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Preface

It is well recognized that the peristaltic motion is the basis of peristaltic pumps that
move fluids through tubes without direct contact with pump components. The
complicated relationship occurs in peristaltic when the effects of nanoparticles along
with heat and mass transfer are considered simultaneously. The courtesy in exploring
the interaction of different nanoparticles in peristaltic transport is a motivating factor
for this thesis. In fact we intend to strengthen our efforts to understand the problems
having more complicated nature, especially in the modeling of peristaltic flows of
viscous flaids contain different nanomaterial such as carbon tubes, metal oxides and
metal base nanoparticles with different sizes of particles under Brownian motion effects
in diverse geometries. The basic equations governing the flow are first modelled and
then reduced lo a set of ordinary differential equation by using appropriate
transformation for variables under the well-established long wavelength and low
Reynolds number approximations. The solutions of non-dimensional liner equations
are presented exactly whereas the nonlinear partial differential equations are solved by
homotopy analysis method. The physical interpretations of sundry parameters such as
Hartmann number, Grashof number, local and magnetic Reynolds numbers, Stommer's
number, heat generation parameter, heat flux parameter, porosity parameter, Brickman
number, nanoparticle volume fraction, thermal and viscous slip parameters for pressure
rise, pressure gradient, velocity profile, temperature profile, axial induced magnetic
field and current density are illustrated in graphical and tabular forms. In addition,
irreversible process is graphical presented in term of entropy generation as well as
Bejan number. The effect of various physical parameters on important trapping
phenomenon is also shown in the form of streamlines. It is observed that different
nanoparticles play significant role in peristaltic. The results show that, in the presence
of small concentraticn, the effects of physical parameters such as MHD, poroesity and
slip for pressure gradient, pressure rise, velocity and temperature profiles are

qualitatively larger than that of zero concentration.

This thesis contain seven chapters. First chapter provides some essential definitions,
governing equations and methodology used in the subsequent chapters. The detailed

description of each chapter is given in motivation, the subsection of introduction.
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Chapter 1

Introduction

1.1 Motivation

A mechanism of fluid flow by means of moving contraction on the tubes/channels walls
is called peristaltic. The mechanism of peristaitic phenomenon has been utilized for
industrial applications like sanitary fluid transport, chemical processing, mining, paint
and coating dairy processing. Also, peristaltic transport occurs in biomechanical
apparatus such as roller and finger pumps. Complete understanding of peristaltic flows
with various geometries demands the basic concepts of mechanics of fluid.  Fluids we
deal within our daily life can be broadly known in literature as viscous fluid. Typically,
a gear, lobe, vane, screw, peristaltic or progressive cavity pump is ideal for viscous
fluid applications. Thus, it is widely exploited in industrial peristaltic pumping. This
mechanism is mainly used in the mechanical roller pumps using viscous fluids in the
printing industry and for transporting blood in heart lung machine. Probably, Latham
[1] was the first who investigated the mechanism of peristalsis in relation to mechanical
pumping. Initial studies of peristaltic transport for Newtonian fluids were conducted by
Shapiro et al. [2] in wave frame and then by Fung and Yih {3] in laboratory frame.
Radhakrishnamacharya [4] studied the peristaltic flow of a power-law fluid in a channel
under long wavelength approximation. Mishra and Ramachandra [5] reported the
peristaltic flow in asymmetric channels with asymmetry generated by different

amplitudes of the peristaltic waves in addition to different phases.

Recently, the concept of nanofluid has been expressed as a way for increasing the
concert of the heat transfer rates in the liquids. With the prompt development of modern
nanotechnology particles of nanometre-size (normally less than 100 nm) are used rather
than of micrometer-size for colloidal suspensions in base fluid such as water etc. The
term nanofluid was first introduced by Choi [6] in 1995 and since then it has gained
lots of popularity among the researchers. The materials with nanometers sizes also
possess unique physical and chemical propertics. Without clogging they can flow

smoothly through micro channels since they are very small, consequently they behave



like molecules of liquid [7). As a matter of fact, it has grabbed more research into the
investigation of the heat transfer characteristics in nanofluids, It was found that in the
presence of nanoparticles within the fluid can appreciably increase the effective thermal
conductivity of the fluid which ultimately increases the heat transfer characteristics.

Some superb articles in this area are presented in [8].

Making the fluid slip along the wall, the fluid losses some adhesion at the wetted wall.
Tretheway and Meinhart [9] have experimentally shown slip-flows. The slip condition
plays an important role in shear skin, spurt, and hysteresis effects. The boundary
conditions relevant to flowing fluids are very important in predicting fluid flows in
many applications. The fluids that exhibit boundary slip have important technological
applications such as in polishing valves of artificial heart and internal cavities [10]. In
2003, Choi et al. [11] examined apparent slip flows in hydrophilic and hydrophobic
micro channels. Lauga and Cossu [12] have analyzed the stability of slip channel flow.
The slip effects on the peristaltic flow of a non-Newtonian Maxwellian fluid have been
investigated by Eldesoky [13]. Moreover, flew through a porous medium has several
practical applications, especially in geophysical fluid dynamics. Examples of natural
porous media are beach sand, sandstone, limestone, the human lung, bile duct, gall
bladder with stones in small blood vessels. The influence of slip condition on peristaltic
transport of a compressible Maxwell fluid through porous medium in a tube has been
studied by Chu and Fang [14]. Comprehensive literature studies on porous media can

be seen in the latest books [15 — 18].

Furthermore the magnetohydrodynamic character of fluid has a significant role in
solidification processes of metal alloys and metal, study of nuclear fuel debris, control
of underground spreading of chemical wastes and pollution, design of MHD power
generators, blood pump machines and treatment of cancer tumor etc. Srinivas et al. [19]
studied the influence of both heat transfer and wall slip conditions on the peristaltic
flow of MHD Newtonian fluid in a porous channel with elastic wall properties.
Mekheimer and Al-Arabi [20] found the nonlinear peristaltic transport of MHD flow
through a porous medium in non-uniform channels. Further analysis could be seen
through [21 — 23].

In view of all above, chapter two aims to c¢xamine the peristaltic flow with three

different nanoparticles having the base fluid water with slip boundary condition through
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a vertical asymmetric porous channel in the presence of MHD. The selected

nanoparticles are titanium dioxide ( 7i0,), copper oxide (CuO) and silicon dioxide (
Si0,). We have also considered thermal conductivity model with Brownian motion for

nanofluids. This gains the effects of particle size, particle volume fraction and
temperature dependence. The analysis is performed under the well-established long
wavelength and low Reynolds number approximations. The exact solutions for the
stream function, temperature and pressure gradient are given. All the physical features
of the problems have been described with the help of graphs. The results of this
chapter (two) are published in the European Physical Journal Plus, 129 (2014)
18s.

Many rescarchers have investigated the heat transfer performance and flow
characteristics of various nanofluids with different nanoparticles and base fluid
materials. The thermal and physical properties of nanofluids were calculated using the
Brinkman equation [24] for viscosity, the Xuan and Roetzel equation [25] for specific
heat and the Hamtlton and Crosser model [26] for thermal conductivity. The results
showed that the presence of nancparticles creates greater energy absomption than pure
water at a low flow rate and that there is no contribution from heat absorption when the

flow rate is high.

A change in the thermodynamic statc of a system and all of its surroundings cannot be
precisely restored to its initial state by infinitesimal changes in some property of the
system without expenditure of energy. A system that undergoes an irreversible process
may still be capable of retumning to its initial state. However, the impossibility occurs
in restoring the environment to its own initial conditions. The entropy generation is
associated with the thermodynamic irreversibility taking place in the system.
Consequently, thermodynamic irreversibility can be quantified through entropy
calculations. Some important irreversible processes are heat flow through a thermal
resistance, fluid flow through a flow resistance such as in the Joule expansion or the
Joule-Thomson effect, diffusion, chemical reactions, Joule heating, friction between
solid surfaces and fluid viscosity within a system. Many biological processes that were
once thought to be reversible have been found to actually be a pairing of two irreversible
processes whereas a single enzyme was once believed to catalyze both the forward and

reverse chemical changes. It is found that two separate enzymes of similar structure are



typically needed to perform what results in a pair of thermodynamically irreversible
processes. Bejan [27] presented the mechanisms involving with the entropy generation
in applied thermal engineering. Bejan [28] introduced the concept ol entropy generation
and minimization in thermal systems. Very recently Ellahi et al. [29] studied the shape
effects of nano size particles in Cu— H,0 nanofluid on entropy generation, they found
that increase percentage in friction of nanoparticles leads to increase in entropy

generation rate.

With the above discussion in mind, chapter three investigated the effect of peristaltic
flow with entropy generation and heat conducting nanofluids in the presence of porous
medium in an asymmetric vertical channel. Suitable transformation is employed to
achicve the system of ordinary differential equation. Arising nonlinear problems are
solved analytically for the stream function, temperature and pressure gradient by mean
of HAM base Bvph2 package. Characteristics of various pertinent parameters on the
velocity, temperature, pressure rise, pressure gradient, entropy generation and Bejan
number are examined and have been described with the help of graphs. This study
(chapter three) is accepted for publication in Journal of Porous Media (2016).

The study of MHD flow of electrically conducting fiuids on peristaltic motion has
become a subject of growing interest for researchers and clinicians. This is duc to the
fact that such studies are useful particularly for pumping of blood and magnetic
resonance imaging {MRI). Theoretical work of Agarwal and Anwaruddin [30] explored
the effect of magnetic field on the flow of blood in atheroscleratic vessels of blood
pump during cardiac operations. Li et al. [31] observed that an impulsive magnetic field
can be used for a therapeutic treatment of patients who have stone fragments in their
urinary tract. Elshahed and Harun [32] made an observation on the peristaltic transport
of Johnson -Segalman fluid by means of an infinite train of sinusoida) waves in a
flexible channel under the effect of a magnetic field. However, all of these three studies
have neglected the effect of induced magnetic field. Vishnyakov and Pavlov [33] are
the first who considered the effect of induced magnetic field on peristaltic flow of an
electrically conducting Newtonian fluid. Lately, Makheimer {34, 35] carried out the
study of peristaltic transport of an incompressible conducting micropolar fluid n a
symmetric channel and another for a couple stress fluid by considering the effect of

induced magnetic field.

In view of all the aforesaid observations, the present analytical study has been designed

4



in such a manner that it can explore variation of information to study the effect of
induced magnetic field on peristaltic flow of a viscous fluid in an asymmetric channel.
The peristaltic wave train on the channel wall has been considered to have different
amplitudes and phase difference. The theme of chapter four is to describe the effect of
induced magnetic field and heat generation on peristaltic flow of water and Cu-water
nanofluid in an asymmetric channel. At the same time, an exact solution of
dimensionless governing equations for water and Cu-water nanofluid will be suggested.
The effect on different parameters on both fluids is presented in form of graphs. Thus,
the results presented here will find an important clinical application such as in magnetic
resonance imaging (MRI) as well as in the gastrointestinal tract and small blood vessels.
This analysis (chapter four) is published in European Physical Journal Plus, 129
(2014) 155.

Fluid movements in a channel of varying gap with permeable walls covered by a layer
of porous matenial is discussed in next chapter. The motivation of this investigation
comes from the study of abnormal flow in the arterial system caused by the presence of
occlusion or stenosis. At various locations in the arterial system, stenosis may develop
due to abnormal intravascular growth [36]. It may also be due to the abnormal
accumulation of flnid in the tissue bounding the artery. Arteries may also be narrowed
by the development of atherosclerotic plaques which are closely connected with the
blood flow through the artery bounded by a thin layer of tissue, idealized into a porous
medium, which separates the blood flow from the flow of other physiological fluids (is
called PF). The stenosis developed in the artery causing the abnormal flow is an
important factor in the development and progression of arterial diseases. Thus, the
subject area of movement and accumulation of PF in the tissue and their result on biood
flow in the artery is an important problem becausc the flow featurcs in the locality of
the resulting protuberance may significantly be altered. The results of the present study
throw light on the understanding of the important flow characteristics in the arterial
system, namely, the pressure, shear stress and possible changes in them. These in turn
are related, respectively, to the physiologically important problems involving (i)
increase in resistance to the blood flow, (ii) possible damages to the red and endothelial
cells due to the existence of high shear zones, and (iii) possible transition from a laminar
to turbulent flow inside the blood vessel creating high intensity shear zones unfavorable

to the blood flow and arterial wall. The flow in a channel of varying gap bounded by



rigid walls has been investigated by many authors [37 — 40]. The results obtained from
these analyses using rigid boundaries are not of much use in understanding the
characteristics of flow in arteries, because they are bounded by tissues which are
idealized into a porous medium where one has to use a slip condition at the bounding
surface similar to the one postulated by Beavers and Joseph [41] (hereafter called BJ
condition). Hence, it requires to investigate flow in two dimensional channel of varying

gap bounded on both sides by a porous layer.

Carbon nanotubes (CNTs) were discovered by lijima and Baughman [42, 43]. They
showed exceptional strength and distinguished electrical properties, and are cfficient
conductors of heat. Their figure is deduced from their size, as the diameter of a nanotube
is on the orderliness of a few nanometers (about 50,000 times smaller than the breadth
of a human hair), whereas they may be higher to several millimeters in length.
Nanotubes are of two principal kinds: single-walled nanotubes (SWNTs) and multi-
walled nanotubes (MWNTs). The single CNT, which is one or multiple layers of
graphene sheets which roll up. SWCNTS' diameter is close to | nm with a varied length
from nanometer to centimeters whereas the interlayer of distance for MWCNTS is
approximately 0.34 nm [44]. Owing to CNTs’ extraordinary thermo conductivity,
electro conductivity and mechanical property, CNTs find their applications in the form
of additives in structural materials such like golf stub, boat, aircraft, bicycles etc. By
mixing it in the solid [45 — 48] or fluid [49 - 52], the mixture can effectively enhance
the thermal performance and mechanical properties of the base materials. So, the CNTs
employed in the field are examined with great potential for the heat transfer
applications. Choi and co-workers conducted initial observation of thermal
conductivity increase using cylindrical structures, namely multi-walled nanotubes
(MWCNT) [53]. The outstanding properties of carbon nanotubes (CNTs) help in
biological engineering applications. CNTs can be used to tune cellular fate through both
extracellular pathway and intracellular pathway. CNT based biomaterials are applied
into bone, nerves, and cardiovascular system. There has also been improvement in the
use of CNTs in controlling cellular alignment, to increase tissue regeneration, growth

factor delivery and gene delivery.

Motivated by above discussion, chapter five addresses the peristaltic flow in a
symmeltric channel with permeable wall. The effect of induced magnetic field, heat

generation and heat flux on peristaltic flow of water and CNTs nanofluid is also
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analyzed. An exact solution of dimensionless governing equations for water and CNTs
nanofluid is obtained and role of physical parameters is discussed through graphs.
Content of this chapter (chapter five) is published in the Journal of Magnetism and

Magnetic Materials, 381 (2015) 405 — 415.

It is well recognized that the peristaltic motion is now an important research subject
due to its vast applications in physiology. This type of rhythmic contraction 1s the basis
of peristaltic pumps that move fluids through tubes without direct contact with pump
components. A peristaltic pump is a type of positive displacement pump used for
pumping a variation of fluids. The fluid is contained within a flexible tube fitted inside
a circular pump casing. A rotor with a number of "rollers”, "shoes”, "wipers", or "lobes”
attached to the external circumference of the rotor compresses the flexible tube. As the
rotor turns, the part of the tube under compression is pinched closed (or "occludes"}
thus forcing the fluid to be pumped to move through the tube. Additionally, as the tube
opens to its natural state afier the passing of the cam ("restitution” or “resilience”) fluid
flow is induced to the pump. Peristaltic pumps are typically used to pump clean/sterile
or aggressive fluids because cross contamination with exposed pump components
cannot occur. Some common applications include pumping IV fluids through an
infusion device, aggressive chemicals, high solids slurries and other materials where
isolation of the product from the environment and the environment from the product, is
critical. It is also used in heart-lung machines to circulate blood during a bypass surgery

as the pump does not cause significant hemolysis. Their unique design makes them

especially suitable to pumping abrasives and viscous fluids.

Hcat transfer in cooling processes is quite popular area of industrial research.
Conventional methods for increasing cooling rates include the extended surfaces such
as fins and enhancing flow rates. These conventional methods have their own
limitations such as undesirable increase in the thermal management system’s size and
increasing pumping power respectively. The thermal conductivity characteristics of
ordinary heat transter fluids like oil, water and ethylene glycol mixture are not adequate
to meet today's requirements. The thermal conductivity of these fluids has key role in
heat transfer coefficient between the heat transfer medium and heat transfer surface.
Many techniques have been proposed for improvement in thermal conductivity of

ordinary fluids, one of them is suspending nanoparticles in liquids,



By motivation of said applications of peristaltic flow in tube chapter six looks at the
peristaltic ransport of SWCNT and MWCNT containing nanofluid in permeable tube.
The related partial differential system is reduced first into ordinary differential equation
and then the exact solutions for the stream function, temperature and pressure gradient
are successfully obtained. Influence of various physical parameters on velocity,
temperature, pressure gradient and pressure rise is scrutinized graphically. The
investigation of this chapter (chapter six) is accepted for publication in the Journal of

Mechanics in Medicine and Biology 16 (2016) 1 - 14.

The flow of bio-fluids such as urine through ureters, passage of chyme in intestines,
swallowing of food bolus in esophagus, blood flow through blood vessels takes place
due to the propagation of electrochemically generated waves along the vessels
containing fluids. Biomechanical pumps have been fabricated deriving ideas from this
peristaltic mechanism that preserves the purity of the contents from machinery parts
such as piston during operation. Recently, several mechanical pumps are prepared on
the basis of peristalsis to save energy. These types of pumps play an important role in
engineering. An endoscopic effect on peristaltic motion of a fluid is very important for
medical diagnosis and it has many clinical applications. Now the endoscope is a very
important tool used for determining real reasons responsible for many problems in the
human organs in which the fluid is transported by peristaltic pumping such as, stomach

and small intestine, etc.

Biomagnetic fluid dynamics is a relatively new area that deals with the fluid dynamics
of MHD biological fluids. During the last few decades, extensive literature is available
on the MHD flows of biological fluids, Such flows have numetous applications in
bioengineering and medical sciences, specifically, magnetic wound or cancer tumor
treatment causing magnetic hyperthermia, bleeding reduction during surgeries and
targeted transport of drugs using magnetic particles as drug carmriers are few such
examples. In fact, a biomegnetic fluid exists in a living creature and its flow is affected
through a magnetic field. Blood is a biomagnetic fluid. It behaves as a magnetic fluid
due 10 the complex interaction of the intercellular protein, cell membrane and the
hemoglobin, It is also known that blood possesses the property of diamagnetic material

when oxygenated and paramagnetic when deoxygenated.



With the importance of abeve discussion in mind, the fluid mechanics effects of
peristaltic transport in a gap betwcen two coaxial tubes, filled with nanofluid are
proposed in this chapter seven. The inner tube is rigid and the outer one has wave trains
moving independently under the effect of MHD. The exact solutions for the stream
function, temperature and pressure gradient are given. All physical features of the
problems have been described with the help of graphs. The outcomes of this chapter
(chapter seven) are published in Journal of Applied Fluid Mechanics 9 (2016) 1721
- 1730.

1.2 Analytical models for physical properties of nanofluids

1.2.1 Density of nanofluid

The density of nanofluid is bascd on the physical principle of the mixture rule. As such

it can be represented as

M MM, pV +pV.
p, =2l s T A T (1.1)
), Ve, 2%
_ 1 I/: + VE‘ (] 2)
)Onl{ er- + J/I:. pf V; + l/;‘ ;D,\ k] .

Py =(1=0)p, +(#)p.. (13)
here M is mass and ¥ is volume respectively. The f and s in subscripts respectively
refer to the fluid and nanoparticle while ¢ is the volume fraction of the nanoparticles.
To examine the validity of Eq. (1.3), Pak and Cho [54] and Ho et al. [55] conducted
experimental studies to measure the density of A/,0;—water nanofluids at room

temperature as shows an excellent agreement between the cxperimental results and the

predictions using Eq. (1.3).

1.2.2 Heat capacity of nanofluid

The specific heat of nanofluid can be determined by assuming thermal equilibrium

between the nanoparticles and the base fluid phase as follows:



(M'C,) AT+(M'C,) AT

= 1.4
(rC,), =py TR (1.4)
(M'c,) aT+{p'C,) AT
= 2 1.5
(pCP )n; pﬂf (M:r +M:)AT ’ ( )
(oG], - (rec,), +(reC,),
P I nf_p"f (M;+M:) . . s (1.6)
(V'_.;_-]—/TX(VI +V )
! s
(oC,), =(1-9)(pC,), +4(rC,} . (L7)

in which p; is the density of the nanoparticle, p; is the density of the base fluid, gy, is

the density of the nanofluid, {C,)_is the heat capacity of the nanoparticle and (C; ) , is

heat capacity of the base fluid. The nanofluid based on the models given in Eq. (1.7)
decreases with an increase in the volume fraction of nanoparticles. The experimental
results were compared with the predictions obtained from the models compares very

well with the experimental data of Zhou and Ni [56].

1.2.3 Thermal expansion coefficient of nanofluid

The thermal expansion coefficient of nanofluids can be estimated utilizing the volume

fraction of the nanoparticles on a weight basis as follows [57]:

(p87), =(1-0){(pB") +6(pB’) . (1.8)
where ﬁj, and ,B' are the thermal expansion coefficients of the base fluid and the

nanoparticle, respectively.

1.2.4 Viscosity and thermal conductivity of nanofluid

The viscosity of nanofluid is of great significance as the application of nanofluids is
always associated with their flow. A few studies have addressed the viscous properties
of nanofluid [58 60 ]. In general, the viscosity of nanofluids is much higher than that
of their base fluids. The viscosity is a strong function of temperature and the volumetric
concentration. Furthermore, a particle-size effect seems to be important only for
sufficiently high particle fractions. In 1956, Einstein [61] was determined the effective

viscosity of a suspension of spherical solids as a function of volume fraction (volume
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concentration lower than 5%) using the phenomenological hydrodynamic equations.

This cquation was ¢xpressed by

py =(1-25¢)u,, (1.9)

where 4, is the viscosity of the nanofluid and 4, is the viscosity of the base fluid.

Later, Einstein’s equation was extended by Brinkman [62] to suspensions with

moderate particle volume fraction, typically less than 4% as defined as:

e . (1.10)

2137
(1-¢)
Considering the Brownian motion of nanoparticles and the interaction between a pair

of particles, Batchelor [63] proposed the following equation.

By (1= AT+ A8+ ) p,. (1.11)
In Eq. (1.11), A} is the intrinsic viscosity and A3 is the Huggins' coefficient, for
spherical particles Batchelor considered the values of A] = 2.5 and A; =65

respectively.

The thermal conductivities of different particles in liquid suspensions with spherical
and non-spherical particles are of great interest in various engineering applications
beeause of their high effective thermal conductivities over base liquids at very low
particle volume concentrations of nanoparticles [64 — 67]. The simplest model based
on the macroscopic effective medium theory was first developed by Maxwell for a

dilute suspension of non-interacting spherical particles [68] as follow:

k, _k,+2!cf+2(k,—kf)¢
P k +2k, - (k —k )6

!

{1.12}

This model shows that the effective thermal conductivity of nanofluids depends on the
thermal conductivities of the spherical particle, thermal conductivity of base fluid and
the volume fraction of the solid particles. Further developments in non-spherical

particle shapes with introducing a shape factor can be expressed as

ky ko+(n =1k, —(n" —1}p(k, -k,
= ; . (1.13)
k, k,+{n = 1)k, + p(k, -k,

in which &, and k, are the conductivities of the particle material and the base flutd. In
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this Hamilton-Crosser model, »" =3/ is the empirical shape factor (¥) is the
sphericity defined as a ratio between the surface arca of the sphere and the surface area
of the real particle with equal volumes). When one choose shape factor n* = 3, then
the Hamilton-Crosser model reduces to the Maxwell model for spherical particle

mixtures.

It is observed that above mentioned literature properties of Eqs. (1.3), (1.7) and (1.8)
are considered to be independent of the movement of nanoparticles. When a small size
particles are adjourned in a fluid, they just behave like the impacts of gases or liquid
molecules. For nanoparticles colloids with each other, the instantaneous momentum
reported 1o the particle varies random which causes the particle to move on an erotic
path which is known as Brownian motion. The Brownian motion is claimed to play an
important role in modifying the thermal conductivity and viscosity of nanofluid. There
are two ways form which the Brownian motion of nanoparticles enhance the thermal
conduction firstly the direct contribution due to the motion of the nanoparticles that
transport heat i.e., solid - solid transport of heat from one to another secondly the
indirect contribution due to nanoconvection of the fluid surrounding individual
nanoparticles.Among the existing models that predict the thermal conductivity and
viscosity of nanofluids with considering the Brownian motion, the models proposed by
Koo and Kleinstreuer [69, 70] are utilized in the present thesis. These models have
successfully been used by Ghasemi and Aminossadati [71] to study the effects of
Brownian motion on laminar steady-state natural convection in a right triangular
enclosure with localized heating on the vertical side. Note that these models were
proposed based on water with copper oxide nanoparticles. Although the extension to
other combinations of base liquids and nanoparticles may be justified. In these models,
it is assumed that the thermal conductivity and viscosity of nanofluids consist of two
parts. One is referred 10 as the static part (kg, #5)that is evaluated by mixture models
i.e., the Maxwell model Eq. (1.12) for thermal conductivity and the Brinkman mode!
Eq. (1.10) for viscosity , and the other part (kp,ug) is atiributed to the Brownian
motion. The expression for predicting the effective thermal conductivity of nanofluids

appears as

ky =k, tky, (1.14)
where kJ, is given in Eq. (1.12) and £, is expressed as
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ETGTII! L]
kg = 5x10%19(0Cp) . [S58 F* (Tenvs @), (1.15)

here k is the Bolizmann constant, It has the dimension energy at the individual particle

level divided by temperature and its accepted value in system international units is k ~
1.38x10%* (joule per kelvin), d, is the diameter of nanoparticles by assuming that
these nanoparticles have a uniform size and arc perfectly spherical fe., d; = 30 nm,
T.ny IS @ environment temperature that is chosen as 7, in the current study, y, 15 a

function of the volume fraction ¢ of nanoparticles, which is given by

0.137(100¢)~°%22°  for¢ < 0.01
i= [ -0.7272 (1.10)
0.0011(100¢) for¢ > 0.01
and the function F*(T,,,, ¢ ) is given by
F*(Topp, @ ) = (—6.04¢ + 0.4705) Ty + (1722.3¢ — 134.63), (1.17)

which is valid for 0.01 < ¢ < 0.04 and 300 (kelvin) < 7., < 325 (kelvin). It 1s
important to note that Tep, = 300 (kelvin) chosen for the present study for the
expression of thermal conductivity, the thermal diffusivity of nanofluids is then defined
by

k

nf

a, =-(pc—!1),ﬂ“. (]]8]

Likewise the effective viscosity of nanofluids is
Hoy = 1+ Mg, (1.19)

where #, is evaluated by Brinkman model Eq. (1.10) and #, is expressed as:

KTeny s
tg = SX10%1dpns ‘ﬁF (Tonvi ® )- (1.20)

The relation developed by Corcione [72] is based on existing experimental data

availablc in the literature as:

Hnf 1

-03 ’
al 1—34.37(3—;) (@) 03 (1.21}

where d; is the equivalent diameter of 2 base fluid molecule, given by

(1.22)

. )us

df = 01 (N‘n’p;—o



in which M** is the molecular weight of the base fluid, N* is the Avogadro number
(= 6.023%10%%). For the thermal conductivity of the nanofluid, the following Chon et
al. [73]} model is chosen
0.369
kng _ 1+ 64.7(g)074 (EL) (ﬁ) (Pr+)09955(Re")12321 (1.23)
Rf ds kf

here dr and d; are diameter of the molecule of the base fluid and nanoparticles,

. . ;J,f * pfka . - g
respectively. Pr = and Re = — are respectively specific Prandtle

p,a, 3y,

namber and Reynolds number. For water /, is the mean free path of the base fluid

which has been considered equal to 0.17 nm .
Considering the effect of thermal dispersion

k,, =k, +k,» (1.24)

where k, is the thermal conductivity due to thermal dispersion and is obtained as

ky = c*(,oc,,)mf\/u2 +v? + ¢d,, (1.25)
where C* is an empirical constant obtained from experimental results [74). Value of kg4

is neglecting where comparing with the value of k,, for the case under consideration.

The thermal conductive model for nanofluid proposed by Yu and Choi [75] is used for

carbon nanotubes which 1s defined by

kng _ (1 4 m¢»A"), (1.26)

in Eq. (1.26) the parameter 4' is given by
.1 k, -k
4 == I R S ,
3 Z,k” +(n-1)k, (1.27)

_;=f?.1"‘).
where » is the empirical shape factor and £, thermal conductivities along the axes of

the tubes which is reported by Bitboul [76]:

k-,
o (.0 -7 R (.0 -dir)

k., (1.28)
}



where j|=a, b and &)is along the scmiaxis directions of the carbon tube as shown in
J

Fig. 1.1, &, and k, are the thermal conductivities of the solid ellipsoid and its

surrounding layer respectively.

SWCXNT MWONT

Fig. 1.1, Geometry for SWCNT and MWCNT.

The volume ratio »* and 4 ( j,v) are depolarization factors defined by Landau et al.

[77]:
o \/(52 +z)(52~+;)(52 +1) , (1.29)
abé
J@ ) +v)(& +) (1.30)
a(jv)= x
2
r B dw

’ (;’3 +1a+w)\/(_§2 +v+w)()52 +v+ w)(f}z +v+w)
with v =0 for outside of solid ellipsoid and v=¢ for outside surface of its

surrounding layer,

The effective viscosity models Yu and Choi for nanotube is given by

¢a )"?'¢m
={1--— (1.31)
Hnf ( ¢m
with
o= 0.3.12:" 42 0..5 N I.8?’2 (1.32)
In2r —1.5 In2r -15 »

and ¢, is effective volume fraction of nanoparticles written 11 as:

3-b (1.33)
b =0 {(2) .

where @, and ¢ are the aggregate and primary nanoparticles radii respectively. D is

the fractal index which depends on the type of aggregation, particle size and shape and
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shear flow condition. Here we consider the radius 12.5 nm and length 25000 nm of
single-wall and multi wall carbon nanotube. The thikness of nanolayer around tubes is

considered 2 #m and thermal conductive of this layer is 2k,. For this assumption about

nanotube, apply the carbon nanotubes suspensions in 15% mixture of salt in water, the

parameters g = 25000 nm, b=¢=12.5 nm and the value of the parameter ¢ is chosen
to be 54 mm, which corresponds to a 2nm layer thickness v12.5% + 54 —12.5 =

2 nm along b —axis and &—axis but a negligible layer thickness V250002 + 54 —
25000 = 0.001 nm is taken along @ — axis.

1.3 Governing equations

The tundamental equations of fluid dynamics are based on the following universal laws

of conservation.

1.3.1 Conservation of mass

The cquation that results from applying the conservation of mass law to a fluid flow is
called the continuity equation and mathematically can be defined as
op
§+V.(,0V]=O, (1.34)
where V is the fluid velocity. The first term in this equation represents the rate of
increase of the density in the control volume and the second term represents the rate of
mass flux passing out of the control surface (which surrounds the control volume) per
unit volume. The Eq. (1.34) can be write in following form

B}—+pV.V=0, (1.35}

where

D{)_a()
7:-@-{-—+v.v( ). (1.36)

Eq. (1.34) was derived using the Euleriun approach. In this approach, a fixed control
volume is utilized, and the changes to the fluid are recorded as the fluid passes through
the control volume. In the altemative Lugrangiun approach, the changes to the
properties of a fluid element are recorded by an observer moving with the fluid element.
The Eulerian viewpoint is commonly used in fluid mechanics. The Eq. (1.35) in

Cartesian coordinate system 1s as follows
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op 0 0 d

=+ —{pu)+—(pv}+—(pw)=0, 37

F ) ay(p o (ow) (1.37)
where 4. v. w represent components of the velocity vector. A flow in which the
density of each fluid element remains constant is called incompressible.

Mathematically, this implies that

Dp
— =90, 1.38
DI (1.38)
that reduces Eq. (1.34) to
V.V=0, (1.39)
or in component form
On Ov ow
—+—+—=0 4
ox Oy oz (1.40)

1.3.2 Conservation of momentum

Equation for the conservation of linear momentum is also known as the Navier-Stokes

equation. [t is possible to write it in many different forms. One possibility is

;%[%¥+fVV)V]=Vx+F, (1.41)
The stress tensor for Newtonian nanofluid is defined as

T=-pl+u, A, (1.42)

where A, is first Rivlin Ericksen tensor.
The body force F can be defined under the effects of MHD and porosity as follow

F=-"

V+JxB, (1.43)
1

where K, is the pcrmeability of thc medium having dimensions (.;’(mgz‘.ff)2 and J is

current density force which is the combination of electric and magnetic force on a point

charge due to electromagnetic fields and defined as

J=0c(E+VxB), (1.44)

here B is magnetic field, E is electric field and o is electrical conductivity.



1.3.3 Conservation of energy

Energy equation can be written in many different ways, such as the one given below

oC, [g +[v‘v)r} =kVT + >, (1.45)

Eq. (1.47) is based on the following assumptions: (i) continuum, (ii) Newtonian fluid
and (iii) negligible nuclear, electromagnetic and radiation energy transfer, if the effect
of thermal radiation, heat generation and viscous dissipations are dominated then the

Eq. (1.45) can be written in following form

(pcp)m |:‘%?‘+(VV)T:|:VI [knfT+%ET(T4 _?:"))+Q(T—?:")+q)*, {146)

here @ * is the dissipation function representing the work done against viscous force

and 1s defined by
ouY (ovY ) (ou ovY
¢ =2 dad 21 1+[Z2+Z21. .
(&5 s

1.3.4 Enduction equation

Induction equation is one of the magnetohydrodynamics equations, is a partial
differential equation with spatial and time variables that relates the magnetic and
velocity fields of an electrically conductive fluid such as a plasma. This equation can

be derived using the Maxwell’s equations along with the Ohm’s law.
Maxwell’s equations can be described by the following expressions.

Solenoidal nature of magnetic field B

VB=0. (1.48)
B=uH, (1.49)
Faraday’s law
vxE=—y (1.50)
&t

Ampere equation
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VxH=J. {1.51)

Charge conservation

v.J=0. (1.52)
Using the Eqgs. (1.44), (1.49) - (1.52), we obtain the induction equation.

%_I::Vx(VxH)+éV2H, (1.53)

where & = gy, is the magnetic diffusivity,

1.5 Methods of solutions

The nenlinear differential equations, along with nonlinear boundary conditions the
coupled differential equations have rare chance of getting exact solutions or even semi

analytical solutions that is why some numerical techniques have been developed.

1.5.1 HAM Bvph2 package

In 2013, Liao [78] developed a homotopy analysis method based package “Bhvh2” that
can deal with many systems of ordinary differential equations. It can solve different
kinds of systems of ODEs, including a system of coupled ODEs in finite interval, a
system of coupled ODEs in semi-infinite interval, a system of coupled ODEs with
algebraic property at infinity, a system of ODEs with an unknown parameter to be
determined and a system of ODEs in different intervals. For simplicity, the BVPh 2.0
needs to input the governing equations along with corresponding boundary conditions
and choose proper initial guess of solutions and auxiliary linear operators for under
consideration linear sub-problems. In this package, one has great freedom to choose the
auxiliary linear operator and initial guess. To run the package, need to define all the
inputs of problem properly, except the convergence-control parameters. Usually, the
optimal values of the convergence-control parameters are obtained by minimizing the

squared residual error.



Chapter 2

Influence of heat generation and heat flux in

peristalsis with interaction of nanoparticles

In this chapter, the peristaltic flow of three distinctive nanoparticles with water as base
fluid under influence of MHD and slip boundary condition through a vertical
asymmetric porous channel is analyzed. The titaniom dioxide(Ti0;), copper oxide
(Cu0) and silicon dioxide (S$i0,) nanoparticles are taken into account. For the
nanofluid, the thermal physical properties models are taken under the impacts of
molecule size, molccule volume fraction and temperature dependence. The basic
governing equations are reduced to non - dimensional form by using appropriate
transformation and long wavelength approximation. Exact solutions are acquired from
the subsequent equations. The acquired expressions for pressurc gradient, temperature
and velocity profile are depicted through graphs for different relevant parameters. The

streamlines are drawn for some physical quantities to discuss trapping phenomenon.
2.1 Mathematical formulation

Here considers an incompressible peristaltic flow of nanofluid in an imregular channel
with channel width d, + d,. Asymmetry in the flow is because of propagation of
peristaltic waves of different amplitudes and phases on the channct walls, The fluid
occupying the porous space in the channel wave propagating beside the walls of the

channel with continuous speed ¢;.
i
Y =H, =d, +acos T(X -¢t) |, @2.1)

Y=H,=-d, —b,cos(%r(/\" -cf) +w], (2.2)

In the above equations a, and b, denote the waves amplitudes, A is the wave length, ¢;
1s the wave speed, ¢is the time, X is the direction of wave propagation and ¥ 18

perpendicularto X, w (0 € w < m) is the phase difference. It should be noted that w =
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0 corresponds to symmetric channel with waves in phase, w = 7, the waves are out of
phase and the condition @, + by? + 2a;b1cos(w) < (d1 + dz)* holds. Further in
Cartesian coordinate system, X is taken in the direction of wave propagation and Y in
the direction normal to the mean position of the channel walls. The geometry of the

walls is visualized in Fig. 2.1.

H

Fig. 2.1; Geometry of the problem.

In the presence of MHD and porosity, the governing Egs. (1.39), (1.41} and (1.45) in

component notation are

v av
—+—=0, 2.
ax ay (23)
(aU U aU] i BU U Hy
2. +U—=+V—=|=——— — U -
ot ax oY 5X aX 6}" K1 (24)
o8,V +(pﬁ° ), 8T-T,)

2 2
[EW o, Vﬂ] _op [aV aV]_fz_,,,_V 25)

+U y —_—t 7
ot cX oY oY X oY K,
8T, oT T @r [6::; , %4, )
c) [U=av=|=k, |+ i T-T, 2.6
(r ’)~r( ax a}’] "[6X2 01’] ox For )& (T-h) 29
Here, P is the pressure, B, is the uniformn magnetic field strength, QD' is amount of

heat absorbed or generated per unit volume o~ is the Stefan-Boltzmann constant and
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k' is the mean absorption coefficient. For the flow under consideration, the velocity

field is ¥ ={U,¥,0). It is assumed that the temperature differences within the flow are

small, so that the term T may be expressed as a linear function of temperature. Hence
by expanding 7 in a Taylor's series about 7, and neglecting higher-order terms:

T = 47°T =372, (2.7
The appearance for static and wave structures are connected by the subsequent

associations

x=X-ct,y=Y, u=U-¢,v=V.p=>~ (2.8)
After using the transformation given in Eq. (2.8) in Eqgs. (2.3) - (2.6) reduce to

6—“-23-0 2.9)
ox dy e

NI B @Jr—a—z—u B e -
ol ) a Ty ) K (2.10)

JB[IE(R+CI)+[PIH.)Mg:(T_?:l)‘

o N, (P BN A
"’“’["ax”ay]‘ ayw“’[axl*av:) K e

or  or 'T o'TY &g, .
(pCp)";[lfa+\)5’;}:k"f[$+5y—2)—a+gn (T—T&)v (2[2)

Introducing the dimensionless parameters as follows:

- d? - ¥ - vV — ¥y - X ¢ b v s
= H=—, y=—, y=, x=—, =2, 0=—,0,=0 ,d
d )'chlflp G C](S ’ dl A A a QO QU'
¢ d 5 T-T) —_w H H, d?
R _#?Jzﬁl& 9: 07 = =_I',h = -,K-_——La
=T Tk (2.13)
* od? 22 .
az_a_‘, b:ﬂ’ Gr:ﬁ’g l (?"1~T0),M2=Uu80d' ,N=16C{To’
d, d, V;z He 33(!:.'[

Alter using the above non-dimensional parameters and cmploying the assumptions of
long wavelength (& — 0}, the dimensionless governing equations (without using bars)

for nanofluid in the wave frame take the following form:
6_u + ﬁ =0 2.14
ax ay * ( . )
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a _ Hy QJE-K”‘—"*’[?K+IJ-M(6—”’+1J+G;-('O'6 ) o
dx )u; 5y} :u,r ay ' (}916')Jr
@ _y
dy
2
LY 98 1ge=0.
, oy

Taking derivative of Eq. (2.15) with respect to ' obtain

[azw]—M[asz+Gr(pﬁ )"" @z(},

Jun,r 64'}7 K ’un! -
o’ o' (087) o
i - !

7P AT

where !,f/(x, y) satisfies the continuity equation and the stream function defined as

v =3ay /8yand v=-0w / 0x The non-dimensional boundaries will take the form as

:i, 5_V+ﬁa"/2/=_l at y=*h,,
27 o oy
F ey 8w

=L X BT -l at y=h,,
7 o B 2 Y

a0 ¢f
9+}’5=0 ﬂty:vh!, 0—}/521 aty:hz{

-

Where b =1+acos{27x), h =-d+bcos(27x+w). The thermo

properties, for pure water, titanium dioxide, copper oxide and silicon dioxides are listed

in table 2.1. In this chapter conductivity of nanofluids Eq. (1.14) and the effective

viscosity of nanofluids Eq. (1.19} are considered.

Table 2.1. Thermal-physical properties of water and nanoparticles.

Titanium  Copper Silicon

Physical WHE T ioxide  oxide  dioide
Properties [H?_O) (TiOz) (CuO) (SI'OE )

plkem’) 997.1 4250.0 65000 39700
c, (kg'K") 4179 686.2 540.0 765.0
k(W /m-K) 0.613 0.90 0.85 0.63
£ (K')x107 21 8.9538 18.0 36.0

23

{2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)



2.2 Solution of the problem

The exact solutions of the Eqs. (2.17) and (2.18) along with boundary conditions Eqs.
(2.19} —(2.21) are found as follows:
Integrating twice Eq. (2.17) with respect to y

8(y)=(C,)cosh[C,y]+(C,)sinh[Cy], (222)

J& e
\} Nk: - knf
Using the boundary conditions {2.19) in Eq. (2.22) the values of constants are as

sinh[C/4 |+ ¥ cosh[C4, | C,

Here for simplicity we choose C, =

C-| = L)
* 2ycosh[C (A -1 )]C, +sinh[ G, (A - k)](1+1°C]) (2.23)
c oo cosh[C i ]+ ysinh[CA]C, 2.24)
* 2pcosh[C (B - A, )]G +sinh[ C, (k —h, }](1477CT) ‘
Integrating Eq. (2.18) with respect to y obtain
W= (—sinh[yC,]C, —cosh[yC,]C: )Cs +
h|¥C, |- sinh| yC, |} C. h| yC inh| yC, |)C, (2.25)
(cosh[¥C,]-sinh[yC, ])C, +:(cos [¥C,]+sinh[yC,])C, Gt yCo
G;
where the constants C, - C, are defined as
Pp C,
(—14_:&1('15?1(‘;’{,—”4'!\4, Cﬁ:Gr( ‘)"I‘C?:__J__"Ca: 3 Cﬁ T (2'26)
H, M, (p5'), JC, C;C, - €€,

Now using the boundary conditions (2.19) — (2.20) we obtain the constants of

integration
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7|\ B(cosh[C,h ] +sinh [C,h |)C7 (1 — b, )

. sinh[;C3 (A +hl)}C1 + . sinhB—C,(h1 —hz}}+ c

cosh{%Cj(h1+hz)]C: | ﬁcosh[;C](h,—hl)]Cl

—cosh[C,h |+ cosh[C,h, |-
cosh[C}h]]+

sinh[C, 4, ] +sinh[CTh2]+Linh[C?h]

}C? (hl _hz )'+ C?3

cosh[C,h, ] cosh[Coh, | +sinh [Co 4y ] —sinh [ C A, |+
ﬂ(cosh[C?h,]+cosh[C?h2]+si11h[C,h1]+sinh[C?h2]J
—F — b+ C,Cy(—cosh[C,hy ] +cosh[Cih, |+
sinh[C.1)C, (B — b, }+ Boosh[CA T (b =y )+
C,Cy(~sinh [C k| +sinh[Cyh, [+ cosh[C | C; (A ~ b, )+
+Bsinh[Cyly | G5 (I~ )) + by

(2.27)

4

Sinh[;c?(hl _hz)]Jr 2sinhl[;Ca (A -hz)]+
cosh [_ Cy (A — b, )}C? (b —h)+
ﬁcosh[é—(} (A —hz)]C} ;

ﬁsinhBQ (h ~h, )}C;’Uq —h,)

sinh[% C, (h +h2)](?, + sinhBC;(’a —hy )]+

C, C,C,

1

cosh lC3 (7 +h, )]C2 ﬂcosh{l C,(h—h, )}C3
2 2 (2.28)

cosh{C, 4 ] —cosh[C,h, |+ sinh[C,h ] - ] ’

. cosh[C, A |+ cosh[C, 4, ] +
sinh [C;rhz ]+ ﬁ(sinh [C?h1 ] + sinh[c-;h;]
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1D | o

F+ 2sinh [ ] €,C, + 2c0sh [C |,y +

(cosh[C h ]+ sinh[C;h ]](sn‘nh|:2 Sl +h )]

cosh[ L (A +h7)]CZ)C3(Sinh[I§C3 (A "’:)]"’

ﬁcosh[ (b —h )}C,)CH(—HCJH +BCIh)

¥

|+
cosh[C3h2]

cosh[C,#, |- cosh[C,h, | +sinh [C.hy | —sinh[Co4, ]+
cosh [Qh, ] + cl:)sh[C},h2 ] + sinh [C'?h] ] +sinh [C'.,,h2 ])

F+ {Sinh[c’h]_)c,cs

sinh[C,A, ]

+[°°Sh [C:4] _]CzCH

cosh[Cﬁ;‘r:]

cosh[zC (4 = h, )]C‘

ﬁsinh[' C, (b -h, )]Cf(F +[Sinh[c"h“]_Jc,c
2 i smh[CJh:]

{‘:OSh [C:"h] ]F]Cjcs)_sinh[%c? (hl B hz )]

sinh[C, A ] +sinh[C\h, ]+
¢, C, Ce +
cosh[(,‘h,] cosh[C;h, ]) €,

e cosh[Ch]+cosh[Ch]+ )
o ,6’ smh[Ch] sinh[C,h, ]} !

G )J

231nh[lC? ] cosh[zca(}ﬁ_k:)}c?(hu‘hz)*

2

ﬁsinhBC(k —h, ]Cf(ly*kz)

The mean volume flow rate Q' over one period is given as

O=F+1+d.

Pressure gradient dp/ dx,
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C, +(cosh{Coh ) - Cpysinh {Co 1y )) +2C, (BC, —1){cosh{Cohy )
dp _ AC, cc»sh[l C,(h —h )]+ (Cs +C, )cosh[%(‘w (hy + by )J—
dx | —sin{Cyh) , 2 |
Sinh(iclﬂ(hl —hz)) (G -I-CE)sinh[EC’m{h1 +F12}}

The pressure rise Ap in non-dimensional form is defined as
1 dp
Ap = j(: adx ’
2.3 Results and discussion

[n this section our consideration is around understanding the impacts of different
parameters on velocity and temperature distributions, pumping qualities, pressure
gradient. and trapping phenomena for nanofluid that contain three types of particles
copper oxide, titanium dioxide and silicon dioxide with water as a base fluid.
Extraordinary importance is given to the nanoparticle concentrations, velocity and
thermal slip parameters, heat generation and flux parameters, the Hartmann number as
well as porosity parameter. The consequences of heat and mass flow along with
pressure gradient and pressure rise are shown in Figs. 2.2{a) - 2.5(f). The trapping

bolus phenomena is also with the help of streamlines as shown in the Figs. 2.6(a) —

2.9(f).

In order to analyze pumping characteristics, numerical study is done and results are
displayed in Figs. 2.2(a) — 2.2(f), which demonstrates the variation of pressure rise
per wavelength for different estimations of ¢, @, £, ¥, M and K along time average
flux @. Fig. 2.2 shows three unique locales as per the marks of Ap and Q. The quarter
{4p > 0, Q < 0) is notorious as retrograde pumping area. The area (Ap > 0, @ > 0)
is known as peristaltic pumping quarter. The highest pressure is meant by P, in
peristalsis fills for @ = 0. The corresponding time-average flux is represented as @’
which is acknowledged as free pumping at Ap = 0. The quarter (Ap <0, @ > 0} is
notorious as copumping region in pressure difference assists the flow as a result of
penistalsis at the wall. Fig. 2.2(a) illustrates the impacts of volume fraction of the
pressure rise Ap. Here, it is seen that pressure rise is increased with the increase of ¢
all through in the retrograde pumping area. This is due to fact that nanoparticle makes
the walls more adaptable and liquid can easily pass, so that the pressure rise increascs

quickly when nanoparticles fraction increases. Fig. 2.2(b) describes that pressure rise
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increases in the whole region for all three types of nanofluid as influence of @y is
dominated. In addition, lcast pressurc rise is observed in case of (Si0; + H;0)
whereas, pressure rise is noted when we choose (Cu0 + H,0). Fig. 2.2(c) exhibits the
impact of slip parameter on pressure rise, it is watched that in the co-pumping area
pressure rise increases by increase in § for each of the three types of fluid. Fig. 2.2(d)
shows that pressure rise thrive with an expansion in thermal slip parameter all through
the area for every one of the three types of fluid, however y does not put extensive
impact on (Si0; + H,0). Figs. 2.2(e) — 2.2(f) demonstrate the impact of Hartmann
number and porosity parametcr on pressurc rise, it is watched that pressure rise
increases by increase in M and K, in the locale where Ap < 0 however inverse conduct

1s seen in the retrograde pumping area.

From Fig. 2.3(a), one can see that pressure gradient dp/dx is decreased as increase of
¢ for every one of the three types of fluid. The variation of ¢, on pressure gradient is
appeared in Fig. 2.3(b), it demonstrates that dp/dx is falling down on an increasc in
Qp. Figs. 2.3(c) — 2.3(d) portray the impact of velocity and thermal slip parameter
separately. It can be seen that dp/dx is increasing by increase in 8, however inverse
behavior is appeared on account of y. Figs 2.3(e) - 2.3(f) are attracted to see the effect
of parameters M and K on the variation of dp/dx from figures it is noticed that pressure
gradient increases with increase in M and K, here portrayed Figs. 2.4{a) - 2.4(d) to
understand the vanation of temperature distribution over a cross area for various

approximations of ¢, Qp, N and y.

Fig. 2.4(a) demonstrates that B increases as increase in ¢ for all the three type of fluid,
[t is interesting to note that extreme variation happens (Ti0, + H,0) while, generally
less variation is appeared in (Cu0 + H,0) and the minimum vatriation is appeared in
(5i0, + H,0).When 1t 1s watched in Figs. 2.4(b) and 2.4(c), the same pattern is
observed for heat generation parameter ¢ and heat flux parameter ¥ individually, as
it can be found in Fig. 2.4{a). An imperative part of current study is to break down the
heat transfer in peristalsis with thermal slip parameter y. With a specific end goal 10 see
the effect of imperative thermal ship parameter ¥ on temperature profile, have drawn
the Fig. 2.4{d} 1t 1s watched that by increasing y, 8 increascs. It is of hobby that the
most extreme variation happens in the event of (Cu@ + H,0), though generally low

measure of variation is seen if there should be an occurrence of (Ti0, + H,0) and least

28



TH-673b

variation is seen in (Si0, + H,0). Figs. 2.5(a) - 2.5(f) are plotted to describe the
impacts of related parameters on velocity profile w. It is seen from Fig, 2.5(a) that
velocity profile increases alongside the right wall iy however decrease on the left wall
h, ot the channel with expanding the value of ¢. It i1s shown in the Fig. 2.5(b) to acquire
the variation of velocity profile u for different values of parameter Qg for every one of
the three type of fluid. 1t portrays that velocity is increasing with increase of @, at the
center of channel however inverse conduct is seen along the left and right walls of
channel. To see the conduct of N on velocity profile u, showed the Fig. 2.5(c). It is
watched that close to the walls, velocity profile is increasing yet at the center of the
channel velocity profile decreases by increase in N for all the three type of fluids, an

inverse conduct is seen in the Fig, 2.5(b).

Fig. 2.5(d) determines the impact of § on velocity profile it is watched that close to
one side and right wall velocity profile is increasing by increase of 8, however at center
of wall, it has seen the inverse conduct of velocity profile. To watch the conduct of
Hartman number and porosity parameter with velocity profile, showed in the Figs.
2.5(e) and 2.5(f) these figures demonstrate that closc to one side walls h, vclocity is
decreasing by mcrease of M and K individually, however close to the right wall,

velocity increases.

An extremely intriguing phenomena in the fluid transport is trapping. The development
of an inside ctrcling bolus of the fluid by closed streamlines is called trapping and this
caught bolus 15 pushed ahead along the peristaltic wave with the veloeity of wave. The
bolus depicted as a volume of fluid limited by a closed streamline in the wave frame is
moved at the wave pattern. Figs. 2.6{a) - 2.6(f) show typical contour maps for the
streamlines with two estimations of ¢ (¢ = 0.01, ¢ = 0.04), Figs. 2.7(a) - 2.7(f)
show contour maps for the streamlines with two estimations of § (8 = 2.0, £ = 4.0},
Figs. 2.8(a) - 2.8(f) show contours for the strcamlines with two estimations of M
(M =2.0, M= 21)andFigs. 2.9(a) - 2.9(f) show contours for the streamlines with
two estimations of X (K =2.0, K =2.1), for every one of the four kind of
fluids( Ti0, + H,0, Cu0 + H,0, Si0, + H,0). Figs. 2.6(a) and 2.6(b) demonstrate
the streamlines for (Ti0, + H,0), it is seen that bolus turns out to be expansive when

give more noteworthy qualities to the ¢.
Figs. 2.6(c) and 2.6(d) demonstrate the streamlines for (CuQ + H,0), it is noticed
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that number of bolus increments for higher estimations of ¢, Figs. 2.6(e) and 2.6(f)
demonstrate the streamlines for (Si0; + H,0). it is demonstrate that bolus turns out to
be expansive as bigger estimations of ¢. Figs. 2.7(a) and 2.7(b) demonstrate the
streamlines for (Ti0, + H,0). It is watched bolus gets to be smaller with the more
noteworthy estimations of slip parameter 8, Figs. 2.7(c) and 2.7(d) demonstrate the
streamlines for (CuQ + H,0), it is size of bolus is diminished for higher estimations of
B, Figs. 2.7(e) and 2.7(f) demonstraie the streamlines for(5i0, + H,0), it is shown
that bolus turns out to be small as bigger estimations of 8. Figs. 2.8(a) and 2.8(b)
demonstrate the streamlines for (Ti0, + H,0), Figs. 2.8(c) and 2.8(d) demonstrate
the streamlines for (Cu0 + H,0), Figs. 2.8(¢) and 2.8(f)} demonstrate the streamlines
for (Si0, + H,0) and it is noticed that bolus turns out to be huge when it had given
more noteworthy qualities to the Hartmann number M. Figs. 2.9(a) and 2.9(b)
demonstrate the streamline for (Ti0, + H,0), Figs. 2.9(c) and 2.9(d) demonstrates
the streamlines for (CuQ + H,0), Figs. 2.9(e) and 2.9(f) demonstrates the streamline
for (Si0, + H,0) and it is noticed bolus turns out to be small when it had given more

prominent qualities to the porosity parameter.

Ti0o; +H,Q
Cu0+H,0
R SiO; szo'

10}, Mg =001, 4 = 0.04

§ | @=03N=02

0
M=10K=05
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=S} d=10 w-= £
. 4
=3 -2 wl 0 1 2 3

Q

Figs. 2.2(a). Variation of pressure rise Ap for flow parameter ¢.
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Figs. 2.2(c). Variation of pressure rise Ap for flow parameter 5.
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Figs. 2. 2(d}. Variation of pressure rise Ap for flow parameter y .
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Figs. 2. 2{e). Variation of pressure rise Ap for flow parameter M .
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Figs. 2. 2(f). Variation of pressure rise Ap for flow parameter K .
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Figs. 2.3(a). Vanation of pressure gradientdp / dx for flow parameter ¢ .
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Figs. 2. 3(d). Variation of pressure gradientdp / dx for flow parameter y .
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Figs. 2. 6{a) - 2. 6(d). Stream lines for different values of ¢.
(a) for ¢ = 0.01(Ti0, + H,0), (b) for ¢ = 0.04(Ti0, + H,0), () for ¢ =
0.01(Cu0 + H,0), (d} for ¢ = 0.04(Cul + H,0), (e) for ¢ = 0.01(Si0, +
H,0), (f} for ¢ = 0.04(Si0, + H,0). The other parameters are ¢ = 2.0, w = n/4,
a=03,b=054=10 N=04 =003, y=02, Q, =04, M=10 and
K=1.0
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Figs.2.7(a) - 2.7(f). Stream lines for different values of §.

(a) for B =0.10(Ti0; + H,0}, (b) for § = 0.15(Ti0, + H,0), (¢} for § =
0.10(Cu@ + H,0),(d) for § = 0.15(Cu0 + H,0), (e) for = 0.10(Si0, + H,0),
(f) for f = 0.15(5i0, + H,0). The other parameters are @ = 2.0, w = /4, a =
03,6=05d=10,N=04,¢=004,y=02,Q, =04, M=10and K =
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2.4 Concluding remarks

In this chapter, key points are seen as:

il.

iii.

vi.

vil.

The impact of heat generation parameter on the pressure rise is minimum if
there should be an occurrence of silicon dioxide and water though the impact of
the parameter being a moderately larger than other two types of fluid.

The pressure rise is increasing with the increase of nanoparticle volume fraction
coefficient all through in the peristaltic co-pumping area for each of the three
sorts of fluid.

The thermal slip parameter does not put an extensive impact on pressure rise if
there should arise an occurrence of silicon dioxide and water.

The pressure gradient increases with increase in Hartmann number and porosity
parameter for every one of the three types of fluid.

Temperaturc i1s cxpansions as increment of volume fraction, most extreme
variation takes place for titanium oxide and water while, generally less variation
is appeared in copper oxide water and the shightest variation is appeared in
silicon oxide water.

It is observed that close to left and right wall velocity is increasing by the
increase of slip parameter,

It is seen that bolus turns out to be larger when it has given greater value of

nanoparticle volume fraction coefficient for each of the three types of fluid.
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Chapter 3

Porosity effect in peristalsis flow of

nanofluid with entropy generation

In this chapter, the peristaltic flow of nanofluid in vertical asymmetric porous channel
is analyzed. For the nanofluid, the two diverse nanoparticles copper and silver are used
as nanomaterial in water base fluid. Thermodynamic irreversibility is quantified
through entropy calculations. The effects of sundry parameters on entropy generation
and Bejan number are displayed for distinct nanofluid in graphical form. In addition,
the results of heat transfer coefficient and enhancement arc shown in tabular and bar

chart.

3.1 Mathematical formulation

Consider water based nanofluid flow containing copper (Cu) and silver (Ag)

nanoparticles in vertical asymmetric porous channel. The mathematical description of
geometry of the problem is shown in Fig. 2.1. After using the relations Eq. (2.8) and
nen-dimensional parameters Eq. (2.13). In the presence of porosity and entropy, the
governing Egs. (1.39), (1.41) and (1.55) (without using bars) for nanofluid take the

following forms

o Ov
—+—=0,
ox Oy
3 o8
dp _ af—!{#’“ {a—v+l]+6r( ,)”’ .
dx  u, & Hy oy (Pﬂ )f
@ _
dy 0,
2 2 z
k09, ﬂv(agf} ~o
k, oy H,
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where Br= — ' taking derivative of Eq. (3.2) with respect to y yields
k(1 -T,)
Huy Oy Mo (@}g(pﬁ )"’ngo (3.5)
i, a},d i, ayz Re (Pﬁ‘ )Jr ay .
The non-dimensional boundaries will take the following form
F oy
=—, —=—l, at :}. 3'6
2 y="n (3.6)
F oy
==, — ==\, at y=1,, 3.7
2 B y=n (3.7)
=0 aty=Hh, &= aty=h,. (3.8}
In the present chapter conductivity of nanofluid, Eq. (1.14) and the effective viscosity
of nanofluid Eq. (1.19) are considered. The thermo-physical properties [or pure water,
copper and silver are listed in table. (3.1).
Table 3.1. Thermal-physical properties of water and nanoparticles.
Physical Water Copper Silver
Propertics (H,0) (Cu) (4g)
p(kgm_j) 097.1 8933.0 10500.0
k(W /m-K) 0.613 401.0 4290
B (K")xl{)'s 21 1.67 1.89
Entropy generation can be defined as
ky [arjz [GTT Hoy [au)z (au}z (aw aw}z
S;=—||l—= |+ —=| (+—|2||— | +| —| |H|—+—| |+
I, \\éx oY T ax oY oxX &y
(3.9)
Hey 2
U+ly.
VA

Dimensionless form of the ¢ntropy generation with the help of Eq. (2.13) due to fluid

friction and magnetic field is given as



2 5 N2 2
N{:S—G:Kf[@] +£A(6‘:} +M_ (3.10)
S5, oy A\ A

The dimensionless form of S, is known as entropy generation number Ng which is the
ratio of actual entropy generation rate to the characteristic entropy transfer rate S¢_ |

which is defined as follows

k AT 7
S = 2— A=2T
’ Toa To

(3.11)

The total entropy generation in Eq. (3.10) can be written as

N.=N,+N, +N,, (3.12)
where Ny, is the he entropy generation due to heat transfer, Ng is the local entropy
generation due to fluid friction irreversibility and Ny is the entropy generation due to
porous medium in the fluid. Alternatively, another irreversibility parameter is the Bejan
number which is the ratio of heat transfer irreversibility to the total irreversibility due

to heat transfer, fluid friction and magnetic field. Mathematically,

B, =—=, (3.13)
where Bejan number ranges from 0 to 1.
3.2 Solution of the problem

The system of coupled nonlinear differential Eqs. (3.4) and (3.5) along with the
boundary conditions (3.6) — (3.8) are solved by the Mathematica package BVPh 2.0
which is based on the homotopy analysis method. In this package, we choose the

auxiliary linear operators and initial guess for the desire solutions as follow:

dy d’6
£ = , 5 )= - 3.
W)= £06)= (3.14)
~2(h —h ) (b — M by -
o 2RI
()=~ F(h? =ahh, + b +2(h +h )y -2y") (3.15)
Wu y 2(}’1-}!2)3 *
6, (=2 (3.16)

(h=h)
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So far, we have defined all the input of this problem properly, except the convergence-
control parameters C,[&] .

Usually, the optimal values of the convergence-control parameters are obtaned by

minimizing the squared residual error.

~J" Hy Oy ,u,,}, (@J_’_G (Pﬂ‘)nr 20 2
hy

2 4 N d},. (3‘1?)
Hy O ﬂ; &’ (o87) o

k, &8 sw )

Eﬁrj‘ Yo+ r‘“”’(“f) dy. (3.18)
koot o\
The results for velocity and temperature at second iterations of package are obtained as

W (p)=Cy+ Cy+Cept +Cop’ + Gy’ + Cy” +C 3" +Cy’, (3.19)
B(y) = Cy +Cppy+ Cpy ' +Coyy’ +Cosp* + oo y” +Cy* + Gy (3.20)

The coefficients €, — C,, can be obtained through routine calculation,

3.3 Results and discussion

In this section, all the obtained solutions graphically under the variations of various
pertinent parameters on the profiles of pressure gradient, temperature, velocity, entropy
generation number and Bejan number through Figs. 3.1(a) to 3.7(d) with water based
nanofluids contained Copper and Silver nanoparticles. The expression for the pressure rise
is calculated numerically using a Mathematica 9.0 software. The trapping bolus
phenomenon observing the flow behavior is also manipulated as well with the help of

streamlines graphs Figs. 3.8(a) to 3.10(c).

In the Figs. 3.1(a) — 3.1(b} we have shown the pressure rise. Fig. 3.1{a) represents
the effects of Brinkman number Br on the pressure rise against the flow rate @ for
different values of Br. It is noticed here that pressure rise is an increasing function with
the increases of Br throughout in the pumping region (dp > 0} at the same time, dp
will be decreasing as the Br increases in the augmented pumping region (4p < 0).
This can be viewed from Fig. 3. 1({b) that Ap will be showes opposite behavior for K
as we observed in Fig. 3.1(a). From Fig. 3. 2(a), one can see that pressure gradient
dp/dx 1s decreases by increasing the nmanoparticle volume fraction ¢ 1.e. more the

volume fraction lesser the pressure gradient for both type of nanoparticles copper and
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silver. The variation of porosity parameter K on pressure gradient is shown in Fig,
3.2(b), it shows that pressure gradient is increasing on an increase in K for all three
types of fluid it is also observed that pressure gradient is least in case of pure water
whereas the effect of K is relatively larger in the cases of copper water and silver water
fluid. When we observe Fig. 3. 2(¢) we have obscerved that by increasing Br, pressure

gradient is increasing.

The Fig. 3.3(a) presents the effects of temperature 8 for the different values of volume
fraction ¢ it is observed that as we increases the ¢ temperature also increase for both
type of fluid copper water and silver watcr but the impact of silver water fluid 1s greater
than the copper water fluid it is may due to maximum thermal conductivity of silver is
caused of maximum temperature, we presented the Fig. 3.3(b) to show the behavior of
temperature profile with the effect of Brinkman number Br the temperature 8 increases
as the increases of Br for all three cases of study, the impact in the case of pure water
is least. The Fig. 3.4(a) presents the effects of velocity u for the differcnt values of
volume fraction ¢ it is observed that thise figure are prepare within range of particle
volume fraction 1% < ¢ < 4%, as the requirement of Eqn. 1.17 we see from the figure
that as we increases the ¢ velocity also increases, we presented the Fig. 3.4(b) to show
the behavior of velocity profile with the effect of porosity parameter K it is observed
that near the left wall velocity profile decreasing by increases of K but near the right
wall we noticed the opposite behavior of velocity profile. We can see the impact of
parameters Gr on the variation of velocity from Fig. 3.4(c). It is noted that velocity is
decreases as increases of Gr near the left wall of the channel while the opposite behavior
is noticed near the right wall of the channel it is also observed that impact of Gr on
velocity considerably least as the case of pure water as compare of copper and silver

water fluid.

We have presented the Figs.3.5(a) —3.5(c} to obtain the variation of entropy
generation number Ns for varying the magnitude of the parameters K, A and Br. From
Fig. 3.5(a) it depicts that Ns is increasing with increase porosity parameter K. Figs
3.5(b) shows the higher value of A displays least entropy and 3.5(¢) shows that N5 is
directly proportional Br throughout the channel for all three types of fluid the impact

of copper water and silver water is observed more than pure water.
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Figs. 3.6(a) — 3.6(c) are prepared to analyze the Bejan number with respect to change
in different physical constraints involved. Fig.3.6(a) depicts that with the increase in
K, there is a decrease in Bejan number. Fig. 3.6(b) shows the variation of Bejan number
for cifferent values of A,we see that Bejan number is increasing by increase in the
values of A, Fig. 3.6(c) shows that there is an opposite behavior for Br as we see for
A. The effect of porosity parameter K on the trapping is illustrated in Figs. 3.7(a) —
3.9(c). In these figure, we kept all parameter fixedas a =01, 5 =05, d =10 =

T

25w = P Br = 0.3and Gr = 2. Figs. 3.7(a) — 3.7(c) show the streamlines with
three values of K (K = 1.7, K = 2.4, K = 2.8) for pure water. It is noticed that bolus
becomes larger when we pive greater values of K. Figs. 3.8(a) — 3.8{c) show the
streamlines for H,0 + Cu and it is noticed that boluses becomes large for higher values
of porosily parameter K. Further, more trapped bolus appears with increasing
permeability parameter K. Figs. 3.9(a) — 3.9(c¢) shows the streamlines for H,0 + Ag,
one can observed that size of bolus becomes large as large values of K, from all these

Figures it 1s important to noticed that boluses formation is not symmetric about the

central line of the channel.

The dimensionless form of heat transfer coetticient h = —Kfﬂ’(O) , numetrically
results in the tables 3.2 to 3.3 illustrate the effects of particles volume fraction and
porosity parameter on the heat transfer coefficient. These tables are repaired by fixing

the parametersasa =01, b =05,d =10 = 05w = g. Br=03and Gr = 1. The

table 3.2 depicts that when volume fraction of nanoparticles suspension in the base fluid
15 increased heat transfer rate, 1.e., when we choose silver and copper nanoparticles,
heat transfer rate of water is improve for copper 30.59% ,33.75% and 35.89 %
corresponding to 1%, 2.5% and 4% particles volume fraction respectively similarly
for silver nanoparticles 31.84% ,34.93% and 37.04 % corresponding to 1%, 2.5% and
4% particles volume fraction shown in the form of bar chart 3.1.The effect of porosity
parameter on heat transfer coefficient in table 3.3. In this table, we analysis that heat
transfer decreased with the enhancement of porosity parameter. We also examine that
in the case silver particles heat transfer are more rapidly decreased as compare to copper

water case shown pictorially in the form of bar chart 3.2,
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Figs. 3.9(a) — 3.9(c): Stream lines of H20 + Ag for different values of K.

(@) for= 17, (b) for K =24, (c)tor K=28.
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Table 3.2. Effect of volume fraction on Heat transfer cocfficient.

Nano particles

¢ Silver Copper
E - \!J
2 B 0% 039 0.39
g 2 1%
o~ 0.572211 0.561904
[~ = 0
r O 25% 059037 0.588702
4%
0.619394  0.608352

Table 3.3. Effect of porosity parameter on Heat transfer coefficient.
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Fluids

K Pure Silver Copper
& = water water water
2 &
£ 503
= = ’ D.38519 0.35191 0.35191
g & 1.0
= ¢ 0.37463  0.34806  0.34806

1.5 0.36072 0.342 0.342

-1 -05% o



40 G0
35 0¢
3060
2500
.00
15 08
L6 Q0

500

0.00

Enhancement %

1% 2.5% 4%,

Nana Particle Yolume Firction

Copper & Silver

Bar chart 3.1. The Enhancement in heat transfer rate of water by particle volume

fraction.
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Bar chart 3. 2. The Deterioration in heat transfer rate by porosity parameter.

In order to validate the nanofluid properties, the thermal conductivity of water was
calculated from Eq. (1.14) at temperatures of 288.15 K, 298.15 K and 308.15 K. Then,
the calculated data of water were compared with the reference data presented in the
standard textbook [79]. As shown in Fig. 3.10, the results show that the measurcd data
gave reasonable agreement with the reference data. Furthermore, the results also show
that the uncertainty of the thermal conductivity measurement is approximately 3.5%.
The thermal conductivity of Ag-water as a function of particle volume concentration
and temperature compared with the reference data presented in [80] is shown in Fig.
3.11. The thermal conductivity of the nanofluid is observed to increase with an increase

in temperature and particle volume concentration. The minimum enhancement for ¢ =
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0.6% and a maximum enhancement for ¢¢ = 0.6% are observed when compared with
pure water for the same temperaturc. Fig. 3.12 shows a comparison of calculated
conductivity of nanofluids of Eq. (1.19) with the reference data presented in [80]. The
viscosity of the nanofluid increases with an increase in particle volume concentration

and decreases with an increase in the temperaturc,
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Fig. 3. 10: Comparison of the thermal conductivity between calculated data Eq. (1.14)
and standard data [79].
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Fig. 3.11: Comparison of the Thermal conductivity of silver-water nanofluids as a

function of temperature and volume fraction between calculated data Eq. (1.14) and

reference data [80].
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Fig. 3. 12: Comparison of the viscosity of silver-water nanofluids as a function of
temperature and volume fraction between calculated data Eq. (1.19) and reference
data [90].

3.4 Concluding remarks

In this chapter we discuss the Interaction of copper and silver nanoparticle with base

fluid water for the peristaltic flow in porous vertical channel, key points are observed

as follows.

it.

.

v.

vi.

It is observed that pressure gradient is least in case of pure water whereas the
effect of porosity parameter is relatively larger in the cases of copper water and
silver water fluid.

[t is observed that near the left wall velocity profile decreasing by increases of
porosity parameter but near the right wall we noticed the opposite behavior of
velocity profile.

It is observed that as increases of nano particle volume fraction the temperature
also increase for both type of fluid copper water and silver water but the impact
of silver water fluid is greater than the copper water fluid.

It is observed that entropy generation number is directly proportional to the
Brickman number throughout the channel for all three types of fluids the impact
of copper water and silver water is observed more than the pure water.

[t is obscrved that nanoparticles suspension in the base fluid is increased heat
transfer rate.

It 13 observed that heat transfer shows deterioration effect with the enhancement of

porosity parameter.
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Chapter 4

Interaction of nanoparticles for the
peristaltic flow in an asymmetric channel

with the induced magnetic field

In this chapter, collaboration of nanoparticle copper with the base fluid water in an
asymmetric channel in the presence of induced magnetic field is examined. The
complexity of equations describing the flow of nanofluid is reduced through applying
the low Reynolds number and long wavelength approximations. Exact solutions have
been obtained from the resulting equation. The obtained expressions for velocity and
temperature phenomenon are sketched through graphs. The resulting relations for
pressure gradient and pressure rise are plotted for various pertinent parameters, The

streamlines are drawn for some physical quantities to discuss the trapping phenomenon.

4,1 Mathematical formulation

Consider water based nanofluid flow containing copper {Cit} in verticat asymmetric

channel. The mathematical description of geometry of the problem is shown in Fig, 2.1,
After using the relations Eq. (2.8) and non-dimensional parameters Eq. (2.13) In the
presence of induced magnetic field, the governing Eqgs. (1.39), (1.41), (1.45) and {1.53)

(without using bars) for nanofluid take the following form as

ou ov

_+_=.0.,

oy

; pB

@ _ ﬁ@_u:+ ReS'® +—( )"" Gré,
dx u, & (Pﬁ )1r

@ _,

dy
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a};
: k
99 02 -0,
an- km‘
where &= 7 LR =oudge, S = A £ putting Eq. (4.4) into Eq. (4.2), we
H,d, GNP
obtamn

d_P:ﬁf“"T+Reszm(.ﬁ—fﬂJ+(p—mf’—Gr6’-
dc  u, Oy Ay (»0)!'3’)I

Taking derivative of Eq. (4.6) with respect to y , we get

4 2 P
By TV | ReS?R (_aw}r( )nf a2 ¢

Ju’r Qv‘ I “'m a z (pﬁ.)f ay
The non-dimensional boundaries are
F  dy
=—, — = —I’ t =
V= o at y=~h
F ¢
=——, ——==1at y=h
4 2 o y==a

6=0 aty=h, 6=1 aty=nh,
®=0 aty=4#, ®=0 aty=h,
The pressure rise Ap in non-dimensional form is defined in Eq. (2.26), axial induced

magnetic /2. and current density J. in non-dimensional form are defined as

h.=a£,
%

J. =—ah'.
oy

In this chapter conductivity of nanofluid and the cffective viscosity of nanofluid given
in Egs. (1.12) and (1.10) have been used, thermal physical properties of water and

nanoparticles at defined in table 3.1.
4.2  Solution of the problem

The exact solutions of the Eqs. (4.4), (4.5) and (4.7) corresponding to associative

boundary conditions given in Eqs. (4.8) — (4.11) are calculates as
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Integrating twice Eq. (4.5) with respectto y
6(y)=C, cos[Cyyy]+ G, sin [Czqy] .

FAZ

for simplicity we choose C,, = ., Cy, and C;, are constant of integration

k

nf

which are calculating by using the boundary condition (4.10) as

C,, =—cos [Czo}H]CSC[Cw (hl - h"_ )] ’
Cyy =cs¢[ Cu (B - B, ) Isin[Colr ],

Similarly integrating Eq. (4.7) with respect to y we get

((C\S )COSh[Cu}’] + (C-.", )sinh [C“y])
+
CHI ¥
C,, (—cos[yC“]C,‘, +sin[¥C,, ]G, )

';V{.V) =), + yCy +

where the constants (, —C,, are defined as

JC. C
C,, =ReSIR,, C), ==, Cy, = d :
3 T ReS I, Ly (—64 4 ng(C4C;9+Cn)

Using the boundary conditions (4.8) — (4.9) we obtain the constants of integration as

61

(4.14)

(4.15)

(4.16)

417

(4.18)



G, =

C.s'f:h[l(i'33 (A —h, )}Cn
2sin| o - wles
cos[ o (1 +hy )]Cw

—sin[ Colh + 0, )}
_smh[Cﬂhl]+Slnh[C3,h:]+]
H COSh[CB}h]Cn (}'1 _hz)

_[cosh [cnhl]—]

cosh[Cyyh, |
C,F+

+G,C
I+ C\Cy [Jrcos[czghl]czg(h, ~hy)

[005 [Cool] - cos[Cry ] +} _h
P sin[Cuh [Cos (B =) )

~sin [ngf‘ﬁ ] +sin [Czohz ]} +

2 —Zsinhl%C,,(hq *hz)]"

cm;h[li(l'33 (b —h, )} Cyy(h—h)
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Csch[; Cn (;11 - hz )] C]-J

sh{Cuh |-
[ 8 [Cuh ] Sin[lC’zq(h,—f?g]]
cosh[C,h, ] 2

|
- COS[iCB (h'l +h2)]C30
CyCi

_sin[% Coolly +h, )]C;,

cec sin[Cyyh, |

+

o cos[nghz]sinh[Cﬂh,]-
cos[Cy,/y Jsinh [Cyyh, |

_(sin[Czqh]—][Siﬂh[Cn}ﬁ]*J_I_

sinh[C;h, |

Jc‘zu (h1 _hz)

Csa =

| =

- +{cos[Coohy |Gy —sin [Cyoh ] Cy ) Gy +

o=

C.. = sin [CZ‘,h, ] - cos [thl ] -
¥ Cy ‘ Cy + C,u ¢
sin[Cyh, | cos[C.yh, |

sinh [Cy -
“ cosh [Csshl ] Cyh,

(2[—25inh[; C,y (b ~h, )]+cosh[%€n (h —h, ]]C,ﬂ (A —hz)h ,

J ,

(cosh[C33h1 ]— cosh [C33f5 ])
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f !

2] 16, (1 - )]G )

sin[Cyhy |+ cos[Coohy | +
2+C, C, + c, |c., +
C, = sin[Cyoft, | cos[Cyhts |
colh{ Cys (1 —h, )J 5
cos| Coohy |-
+[ [ 29}11] )Caocn

cos[Cuh, |

_[Sin[th,]—}C c

sin[Cyuh, |

For finding the magnetic force function integrating two time of Eq. (4.4) with respect
to y we get
sin[yCy | €y, +c0s[ vy | Cpp —sinh [ yC, ] €y, -
®(y)= Loy 1o
cosh|[yCy, ]Cpy + Coy + ¥Cos +—2-Ey R, - 57 CuR,

where the constants

C,R R R
Cy,- - C]ﬂcl-l 0 , qu — C3lgl-1 n ) C“ — C'ECS‘J ™
9 29 3

,Cp =
Using the boundary conditions (4.11) in Eq. (4.23) obtain the constant of integration as

sin[Cy,h, |Gy + €08 [Coyhy | Coy -
~h, | sinh[Cy, 1| C,, —cosh[Cpuhy |Cyp + |+

1
| EEU:1 R, —~2-C_\thRm
sin[Cyyh, |Gy +¢08[Coghy | Cyg -
i | sinh[Cy 4, | C,, - cosh[Cpuh, |Cp +

% Elhl'sz - %Cﬂih; Rm

(4.22)

(4.23)
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2sin[Cyyhy |Gy —28in[Cyyh. |Gy +
2005[Coghy |Cyp —2€08[ Crohty | Cp =
Cy = ———| 2sinh[Cy, 4 |C,, + 2sinh]Cy ik, |G, -
2¢cosh[Ch |Cyy +2c0sh[Cyh, }C,y +
ERIR,~CohIR —ER R, +CyhiR,

The mean volume flow rate Q over one period is given in Eq. (2.31) and pressure
gradient dp/ dx,axial induced magnetic /, and current density J. are obtained as

(0.5 -0.25C,, FXcosh(C b —2 A4k, ) ~sinh(Cy by — 2.C,,8,)0) +
(-0.25C,,F = 0.5s3inh{2C 4 — Cpuhy } +cosh(QCuA = Co N +
{0.25C, F + 1.5)(sinh{Cyy ) + cosh(Cyy b)) +
dp  {0.25C,F —1.5)(sinh{Cy;h, )+ cosh(C;h, }}
o (sinh(C,u /e ) + 1 €osh(C,, 1y ) - sinh(Cysh, ) —)
cosh(C,,, )H—0.5C, b, sinh(Cy A — Cy 1y ) +)
0.5C,k, SINK(C,,h, — Cyyhy ) + cosh(Cphy — Cuhy) - 1))

h = COS[,VCN ] CyCyy —sin [.}'Czq ]Cza Cio -
cosh [J'Cu ]CuCy —sinh [“’Cn |CuCy + Cyy + EyR, = YC R,
J. =si[ yCo | ChCro +c08[¥Cys JCHCp +
sinh [ yC,, |5,y + cosh[VCy, | CLC,, = ER, +C\R,,.

4.3 Results and discussion

In this section, the impacts of various physical parameters, on the pressure rise, pressure
gradient, temperature, axial induced magnetic field hy, current density j, and the
velocity profiles for copper nanofiuid and pure water fluid with the assistance of
graphical results showed in Figs. 4,1(a) - 4.6(b). The expression for the pressure rise
is ascertained numerically utilizing a mathematics software. The wrapping phenomena
in the Figs. 4.7(a) - 4.9(d).

Fig. 4.1(a) expresses the impacts of ¢ on the pressure rise. It 1s seen here that pressure
rise is an expanding capacity with the expansions of ¢ all through in the retrograde
pumping rcgion In the Figs. 4.1(d) - 4.1(c), it is measured that Ap gets diminished
with the expanding impacts of $;and R,,, for both copper water and pure water cases
in the retrograde locale. From Fig. 4.2(a), it can be seen that pressure gradient

diminishes as nanoparticle volume fraction is increased. The vanation of the §; and R,
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have the same conduct on pressure gradient graph, the both show expanding pattern as
parameters worth builds see Figs. 4.2(b) and 4.2(c¢) for both the cases, coppet-water
and pure water. The contrast between copper nanofluid and pure water fluid is that the
copper nanofluid contains more pressure than the pure water. it can see the effect of
parameters local temperature Grashof number Gr on the variation of dp/dx from Fig.
4.2(d), at the point when every single other parameter are kept settled. It is noticed that
pressure gradient diminishes as Gr increments. o as to see the contrast between copper
nanofluid and pure water, constructed the table. 4.1. Grashof number Gr and other flow
parameters arc altered as d =10, a =02, @ =03, R, =10, =04, 0=
7/6. Re = 1.0. From table.4.2 it has watch that the copper water and unadulterated
water, both give us diminishing estimations of pressure gradient as expand the
estimation of Gr. Fig. 4.3(a) presents the impacts of temperature 6 for the distinctive
estimations of ¢ one can see that as expansion the ¢, temperature additionally
increments, exhibited the Fig. 4.3(b) to demonstrate the conduct of temperature profile
with the impact of heat generation parameter g, the temperature 6 increments with an
expansion of @ for both copper-water and pure water cases. The distinction between
these can be seen from the table 4.3, It is seen from Fig. 4.4(a) that velocity profile
diminishes close to both dividers of divect however increments in the focal point of the
divert with expansion in the estimation of ¢. To see the conduct of velocity profile u
for the instances of copper water and unadulterated water with the varietion of Ry,and
S, showed in the Figs. 4.4(b) and 4.4(c).Velocity profile u increments close to the
dividers of diverts however amidst the channel, velocity diminishes by expansion in

R,, and 5, separately.

Fig.4.4(d) is drawn to acquire the variation of u for differing the magnitude of the
parameters Gr. The Fig.4.4{d) delincates that in the event of copper nanofluid there
are demonstrated three stages in the channel i.e., left divider, focal point of divider and
right divider, be that as it may, for the pure water case there are two stages i.e., from
left to the middle, and from focus to one side. [t can watched that if there should be an
occurrence of copper water velocity is reductions in the first and third stage i.e., close
to one side divider and right divider separately with an expansion of Gr.In the focal
point of channel, the estimation of velocity goes to the most extreme level. In the event
of pure water, velocity profile increments from the left mass of channel to the focal

point of channel on expansion of Gr. Yet, inverse conduct is seen from focus of the
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channel to the right divider. Breaking down this contrast between copper water and
unadulterated water numerically, it has drawn a table 4.4. . Fig.4.4(e) talks about the
practices of Qg.0n u versus y for both, copper water and unadulterated water. One can
see that velocity profile does not change to awesome degree as contrast with copper
water liquid. It can be seen that velocity is cxpanding by expansion in Qq. Figs. 4.5(a)
and 4.5(b) demonstrate the variations of magnetic Reynolds and Stommer’s number on
an axial induced magnetic field A, versus y. It is fascinating to note that in the half
district of the channel, the induced magnetic field is in one course. Notwithstanding, it
is the other way in the other half district of the channel. The Fig. 4.5(a) shows that
magnitude of &, increases R, increases from divider 2, to the center of channel, yet the
diminishing pattem is seen in the other portion of the channel keeping R, increased.
Then again, the impacts of Sy on h, are very inverse in examination to Rp,. It has
likewise displayed the tables 4.5 and 4.6, to demonstrate this distinction in copper
nanofluid and pure water. In Figs. 4.6{a) and 4.6(b) the current density j,is appeared
as an element of y for three distinct estimations of R,;; and 5, both of these figures are
of of parabolic type, In the both figures the magnitude of j, declines as the estimations
of R,, and S, increase. Figs. 4.7(a) — 4.7(d) demonstrates the streamliines for the
different estimations of the paramcter ¢. It is noticed that belus tums out to be huge
when it give more noteworthy qualities to the value of ¢. Fig 4.7(a) — 4.7(d) is drawn
for the nano copper fluid it can be see that bolus turns out to be small when it give more
noteworthy estimations of Gr where one can saw that from Fig.4.8(a) — 4.8(d) on
account of pure water, number of catching bolus is diminishing with expanding and in

addition size of bolus additionally diminishes.
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Table 4.1. Numcrical values of pressure gradient dp / dx for different values of Gr.

Gr=4.0 Gr=6.0 Gr=38.0
Cu+H,0 H,0 Cu+H.O H,0 Cu+H,0 H,0

X $=02 =00 | ¢=02 ¢=00 =02 ¢=00
-4.0 -5.50196  -5.6484 -4.0911 -4.1563 -5.7369 -6.0299
35 -6.1127  -6.2600 | -44551  -4.5206 | -6.3443  -6.6389
-3.0 -5.5339 -5.6805 -4.1104 -4.1756 -5.7687 -6.0618
-2.5 -4,3405 -4.4844 -3,3728 -3.4368 -4.5855 -4.8733
-2.0 -3.3217  -3459% | -2.7004  -2.7619 | -35852  -3.86l16
-1.5 -2.6873 -2.8156 -2,2481 -2.3053 -2.9770 -3.2337
-1.0 23576 24735 | -1.9950  -2.0468 | -2.6757  -2.9073
-0.5 -2.2332 -2.3404 -1.8940 -1.9421 -2,5687 -2.7832
0.0 -2.2633 -2.3730 -1.9188 -1.9680 -2.5940 -2.8133
0.5 24612 25821 | -2.0764  -2.1304 | -2.7682  -3.0101
1.0 -2.9002 -3.0330 -2.4039 -2.4630 -3.1786 -3.4442
1.5 -3.6871 -3.8281 | -29476  -3.0103 | -39422  -42240
2.0 -4.3332 -4.9784 -3.6824 -3.7470 -5.0731 -5.3636
2.5 -5.8966 -6.0437 -4.3272 -4.3926 -6.1292 -6.4234
3.0 -5.9987  -6.1459 . -43878  -44532 | -62308  -6.5252
3.5 -5.0330 -5.1793 -3.8061 -3.8709 -5.2718 -5.5632
4.0 -3.8531 -3.9950 | -3.0574  -3.1205 | -4.1051 -4,3888
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Table 4. 2. Numerical values of temperature 8 for different values of 0.

0, =04 0,=06 0,=08
Cu+H,0 H,0O Cu+H,0 H,0 Cu+H,0 H0
y $=02 ¢=0.0 $=02  ¢=00 ¢=02 ¢=00

-1.21 1.0000 1.0000 1.0000 1.0000 1.0000 1.6000
-0.81 0.8685 0.8583 0.9098 0.8866 0.9582 0.9181
-0.41 0.7180 0.7029 0.7797 0.7449 0.8536 0.7924
0.0} 0.5518 0.5363 0.6156 0.5795 0.6931 0.6288
0.38 0.3734 0.3612 0.4245 0.3955 0.4871 0.4351
0.78 0.1869 0.1802 0.2148 0.1989 0.2492 0.2206

Table 4. 3. Numecrical values of velocity ¢ for different values of Gr.

Gr=20 Gr=40 Gr=60
Cu+H,0 H,0 |Cu+H,0 H0 Cu+H,0 H,0

y $=02  ¢=00 | $=02 ¢=00 | ¢=02 $=00
121 | -1.0000  -1.0000 | -1.0000  -1.0000 | -1.0000  -1.0000
091 | 05097  -02750 | -0.7042 02347 | -08986  -0.1945
061 | 01199 01929 | 01067 02526 | 00934 03123
031 | 06023 04379 | 08184 04895 | 10345 05412
001 | 07596 04853 | 10525 05039 | 13454 05225
028 | 05395 03540 | 06970 03261 | 08546  0.2981
058 | 00202 00569 | -0.0836 -0.0104 | -0.1876  -0.0777
088 | -0.5966  -0.3996 | -0.8635  -0.4696 | -1.1304  -0.5396
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Table 4. 4. Numerical values of velocity # for different values of ¢, .

Qo =0.4 Qn =0.6 Qﬂ, =08

Cu+H,0 1,0 Cu+H,0 H,0 Cu+H,O0 H,0
v ¢=02 ¢=00 | =02 ¢=00 =02  $=00

-1.21 -1.0000 -1.0000 -1.0000 -1.0000 -1.0000 -1.0600
-0.91 -0.1149 -0.0980 -0.1072 -0.1046 -0.0569 -0.1153
-0.61 0.2039 0.2545 0.2269 0.2566 0.2992 0.2581
-0.31 0.2875 0.3575 0.3123 0.3675 0.3634 0.3811

-0.01 0.2796 0.3354 0.2910 0.3465 0.2912 0.3629
0.28 0.2272 0.2307 0.2181 0.2357 0.1678 0.2439
0.58 0.1041 0.0347 0.0782 0.0293 0.0065 0.0229
0.88 -0.2130 -0.3219 -0.2405 -0.3340 -0.2923 -0.3506

Table 4.5. Numerical values of axial induced magnetic field &, for different values of

R =10 R =20 R =30

Cu+H,0 H,O Cu+H,0 H,O Cu+H,0 H,0
y $=02 ¢=00 | ¢=02 ¢=00 $=02  $=00

-1.21 0.000 0.0000 0.00060 0.0000 0.0000 0.0000
-0.91 0.3242 0.1662 0.3058 0.1570 0.2860 0.1471
-0.61 0.3976 0.1847 0.3650 0.1700 0.3308 0.1545
-0.31 0.2485 0.1068 0.2249 0.0969 0.2004 0.0866
-0.01 -0.0153 -0.0116 -0.0130 -0.0098 -0.0109 -0.0081
0.28 -0.2715 -0.1244 -0.2446 -0.1119 -0.2171 -0.0992
0.58 -0.4000 -0.1868 -0.3674 -0.1721 -0.3333 -0.1565
0.88 -0.3010 -0.1487 -0.2860 -0.1421 -0.2695 -0.1347
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Table 4. 6. Numerical values of axial induced magnetic field 4, for different values of

R

mt

R =10 R =20 R,=3.0

L] m

Cu+H,O0 H,0 Cu+H,0 H,O Cu+H,0 HQO
y ¢=0.2 ¢ =00 $=02 ¢=00 $=02 =00

-1.21 0.000 0.0000 0.0000 0.0000 0.0000 0.0000
-0.91 0.3242 0.1662 0.3058 0.1570 0.2860 0.1471
-0.61 | 0.3976 0.1847 0.3650 0.1700 0.3308 0.1545
031 02485 0.1068 0.2249 0.0969 0.2004 0.0866
-0.01 -0.0153 -0.0116 -0.0130 -0.0098 -0.0109 -0.0081
0.28 -0.2715 -0.1244 -(.2446 01119 -0.2171 -0.0992
0.58 -0.4000 -0.1868 -0.3674 -0.1721 -0.3333 -0.1565
0.88 -0.3010 -0.1487 -0.2860 -0.1421 -0.2695 -0.1347

Oy = 0.3, Re = 10, .
N oR-105,-200 :?"', N
Ma=026=04d=-1006r-10 RN
e 0 i 3 :
0

Figs. 4.1(a). Varnation of pressure rise Ap for flow parameter ¢,
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Figs. 4. 1(b). Variation of pressure rise Ap for flow parameter S, .
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Figs. 4. 1{c). Variation of pressure rise Ap for flow parameter R, .
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Figs. 4. 2(a). Variation of pressure gradientdp/ dx for flow parameter ¢ .
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0=-200,=03Re=10,
v
R =10, Gr=4.0 ¢ =E,

a=02b=04,d=108=02
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x

Figs. 4.2(b). Variation of pressure gradient dp / dx for flow parameter S, .

Cu+H,0

Pure Water
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Ry =210
R =30

P=-200,=03 Re=10, 3
7
§; =20 Gr=40. (J———?,
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Figs. 4. 2(¢). Variation of pressurc gradicntdp / dx for flow parameter R .

— Cu+H;0

Pura Water

dpfdy

0=-200;=03 Re=10"H
R,,,:;a,sﬁzo_u:g

=02b=04d=108=02
1 ) 0 2 1

X

Figs. 4.2(d). Variation of pressure gradientdp / dx for flow parameter Gr.
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Figs. 4.3(a). Variation of temperature profile & for flow parameters ¢.
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Figs. 4.3(b). Variation of temperature profile & for flow parameters {J,.

PR ' o=0 1\'

4 \ 5

i / \ Q-O.Z!_
f . --‘». Y ;

7 , \ @-0-3:

1 B $=0.4§

)
[

-ty 0 =2 0,=08 Re =20, r‘:‘ .

NS Besresiziow=g [N

=2 ~_ 7 - . /
- arﬂf.b:GJ,d:IO.Gr: 0. -

10 05 0.0 0.5 10
v

Figs. 4.4(a). Varniation of velocity profile & with for flow parameter ¢ .
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Rm =10 Gr=20w :%,
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Figs. 4. 4(b). Variation of velocity profile t¢ with for flow parameter S, .
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Figs. 4.4(c). Variation of velocity profile # with for flow parameter R,
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Figs. 4. 4(el). Variation of velocity profile # with for flow parameter G, .
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Figs. 4. 4(e). Variation of velocity profile & with for flow paramcter .
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Figs. 4. 5(a). Variation of axial induced magnetic field 4 for different parameter R, .
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Figs. 4. 5(b). Variation of axial induced magnetic field # _for different parameter S, .
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Figs. 4. 6{a). Variation of current density J, for flow parameter K.
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Figs. 4.6(b). Variation of current density J_ for flow parameter S, .
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-20-1.5-1.0-4.50.0 0.5 1.0 1.5
Vv

© (@)
Figs.4.7(a)- 4.7(d). Stream lines of copper water fluid for different values of ¢.
(a) for ¢ = 0.1, (b) for ¢ =0.2, (c) for ¢ =0.3, (d)for ¢ = 0.4.The other
parameters are ¢ = 2.0, w =03, a=02, b =03, d =10, 6r =10, R, = 1.0,
§, =2.0,Re =10and Q, = 0.1.
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—20-15-10-050.0 0.5 1.0 1.5 —20-1.5-1.0-0500 05 1.0 1.5

J.’ J?
() (d)
Figs. 4.8(a)- 4.8(d). Stream lines of copper water fluid for different values of Gr.

(@) for Gr = 1.0, (b) for Gr = 2.0, (c) for Gr = 3.0, (d) for Gr = 4.0.The other
parametersarc @ = 2.0, w = 03,a =0.2,b =04,d = 10,6 =04,R,;, =10,5, =
2.0,Re=1.0and @, = 0.1
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Figs. 4.9(a)- 4.9(d). Stream lines of pure water for different values of Gr.

(@) for Gr = 1.0, (b) for Gr = 2.0, (c) for Gr = 3.0, (d) for Gr = 4.0.The other
parametersare ¢ = 2.0, w = 0.3,a = 0.2, = 0.4,d = 1.0,¢ = 0.0, R, = 1.0, 5, =
2.0,Re = 1.0 and @, = 0.1.

80



4.4 Concluding remarks

In this chapter the communication of nanoparticles for the peristaltic flow with induced

magnetic field is investigated. Key focuses are seen as

i.

ii,

il

1v.

vi.

vil.

VIl

It is seen that pressure rise is an expanding capacity with the expansions of
nanopatticle volume fraction all through in the retrograde pumping area.

It is measured that pressure rise gets diminished with the expanding impacts of
Stommer's and magnetic Reynolds number for both copper water and
unadulterated water.

The variation of the magnetic Reynolds gives the same conduct on pressure
gradient for both copper water and pure waler.

It is noticed that value of pressure gradient is reductions as expansions of
Grashof number.

For the distinctive estimations of volume fraction, it can see that as expansions
the volume fraction temperature likewise increments.

Temperature profile increments as the expansions of heat generation parameter
for both copper water and pure water ¢ases.

It is watched that if there should be an occurrence of copper water velocity is
reductions in the first and third phase i.e., close to one side divider and right
divider individually with an expansion of Grashof number. In the focal point of
channel, the estimation of velocity goes to the extreme level. If there should
arise an occurrence of unadulterated water, velocity profile increments from the
left wall of channel to the focal point of channel on expansion of Grashof
number. Be that as it may, inverse conduct is seen from focal point of the
channel to the nght divider.

It is noticed that bolus turns out to be huge when it has given more noteworthy
qualities to the volume fraction,

1t can be seen that bolus turns out to be small when it has given more prominent

estimnations of Grashof number.
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Chapter 5

Influence of induced magnetic field and heat
flux with the suspension of carbon nanotubes
for the peristaltic flow in a permeable

channel

This chapter is intended for investigating the effects of heat flux and induced magnetic
field for the peristaltic flow of single and multiwall carbon nanotubes with the base
fluid water in the symmelric vertical permeable channel. Mathematical modeling is
based upon continuity, momentum, energy and magnetic induction equations. The
obtained expressions for pressure gradient, pressure rise, temperature, axial magnetic
field, current density and velocity phenomenon are described through graphs for

various pertinent parameters.
8.1 Mathematical formulation

Consider water based nanofluid flow containing SWCNT and MWCNT with in vertical
symmetric permeable channel. The mathematical description of geometry of the
problem is shown in Fig. 2.1 using the relations Eq. (2.8) and non-dimensional
parameters Eq. {(2.13) In the presence of induced magnetic field, the goveming Eqs.

(1.39), (1.41) (1.45) and (1.53) {without using bars) for nanofluid take the final form as

_+_=0’
or oy
3 o)
d_p:a'{ _] 25 +R Sfcbh_'_g_____.)nf 695
dx '\ (1-9) (o),
d_,
dy
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»

k 2
[ ni —N]Q"’Qﬂ =0 5.9

Putting Eq. (5.4) into Eq. (5.2) we get

o ,=R,,,( ——ai], (5.4)

: o5
dﬁzgg[ﬁJ+ Regf,qﬁ[g-?ﬂ}-( *)"" Gro. (5.6)
& ¥\ &) (o),
Taking derivative of Eq. (5.6) with respect to y, we have
3 2 i
g ‘f(”—"’}LReSERM[—a ";JJ ‘)"” 6r% -0 (5.7)
»* |\ n, 5 ) or) o
The non-dimensional boundaries are
oy
W‘—'O, ?20, at y=0 (58)
D 2
w=F, a—“’:-1——“ﬂ"—""z’.,m y=h (5.9)
o a oy
06
— =0 aty=0, &=0 aty=h, 5.10
£y {5.10)
%‘3:0 aty=0, @®=0 aty==~A {5.11H)

The pressure rise Ap, axial induced magnetic /, and current density J in non-
dimensional form is defined in Eqgs. (2.26), (4.12) and (4.13) respectively. In present
chapter conductivity of nanofluid Eq. (1.24) and the effective viscosity of nanofluid Eq.
(1.21) are used, thermal physical properties of water and nanoparticles defined in table
5.1.
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Table 5.1. Thenmal-physical properties of water and nanoparticles.

Physical Walter SWCNT  MWONT
Properties (H,0)

pkgm ) 997.1 2600 1600

¢, (kg'K') 4179 425 796
k(Wim-K) 0613 6600 3000

B (K')x10° 210 2.6 2.8

5.2  Solution of the problem

The exact solutions of the Eqs. (5.4), (5.5) and (5.7) using boundary conditions given
in Eqs. (5.8) - (5.11) are found as follows:

. an,r (yz _hz)

g = (5.17)
W)=, K,
(Ce -—C,ﬁ)sinh({@i'\'ﬁgﬁ%
'kf (CdS_C46)6Nﬂfpj-unf “ +GFQDy3:ufﬁnfpnf -
(Cer +C‘,s)cosh(®%“?‘m—‘”)
(s o EpEy G19
) 68, p k.t (C43_C47)Smh(_ﬁ ]"’(Cq‘,f +643)C05h(——--m g ))
wi\y)= +
6ReS! B, 1,0, R, Nk, —k, )
+C5, v+ e

The mean volume flow rate @ over one period is given in Eq. (2.31) and pressure

gradient dp /dx,axial induced magnetic %, and current density J, are elaborated as
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6ReS S, p, R, (D, FReS 1, R, +au, )+

sinh(hﬁs'ﬁ?@) +
b\ ook, B,y (34 (20, +ah)- D, ReS} 1R, )

6FReS? B, p, R KN —
(5.19)

-h\“'ESIJ-H_JJE ! "
aﬁsl Jzﬁ iLi-’I.f COSh( -.“-_-_J}__TM-_ { GthQuk i ﬂ;[}' pl’i!

dx si nh(ﬁrf}ﬂﬁrr)(,/  hReS e, R, - a;,:"j)
6ReSlzﬁ: Pf Rm ’

J_GS; Hy Rm
ahReS, Ju, R, 1, COS"(f"R J%: J_)

-24NReS!y Bk, 1) p R, +24ReS}y B, 1" p K, R,
ReSufi IR
24(C,, - Cyy )N B,k PN H Py Smh(—:rij)

24(C47 + Cu)Nﬁ;kr H Pebdy COSh(rS—)f_E-?{_"‘ )+

. JReS,1 Ju, JRa )
24(C4? _Cas)ﬂ; Hy P;kn;,”nf Smh[ Jl{—r -)— (5.20)

JR{.‘S'I i,
24(C4? +C4H)‘8I P‘f p!kﬂlﬂﬂf COSh( Y[J_J_)

b= C. _ 4GI‘Q0_V‘;CJ,;J! ﬁn,f Py
\ iz 24R€S|2ﬁfﬂ;”,0f

Ju, (Gt vk, B, p, - 2ReST (E—Cyy) B, 0, R AN )+
2(Cyy +CuIWRES B, p, R, Jity si nh(@'”*/_“'_)
( 47 - 48)\/_‘5)6; IO.I‘ J_n COSh(fJI\}J_ﬂ_J_JE)

J:: >

ZReSl /3: \/)'-I_,P,

where C,; — (., arc constants that can be obtain by Mathematica 9.

(5.21)

5.3 Results and discussion

To consider the conduct of the solution, for a few qualities applicable parameters have
been done for both CNTs with water as basc fluid. Fig. 5.1{a) speaks to the impacts of
volume division ¢ on the Ap It is seen here that pressure rise is increasing capacity with
the expansion of ¢ all through the domain, Fig. 5.1(b) portrays that as it will build the
¢stimation of R, then pressure rise increments in the retrograde area. Fig. 5.1(c)
demonstrates the impact of S; on pressure rise, it is watched that pressure rise
demonstrates the same conduct which 1s appeared for R, Figs. 5.1(d) - 5.1{e)

demonstrate the impact of @, and N individually. It has been watched that pressure rise
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increasing by increase in Qo and N in the entire area for (SWCNT + H,0) and
(MWCNT + H,0). The impact of the ¢ on the pressure gradient is outlined in Fig,
5.2(a) it is apparent that, expand the estimation of ¢ tends to builds the pressure
gradient, it is watched that the impact of ¢ on pressure gradient is slightest if there
should arise an occurrence of (SWCNT + H,0) while the impact of ¢ is generally
bigger with (MWCNT + H,0). The variation of R, and §; on pressure gradient is
appeared in Figs. 5.2(b) - 5.2(c), it demonstrates that pressure gradient is expanding
on an expansion in Ry, and S, for both sorts of fluids, Figs. 5.2(d) - 5.2(e) showed
that pressure gradient diminishes with an expansion in heat generation parameter and
heat flux parameter all through the channel for both sorts of fluid. Figs. 5.3(a) - 5.3(c)
to comprehend the variation of temperature for various estimations of ¢, Qg and ¥. Fig.

5.3(a) demonstrates that 8 diminishes as it is increment ¢ for both sorts of fluid.

When it is watch Figs. 5.3(b) = 5.3(c), the same pattern is watched for heat generation
parameter Qg and heat flux parameter individually, it had watched that by expanding
Qo and N, 6 likewise increment. Plotted Figs. 5.4(a) - 5.4(e) to outline the impacts of
germane parameters on velocity profile u. It is seen from Fig. 5.4(a) that velocity
profile increments alongside the dividers yet diminishes at the center of channel with
expanding the estimation of ¢. Displayed the Figs. 5.4(b) - 5.4(c) to get the variation
of velocity profile u for fluctuating the magnitude of the parameters Rp,and S, for both
sorts of fluid, It delineates that velocity is diminishing with expansion of R,and §; at
the center of channel yet inverse conduct is seen at center of channel. It had displayed
the Fig. 5.4(d) to get the variation of velocity profile u for shifting the size of the
parameter Q. It portrays that velocity is expanding with expansion of ;. at the center
of channel however inverse conduct is seen along the left and right dividers of channel.
Fig. 5.4(¢) demonstrates the impact of Darcy number [}, on velocity profile it is
watched that close to one side and right divider velocity profile is expanding by
expansion of D, however at focal point of channel, it has seen the inverse conduct of

velocity profile.

To watched the conduct of slip parameter o on velocity profile, showed Fig. 5.4(f) this
figure demonstrates that along the dividers velocity profile is diminishing by expansion
of a, yet at focal point of the channel velocity profile increments. Figs. 5.5(a) - 5.5(b)

demonstrate the variation of magnetic Reynolds and Stommer's number on an axial
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induced magnetic field k, versus y. The Fig. 5.5(a) displays that the magnitude of h,
increases when R,, increments from divider to the center of channel, yet the
diminishing pattern is seen in the other portion of the channel keeping R,,, expanded.
Then again, the impacts of S; on hy are very inverse in contrast with Ry, In Figs.
5.6(a) - 5.6(b) the current density j, is appeared as a component of y for three
different values of R,,, and §; respectively, both of these figures are of parabolic type,
one can find in Fig. 5.6(a) that by expanding R,,, f, also increment however from Fig.

5.6(b) demonstrates j, diminish as the estimations of §) increase.

Figs. 5.7(a) - 5.8(d) show contour maps for the streamlines with four estirations of
Ry (Rm = 0.5 Ry, = 1.0,Rp, = 1.5, Ry, = 2.0) for both SWCNT and MWCNT. It is
gseen that bolus turns out to be substantial when we give more noteworthy qualities to
the magnetic Reynolds number R,. Figs. 59(a)- 5.10(d) demonstrate the
streamlines for SWCNT and MWCNT separately, It is seen that bolus turns out to be
small when it has given more noteworthy qualities to the S, one can see from figures
that number of bolus also decreases in both cases. Figs. 5.11(a) - 5.12(d) demonstrate
the effect of Darcy number D, on streamlines for SWCNT and MWCNT separately it

is demonstrated that bolus rums out to be small as bigger estimations of D,,.

100}
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R,=205.=10
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Figs. 5.1(a). Variation of pressure rise¢ Ap for flow parameter ¢.
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54 Concluding remarks

In this chapter the communication of carbon nanotubes for the peristaltic flow with

induced magnetic ficld is considercd, key points are seen as

1.

11,

w.

vi.

Vil

It is seen that the impact of nanoparticle volume fraction on pressure gradient is
slightest if there should arise an occurrence of SWCNTSs though the impact of
volume fraction is generally bigger with MWCNTs.

It is found that pressure gradient diminishes with an expansion in heat
generation parameter,

It is noticed that pressure rise diminishes by expansion in heat flux parameter
tor SWCNTs and MWCNTs.

It is observed that axia! Induced magnetic field expanding pattem is seen in the
inside to right wall of the channel keeping Strommer's number expanded.

It is followed that current density increment as the estimations of magnetic
Reynolds number increment.

It is watched that close to one side and right divider velocity profile is expanding
by expansion of Darcy number.

It is seen that size, of bolus turns out to be small and number of bolus diminishes
when we give more prominent qualities to the Strommer's number, for both

SWCNTs and MWCNTSs.
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Chapter 6

Anti-Bacterial applications for new thermal
conductivity model in arteries with CNT

suspended nanofluid

In this chapter the peristaltic flow of a carbon nanotubes (CNTs) water fluid under the
effects of heat generation and magnetic field in permeable vertical diverging tbe is
studied. The obtained expressions for pressure gradient, pressure rise, temperature,
velocity profile are described through graphs for various pertinent parameters. The
streamlines are drawn for some physical quantities to discuss the trapping phenomenon.
It is observed that pressure gradient profile is decreasing with the increase of Darcy
number D, , because Darcy number is due to porous permeable walls of the tube and
when walls are porous fluid cannot easily flow in tube, so that will decrease the pressure

gradient.

6.1 Mathematical formulation

Considered peristaltic dynamics of an incompressible SWCNT and MWCNT

suspended in water as base fluid through a distensible channel with permeable walls.
The flow is generated by sinusoidal wave trains propagating with constant speed c,

along the walls of the tube. Heat transfer along with nanoparticle phenomena has been

taken into account. The wall of the tube is maintaining at temperature 7, and solid
nanoparticle volume fraction C, while at the center we have used symmetry condition

on both temperature and solid nanoparticle volume fraction. The geometry of the wall

surface is defined as
h=a“[Z)+w‘singA£(Z—czr}, (6.1)
where «” (Z)=a, + K,Z is the radius of the tube at any axial distance from inlet also
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is the radius of the inlet, K, is a constant whose magnitude depends on the length of

the tube, exit and inlet dimensions and & is the wave amplitude. In the presence of

MHD, the governing Eqs. (1.39), (1.41) and (1.45) in ¢cylindrical coordinate with the

velocity field is ¥ = (U/,0, W) in the component notation arc as

18(RU) ow _ , (6.2)
R OR o7

[au T a_u]:_ggw 1 (au] v, o .
Pl or "V aR T 5z )T TR RR\ R ) E + P 80

622
oW oW aW aP 1 o( oWy &'w
+ U+ -——— —— | R=— |+ 6.4
"’“’[ar oR az] oR '(R@R[ aR) ﬁz} Ful:  (64)

or _ eT o'T 19T @' .
C U—+W—1=k ~ +— r-r} ‘
(o ”)w[ R az} ""(&R' R 2R azJ o (r=T.). 65

The transformations between two frames and dimensionless are

r=R,z=Z-c,t,bu=U,w=W—q,

3

;= % P,f_f- /Iu‘ ;=£,;=L,;=i =_’ Qs—Q.oaozr
H,CA a4, C; a, A
1 . = - - H n
Re=S% 5.8 510 o v A, M (©©)
v, T 4 a4 2
. 3 :
au B
G ﬁ;gz 0 (?_],_ ")’M:O'o . g
v, M,

form

10(ru)  ow _ 0, (6.7)
Foor &z
0-P (6.8)
or’ ]
op 10| {ow
=A% — |[-M{w+1)+Grb, .
oz r@r[ (3}‘ )] (w ) g (6.9)
1 8 &8
0= k - .
rarr@r e (6.10)
The non-dimensional boundaries will take the form as
w ae
— =0, —=0, t r=0.
™ r» at r=90 (6.11)

\/— ow Al

., 9=0, at T=1+ 'Z+w‘sin(2.fr:]. (6.12)
o a,
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In this chapter conductivity of nanofluid Eq. (1.18) and the effective viscosity of
nanofluid Eq. (1.23) are considered. The thermophysical properties, for pure water,
SWOCNT and MWOCNT are listed in table 5.1

6.2  Solution of the problem

The exact solutions of the Egs. (6.5) and (6.6} arc found as follows:

Blh—r)h +r)]
¢ e (6.13)
0)-( 2ok
?-!_fo( )(,B(.-J (Zad+D.bM* P)+2aKMM? "") 445G+ o BGrih — rih :;)P‘) —
mu;.(‘%}.:ﬁn,(%) 4Kj(M2 2
wlr) = . (6.14)
4KM*

A )
dp BGri* 84+ h*M* )24 + D,iM?)
8cd - SVAD MI, | w D

ap _ {6.15)
dz ,
2h°K
M [ 8aA1 "“ + ah” M 2
The corresponding stream function can be defined as
__ oy and w=l@f‘/—, (6.16)
r 0z r or
The pressure rise Ap is defined as follows
' dp (6,17}
A —dr.
p j d‘?
The flow rate £ in non dimonsionalized form is given as
@’ (6.18)
F=20- - 1.

6.3 Results and discussion

In this section role of Hartmann number, nano particle volume fraction, volume flow
rate, Darcy number, heat generation parameter and slip parameter has been carried out
for pure water, SWCNT and MWCNT,

Fig. 6.1(a) portrays that as increasing the value of ¢ pressure rise decreases, Fig.
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6.1(b) demonstrates that pressure rise increases by expansion in M in the pumping
quarter while the inverse conduct is seen in the copumping area. Figs. 6.1(c) - 6.1(d)
demonstrates the impact of slip parameter & and Darcy number D, on pressure rise it
is watched that pressure rise is increasing as increasing the value of slip parameter @
white pressure rise decreases by increases of Darcy number in the locale retrograde
pumping yet Ap appears inverse demeanor in the copumping area. Fig. 6.2(a). shows
that increment in the value of ¢ has brought about the expansion of pressure gradient
i.e., increasingly the volume fraction more prominent the pressure gradient. The impact
of M and a on pressurc gradient is appeared in Figs 6.2(b) — 6.2(c), it demonstrates
that pressure gradient is increasing on an increasing in M and a for a wide range of
fluid it is additionally watched that pressure gradient is minimum in the event pure
water where as the impact of M and a is generally bigger if there should arise an
occurrence of SWCNT and MWCNT. Fig. 6.2(d) demonstrates the impact of Darcy
number on dp/dz it is watched that pressure gradient is diminishing by expansion of
D,. Figs. 6.3(a) - 6.3(b) to comprehend the variation of temperature for various
estimations of ¢ and Qy. Fig. 6.3(a) demonstrates that 8. increments as increment of
¢ for SWCNT and MWCNT. water based fluids. Figs. 6.3(h) have watched that by
expanding Qg, temperaturc is expanding for all kind of fluids. It1s seen from Fig. 6.4{a)}
that velocity profile increments with expanding the estimation of ¢. From Fig. 6.4(b)
it portrays that w is diminishing with expansion Hartmann number M. Exhibited the
Figs. 6.4(c) - 6.4(d) to acquire the variation of velocity profile for differing the extent
of the parameters a and D,.for a wide range of liquid. It portrays that velocity 1s
diminishing with expansion of a however inverse conduct is seen for D,. The trapping
for various estimation of M and D, are appeared in the Figs. 6.5(a)~ 6.8(d).
Figs. 6.5(a) - 6.5(d) and Figs. 6.6{a) - 6.6(d) demonstrate the impact of Hartmann
numbet M on streamlines for SWCNT and MWCNT respectively it 1s demonstrated
that bolus turns out to be expansive as bigger estimations of M Figs. 6.7(a) - 6.7(d)
and Figs. 6.8(a) - 6.8(d) show the effect of Darcy number D, on streamlines for
SWCNT and MWCNT respectively it is shown that boluses turn out te be small as

bigger estimations of D .
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Figs. 6. 5{a) - 6.5(d): Stream lines of SWCNT for different values of M. (a) for
M =2.0,(b)for M =3.0,(c) for M =40, (d) for M =35.0. The other paramelers

are 0=2.0, a):%, D, =002 a=05, ¢=0.05.
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Figs. 6.8(a) - 6.8(d). Stream lines of MWCNT for different values of D,. ()

for D, =0.01, () for D, =0.03, (¢} for D, =0.05, (d) for D, =0.07. The other
parameters are 0 =2.0, @= % M =290, a=0.5, §=005

6.4 Concluding remarks

Association of SWCNT and MWCNT nanoparticles for the peristaltic flow in a
penetrable vertical diverging tube with the magnetic field is examined in this chapter.
Key focuses are scen as
i. Itisobserved that impact of nanoparticle part on weight angle impressive
effect i.e., progressively the volume fraction, more noteworthy the pressure
gradient.
ii. It is calculated that temperature increments as it is increment nanoparticle
fraction for SWCNT and MWCNT nanofluid.
iii. It is noticed that velocity is diminishing with expansion of Hartmann number.
iv.  Vclocity is diminishing with expansion of Darcy's number.
v. It is seen that boluses turn out to be small for bigger estimations of Darcy's

number.
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Chapter 7

Endoscopic effects with entropy generation
analysis in peristalsis for the thermal

conductivity of H,0 + Cu nanofluid

In this chapter the peristaltic flow of a copper water fluid investigates the effects of
entropy and magnetic field in an endoscope is studied. The obtained expressions for
pressure gradient, pressure rise, temperature, velocity phenomenon entropy generation
number and Bejan number are described through graphs for various pertinent
parameters. The strcamlines are drawn for some physical quantities to discuss the

trapping phenomenon.
7.1  Mathematical formulation

An incompressible peristaltic flow of copper nanofluid in an endoscope is considered.
The flow is generated by sinusoidal wave trains propagating with constant speed ¢ along

the walls of the tube. Heat transfer along with Entropy generation phenomena has been

taken into account. The inner tube is rigid and maintained at temperature % while the

outer tube has a sinusoidal wave traveling down its walls and maintained at temperature

T . The geometry of the wall surfaces is defined as

R =a, 7.1

— , 272- — -
R, = a, +bsm[7(2 —cr)]. (7.2)

In the above equations a, is the radius of the inner tube, &, is the radius of the outer

tube at inlet.
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Fig 7.1. Geometry of the problem

In the presence of MHD and entropy, the governing Eqs. {1.19), (1.21) and (1.25} in

cylindrical coordinate with the velocity field is V =(U ,O,W) in the component

notation can be written as

8(RU
10(RU) oW _ (73)
R R &Z
au  8u U oP 1ée( oUuy U &U
U—+W -—+ ——| R —+ 2, 7.4
“ [ar R az) AR ”’[R@R( aR) R aZ"*J Pyl (714)

oW oW oWy_ oP 1 o oW\ &W
+{/—+HF —|= R ] .
o [ ot R oz J R T Hy [R 8R( 8R] PYE, } Py, {7.5)

A oT 2T AT & \ ot ew Y
(pC,) [U(—T+W—('ErJ:.i’cmr £ ,+_1_ﬂ-‘;r+(j: + al [—OU+—(Q ] (7.6)
?in\ " 6R OZ OR' ROR 0Z°) (pc,}) \OR &R
H

After using the transformation Eq. (6.5) in Eqs. (7.3)  (7.6), we have
o u+ 0w
+ R —

— =0, 7.7
o r oz 71
op
= =9, 7.8
>, (7.8)
dp L 6( aw] ?
Ak — | p— |- M (w+1), 7.9
dz ror\ or ( ) (7.9)
Kf * 1&( ae].;gr,z;*(@) =0. (7.1
ror\ or or
The non-dimenstonal boundaries will take the following form
w=-1at r=r, (7.11)
w=-l, at y=r,=1+wsin(27z). {(7.12)
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6=0 atr=r, O=1 atr=n. (7.13)
The thermophysical properties, for pure water, copper is listed in table 3.1.

Entropy generation in cylindrical form can be defined as

k 2 2 2 : : 2
S, = i (E} +[£J +—'ui 2 [i('i} +%U3+[6—W) +[6_P[+0_£3’_) . {71
7, \\oR & T, R) R oz oR  3Z

Dimensionless form of the entropy generation with the help of Eq. (10) due to fluid

friction and magnetic ficld is given as.

) k 2 2
N =6 K (@] +A3r[ial"-] . (7.15)
b8,k \Or dr

The dimensionless form of §, is known as entropy generation number N; which is
the ratio of actual entropy generation rate to the characteristic entropy transfer rate S,
, which 1s defined as follows

2
_kf (Tl‘_Tu) _ Jufcz A = Ty (7.16)
G, ~ 2 1 r ¥ . .
’ hya, k(T -T) (Ta -T;)

Eq. (7.14) consists of two parts, The first part is the entropy generation due to finite
temperature difference (Nscond) and the second part is the entropy generation due to
viscous effects (Nsvisc). The Bejan number is defined as

Ns
B =———wod .
© Ns_ +Ns (7.17)

conid Wide

7.2 Solution of the problem

The exact solutions of the Egs. (7.14) and (7.13), are found as

j : My
W(V}=C53Jo(%)+Cn}%{_ig‘]_ M‘ZJ:} (7.18)
where
o ulg)-n(-w)
53 Y(_r_.aiw_l)J (-jy_z)_J (ft&i) s
ep Mo (7.19)
n(-)
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(- ) -7, (~#2) ’ (7.20)

y CoMrl JF (2.0 )= Coutr? B (2,07 )+ 2F s M -

MrlP + Mr2? !
& 2iM (VAC, 1Y, (-4 ) ~VAC, 12, (- 442)) )
dz P12 — 2t ' ’

The corresponding stream function be defined in Eq.(6.19) and pressure nise Ap 1s

defined in Eq. (6.20)
The flow rate 7 in non dimonsionalized form 1s given as
42
@&

F=2Q—-—2———1. (7.22)

7.3 Results and discussion

In this section the conduct of the arrangements is talked about as graphs, for a few
estimations of correlated parameter did for both pure water and copper water. Fig.
7.2(a) shows that as increasing the values of ¢ pressure rise increases in the retrograde
district, however Ap increases in the co-pumping locale, Fig. 7.2(b) demonstrates the
impact of M on pressure rise, it is watched that pressure rise increases by increasin in
M in the retrograde region while the inverse conduct is seen in the co-pumping region.
From Fig. 7.3(a). It is seen, that increment in the estimation of ¢ has brought about the
diminishing of dp/dz ie.. increasingly the volume fraction lesser the pressure
gradient, additionally, it is likewise watched that the impact of ¢ other than the tube
divider is not impressive. The variation of flow rate and M on pressure gradient is
appeared in Figs. 7.3(b) — 7.3(c), it demonstrates that dp/dz is diminishing on an
¢xpansion in @ and M for both sorts of fluid, it is likewisc watched that pressure
gradient is minimum if there should be an occurrence of copper water where as the
impact of @ and M i1s moderately bigger if there should be an occurrence of pure water.

Fig. 7.4(a) demonstrates that @ increments as cxpansion ¢ for copper water liquad.
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From Figs. 7.4(b) — 7.4(c) same pattern is watched for Hartmann number and
Brinkman number separately, it has watched that by expanding M and Br temperature

is also expanding,

It is seen from Fig. 7.5(a) that velocity profile increments with expansion in the
estimation of ¢ close to the wall of extemal tube. In any case, inverse conduct is
appeared close to the divider internal, ie., alongside the sinusoidal divider, volume
fraction builds the velocity of fluid. It has introduced the Figs. 7.5(b) to get the
variation of velocity profile w for differing the extent of the parametcrs M for both sorts
of fluid. It portrays that velocity is diminishing with expansion of M along the external
tube's divider, yet inverse conduct is appeared along the unbending barrel's divider. Fag.
7.5{c) demonstrates the variation of average flow rate Q on velocity profile it portrays
that velocity increments with an expansion in Q, it is additionally watched that there is
minimal impact of @ on velocily on account of copper waler as contrast with

unadulterated water.

From Fig. 7.6(a) it delineates that entropy generation is expanding with expansion
nanoparticle volume fraction parameter ¢. Figs. 7.6(b) — 7.6(c) demonstrates that N;
1s straightforwardly relative to the M and Br all through the channel yet impressive
effect is not saw along the dividers for both sorts of fluid in the event of Hartmann
number and the effect of copper water is watched more than pure water. In any case
Fig. 7.6(d) demonstrates the higher estimation of A presentations minimum entropy.
Fig. 7.7(a) portrays that with the expansion in ¢ there is an expansion in Bejan
number. Fig, 7.7(b) demonstrates the variation of Bejan number for various estimations
of M one can see that close to the external divider Bejan number is not affected to
significant degree while close to the internal wall of geomectry Bejan number is
diminishing by expansion in the estimations of M. Fig. 7.7(c) demenstrates that there
is an inverse conduct for Br as seen for M. It has seen in Fig. 7.7(d) that B, is
expanding by expansion in A yet the effect on copper water is more prominent than

the effect of unadulterated water.

Fig. 7.8(a) — 7.7(d) show form contour maps for the streamlines with four
estimations of ¢ for copper water. It is seen that bolus gets to be smaller when it given

the more noteworthy estimations of ¢, Figs. 7.9(a) — 7.10(d) demonstrate the impact
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of Hartmann number on streamlines for unadulterated water and copper water
separately it is demonstrated that bolus turns out to be expansive as bigger estimations
of M. Figs. 7.11(a) — 7.12(d) demonstrate the impact of flow rate @ on streamlines
for pure water and copper water separately it is demonstrated that bolus turns out to be

huge as bigger estimations of @.

30003 ' ) J— YT
é =0.02 |
200 #= 003
¢=am!
2100
0
- 100
-10 -0.3 0.0 0.5 10

o

Figs. 7.2(a). Variation of pressure rise Ap for different flow parameter ¢ .

~ . PureH;0
A 1

| H,0+Cu ]

200

A

100

Figs. 7.2(b). Variation of pressure rise Ap for different flow parameter A .

120



»

M=050=0]lw=

= N

'
Ll §

3 9% -1 -5 -1 -5
dpld:

Figs. 7. 3(a).Variation of pressure gradient dp/dz for flow parameter ¢.

! Pure HOr
0.2 ' H0+Cu
0.1
N~ 0.0
=01
-02 1[:95,&):5
6
—10 -0 0 20 10

dpfd-

Figs. 7. 3(b).Variation of pressure gradient dp/ dz for flow parameter Q.

Pure H,0
|:|.‘!
= H,0+Cu
0.1
LY (X1
-0.1
Ed
-0 Q=01 &="-
0 |
T35 S30 - - <15 =10 =50

dpfd-

Figs. 7. 3(b).Variation of pressure gradient dp/dz for flow parameter M |

121



0.9
0.8
07 )
0.0 02 0.4 06 03 10
#ir)

Figs. 7.4(a). Variation of temperature profile & flow parameter ¢.

=020=20
1.1 Fd
= —Br=01
6
10
0.9 3
k7
A
08
Pure K, 0
07

00 05 10

o(r)

Figs. 7.4(b). Variation of temperature profile & flow parameter M .

10

0.9

0.8

— Pure H,0]
( H,0+4Cn
00 05 10 15 - 30- '

&r}

Figs. 7.4(c). Variation of temperature profile & flow parameter Br,

122



wir}

Figs. 7. 5(a). Variation of velocity profile w for flow parameter ¢.

Fure H; O
H;0+Ca

1.1

10

09

a8

o=
1-»
.
o

wir)

Figs. 7.5(b). Variation of velocity profile w for flow parameter M .

Pure H;0
H,0+Cu

123



Figs. 7. 5(c¢). Variation of velocity profile w for flow parameter Q.

Figs. 7. 6{a). Variation of entropy generation number N _ for flow parameter ¢ .
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Figs. 7. 6(d). Variation of entropy generation number N, for flow parameter A.
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Figs. 7.12(a) - 7.12(d). Stream lines of H,0+ Cu for different values of Q. (a)
for 0 =1.0,(b) for O =1.5, {c} for Q0 =2.0, (d) for Q =2.5. The other parameters
are M =20, w= %
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74 Concluding remarks

Interaction of copper nanoparticles for the peristaltic flow in endoscope with the

magnetic field are discussed. Key points are as follows:

ii.

1t

vi.

It is seen that impact of nanoparticle fraction on pressure gradient extensive
effect i.e., progressively the volume fraction, lesser the pressure gradient.

It is calculated that temperature increments as it has build Brinkman number
and Hartmann number for both sorts of fluid.

Velocity is diminishing with expansion of M along the sinusoidal divider, yet
inverse conduct is appeared along the inflexible tube's divider.

It is noticed that Entropy generation number are expanding with expansion of
Brinkman number.

It is noticed that close to the sinuscidal divider Bejan number is not impacted to
significant degree while close to the inflexible divider Bejan number is
diminishing by expansion in the estimations of Hartmann number.

It is seen that size, of bolus gets to be smaller when it has given more prominent

estimations of nanoparticle volume fraction for copper water.
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.r
L3 l L]

a,,b,

Ct

Re’

faper

Ee

Gr

Mass

Velocity components
Cartesian coordinates
Velocity

Wave amplitude
Time

Fractal index

Empirical constant

Specific Reynolds number

Diameter ot nanoparticles

Heat flux parameter
Nanolayer thickness

Permeability

Brinkman number

Nanoparticles volume ratio

Prandtl number

Magnetic Reynolds number
Volume flow rate

Heat generated / absorbed
Radioactive heat flux
Eckert number

Grashof number
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Volume

Thermal conductivity
Specific heat
Porosity parameter

Wave speed

Magnetic field strength

Molecular weight
Specific Prandtle
number

Semiaxis directions of
CNTs

Thermal conductivity
due to thermal
dispersion

Bejan number

Pressure

Nusselt number
Entropy generation per
unit length

Fluid temperature
Shape factor
Stommer's number
Time-average flux
Mean free path

Avogadro number

Nanolayer thickness

Intrinsic viscosity



Fractal dimensions

Gravitational acceleration

g
vector
Re Reynolds number
Aggregate nanoparticles
aﬂ
radius
a’ Primary nanoparticles radius
£,.,i=12 Linear operators
M Hartroann number
Greek symbols
Y Density
¥ function of the volume fraction
Viscosity
Phase difference
Y, Kinematic viscosity
a, thermal diffusivity of nanoflwid
o Dimensionless temperature
Q* Dissipation function
P Ratio of the nanolayer thickness
! to particle radius
A Wave length
Thermal slip parameter
& Dimensionless wave number
Subscripts
nf Nanoftuid

140

-

T wm & 9 s

=

/

Chemical dimensions
Huggins’ coefficient
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coellicient

Rivlin Ericksen tensor.

Constants

Boltzmann constant

Magnetic diffusivity
Volume fraction

Electric conductivity

Dimensionless wave number
Thermal expansion coefficient
Stream function
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Stefan-Boltzmann constant
Ship parameter

Sphericity

Effective volume fraction
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