kbf =
ks1+2kbf�2'1(kbf�ks1)
ks1+2kbf+'2(kbf�ks1)

� kf ;

�hnf = '2�s2 + (1� '2)f('1)�s1 + (1� '1)�fg;

�hnf =
�f

(1�'1)2:5(1�'2)2:5
;

�hnf =
khnf

(�Cp)hnf
;

(�Cp)hnf = (1� �2)(�Cp)f [(1� �1) + �1(�Cp)s1 + �2(�Cp)s2
�hnf
�bf

= 1 +
3�(�1�1+�2�2��bf (�1+�2))

[(�1�1+�2�2+2��bf )���bf ((�1�1+�2�2)��bf (�1+�2))]
g:

Dimensional form of Surface drag co-e¢ cient and Nusselt number are

CX =
�xz

�hnf :U
2
; CY =

� yz
�hnf :V

2
; Nu =

(y + x)qw
(Tw � T1)

; (4.19)

�xz = �hnf (Uz +Wx)jz=0; � yz = �hnf (Vz +Wy)jz=0; (4.20)

where qw is heat �ux near the wall, shear stress in x- and y-direction are �xz and � yz .

The Nusselt and Skin drag coe¢ cient has a non-dimensional form.

(RexL)
0:5CFx = �hnf =

1

�1
F 00(0);

(ReyL)
0:5CGy = �hnf =

1

�1
G00(0);

(Re)0:5Nux = �khnf
kf
�0(0) (4.21)
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4.2 Numerical Solution

For a better understanding of the given problem, the non-linear system of di¤erential

equations is numerically solved. The Finite di¤erence default method of bvp4c built in

function of MATLAB scheme is used to evaluate the numerical results of equation (4.13-

4.15) with boundary conditions (4.16). Tolerance is considered in this issue is 10�6. By

using the following numerical code,we get ODE�s of order one.

y1 = F; y2 = F
0
; y3 = F

00
; y4 = G; y5 = G

0
; y6 = G

00
;

y7 = �; y8 = �
0
; yy1 = F

000
; yy2 = G

000
; yy3 = �

00
: (4.22)

yy1 = �1[fy(2) + y(5)gy(2)� fy(1) + y(4)gy(3)) (4.23)

+(
�2
�1
)(Ha)2f(1 + �e�i)y(2)� �ey(5))

(1 + (�e�i)
2 + �2e)

];

yy2 = �1[fy(2) + y(5)gy(5)� fy(1) + y(4)gy(6)) (4.24)

+(
�2
�1
)(Ha)2f(1 + �e�i)y(5)� �ey(2))

(1 + (�e�i)
2 + �2e)

];

yy3 =
Pr[fy(1) + y(4)gfy(2) + y(5)gy(8))]� Prfy(1) + y(4)gy(8)

1
�3

khnf
kf
� Pr fy(1) + y(4)g2

(4.25)

+
1

Pr
(A1y(2) +B2y(7));

with B.C�s

y1(0) = y4(0) = 0; y2(0) = 1; y5(0) = �; y7(0) = 1; y2(1) = y5(1) = y7(1) = 0
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4.3 Results and discussion

An exhaustive examination is directed to evaluate the impacts of �1; �2 �i; �e,and �

on velocity pro�le through Figs. 4.2 to 4.14. Figures 4.2 and 4.3 illustrate the change

of a = (c=b) on the x� and y�velocity components, which are the ratio of the rate of

stretched surface c in the y-direction to the rate of stretched surface in the x-direction. As

a result, velocity is rising in the y direction while reducing in the x direction. The y-axis

of momentum di¤usion is greater than the x-axis of momentum di¤usion. The association

of Hall parameter with the �uid velocity in x and y-direction is portrayed in Figs. 4.4

and 4.5. It is evident in Fig. 4.4 that if the hall parameter increases, the movement of

magnetized partially ionized liquid in the x-direction is enhanced. The product of electron

collision time and their respective frequency is known as the Hall parameter. An increase

in any one or both of these two boosts the Hall parameter resulting in Hall current known

as Hall force. Hall and magnetic forces are opposite to each other. Consequently, for an

increase in the Hall parameter, an increase in the velocity of the �uid in the x-direction.

Similar behavior in the y-direction is seen. Fig. 4.6 delineates that velocity of nano�uid

increases when �i is expanded. In Fig. 4.7 similar impacts of the Hall and ion slip

parameter on the hybrid nano�uid velocities along x- and y-directions are observed. The

decreasing trend of the stretching ratio parameter on �uid temperature is depicted in

Fig. 4.8. An increase in the linearly stretched parameter a causes an increase in the

temperature, concentration, and nanoparticle concentration of nano�uid, resulting in a

decrease in the heat, regular, and nano-mass transfer rates between the surface and the

nano�uid. Figures 4.9 and 4.10 show studies of the impact of the Hall paramter and Ion

slip parameter on partially ionized �uid temperature. A rise in these parameters causes

the partially ionized �uid temperature to decrease. The thermal relaxation parameter

decreases the �uid�s heat transfer rate, and as a result, the temperature �eld decreases,

as illustrated in Figs.4.11. The dynamic of �uid temperature for nanoparticle volume

fractions is shown in Fig. 4.12(a,b). In the two di¤erent types of partially ionized liquids,

hybrid nanoparticles are dispersed. The e¤ectiveness of thermal conductivity is improved

43



as a result of nanoparticle dispersion in the mixture. Figs. 4.13(a,b) and 4.14(a,b) show

the e¤ect of a non-uniform heat generation/absorption parameter on the temperature

�eld. Because of the non-uniform heat generation/absorption, the temperature of ionised

hybrid nano�uid is dramatically raised. Higher non-uniform heat generation/absorption

estimates generate more heat, which �nally raises the �uid temperature. Lower non-

uniform heat generation/absorption estimates absorbs more heat, which �nally reduces

the �uid temperature.

Temperature pro�les are organized to investigate the temperature pro�le for change in

�; �i; �e,,A1and B2 and uncover that temperature of nano�uid diminishes by expanding

volume capacity of nanoparticles. Such decline is the critical factor behind the use of

nanomaterials in various electronic gadgets as a cooling agent. Truly an improvement

in volume part of strong nanoparticles upgrades the viable conductivity of base �uid

(water). Expansion in a diminishes the temperature of mixture nano�uid. This fact

indicates that Hall current repulses any adjustment of �uid�s temperature happened by

the applied attractive �eld.

The e¤ects of various factors on the rate of heat transfer and skin drag are shown in

a table. The table illustrates numeric values for heat �ux and skin drag for two types of

partially ionized �uids (water and kerosene oil) versus two types of nanoparticles volume

fraction ', Hartmann number Ha, thermal time relaxation parameter , Hall and ion slip

parameters �e and �i and stretching ratio parameter a for two types of partially ionised

�uids (water and kerosene oil).When the Hall parameter is raised, shear stress at the

wall in the x-axis reduces, but shear stress at the wall rises when the ion slip parameter

is enhanced. When the Hall parameter �e is raised, shear stress at the wall reduces in

the y-axis, but shear stress at the wall rises when the ion slip parameter is enhanced.

When �i is increased, the heat �ow at the wall increases. Numerical studies show that

raising the thermal time relaxation parameter causes a modest increase in wall heat �ux.

When nanoparticle dispersion is enhanced, skin friction (both in the x and y axis) and

heat �ow at the wall increases. A comparison of the outcomes is depicted in special cases
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with already published work Grubka and Bobba (1985) and Ishak et al. (2006) is given

in Table 5.
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Table 4.1 Analysis of surface drag in x-direction

'1 Ha  �e �i a Zno(water) Au(water) ZnO(oil) Au(oil)

0.01 -0.3478952 -0.3612856 -0.3290680 -0.3468623

0.02 -0.2809354 -0.3045165 -0.2483745 -0.279019

0.03 -0.2209122 -0.2522615 -0.1782113 -0.2180605

0.01 0.1 -0.1690065 -0.1815156 -0.1558839 -0.1716080

0.3 -0.1931705 -0.2065709 -0.1792828 -0.1960799

0.5 -0.2399456 -0.2528109 -0.2240452 -0.2411975

0.8 0.1 -0.3478952 -0.3612856 -0.3290680 -0.3471201

0.3 -0.3478952 -0.3612856 -0.3290680 -0.3471201

0.5 -0.3478952 -0.3612856 -0.3290680 -0.3471201

0.5 0.1 -0.3652991 -0.3787380 -0.3460022 -0.3639729

0.3 -0.3659952 -0.3612856 -0.3290680 -0.3468623

0.5 -0.3670789 -0.3609839 -0.3264790 -0.3443249

0.5 0.1 -0.3602233 -0.3736169 -0.3410002 -0.3589029

0.3 -0.3537355 -0.3671276 -0.3347209 -0.3525666

0.5 -0.3478952 -0.3612856 -0.3290680 -0.3468623

0.5 0.1 -0.2289698 -0.2405280 -0.2105855 -0.2267139

0.3 -0.2899924 -0.3024977 -0.2713945 -0.2885132

0.5 -0.3478952 -0.3612856 -0.3290680 -0.3468623
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Table 4.2 Analysis of surface drag in y-direction

'1 Ha  �e �i a ZnO(water) Au(water) ZnO(oil) Au(oil)

0.01 -0.7481555 -0.7549908 -0.7366010 -0.7462150

0.02 -0.7090244 -0.7208294 -0.6891233 -0.7053459

0.03 -0.6741528 -0.6895493 -0.6481502 -0.6688613

0.01 0.1 -0.5861337 -0.5923779 -0.5795261 -0.5873872

0.3 -0.6094333 -0.6161330 -0.6020764 -0.6105802

0.5 -0.6529924 -0.6596934 -0.6442662 -0.6531216

0.8 0.1 -0.7481555 -0.7549908 -0.7366010 -0.7463125

0.3 -0.7481555 -0.7549908 -0.7366010 -0.7463125

0.5 -0.7481555 -0.7549908 -0.7366010 -0.7463125

0.5 0.1 -0.7094796 -0.7162494 -0.6990055 -0.7083001

0.3 -0.7481555 -0.7549908 -0.7366010 -0.7462150

0.5 -0.8043621 -0.8113016 -0.7911882 -0.8013409

0.3 0.1 -0.7690649 -0.7759392 -0.7569085 -0.7667223

0.3 -0.7578884 -0.7647415 -0.7460530 0.7557598

0.5 -0.7481555 -0.7549908 -0.7366010 -0.7462150

0.5 0.1 -0.1887964 -0.1900994 -0.1851113 -0.1873405

0.3 -0.4546673 -0.4585576 -0.4471607 -0.4529255

0.5 -0.7481554 -0.7549908 -0.7366010 -0.7462150
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Table 4.3 The rate of heat transfer analysis

'1 Ha  �e �i a ZnO(water) Au(water) ZnO(oil) Au(oil)

0.01 7.62571480 6.74610810 7.39028910 6.77532020

0.02 7.40456490 6.56191800 7.19080400 6.64042350

0.03 7.20172010 6.38516550 7.01120300 6.51230990

0.01 0.1 8.84063250 8.09590100 8.64775540 8.09759640

0.3 8.56562160 7.80225640 8.35315670 7.81075800

0.5 8.24252840 7.44828030 8.02300550 7.46420840

0.8 0.1 7.62415740 6.68397270 7.38823010 6.70226120

0.3 7.62415060 6.71482800 7.38225900 6.73769510

0.5 7.62562480 6.74610810 7.39028910 6.77532020

0.5 0.1 7.6968580 6.82813970 7.46333790 6.85591820

0.3 7.62570480 6.74610810 7.39028910 6.77532020

0.5 7.43556690 6.52417060 7.19450440 6.55655470

0.3 0.1 7.53355578 6.63861360 7.29534810 6.66929950

0.3 7.58225670 6.69550880 7.34553490 6.72542900

0.5 0.1 7.62570480 6.74610810 7.39128920 6.77532020

0.3 6.51155540 5.34888110 6.22776550 5.37534120
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Chapter 5

Conclusions and future work

In this thesis the �rst problem is review work and second problem is about extension

work , which has been analyzed . The following are the conclusions of both problems :-

5.1 Chapter 3

Three-dimensional comparative heat transfer research of two partially ionised �uids (wa-

ter and kerosene oil) over a three-dimensional stretched sheet using two di¤erent nanopar-

ticles (Cu and CuO). The impacts of Cu-nanoparticles have been described in this theo-

retical study.

� The temperature is higher when Cu-nanoparticles are distributed in slightly ionised

water base �uid owing to the impacts of signi�cant characteristics than the other

three partially ionised nano�uids stated.

� CuO-water nano�uid has a higher partially ionised �uid velocity than the other

nano�uids when velocity increases, while Cu-kerosene oil nano�uid has a consider-

able decline in �uid velocity when velocity decreases.

� CuO nanoparticles dispersed in the base for better thermal e¢ ciency; �uid kerosene

oil other than partially ionised water �uid is suggested for observance.
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5.2 Chapter 4

The �ow of a hybrid nano�uid containing ZnO and Au nanoparticles imbedded in two

di¤erent partically ionised liquids (water and kerosene oil) over a 3D stretched sheet is

studied. The subject �ow is in�uenced by the Hall and Ion slip impacts with the non

uniform heat source/sink.

� As the stretching parameter is increased, the heat transfer rate of the hybrid

nano�uid increases.

� The impact of Ion slip parameter �i on velocity �eld is more signi�cant in the

x-direction as compared to the velocity in y-direction.

� Prandtl number shows decreasing trend against temperature.

� Thermal relaxaion coe¢ cient  has a decreasing e¤ect on temperature pro�le �(�):

� By increasing the heat generation parameter, the thermal boundary of the hybrid

nano�uid expands.

� Hybridity boosts the temperature distribution as well as the heat transfer rate at

surface.

5.3 Chapter 5

As the future works, it is suggested that the present research work would be accomplished

with other nanoparticles (mettalic or non-mettalic) as well as with various base �uids.
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