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Preface

It is well established fact that peristalsis is employed in esophagus, intestine and stomach. This
phenomenon is also used in blood pump machines, chyme in the gastrointestinal tract, sanitary
materials transportation, roller and finger pumps and many others. Thermal management is major
issue in a variety of industries including transportation, microelectronics, manufacturing and
metrology. One of the most important approaches to accomplish faster cooling for many
applications is to improve the heat transfer capabilities of standard heat transfer fluids. Scientists
have recently concentrated on nanofluid for an increase about the heat transportability of
traditional fluids by adding tiny nanoparticles. Nanofluids with high thermal conductivity and
low viscosity, even at low particle concentrations, are important for heat transport applications.
In addition the peristalsis of non-Newtonian fluids in channel with compliant walls has
significance in biomechanics and engineering. We therefore focus about this topic here. This
thesis has ten chapters.

Relations of Cauchy stress tensors of non-Newtonian fluids and background information about
literature review are given in chapter one.

Chapter two examines peristalsis of nanoliquid in a compliant wall channel. Mixed convection
and Hall current analysis are present. Partial slip and convective conditions are simultaneously
discussed. Numerical computations have been executed for the velocity, nanoparticles
concentration, temperature, and coefficient of heat transfer. Graphical analysis is presented. This
chapter are published in International Communications in Heat and Mass Transfer 121
(2021) 105121.

Chapter three elaborates the bioconvective peristaltic transport of nanoliquid with gyrotactic

microorganisms. Channel walls are considered symmetric and elastic nature. Partial slip



conditions are imposed. Thermal radiation is present in the energy equation. The results for
velocity, concentration, temperature, heat transfer coefficient and density of motile
microorganism are examined graphically. Results of this chapter are available in International
Communications in Heat and Mass Transfer 129 (2021) 105693.

Chapter four addresses MHD peristaltic motion of couple stress nanofluid in a channel with
compliant walls. Influences of Ohmic heating and viscous dissipation are analyzed. Zero mass
nanoparticle flux and convective condition are also imposed on channel walls. A numerical
solution is obtained for large wavelength and small Reynolds numbers. The impacts of pertinent
parameters of interest on concentration, temperature, and coefficient of heat transfer are
scrutinized graphically. The result of this research is submitted in Mathematical Methods in the
Applied Sciences.

Chapter five describes impacts of wall flexibility on MHD peristaltic flow of Eyring—Powell
nanofluid. Convective conditions are employed. No slip conditions are imposed on channel
walls. Nanofluid model is considered by taking the impacts of thermophoresis and Brownian
motion. Influences of pertinent variables on axial velocity, temperature, concentration and
coefficient of heat transfer are inspected graphically. Material here is published in Journal of
Thermal Analysis and Calorimetry 144 (2021) 1199-1208.

Sixth chapter explores first-order chemical reactions and activation energy on MHD peristaltic
activity of Eyring-Powell nanomaterial. Mathematical modelling for generation/absorption is
organized. Velocity slip is imposed. Numerical results for velocity, concentration, temperature,
rate of heat transfer and trapping are analyzed. Material of this study is published in

International Communications in Heat and Mass Transfer 116 (2020) 104655.



Chapter seven discusses slips aspects for peristaltic motion of fourth-grade nanoliquid. Elastic
characteristics of channel walls are studied. Velocity, concentration and thermal slip effects are
imposed. Thermal radiation and dissipation are studied. Comprehensive study for heat transfer
coefficient, velocity, concentration of nanoparticles, temperature, velocity and trapping is
arranged. Moreover the results for skin friction coefficient and Sherwood number are focused.
The contents here are published in International Communications in Heat and Mass Transfer
119 (2020) 1046976.

Chapter eight addresses impacts of entropy generation and Joule heating on MHD peristaltic
activity of fourth-grade nanofluid. Analysis carried out by taking the effects of radiation and
Arrhenius activation energy. Numerical technique is used to solve the resulting problem.
Detailed analysis of the emerging parameters of interest on velocity, temperature, concentration,
coefficient of heat transfer and entropy are graphically examined. The findings of this study have
been submitted for publication in Applied Mathematics and Mechanics.

Chapter nine inspected mixed convection peristaltic motion of tangent hyperbolic nanoliquid.
Partial slip characteristics are imposed on flexible channel walls. We evaluated the transportation
of heat for nonlinear thermal radiation. The roles of sundry variables on velocity, concentration,
temperature and coefficient of heat transfer are examined graphically. Finally, key points of the
analysis are organized. The results of this research have been submitted for publication in The
European Physical Journal Plus.

Chapter ten addresses peristaltic flow of MHD Sutterby nanomaterial with entropy generation
and Hall aspects. Convective conditions are imposed for flexible channel walls. Energy and
concentration equations are arranged in presence of Joule heating, thermal radiation, dissipation

and activation energy. Resulting nonlinear system is numerically solved. Graphical analysis for



velocity, temperature, concentration, heat transfer rate and entropy generation is analyzed. The
contents of this chapter are published in Journal of Thermal Analysis and Calorimetry 143

(2021) 1867-1880.
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Chapter 1

Literature review and basic laws

1.1 Introduction

This chapter deals with the basic concept of equations and literature survey of peristalsis,
nanofluid, non-Newtonian fluid models, compliant walls and mixed convection. Different types
of constitutive relations for non-Newtonian fluid models like Couple-stress, Eyring-Powell,

Fourth-grade, Sutterby and Hyperbolic tangent are included.

1.2 Literature survey

Peristalsis is the process of muscular tissue contraction and relaxation that enables for material
movement. This mechanism has applications in physiology and engineering. These applications
comprise like chewing of food via the esophagus, sanitary fluid transport, chyme activity in in-
testine and vasomotion of blood vessels. Many biological applications like heart-lung devices
and blood pumps for dialysis are due to this activity. The subject has received considerable
attention from researchers due to its widespread occurrence in medical, engineering and elec-
tronics. Latham [1] presented a seminal study for viscous fluid on peristalsis. Burns and Parkes
[2] examined peristaltic flow of viscous fluid considering different geometries. Shapiro et al. [3]
represented the fundamental principle and reflect the importance of this flow mechanism for
various physical variables. This analysis was extensively explained employing long wavelength

and low Reynold number. Dodds et al. [4] discussed peristaltic movement in the esophagus



with dry and wet swallows. Srivastava and Srivastava [5] addressed the peristaltic flow of vis-
cous fluid through a two-layered model. Shehawey and Husseny [6] reported the peristalsis
of incompressible viscous fluid filling porous space. Misra and Pandey [7] studied the math-
ematical modeling of peristaltic activity for Casson fluid. Mekheimer [8] examined peristaltic
transport of blood flow by taking magnetic features in a non-uniform channel. Hayat et al.
[9] discussed peristaltic transport of Jeffrey liquid with an endoscope aspect. Ali et al. [10]
scrutinized features of slip in MHD peristalsis with variable viscosity. Peristalsis of Maxwell
liquid is reported by Tripathi et al. [11]. Mustafa et al. [12] analyzed the peristaltic flow of
nanofluid with partial slip effects. Abbasi et al. [13] examined numerical investigation for peri-
staltic activity of copper—water nanomaterial through porous space. Hayat et al. [14] analyzed
impacts of thermal radiation and convective conditions for peristalsis of nanofluid. Ellahi et
al. [15] explored peristaltic transport of couple stress fluid in a non-uniform rectangular duct.
Size of trapped bolus declines for couple stress fluid variable. Sinnott et al. [16] discussed
peristaltic activity in a small intestine through particulate suspension. From this study it is
noted that high fluid pressures in advance of the moving contraction induce considerable wall
dilatation shortly downstream inside the relaxation period for solely liquid content. Bhatti et
al. [17] focused heat and mass transfer for MHD peristaltic flow of Sisko fluid by considering
Darcy-Brinkman-Forchheimer porous space. Velocity enhances via Darcy aspect. Hayat et al.
[18] examined peristaltic motion of nanoliquid in a curved channel with Hall aspects. Velocity
of fluid enhances for Hall effect.

Nanofluids are significant due to their use in industry and thermal engineering. Nanofluids
incorporate the nanoparticles that are suspended with diameters (<100nm). These materials
are used for increased thermal conductivity. The nanoparticles normally used are usually made
of oxides (Tio), carbides (Sic), metals (Cu, Ag), or non-metallic carbon nanotubes. Nanoflu-
ids have applications such as thermal absorption, machine processes, cooling and chillers heat
transfer efficiency, microelectronics, boiling processes and nuclear reactor etc. These are of-
ten used in the delivery of medications and in patients with radiation. Choi [19] combined
nanoparticles with base fluid and found that the resulting fluids had a significant difference
in thermal conductivity. Kang et al. [20] experimentally examined this argument. Later on

Buongiorno [21] studied a non-homogeneous equilibrium model. It shows that the presence of



thermophoresis and random diffusions improve the thermal conductivity of conventional fluids.
Akbar et al. [22] analyzed peristalsis of nanofluid with slip aspects. Consequence of convec-
tive heat transfer of A1203/water nanoliquid in a circular duct is studied by Heris et al. [23].
Ebaid and Aly [24] computed exact solution for peristaltic flow of nanoliquid in an asymmetric
channel with flexible boundaries. Numerical investigation for peristaltic activity of Carreau
nanomaterial is studied by Akbar et al. [25]. Temperature of fluid increases through Brownian
motion and thermophoresis variables. Tripathi and Bég [26] explored the mixed convection
analysis in peristaltic pumping of nanofluid. This study is very much applicable in drug de-
livery structures. Hayat et al. [27] addressed slip aspects for peristaltic flow of nanoliquid
through Soret and Dufour effects. Kothandapani and Prakash [28] explored magnetic field and
radiation aspects for peristaltic flow of nanomaterial filling porous space. Akbar et al. [29]
investigated heat source/sink features in peristaltic flow by addition of nanoparticles. Reddy
and Makinde [30] analyzed the characteristics of nanofluid with a peristaltic motion of Jeffrey
material. Numerical simulation regarding peristaltic activity of water-based nanoliquid con-
sidering temperature-dependent viscosity is studied by Hayat et al. [31]. Tripathi et al. [32]
examined electroosmotically modulated peristalsis of nanomaterial. Ohmic heating aspects also
present in this study. Abbasi et al. [33] developed numerical solution for peristaltic transport
of nanoliquid by considering boron nitride-ethylene glycol. In this study temperature rises via
Hartman number. Mekheimer et al. [34] examined blood flow analysis by considering the gold
nanoparticles in peristaltic motion. In this study, they examined how gold nanoparticles are
useful in cancer treatment. Rafiq et al. [35] focused peristalsis of nanomaterial subject to
ion-slip and Hall aspects. This study is useful for biomedical purposes.

Recently the researchers have concentrated their attention on investigating the features of
non-Newtonian matters owing to their major usefulness in numerous chemical and mechanical
industries. The functional implementations found in non-Newtonian fluids include processing
cheap soft material, greases, paints, sugar solution, polymer melts and many more. The ap-
plications of non-Newtonian fluids in the fields of chemical industries, biomedical processes,
particles mixing and filtration of devices etc. Various relations of non-Newtonian fluids are
present considering different assumptions. Srivastava [36] discussed the peristaltic motion with

couple-stress fluid. Ramesh [37] discussed the slip features in the peristalsis of couple stress



fluid filling porous space. Velocity and temperature are enhanced against Couple stress fluid
parameter. Hayat et al. [38] studied the aspects of convective conditions in peristaltic activity
through Eyring-Powell fluid with chemical reaction. Temperature is decayed with the increment
of Biot number. Bhatti et al. [39] studied MHD peristaltic transport of Ree—Eyring liquid with
flexible walls. Mehmood et al. [40] demonstrated peristaltic activity with fourth-grade mate-
rial in an inclined channel. Soret and Dufour aspects in mixed convective peristaltic activity
is due to Mustafa et al. [41]. Akbar et al. [42] explored peristalsis of Sutterby liquid within
small intestines. Abbasi et al. [43] scrutinized comparative study of peristalsis of Sutterby and
Eyring-Prandtl fluids. Akram and Nadeem [44] analyzed mixed convective peristaltic flow of
hyperbolic tangent nanofluid. Velocity of fluid decline via magnetic variable. Abbasi et al. [45]
developed the numerical solutions about MHD peristaltic flow of Carreau—Yasuda material
through a curved channel with Hall current.

Mechanism of peristalsis through compliant channel is popular in applications regarding
physiological flows and engineering. Hence Mitra and Prasad [46] firstly discussed the effect
of wall properties in peristalsis. Radhakrishnamacharya and Srinivasulu [47] examined com-
pliant wall aspects for peristaltic of heat transfer. Srinivas et al. [48] explored variations of
slip conditions, wall properties and heat transfer on MHD peristaltic motion. Srinivas and
Kothandapani [49] highlighted the influence of heat and mass transfer on MHD peristaltic flow
through a porous space with compliant walls. Impacts of wall properties are reported by Hayat
et al. [50]. Mustafa et al. [51] examined numerical investigation peristaltic transport of nano-
material in a symmetric channel with wall properties. He compared the numerical solution with
Homotopy(HAM) method through good agreement. Hayat et al. [52] studied the influence of
compliant walls on peristalsis of power-law fluid. Gad [53] discussed influence of Hall current
on peristalsis in a channel with wall effects. Nadeem et al. [54] scrutinized features regarding
elastic walls for Williamson nanoliquid in a curved channel. Sucharitha et al. [55] reported
MHD peristaltic transport of nanomaterial with compliant wall chrematistics. In this study the
authors analyzed the aspects of Ohmic heating and viscous dissipation.

Forced convection might not be enough to evaporate all the heat in very high-power out-
put devices. In these situations, the combination of natural convection and forced convection

(mixed convection) can better produce the desired results. This mechanism refers to the process



of heat transmission in fluids in which the flow field is much different than it would be under
normal circumstances of uniform density due to differences in gravitational body force associ-
ated with non-uniformity of density within the system. The mechanisms involved are typically
viewed in terms of fluid buoyancy and the consequences are sometimes referred to as buoy-
ancy effects on heat transmission. Mixed convection usually occurs in many industrial and
technological applications. Examples of mixed convection phenomena include a low-speed heat
exchanger, solar cells, ventilator-cooled electronic devices, and nuclear reactor cooling during an
emergency shutdown. Umavathi et al. [56] explored the analysis of mixed convection through
vertical porous medium. Brinkman—Forchheimer extended Darcy equations are employed to
model flow in this study too. Akbarinia and Behzadmehr [57] have discussed the mixed con-
vection analysis by considering the features of nanomaterial in curved tubes. Eldabe et al.
[58] analyzed mixed convective peristalsis of Biviscosity liquid with viscosity dependence on
temperature. Srinivas et al. [59] calculated exact solution for peristaltic activity with mixed
convection. Akram et al. [60] investigated peristaltic flow of nonlinear liquid in an asymmetric
channel subject to mixed convection. Hayat et al. [61] examined MHD peristaltic motion with
mixed convection. Viscosity features are taken in this investigation as a variable. Slip impact
for peristaltic transport of nanofluid with mixed convection is analyzed by Noreen et al. [62].
Magnetic field and dissipation have been accounted. Mokhtari et al. [63] developed numerical
investigation for mixed convective flow considering different Fin arrangements with the hori-
zontal channel. Turkyilmazoglu [64] calculated the exact solutions for MHD mixed convection
flow with stretching walls.

The role of thermal radiation is very important in industrial operations and space tech-
nologies. Thermal radiation must be evaluated in the current study since it demonstrates a
remarkable synchronization of system temperature/changing heat transfer rate. Thermal radi-
ation is also used in medical treatments. Pal [65] examined the effects of radiation and heat
sink/source for flow by unsteady stretching surface. Hayat and Alsaedi [66] studied Ohmic
heating and thermal radiation for MHD Oldroyd-B fluid. Ara et al. [67] investigated the ra-
diative analysis for flow of Powell- Eyring material. Kothandapani and Prakash [68] studied
radiation effects on the peristaltic transport of nanofluids. Latif et al. [69] analyzed thermal

radiation and viscous dissipation for peristaltic activity. Prakash and Tripathi [70] reported the
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electroosmotic flow of Williamson fluid with peristaltic activity by taking the aspect of thermal
radiation.

When a fluid comes in contact with a solid surface and takes on the velocity of that surface,
this is referred to as a no-slip state. This is because fluids have a viscous characteristics. The
no-slip requirement, on the other hand, is insufficient for fluid to pass through permeable walls,
slotted plates, rough and coated surfaces, foam etc. The slip condition is applicable in such
fluids. The fluid flows subject to partial slip are significant in polymers and polishing the
valves of an artificial heart. Chu and Fang [71] introduced slip flow in peristalsis first time.
Ali et al. [72] examined slip impacts on the peristaltic transport of MHD liquid. Chaube et
al. [73] pointed out the slip features in peristalsis of micropolar liquid. Tripathi et al. [74]
studied peristaltic activity through slip aspects in fractional Burger’s material. Impacts of slip
and thermally radiation are reported by Akbar et al. [75]. Sucharitha et al . [76] discussed
magnetic field and slip consequences on convective peristaltic flow of Bingham liquid with

compliant wall.

1.3 Basic equations

Here we include some fundamental expressions which will be employed in modeling of problems.

1.3.1 Mass conservation

For a compressible liquid, the mathematical expression of continuity is

op
V.(pV)—i—E =0, (1.1)

in which density, time and velocity are represented by p, t and V respectively. For incompress-

ible fluid (p = constant) and one obtains

V.V =0. (1.2)
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1.3.2 Momentum conservation

Momentum expressions satisfies

av
P = pb + V.1, (1.3)

where 7 = S—pl depicts Cauchy-stress tensor, I the identity tensor, p the pressure, S the extra
stress tensor and pb depicts the body force.
1.3.3 Energy conservation

Energy expression for nanofluid is

0 .
prcy <§ + V.V> T =-V.q+I,V.j, (1.4)

In above expression left hand side represent internal energy and I, and j, represent specific

enthalpy and diffusion mass flux of nanomaterials. Here

d= ~kVT+Lj,, (15)
. VT
Jp = —pp_DTT— — ppDBVC, (]‘6)

where Dpg and Dp shows Brownian and thermophoresis coefficients and 7}, the mean temper-

ature. By employing (1.6) and (1.7), the energy expression reduces to

D
pres (% + V.V) T =kV?T+ pycp [T—;‘:VT.VT + DpVC.VT] . (1.7)

1.3.4 Concentration equation

Equation of concentration for nanofluids is
D
<2 + V.V) C= T—TV2T + DpV?3C, (1.8)

ot m

where C shows the nanoparticles concentration.
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1.4 Models of fluids

1.4.1 Viscous fluid

Cauchy stress tensor T' for incompressible viscous fluid is represented by

where I the identity tensor, p the pressure, p the dynamic viscosity and A; the first Rivlin-

Ericksen tensor defined as

A = (grad V)! + (grad V), (1.10)
where
Ou Qdu Ou
or Oy Oz
_ 0 e o)
gradV.=| 2 i (1.11)
ow Jw QJw
ox oy 0z
and so
0 e 0 0 o)
20: oytaw ot s
A= 2_54_2_2 2§_Z ?9_1;"’_% (1.12)
lo o) o) o o]
T wte  2u

1.4.2 Non-Newtonian fluids

Cauchy stress tensor for incompressible non-Newtonian fluid models is

T=—pl+S, (1.13)

Extra stress tensor S varies for different models.

Eyring-Powell model

Extra stress tensor for Eyring-Powell model is defined by [38]

ou; 1 1 Ou,
= e inh™* [ ——— ,j=1,2 1.14
S] Hax] + B** S1n <C** 8%) ’ 2W) ’ ( )
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where u = u1, v = ug, T = x1 and y = xo.

Sinhil L@uz . L@uz _1 L@uz 3
c*0x;)  c*dm; 6 \c*ox;) ]

Here ¢** and ** are the material constants of Eyring-Powel liquid and p the coefficient of

c** Oz

< 1. (1.15)

viscosity.

Fourth grade model

For fourth-grade model extra stress tensor is [40]

S = pAi+ajAg+ agA? + B1As + B5(A1As + AsAy) + B3(trAD) AL + 1Ay +
Yo(A1As + AzAy) + 73A5 + 74 (ATAg + ArAY) +75(trAg) Ag + 75 (trAg) AT +

(yrtrAs + y7tr(AzAq))As. (1.16)
where (i = 1,2), 8;(i = 1 — 3) and ~;(i = 1 — 8) are material constants of fourth-grade where
and Rivilin-Ericksen tensors are [40]

o dAn—l

A
n dt

+ (grad V) A, 1+ A, (grad V)T, n> 1. (1.17)

Sutterby model

Extra stress tensor for Sutterby model is defined through [42]

Ay, (1.18)

1
v = HétraceA%, (1.19)

where b and m* denote material constants, p the fluid dynamic viscosity and A the first Rivlin

Ericksen tensor.
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Hyperbolic tangent model

Extra stress tensor for hyperbolic tangent model is defined [44]

8 = [too + (oo + 10) tanh(1/4)" | 4, (1.20)

1
¥y = \/§traceA%, (1.21)

We consider in this case the infinite shear rate viscosity p., = 0 and I'/4 < 1. Thus S takes

the form

$ = [o(/4)"] 4 = (1 +n(r/5 - 1] 4, (1.22)
where I'/ denote material constants, n the power law index, o the zero shear rate viscosity and
A; the first Rivlin Ericksen tensor.

Couple-Stress fluid model

Constitutive equations for a couple-stress fluid are [37, 38|

8%'

Prap = Liii+ psfi (1.23)
eijeTi + Mjij + psCi =0, (1.24)
Sij = —p + 2ud;;, (1.25)

P = dmwji + 4niwi (1.26)

Here v; denotes velocity, f; the body force per unit mass, C; moment of body per unit mass,
M;; couple-stress tensor, dffj symmetric part gradient of the velocity, w; the vorticity vector,
and 7; and n} are constants connected with the couple stress. Tf} and S;; are antisymmetric

and symmetric parts of the tensor T;; respectively.

1.4.3 Compliant wall

When a compressing source is removed, the tendency of an organ to return to its previous

pattern is measured. A compliant wall is one that is flexible, stretchable, dampening, and
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elastic in nature. It’s also capable of retaining fluid. When the pressure in the fluid is disturbed
in such a way that the deflection of the wall is minimal, the rigid wall assumption remains valid
in most physical events. However, if the channel wall is expected to be fragile (i.e., less than
0.05 of the radius) or constructed of deformable material, the compliant wall option produces
excellent consequences.

For a flexible wall, the governing equation of motion is as follows:

L(n) =p — Po,
0? 0? 0
L= —Tw—i-mﬁ—‘—dla ) (1.27)

where L denotes the operator for depicting the movements of a stressed membrane. Because
of muscle tension, Fy is the pressure outside the wall. We take Py = 0 for inextensible channel
walls. Further m, 7 and d; depicts mass per unit area, elastic tension and viscous damping

coeflicient respectively.
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Chapter 2

Peristalsis of nanofluid by mixed

convection and wall properties

2.1 Introduction

Present chapter highlights novel aspects of mixed convection and Hall current on the peristaltic
movement of nanomaterial in a symmetric channel. Fluid through the porous medium is taken.
Here channel boundaries are compliant. Moreover slip condition is employed for velocity. Con-
vective conditions are imposed for temperature and concentration. Numerical solutions for
resulting problems are obtained by shooting technique. Influences of variables of interest on

concentration, temperature, velocity and heat transfer rate are graphically illustrated.

2.2 Physical model

Peristaltic flow of viscous nanofluid in a symmetric channel of width 2d; is studied. Flow is
induced by waves propagation along the boundaries of channel. Here the cartesian coordinates
the x and y—axis appears are along and normal to the boundaries of channel.

The walls shapes are [51]

y = £n(x,t) = £[d1 + asin 2%(1‘ — ct)], (2.1)
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in which A\ depicts the wavelength, a the amplitude of wave, t the time and ¢ the wave speed.

Fluid is conducted electrically with a constant strength through an applied magnetic field

By. Neglecting an induced magnetic field, the Hall current contribution is retained. Thus by

generalized Ohm’s expression [18]

L JxB)+E+(VxB).

J:U[_n e

(2.2)

Here o denotes electrical conductivity, E the electric field, V the velocity, e the charge of

electron and n. the mass of electron. We have

aBg
1+ m?2

JxB=— [(w — mwv), (v + mu), 0]

Expressions governing the proposed problem are

ou Ov

ooy~
ot dr Oy  pyox 0x2  Oy? ps(1+4m?2)
—Lku + 9B87(T = To) + gBc(C = Co),
PRl
@+ @+ @—_i@+y @_‘_@ _U—Bg( + )
at "o U@y_ py Oy 0x2  Oy? pr(1+m?) v,

o or  oT (0T o\ v [ (ou\ (ov ou\? (0w
at " "ox U@y — N\ 92 Oy? cy Ox ox Oy oy
b (9091 00T\ Dy [ (9T\? (0T’
B\ 0z 0z Oy Oy Tm oy ox

oC oC oC (820 82C>D <82T 82T> Dr
B z -

ot "or Vo T\ a2 T a2 32 | By

+7

T

Relevant boundary conditions are

(2.3)

(2.4)

uiﬂ(%—i—@) =0, —ka—T—hl{Tl_T}, —DB@—hg{Cl_C}ﬁty_i?% (2.9)

By 8y T — To ay C - Co
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o3 o3 9? }

IS d
93 T ™02 T %0z | "

F o2 T 942

ot ox oy
—U—Bg(u—mv)—ﬂujL Br(T —To) 4+ gpBc(C —Ch) at y==+ (2.10)
pf(1+m2) I gPePT 0) T9PfPc 0 Yy ==xn. .
We consider the stream function v = ¢, and v = —d7, and the following non-dimensional

variables

A A
- C’ - 9 _)\7 y dl’ _A7 1
. . dip T - T C -G
o= L =g L op= 0, (2.11)
di eALL Ty — To C1—Co

Incompressibility constrain (2.4) is trivially satisfied while the other equations after invoking

lubrication approach and dropping asterisks yield

ot M? 8%[1 8d)
1 (0% 00 0¢ 06 0?1
ﬁ(aTﬂ) b8_8_y+Nt<8y> + Ec <a2> =0, (2.13)
82¢ Nt (0%
el + = <8y ) 0. (2.14)
The boundary conditions are
0 0?
8—wzlz aqﬁ—Oat y= £, (2.15)
o3 ok 02 03 M? 0w
[Elﬁ Ty +E38:r8t} Ty T <1 Tz > oy
Grf+ Gegp at y = +n, (2.16)
99 _ [—Bii(1-0)| 9¢  [—Bis(l— ) B
8y{ _Biy0 }, oy Biys , at y = =+, (2.17)

with € as the amplitude ratio, d wave number, Nb the Brownian variable, Nt the thermophoresis
parameter, Re Reynolds number, Sc the schmidt number, K the porosity parameter, Pr the
Prandtl number, Ec the Eckert variable, Bi; thermal biot number, Bis mass biot number, M

the Hartman number, (E;, Es, E3) the wall parameters, Gc concentration Grashof number,
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Gr thermal Grashof number, 8 the velocity slip parameter defined below

D - Dr(Ty — Tt cd
e = Lop=t Ny TP ZC0) yy TDrh —To) g, ey
dq A v Tov 1

v k1 v c? . hady . hady

¢ DB’ d%’ g Oé’ ¢ Cf(T1 —To)’ “ k ’ 2 DB ’
73 3 3 C — C)d2
Vo EBOdl, E1:3Ld1, E2:m13cd17E3:@’ Gczgpfﬁc( 0) L

K A’ uc A AL ue

T —Ty)d?
ar - 9p B ( 0) L 5*:£-
pe di

2.3 Numerical method

Excpressions (2.12) — (2.14) with boundary conditions (2.15) — (2.17) are solved numerically.
The technique works with minimum error for small step size. Thus both x and y are equally

modified by a size of step 0.01. The outcomes are provided in the next section.

2.4 Graphical findings

This portion explored axial velocity, temperature, nanoparticles concentration and heat transfer

rate. Figs. 2.1 — 2.28 are plotted for this purpose.

2.4.1 Velocity

In Figs. 2.1 — 2.7 the behaviors of distinct parameters on velocity are investigated. Fig. 2.1
shows that velocity grows when value of slip parameter S enhances. Clearly more velocity
occurs in neighbourhood of channel walls. Influence of porosity (K) on velocity is indicated
in Fig. (2.2). Velocity is increased by K. This happens because porous medium will provide
less resistance to fluid flow (resulting in a rise of fluid velocity). In Fig. 2.3 opposite behavior
is observed for velocity through different values of Hartman number M. In fact more resistive
force through larger Lorentz force causes decrease in fluid motion. Behaviors of heat and
mass Grashof numbers Gr and Gec are sketched in Figs. 2.4 and 2.5 respectively. Increase of
these parameters means increased buoyancy forces (leading to higher velocity distribution). As

expected the velocity is enhanced. Variation of Hall parameter m on velocity has been sketched
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in Fig. 2.6. Clearly velocity is an increasing function of m. The Hall effects physically actually
offset the magnetic force of the applied magnetic field. Influences of flexible wall variables (F1,
Es, E3) are presented in Fig. 2.7. Here larger E7 and Fy enhances the velocity. However there

is velocity decay for Fs3.Velocity in all plots is of parabolic shape.

2.4.2 Temperature

Figs. 2.8 — 2.16 represent the influences of pertinent variables on temperature. Fig. 2.8
sketched effects of thermal Biot number Bi; on temperature. Here temperature is an increasing
function of Bii. Due to non-uniform temperature field within the fluid we considered large
values of thermal Biot number. Fig. 2.9 depicts that temperature increases for larger Prandtl
number Pr. The temperature increases efficiently when Pr enhances due to the existence
of strong viscous dissipation impacts. In Fig. 2.10 we noticed that temperature reduces by
an enhancement in Hall parameter m. By increasing the Hall parameter, the current density
of the fluid increases, allowing the temperature to increase. Fig. 2.11 demonstrates that
increasing K lead to temperature rise. Fig. 2.12 illustrates that for higher Eckert number the
temperature is enhanced. For higher Fc, frictional heating collects additional kinetic energy in
liquid particles. Temperature upgrades for rising Ec. In Fig. 2.13 we capture the combined
effects of thermophoresis parameters Nt and Brownian motion Nb. Here temperature enhances
for both parameters. It is due to the random movement of nanoliquid particles from channel
walls to material. Impacts of thermal and concentration Grashof numbers are shown in Figs.
2.14 and 2.15. It is noted through these Figs. that temperature enhances for an increase in both
the parameters. Such behaviors physical explanation is due to the buoyancy force resulting from
the temperature difference within the flow domain. This force rapidly causes the fluid flow.The

wall parameters Fy and Es increase the temperature whereas E3 reduces. (see Fig. 2.16).

2.4.3 Concentration

Figs. 2.17 — 2.22 have been organized for the outcomes of concentration with respect to mass
Biot number Bisy, thermophoresis parameter Nt, thermal Grashof number Gr, concentration
Grashof number Gc, porosity K and wall parameters Fy, Fa, F3. Fig. 2.17 is portrayed to

see impacts of concentration Biot number Biy. Here concentration increases for larger values
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of Biy. Fig. 2.18 reveals that concentration is an increasing function of Gr. Similar behavior
for concentration Grashof number Gc is observed through Fig. 2.19. In Fig. 2.20 we noticed
that concentration decays for porosity parameter K. Fig. 2.21 elucidates that concentration
decreases by increasing thermophoresis parameter Nt. The intensity of thermophoretic impacts
is rising gradually. This results in a greater mass flux due to the concentration gradient. This
reduces the concentration of nanoparticles. Fig. 2.22 captures variation of compliant wall
parameters F1, s, FE3 on concentration. Here concentration has increasing behavior for Ej

and Fy while opposite response observed for Ej3.

2.4.4 Coefficient of heat transfer

Impacts of several distinct variables on heat transfer coefficient Z(x) = n,0,(n) are inspected by
Figs. 2.23—2.28. Fig. 2.23 assures that larger thermal Biot number Bi; show a decrease in heat
transfer rate. As Bij rises, thermal conductivity at the wall will reduces and the heat transfer
rate will declines. Fig. 2.24 depicts that Z decreases for thermal Grashof number Gr. Fig.
2.25 shows that heat transfer rate is reduced via concentration Grashof numbers Ge. Fig. 2.26
displays Z against porosity parameter K. Here heat transfer coefficient is increased with higher
K. Effects of Hall parameter m is sketched in Fig. 2.27. Clearly Z is an increasing function of
this parameter. A rise in heat transfer coefficient is because of Hall effects which tend to rise
in fluid temperature. Influence of Brownian motion Nb and thermophoresis parameters Nt are
displayed in Fig. (2.28). Heat transfer rate with respect to Nb and Nt is enhanced. As the
Brownian motion effect strengthens, this correlates to the efficient migration of nanoparticles

from the wall to liquid, and consequently the transfer enhances.
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Fig. 2.1: Variation of 8 on velocity when = ¢ =0.2,t =0.1, K =0.6, M = 0.5, m = 2,
Pr=69, Ec=1, Nb=Nt=0.3, Gr =04, Ge =0.7, E; = 0.03, E5 = 0.02, F53 = 0.01,
Biy =3, Big = 5.

30

Fig. 2.2: Variation of K on velocity when x =e¢=0.2,t=0.1, =02, M =0.5, m = 2,
Pr=6.9, EFc=1, Nb=Nt=0.3, Gr =04, Ge =0.7, £; = 0.03, E5 = 0.02, F3 = 0.01,
Bii =3, Bis = 5.
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Fig. 2.3: Variation of M on velocity when x =e¢=0.2,t=0.1, 5 =0.2, K = 0.6, m = 2,
Pr=69, Ec=1, Nb=Nt=0.3, Gr =04, Ge = 0.7, E; = 0.03, E2 = 0.02, E5 = 0.01,
Bi1 =3, Big = 5.
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Fig. 2.4: Variation of Gr on velocity when x = e =0.2,t=0.1, 5 =0.2, K =0.6, M = 0.5,
m=2,Pr=69, Fc=1, Nb=Nt=0.3, Ge=0.7, E; = 0.03, F» = 0.02, £3 = 0.01, Bi; = 3,
Big = 5.
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Fig. 2.5: Variation of Gc¢ on velocity when x = e =0.2,t =0.1, 8 =0.2, K = 0.6, M = 0.5,
m=2,Pr=69, Fc=1, Nb=Nt=0.3, Gr =04, E1 =0.03, E; =0.02, £3 = 0.01, Bi; = 3,
Bis = 5.

Fig. 2.6: Variation of m on velocity when  =e¢=0.2,t =0.1, 5 =0.2, K =0.6, M = 0.5,
m=2,Pr=69, Ec=1, Nb=Nt=0.3, Gr =0.4, Ge=0.7, F1 = 0.03, E; = 0.02,
E3=0.01, Biy =3, Biy = 5.
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Fig. 2.7: Variation of F1, Fs, E5 on velocity when z = e =0.2,t =0.1, § = 0.2, K = 0.6,
M=05 m=2,Pr=6.9, EFc=1, Nb=Nt=0.2, Gr =0.5, Gc = 1.3, Bi; = 3, Biy = 5.
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Fig. 2.8: Variation of Bi; on temperature when x = e =0.2,t =0.1, 3 =0.2, K = 0.6,
M=05 m=2Pr=69, Ec=1, Nb=Nt=0.3, Gr =04, Ge= 0.7, £1 = 0.03, E5 = 0.02,
E3 =0.01, Bis = 5.
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Fig. 2.9: Variation of Pr on temperature when z = e =0.2,t =0.1, § = 0.2, K = 0.6,
M=05m=2 Ec=1, Nb=Nt=0.3, Gr =0.4, Ge = 0.7, E; = 0.03, F3 = 0.02,
E3=0.01, Biy = 3, Biy = 5.
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Fig. 2.10: Variation of m on temperature when x =e¢=0.2,t =0.1, 5 =0.2, M = 0.5,
K=06,Pr=6.9 Fc=1, Nbo=Nt=0.3, Gr =0.4, Ge = 0.7, E; = 0.03, F> = 0.02,
E5 =0.01, Biy = 3, Bis = 5.
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Fig. 2.11: Variation of K on temperature when x = e =0.2, t = 0.1, 8 = 0.2, M = 0.5,
m=2,Pr=69, Fc=1, Nb=Nt=0.3, Gr =0.4, Ge=0.7, F1 = 0.03, E; = 0.02,
E3 =0.01, Biy =3, Biy = 5.
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Fig. 2.12: Variation of Ec on temperature when  =¢=0.2, ¢t =0.1, 5 =0.2, K = 0.6,
M=05 m=2,Pr=69, Nb=Nt=0.3, Gr =04, Ge=0.7, E; = 0.03, 5 = 0.02,
FE3 =0.01, Bi; = 3, Bip = 5.
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Fig.2.13: Variation of Nb, Nt on temperature when x =e¢ =0.2,t =0.1, 5 = 0.2, K = 0.6,
M=05 m=2,Pr=69, EFc=1,Gr =04, Ge=0.7, E; =0.03, £5 = 0.02, E5 = 0.01,
Bii =3, Bis = 5.
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Fig. 2.14: Variation of Gr on temperature when z =e¢=0.2,t =0.1, 3 = 0.2,
K=06M=05 m=2Pr=69, Fc=1, Nb=Nt=0.3, Ge =0.7, £; =0.03, E2 = 0.02,
FE3=0.01, Bi; = 3, Bis = 5.
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Fig. 2.15: Variation of Gc on temperature when z =€ =0.2,t = 0.1, 8 = 0.2, K = 0.6,
M=05 m=2Pr=69, Fc=1, Nb=Nt=0.3, Gr =04, £, =0.03, E5 = 0.02,
E3 =0.01, Biy =3, Biy = 5.
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Fig. 2.16: Variation of Fy, Fs, E3 on temperature when z = e =0.2, t =0.1, § = 0.2,
K=06,M=05 m=2Pr=69, Ec=1, Nb=Nt=0.3, Gr =04, Gec = 0.7, Bi; = 3,
Bis = 5.
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Fig. 2.17: Variation of Bis on concentration when z = e =0.2,t =0.1, 8 = 0.2, K = 0.6,
M=05 m=2Pr=6.9, Ec=1, Nb=Nt=0.3, Gr =0.4, Ge = 0.7, £; = 0.03, F> = 0.02,
FE3 =0.01, Biy =3, Biy = 5.
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Fig. 2.18: Variation of Gr on concentration when x = e =0.2,t =0.1, 3 =0.2, K = 0.6,
M=05 m=2 Pr=6.9, EFc=1, Nb =Nt =0.3, Ge=0.7, £1 = 0.03, Fy = 0.02,
FE3=0.01, Bi; = 3, Bis = 5.
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Fig. 2.19: Variation of Gc¢ on concentration when z = e =0.2,t =0.1, § = 0.2, K = 0.6,
M=05 m=2Pr=69, Fc=1, Nb=Nt=0.3, Gr =04, £, =0.03, E5 = 0.02,
E3 =0.01, Biy =3, Biy = 5.
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Fig. 2.20: Variation of K on concentration when x =e¢=0.2,t=0.1, 3 =0.2, M = 0.5,
m=2,Pr=69, Ec=1, Nb=Nt=0.3, Gr =0.4, Ge= 0.7, £, = 0.03, E» = 0.02,
F3 =0.01, Bi; = 3, Bip = 5.
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Fig. 2.21: Variation of Nt on concentration when x =e¢=0.2,t=0.1, 3 =0.2, K = 0.6,
M=05 m=2Pr=6.9, Ec=1, Nb=0.3, Gr =04, Ge= 0.7, F, =0.03, F» = 0.02,
E3 =0.01, Biy =3, Biy = 5.
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Fig. 2.22: Variation of E1, Fo, F3 on concentration when x = e =0.2,¢t =0.1, 5 =0.2,
K=06,M=05 m=2,Pr=69, Fc=1, Nb=Nt=0.3, Gr =04, Gec=0.7, Bi; = 3,
Bis = 5.
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Fig. 2.23: Variation of Bi; on heat transfer coefficient when x =€ =0.2,t =0.1, 5 =0.2,
K=06 M=05 m=2,Pr=69, Ec=1, Nb=Nt=0.3, Gr =0.4, Gec= 0.7, F, = 0.03,
Ey=0.3, B3 =0.3, Bis = 5.
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Fig. 2.24: Variation of Gr on heat transfer coefficient when z =€ =0.2, t = 0.1, g = 0.2,
K=06,M=05 m=2Pr=69, Ec=1, Nb=Nt=0.3, Ge =0.7, £, =0.03, E2 = 0.02,
E3=0.3, Biy =3, Bip =5.
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Fig. 2.25: Variation of Gc¢ on heat transfer coefficient when x =e¢ =0.2,t =0.1, 5 = 0.2,
K=06,M=05 m=2Pr=69, Ec=1, Nb=Nt=0.3, Gr =04, E; =0.03, £5 = 0.02,
E3=0.3, Biy = 3, Bis = 5.

Fig. 2.26: Variation of K on heat transfer coefficient when z =e¢= 0.2, t = 0.1, 5 = 0.2,
M=05 m=2,Pr=6.9, Ec=1, Nb=Nt=0.3, Gr =04, Gce = 0.7, £; = 0.03, 5 = 0.02,
E3=0.3, Biy =3, Bis = 5.
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Fig. 2.27: Variation of m on heat transfer coefficient when x = e =0.2,t =0.1, 5 = 0.2,
M =05 K=06,Pr=6.9, Fc=1, Nb= Nt =0.3, Gr =0.4, Ge = 0.7, E; = 0.03,
Ey=0.02, £33 =0.3, Bi; = 3, Bis = 5.
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Fig. 2.28: Variation of Nb, Nt on heat transfer coefficient when x =€ =0.2, t = 0.1,
=02 K=06,M=05m=2Pr=69, Ec=1, Gr =04, Gec= 0.7, £; = 0.03,
E>=0.02, E3 =0.3, Bi; = 3, Bis = 5.

2.5 Closing remarks

Main points are listed below.
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Influences of 8, Gr and Gc on velocity are similar.

Effects of F;(i = 1,2) on concentration, temperature and velocity are quite opposite to

that of Ej5.

Hartman M and Hall m variables on temperature and velocity have reverse outcomes.
Temperature is qualitatively similar for Nb and Nt.

Temperature is reduced by thermal Biot number Bi;.

Concentration and temperature have opposite impacts for Gr and Gec.

Effects of Kand Nt on concentration are quite reverse when compared with Bis.

Outcomes of Bi; and Ge on heat transfer coefficient are quite opposite than Gr, K and

m.
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Chapter 3

Bioconvection analysis for peristalsis

of nanofluid

3.1 Introduction

The current chapter examined the aspects of bioconvecitve MHD peristaltic flow of nanofluid
containing gyrotactic organisms. Impacts of Hall current and thermal radiation are also exam-
ined in the present study. Velocity, thermal and concentration slip conditions are imposed on
elastic channel. Numerical solutions are obtained foe velocity, temperature, concentration, heat

transfer coefficient and motile organism density. Related graphs arranged the minor findings.

3.2 Problem development

Here we studied MHD peristaltic flow of viscous nanoliquid in a symmetric channel of width
2d;. Disturbance in fluid is due to sinusoidal wave train which propagates with constant speed
¢. Fluid is conducting by a constant magnetic field of strength By. Electric field effects are

neglected. Geometry of the wall surface with the wavelength A and amplitude a is defined as

2
y=4n(z,t) == dl—l—asinTTr(x—ct) , (3.1)
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By Ohms law, the Lorentz force Fg is calculated as follows:

oB?
(u—mv),—1+m2(v+mu),0], (3.2)

where o denotes electrical conductivity and m is the Hall parameter. We have relavent expres-

sions

ou  Ov
B + 8_y =0, (3.3)
ot "oz Yay) T oz 022 " oy2) T (1 +m?) v
+9(1 — Fo)psBr(T —To) — (pp — p£)9B(C — Co) = (prm — pp)v9(F — Fp), (3.4)
ov ov dv\  Op v 0% oB?
<8t+u%+v8_y> 8y+ <8$2+8y>——(1+m2)(v+mu), (3.5)

(LT PTN (2 0y () ()
ot Ox oy ) ox?2 = Oy? ox Oy oy Ox

b (0COT  9COTY Dy [(OT\* (0T’
B\ 0z 0z Jy Oy Th oz y

<8T or 8T>
prcs +u—+v—

+0pCp
9qy UB(Z) 2 2
o T mg)(u +0%), (3.6)
%+u%+v%—D 820—1-820 + 82T+82 D— (3.7)
ot ' or oy B\ ox2 " o2 922 " oyZ ) Ty’ '

oF  OF  OF <a2F 82F>_ bWV, <2<F3_0>+3<F8—0)> (3.8)
( e

o oz Ty 57 T2 ) T Ci=co) \ay \ 3y

Boundary conditions are as follows:

w= By (01} n a“) — 0 at y =+, (3.9)
dy
T (T ac  (Cy F
T+ 6y {TO} C* by {Co}’ F= {Fl} at y = +n, (3.10)
78_3+ 83 _|_d 82 — @4_@ 6u+ au+ % _
Vo3 T ™ azarr T Yotar | T H\ 022 T 9y2 at "oz " oy
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2
oB§

pr(1+m?) (u —mv) — g(1 = Fo)psBr(T — To) + (p, — ps)gBc(C — Co)—

(Pm — P9y (F — Fy) at y = +n. (3.11)

Here (u,v) are components of velocity in (x,y) directions, k the thermal conductivity, p the
dynamic viscosity, p the pressure, p; the nanofluid density, p; the density of nanoparticles,
Py, the density of motile microorganisms, g the gravity, Dy the thermophoretic coefficient of
diffusion, Dp the Brownian movement, Dy the microorganisms diffusion coefficient, v the
average volume of microorganisms, 7T, the mean temperature, m; mass per unit area, d the
viscous damping coefficient, W, the maximum cell swimming speed, 71 the elastic tension,
(81, Ba, B3) the slip parameters, b the chemotaxis constant, (Cp, C1) and (Tp,T71) the lower and
upper walls concentration and temperatures respectively. Further (Fp, F}) the volume fraction
at upper and lower walls.

Now we consider non-dimensional quantities and stream function 1 in above system of

equations by

* u * v * z * Y * ct * B’L
U C? v c? X )\7 y dl’ A’ 7 dl( )
*x 1 *_d%p o T_TO . C—C() . F_FO
" - dl’ P _C)\;L7 _Tl—T()’ _Cl—C07 X_Fl—Fo’
B, o
= S V= —0o—. 3.12
“ oy’ v ox (3.12)

The incompressibility constraint (3.3) is easily satisfied, whereas the other equations after in-

volving the lubrication technique and omitting asterisks yield [3].

0
Oy? G(?__Gay

'y < M2 )a%

ox
57~ \Toe GIg, =0 (3.13)

2 2 2 2
(i+Rn>@+Nﬁ@+m<59> o (5e) + (s w) —0, ()

Pr oy? Oy O Ay 1+m?2 \ 9y Oy?
Nt (0%0 0%¢
_b (8_y2> + 8_y2 =0. (3.15)
P*x d¢ Ox >’¢ d%¢
57~ Peg, 5y~ Pexgs — Pebgy =0 (3.16)
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The boundary conditions are expressed in the following way:

oy % B
03 03 0? 31 M? o

[Elﬁ Ty an +E38x8t} T B T <1+m2> y

Gro — Gep — Gfx at y=*+n, (3.18)
90 (1 dgp |1 L B

with € as the amplitude ratio, § wave number, Nb the Brownian variable, Nt the thermophoresis
parameter, Re Reynolds number, Ec the Eckert variable, M the Hartman number, G¢ buoyancy
ratio parameter, Pr the Prandtl number, G f bioconvection Rayleigh number, (E1, Es, F3) the
wall parameters, Gr local Grashof number, Pe bioconvection Peclet number, £ the biconvection

constant and Rn the radiation parameter defined below

d D - Dr(Ty — T, cd
e = &b Ny TDBCG =Gy TDr(G—Th) o cdipy
dl A v TmV 1%
2 — C — Cp)d2
EC = C—’ M:\/EBOd17 GC: (pp pf)gBC( ! O) 17 Pr:£?
ct(Th — To) p pe “
— Fi — Fy)d? —rdB 3 i
af — (pp = Pp)9(F1 = Fo) g ;d17 E2:m130d1’ Eg_@’
ue A° e A AU
1 — Fo)ps(Ty — Ty)d? bW, F 16073
Gr = 90— R, —To)dy - W o Fo o 16075 o)
e Dn Fy = Fo 3kk

3.3 Numerical method

Finding the exact solution to governing equations is extremely difficult. Thus here we employed
NDSolve technique through Runge-Kutta method of fourth order (shooting technique). This
makes it easy to acquire the solution of the governing problem. Therefore equations (3.13) —
(3.16) with the related boundary conditions (3.17) — (3.19) are numerically solved. For small
step sizes, this method works with minimal error. As a result, the size of step 0.01 affects both

x and y equally. The next section contains the results.
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3.4 Graphical outcomes and discussion

This portion investigated axial velocity, concentration, temperature, heat transfer coefficient

and density of motile microorganism. Figures 1 — 34 are portrayed for this aim.

3.4.1 Velocity

Figs. 3.1 — 3.8 represent the influences of pertinent variables on axial velocity. Fig. 3.1
examined the consequences of velocity slip variable 3;. The fluid’s velocity intensifies via larger
B1. Aspects of Grashof number Gr against velocity is revealed in Fig . 3.2. Velocity is shown
to be strengthened by large amounts of Gr. Fig. 3.3 sketched effects of buoyancy ratio Ge on
velocity. Here velocity enhances through Ge. Fig. 3.4 is portrayed to capture the outcomes of
bioconvection Rayleigh variable G f. Decaying behavior is observed via larger G f. Consequence
of Hartman variable M on axial velocity is revealed in Fig. 3.5. This figure reveals that velocity
of the material decays. Actually, rise in M increases the Lorentz force that turns in direction
contrary to flow. This resistance force reduces liquid motion that eventually reduced velocity.
Fig. 3.6 shows the aspects of Hall parameter m against velocity. The velocity enlarges with the
growing values of m. Influence of bioconvection Peclet number Pe on velocity profile is pointed
out in Fig. 3.7. The plot shows that the bioconvection Peclet number Pe gains the velocity
of fluid. Fig. 3.8 captures variation of compliant wall parameters E1, Fo, F3 against velocity.
Related Fig. illustrates that the velocity for Fy and Fs is increasing, however the contrary

response seen for Ej3.

3.4.2 Temperature

The role of various variables on temperature are addressed in Figs 3.9 — 3.17. Consequences of
thermal slip variable 3, against temperature are examined in Fig. 3.9. Through higher 3, the
temperature enhances. Fig. 3.10 assures that larger Prandtl number Pr show an increase in
temperature of liquid. Significances of Brownian movement Nb and thermophoresis parameters
Nt are portrayed in Fig 3.11. We witnessed from this figure that temperature enhances against
both these variables. Fig. 3.12 is designed to see the influence of radiation variable Rn on

temperature. The findings of this graph demonstrated that as Rn rises, the temperature of the
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liquid decreases. Consequence of Grashof variable Gr on temperature is illustrated in Fig. 3.13.
Outcomes of this result find that temperature of fluid rises via Gr. Fig. 3.14 represents outcome
of Hall variable m on velocity. Temperature increases when m large. Fig. 3.15 demonstrates
the influence of Eckert number Ec on temperature. This figure demonstrated that temperature
increases for Eckert variable Ec. Influence of bioconvection Peclet number Pe on temperature
is depicted in Fig. 3.16. When Pe increases the temperature rises. Fig. 3.17 is created to
investigate consequence of wall parameters (E7, Eo, F3) on temperature. Here temperature of

fluid enhances via larger F4 and Es while it drops for Fj3.

3.4.3 Concentration

Impacts of several distinct variables on nanoparticle concentration are inspected by Figs. 3.18 —
3.23. Influence of thermophoresis parameters Nt is displayed in Fig. 3.18. A careful examination
of this figure clearly reveals decrease in the concentration of nanoparticles. Fig. 3.19 illustrates
influence of (5 for concentration. It is noted that concentration of fluid declines for larger
B3. From Fig. 3.20 we detected that concentration reduces for buoyancy ratio parameter Gc.
Fig. 3.21 is sketched to elaborate the effect of £ on concentration. Decaying behavior is
observed for concentration against £. Fig. 3.22 is portrayed to see the outcome of bioconvection
Peclet number Pe on concentration. An enhancement in Pe leads to decay of concentration of
nanofluid. Fig. 3.23 simulates the features of wall variables (E1, E2, F3) against concentration.
It is found that the concentration displays rising trend with the enhancement of £ and Es and

it declines for Fj3.

3.4.4 Coeflicient of heat transfer

Fig. 3.24—3.30 represent the activity of coefficient of heat transfer Z. Effect of Grashof number
Gr is demonstrated in Fig. 3.24. It is noticed that heat transfer coefficient improves with
higher Grashof number Gr. Fig. 3.25 is depicted to examine the consequences of bioconvection
Rayleigh variable Gf against Z. An increment in Z is seen due to Gf. Fig. 3.26 demonstrates
that when /3, increases, the heat transfer coefficient increments. Fig. 3.27 describes the results
of Brownian motion Nb and thermophoresis parameters Nt. From this figure we noticed that

coeflicient of heat transfer enhances with increment both the parameters. Outcome of radiation
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number Rn on the heat transfer rate is illustrated in Fig. 3.28. Decline behavior is witnessed
from this graph. Fig. 3.29 visualizes the consequence of bioconvection Peclet number Pe on heat
transfer coefficient. Higher Peclet number Pe increases Z. Fig. 3.30 portrays the heat transfer
rate for different values of Hall variable m. With increasing m, the heat transfer coefficient

highers.

3.4.5 Density of motile microorganism

Consequences of various distinct variables on motile microorganism x are inspected through
by Figs. 3.31 — 3.34. Effects of bioconvection Rayleigh variable Gf are depicted through Fig.
3.31. Clearly x enhances against Gf. Fig. 3.32 is plotted to show the variations in motile
microorganism for bioconvection parameter £. An increase is noticed in motile microorganism
density. Fig. 3.33 explains the motile microorganism density against Peclet number Pe. It is
found that enhancement of motile microorganism density occurs for Pe. Fig. 3.34 demonstrates
the motile microorganism density versus thermophoresis parameters Nt. By increasing the

thermophoresis parameters Nt the density of motile microorganism declines.
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3.5

Fig. 3.34: Variation of Nt on x

Conclusions

Majors outcomes are as follows.

Velocity enhances for 8, Gr and Ge.

Opposite behavior is observed for velocity agaianst Gf and Pe.

Pr and Gr increase the temperature.

Both thermophoresis Nt and Brownian motion Nb have rising impacts of temperature.
Influences of Rn and Pe on temperature are dissimilar.

Concentration of fluid declines for Nt and Gec.

Velocity, temperature and concentration are increased with higher F1 and F» while these

quantities decrease for Fs.
Heat transfer coefficient enhances against larger G'f, 59 and m.
Effects of Pe on coefficient of heat transfer are reverse when compared with Rn.

Density of motile microorganisms shows decreasing behavior of Pe and Nt.
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Chapter 4

Peristalsis of couple stress nanofluid

with wall characteristics

4.1 Introduction

Here examined the peristaltic motion of couple stress naofluid. Energy equation is retained
with viscous dissipation and thermal radiation aspects. Further chemical reaction between a
chemical species and the nanofluid may be significant. Therefore we considered the Buongiorno
nanofluid model with chemical reaction. Zero mass flux and thermal convective conditions
are incorporated. Numerical solutions are developed for the governing problem. Finally the

concentration, temperature and heat transfer coefficient are scrutinized through graphs.

4.2 Formulation

An incompressible couple-stress nanoliquid in a channel of width 2d; is taken. Flow generated
is by sinusoidal waves propagating with uniform speed c. We select rectangular coordinate (x,y)
such that z is parallel to wall and y is transverse to it. A magnetic field of strength of By is

exerted in y—direction. The wall shapes are

y==xn(z,t)== dl—l—asin%r(x—ct) , (4.1)
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where a and A denote amplitude and wavelength respectively. (See Fig. 4.1).

Fig. 4.1. Problem

The relevant equations for problem under consideration are

ou Ov

2 oy 0, (4.2)
Ou Ou Ou  10p 0*u  0%u n [ 0*u 0*u 0*u oB?
ot " "oz oy _pf ox TV <8x2 t 8y2> o ps \ Oa’ +28$28y2 + ot ) p; u, (4.3)

ov ov ov 1 Op y<82v 821)) m <84v g ot N 84v> (4.4)

" ox TPay T Tppay U\aa2 T ayz) T o, \Bat T Caatayr Tyt
2 2
or T T (0T 0T (%) +(8)* &
T ar TPy T \a Ta2) T
aC 9 aC o
+ (59 + 9 9E) Dy
o | (S B0 (G e\ (e 0wt [N (ou?
M1\ 922 Oy? oy?  Ox? F1\ oz oy oy Ox
94 9Bo 2 (4.5)
dy  pres
oC oC oC 0?C  9%°C 0T  0°T\ Dr
W—i_u%—ﬂ}a_y_DB(W—i_@—y?)—i_<ﬁ+8—g/2>ﬁ_kl(c_co)' (46)
Heat flux radiation ¢, is defined as
p 4
= (4.7
3k %Y



Expanding 7% by using Taylor series we have
T = AT3T — 3T (4.8)

Since the couple stress is presumed because of the suspended particles, the transparent fluid
obviously cannot be sustained by couple stresses at the wall, we have therefore tacitly concluded

that the couple stress tensor components vanish at the wall along with no slip and compliant

walls i.e.
&%
u:O,a—yzzO at y = £, (4.9)
_ 8_3+ 83 +d 82 — @4_@ _ @4_2&_’_@ _
e T ™M aza T Yat0x | T F\ox2 T ag2) T\ 0t T 0220y2 T By

@ ou ou
Ps ot oz y

+u— + v—) —oB%u at y=4n. (4.10)

Further zero mass flux and thermal convective conditions are defined as

oT T — Ty oC  DrdT
—k— =h Dp— + ——=0aty=4n. 4.11
Ay {To—T}’ Boy " Tnoy YT (1D
Considering stream function u = 1,, v = —4(%,) and using the non-dimensional variables
cwt = u, =0, Xe* =z, dyyt =y, M =ct, dyn* =n,
cApup* = dip=, Tod =T — Ty, (C1 — Co)p = C — Cy. (4.12)

Now adopting low Reynolds number and large wavelength assumptions [3] in equations (4.3) —

(4.6) we obtain after omitting asterisks

oot
Oy oy*

1 920 d¢ 06 1 (83\>  [920\° (02| (002
(7 1) e (3, ) 2 [7 (&) + (&) +(5) |*(5) =0

(4.14)
Nt (0%0\ 0% _
m(@) S — ¢St =0 (4.15)

2.20%0 _

+ M s =0, (4.13)
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The boundary conditions become

o Py B
ay O g At y=qm, (4.16)
o3 o3 92 1 a5w 83¢ Qaw
E1$+E28$8t2 +Egawat]n = 2oy T ap - M 3 at y==4n, (4.17)
80  (—DBif 8¢ 90
87;‘{3@9 } Nbg, +Ntg, =0 at y==2n. (4.18)

Continuity equation (4.2) is satisfied automatically. Here €, §, Pr, Ec, Re, Sc, M, Nb, Nt, Bi,
v, ¢, Rn, (E1, E3) and E3 are amplitude ratio, wave number, Prandtl variable, Eckert variable,
, Reynolds number, Schmidt number, Hartman number, Brownian movement variable, ther-
mophoresis variable, Biot number, couple-stress variable, chemical reaction variable, Radiation

parameter, elasticity parameters and damping parameter, These are defined by

a dq v 2 pcdy v
€ dl’ 2\’ r a’ c CfTO’ € 1 ) c DB’
M= \fBodl, Np= 281G =Co) -y Drrlo R B
v Tv k I
kid? 160T§ d3 d3 d3d
C:#> Rn = i 07 Ey=— 317- , Bo= cmgl 17 E3 = % (419)
B ek Auce A’ Au

4.3 Numerical method and analysis

Problems (4.13) — (4.18) are tackled numerically by shooting technique via using NDSolve
command with fourth order Runge-kutta technique in the MATHEMATICA. For boundary
value problems, the performance of this technique is excellent. This method seems effective
in small steps size and tiny errors. In addition, the y and x change in a step size of 0.01
uniformly. Set with 107 error tolerance. Graphical analysis of concentration, temperature and

heat transfer rate against pertinent variables are examined in this section.

4.3.1 Temperature

Variations for physical variables on temperature # have been displayed in Figs. 4.2 — 4.9.

Fig. 4.2 indicates that temperature decreases against larger Hartman number M. This is
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because the magnetic field functions as an agent of retardation. An effect of couple stress fluid
variable « is seen in Fig. 4.3. Distribution of temperature increments with the enhancement
of variable couple-stress fluid v. Temperature in Fig. 4.4 is decreased for higher values of
radiation variable Rn. It’s because fluid temperature is more than walls temperature. Due to
dissipation of heat, the temperature drops here. Fig. 4.5 displays the outcomes of Eckert variable
Ec on temperature. Temperature boosts by higher values of Eckert number. The change in
temperature is observable due to the strong influence of viscous dissipation. Temperature
enhances by increasing the values of Prandtl number Pr (see Fig. 4.6). It is because of
the momentum ’s high diffusiveness. In Fig. 4.7 combination of Brownian motion Nb and
thermophoresis Nt parameters are reported. As we increase values of both the parameters we
can see that temperature increases. The increase in Brownian diffusion highers the average
kinetic energy of fluid and fluid temperature enhances. Influence of thermal Biot number Bi
against temperature is portrayed in Fig. 4.8. Here temperature decays when increased Bi. The
Biot number Bi, improves the convective heating at the surface and reduces wall temperature.
Biot number is more than one. This shows the non-uniform temperature fields inside the liquid.
Fig. 4.9 is captured to see the behavior of compliant wall variables (E1, Fa, E3) on temperature.

We observed that temperature enhances via E; and Es enhances it decays for Fj3.

4.3.2 Concentration

Impacts of different embedded parameters on concentration field ¢ are examined through Figs.
4.10—4.16. Fig. 4.10 is portrayed to analyze the variation of concentration for chemical reaction
parameter (. Clearly large chemical reaction { gives enhancement in concentration profile ¢.
This happens because chemical reaction increases the rate of interfacial mass transfer which
causes the increment of concentration. Concentration in Fig. 4.11 is diminished for large couple-
stress fluid parameter . Fig. 4.12 reveals the influence of Brownian motion Nb parameter on
concentration ¢. In this Figure we noticed that by rising values of Nb concentration increases.
Opposite behavior for concentration field ¢ is observed for thermophoresis parameter Nt in
Fig. 4.13. Physically, higher strength of thermophoretical effects leads to the enhanc volume
flow by increasing the concentration of nanoparticles due to the temperature gradient. Fig.

4.14 prepared the concentration ¢ for larger Schmidt number Sc, the concentration rises when
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the thermophoresis parameter enlarged. There is increase in concentration for £y and Eo while
concentration decreases for Fs. (see Fig. 4.15). Radiation effect Rn is shown in the Fig. 4.16
for the field of concentration. It is evident that by increasing Rn concentration of nanofluid at

the center of channel increases.

4.3.3 Coefficient of heat transfer

Figs. 4.17—4.24 show the variations of pertinent variables on coefficient of heat transfer Z(z) =
n.0y(n). Fig. 4.17 examined the effects of couple-stress fluid parameter . An increase of y gives
rise to heat transfer coefficient. The variation of Eckert number Fc on heat transfer coefficient Z
is demonstrated by Fig. 4.18. Higher Eckert number Ec give rise to the heat transfer coefficient.
Fig. 4.19 contains heat transfer coefficient with regard to radiation parameter Rn. Eor an
improvement in Rn the heat transfer rate lessens. Fig. 4.20 is sketched to see the behavior of
Prandtl number Pr on coefficient of heat transfer Z. The internal resistance of fluid particles
increases because of Pr which enhances the rate of heat transfer. Fig. 4.21 includes the effect
of Biot number Bi. Here heat transfer coefficient highers against Bi. Fig. 4.22 shows the
variation of Hartman number against coefficient of heat transfer. It is evident from this Fig.
that coefficient of heat of transfer declines. Fig. 4.23 depicts heat transfer coefficient Z via
thermophoresis Nt parameter and Brownian movement parameter Nb. Here Z enhances when
both Nb and Nt are increased. Such rise in coefficient of heat transfer Z is because the motion
of nanoparticles to the fluid from the wall when both parameters are enhanced. In Fig. 4.24

thet heat transfer coefficient rises by chemical reaction parameter (. Moreover, we observed that
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Z has oscillating behavior because of the wave travelling along the boundaries of the channel.
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4.4 Concluding remarks
We noted the following key points.

e Outcomes of v and ¢ on temperature are reverse than Bi.
e Temperature for Prandtl Pr and Eckert EFc numbers are qualitatively similar.

e Impact of couple-stress fluid parameter v and chemical reaction parameter ( on concen-

tration are opposite.
e Behavior of F3 on concentration and temperature is opposite than Fq and Es.

e Increment in Brownian movement Nb and thermophoresis Nt variables yields rise in

temperature while decline observed for radiation parameter Rn.
e Outcome of ¢ and Prandtl number Pr on Z are similar.

e Opposite trend is noted for heat transfer coefficient against Hartman number M and Biot

number Bi.
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Chapter 5

Significance of convective conditions
for peristalsis of Eyring-Powell

nanoliquid

5.1 Introduction

Main interest here to discuss radiative heat transfer in magnetohydrodynamic (MHD) peristaltic
transport of Eyring-Powell nanofluid. Heat and mass convective conditions, Joule heating and
dissipation are highlighted in modelling and discussion. Further the channel boundaries are
taken of compliant nature. The nonlinear problem has been analyzed for the heat transfer coef-
ficient, temperature, concentration and velocity. Fourth order Runge-Kutta algorithm through

NDSolve of Mathematica is implemented. Major findings are concluded.

5.2 Formulation

Two-dimensional peristaltic flow of nanofluid in a compliant wall channel of width 2d; is taken.
Modeling is based upon relation of Eyring-Powell liquid. Peristaltic motion occurs due to
sinusoidal waves with speed ¢ and amplitude a. The x—axis is assumed parallel to channel walls

and y—axis normal to it. Flow field is taken under the influence of uniform magnetic field By
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towards y—axis. The waves shapes satisfies
. 27
y = £n(x,t) = £[dy + asin T(x — ct)], (5.1)

where A denotes wavelength and ¢ the time. For Eyring-Powell liquid the extra stress tensor

obeys:

Ou; 1 . 1 Ou; .
Sz-j—ua%jJrB** sinh 1<— ”) i,j=1,2 (5.2)

where v = u1, v = ug, £ = x1 and y = x2. Also

gt (0w _ L ow 11 0w ¥
c*0x;)  c*0m; 6 \c*dx;) ]

in which ¢** and $** are the material constants of Eyring-Powel liquid and p is the coefficient

1 8uz

— 1 5.3
¢ <4 (5-3)

of shear viscosity. Related problems have statements in the forms

ou Ov
% + a—y =0, (5.4)
du Ou Ou\ _ Op  OSw  OSny
Py <8t +u8$ —i—vay) =~ + g + Y oBju, (5.5)
v Ov v\  Op 0Sy 0Sy
pf<8t+u8x+v8y>_ 8y+ O + By (5.6)

OF | OL L OTN _ (EL 2Ty Dug vg o (Qu 00N g
Pres\or T ar Ty ) T\ 022 Ty ) T o T oyt T \ay T B ) O

& 8_T 2+ a_T ? _|_D @a_T_F@a_T
T | \ 0z Ay B\ oz 0z " 0y oy

ppcp -
dqr 2,2
_%r B )
oy TR o
oC oC oC 92C 9 C Dr (O*T  9°T\ Dr
E—Fu%—i_va_yDB(W—i_a_yQ) ﬁ(WJFB_y?)ﬂ’ (5.8)
u=0 aty==+£n, (5.9)
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L 0Su: | Sy
93 " ™M ozoe T “otox |

oz oy
ou ou  Ou 2 B
Py <E+u%+v8—y> —oBju at y = . (5.10)
or | (T —T oc  [(C1—C B
_ka_y = hl{T—Tg}’ — Dp oy hg{c_co}, at y = &£n. (5.11)

Here (u, v) denote the velocity components, (py) stands for density of nanofluid, (p) for pressure,
(k) for thermal conductivity, () for kinematic viscosity, (o) for electric conductions of fluid
and last two terms on R.H.S. of Eq. (5.7) represent radiation and Joule heating. Further (Dp)
depicts Brownian movement (D7) for thermophoresis diffusion coefficient, (m;) for mass per
unit area, (71) for elastic tension, (7)) for mean temperature, (d) for viscous damping coeffi-
cient, 71, Ty and C1, Cy respectively the upper and lower walls temperature and concentration.
Further Spz, Syy, Szy, Syz are the extra stress tensor.

In view of Rossland approximation, the radiative heat flow satisfies

Gr = ———F—, (5.12)

in which k and & denote absorption and Stefan-Boltzmann constant coefficients respectively.
After utilizing Taylor series for 7% about T, and neglected the higher order expressions one has
for

T ~ AT3T — 313 (5.13)

Energy equations now yields

a_T_|_ 8_T_|_ 8_T — k- 82_T_|_82_T _|_@S _|_@S + @4_@ S
Pres\or " %ar Ty ) T "\ 022 T ayr) T T oyt T \ay T ax ) O™

& a_T 2+ 8_T ’ +D @8_T+%8_T
T ox oy B\ 0z 0z dy Oy
16013 0°T
+ I
oy?

+PpCp

— + o B2u?. (5.14)
3k

74



Writing stream functions u = %15, v=—9 %ﬁ and using

u = cut, v=cv*, x=X\2%, y=dw", ct =" n=dn* (5.15)

dip = cup*, (T1—Tp)0 =T — Ty, (C1—Co)¢p =C — Cy,
one can write the following problems

(1+ B)

3
O A& <82—¢> —M282—w =0, (5.16)

Ayt 30y? \ 9y 9y

2
(1 —i—RnPr)@ +PrNb <%> <@> +Pr Nt <@)

y? oy ) \ 9y dy
9%\ AT
9%¢p Nt (0%
i (ap) = o

with the boundary conditions

oY
9 — 4 1
3y 0at y n, (5.19)
o3 & 2 By A (9%
oY
— 2— =
M a9y at y +n, (5.20)

g_z _ {—B_ié;; 9)}7 g_zj _ {_B_Zﬁz; ¢>}7 at y = . (5.21)
Expression (5.3) is satisfied trivially . Note that in writing above problems, the assumptions
of large wavelength and low numbers of Reynolds are invoked. Here €, ,«, Re, Pr, Fc, M,
T, Sc¢, Nb, Nt, (B, A), Rn, Biy, Bia, (E1, E2) and FE3 amplitude ratio, wave number, thermal
diffusivity, Reynolds number, Prandtl number, Eckert number, Hartman number, effective heat
capacity ratio of nanoparticle material to liquid heat capacity, Schmidt number, thermophoresis

parameter, Brownian diffusion parameter, Erying fluid parameters, radiation parameter, ther-

mal Biot number, mass Biot number, elasticity parameters and damping parameter, These are
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defined by

a dq k pyedy pes 2 v
€ = —, 0=—, a= , Re= ,Pr="-, EFc=——— Sc=—,
dy A prcy iz K cy (Th — To) Dp
c D - Dpr(Ty — To 1 Bc?
M = EBodl, T:m’ N52M7 Nt — r7(Th 0)7 B=—r— A= 2C =,
7 pscy v Ty wB** er* 6dyc**
16573 3 3 3
By = M g, leh g, 100710 5 AT g _omdi o dd (5.22)
k Dx Tk c X X

5.3 Results and discussion

Resulting problems consisting of Egs. (5.16) — (5.21) are solved numerically by built-in function
via shooting technique through the command NDSolve with Runge-kutta fourth order method

in Mathematica.

5.3.1 Velocity

Here variation of velocity is presented through Figs. 5.1 —5.5. Outcome for Eyring-Powell fluid
parameter A on axial velocity is examined in Fig. 5.1. Here velocity rises for Eyring-Powell
fluid parameter A. Fig. 5.2 demonstrates that the velocity decreases against Eyring-Powell
liquid parameter B. It can be considered as characteristic of the Eyring-Powell fluid. Fig. 5.3
depicts the effects of F1, E5 and E3 on velocity. Velocity enhances for F7 and Fs whereas
opposite happens via E3 Because walls are flexible, and possess elastic behavior causes less
flow resistance. Fig. 5.4 illustrates variation of Hartman number M on velocity. Clearly higher
Hartman number M yield decay of velocity. Actually the rate of transport declines by rising
magnetic parameter since the Lorentz force resisted fluid motion. Fig. 5.5 develops velocity
for different values of amplitude ratio €. Investigation of this Fig. shows that by growing e the

velocity rises.

5.3.2 Temperature

Figs. 5.6 — 5.14 show the behaviour of temperature. Influence of Pr is shown in Fig. 5.6.
This Fig. witnesses that temperature rises for higher Pr. It is due to the existence of strong

momentum diffusivity. Effect of Eckert number Ec¢ on temperature is displayed in Fig. 5.7.
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Here temperature rises against Ec. This is due to increased internal fluid particle resistance
which enhances fluid temperature. We next move to investigate the influences of Nb and Nt
on temperature through Fig. 5.8. Random movement of nanoparticles increases for higher
Brownian motion parameter and thus fluid temperature enhances. As a result of the collision
of nanoparticles, the Brownian motion is produced (causing the particles to move at random).
Particle collision whether collective or with liquid molecules is improved by inward contraction
of elastic walls. Temperature against Eyring fluid parameter A is shown in Fig. 5.9. Clearly
temperature strengthens when Eyring liquid parameter A rises. Figure 5.10 depicts Eyring
fluid parameter B effects on temperature. Temperature by B is increased. Figure 5.11 displays
temperature for different values of Hartman number M. Temperature decays for higher M.
Figure 5.12 illustrates the effect of wall parameters (F1, Eo, E3) on temperature. Influences of
FEy and E» on temperature is quite opposite to that of F3. Figure 5.13 indicates temperature
against radiation parameter Rn. Temperature decays when Rn increased. It is because the
fluid temperature is higher than the walls, and due to the heat dissipation, the temperature is
decreased. Higher Biot number Bi; give decay of temperature (see Fig. 5.14). This occurs due

to non-uniform temperature of the fluid.

5.3.3 Concentration

Figs. 5.15 — 5.19 describe concentration for sundry variables. Concentration for Erying-Powell
fluid parameter B is shown in Figs. 5.15. It is observed that concentration decays for higher
B. Radiation parameter Rn impact on concentration of nanoparticles is shown in Fig. 5.16.
As observed from the figure, the concentration distribution of the nanofluid is seen higher
with an increase in the radiation parameter Rn. Here concentration through higher Rn is
enhanced. Fig. 5.17. witnessed that by increasing values of rigidity E; and stiffness Fo
variables the nanoparticle concentration enhances while it decreases against damping force
parameter F3. Mass Biot parameter Bis influence on nanoparticle concentration is presented
in Fig. 5.18. An enhancement in concentration for Bis is found. Concentration for Nt is
shown in Fig. 5.19. Higher Nt leads to the concentration increases. Physically, a progressive
rise in thermophoresical effect intensity would contribute to the larger mass flux due to the

temperature gradient that increases the concentration of nanoparticles.
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5.3.4 Heat transfer coefficient

Influence of coefficient of heat transfer Z(z) = 1,6,(n) is shown graphically in Figs. 5.20 —5.24.
Fig. 4.20 plots heat transfer coefficient Z versus Prandtl number Pr. Heat transfer coefficient
Z for higher Pr is increased. It is because of the strong diffusiveness of momentum. Fig.
5.21 captures the effects of heat transfer coefficient Z for Brownian movement variable and the
thermophoresis variable respectively. We witnessed that Z is an increasing function of both
parameters Nb and Nt. Infact there is lead in effective motion of nanoparticles from the channel
to the liquid as the influence of Brownian motion increases. As a result, there is a enormous
increase in the rate of heat transfer. On the other hand the heat transfer coefficient Z decreases
by radiation parameter Rn (see Fig. 5.22). Figure 5.23 is drawn for impact of thermal Biot
variable Bii on Z. An increasing behavior of Z is noticed for higher Bi;. Figure 5.24 shows
heat transfer coefficient Z for distinct values of Hartman number M. It is apparent from this
Fig. that heat transfer rate of fluid decays in view of Lorentz force resisting the heat transfer

rate.

Fig. 5.1: Variation of A on u
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5.4 Validation of the result

To check the validation of our numerical result we construct Table. 5.1. It is obvious from this

table the current results show good agreement with [51]when (Bij, Big) — oo.

n € Present Work Present Work Mustafa et al. [51] | Mustafa et al. [51]
A=B=M=Rn=0|A=B=M=Rn=0
0y at y =n ¢, at y=m 0y aty=n ¢, at y=mn
1.12 { 0.2 —0.211788 1.104649 —0.211789 1.104646
1.29 | 0.5 —5.523596 6.298794 —5.523598 6.298792

Table 5.1. Comparison of numerical results with ref. [51]
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5.5 Conclusions

Following results are worth mentioning.

e Velocity rises for larger A and e and it decreases by higher M.

e Behaviors of Pr and Ec on temperature are same.

Temperature for Nb and Nt is enhanced.

e Increasing Rn shows temperature decay and enhancement of concentration.

Behavior of E3 on concentration and temperature is reverse than Fq and FEs.
e Rate of heat transfer intensifies for Nt, Nb and Bi;.

Coeflicient of heat transfer shows similar effects for M and Rn.
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Chapter 6

Peristalsis of Eyring-Powell
nanofluid with activation energy and

heat generation/absorption

6.1 Introduction

This chapter addresses the effects of heat generation / absorption and activation energy on
MHD peristalsis of Eyring-Powell nanofluid in a flexible channel. Velocity slip is taken. Energy
equation is modeled by taking the effects of viscous dissipation, Joule heating and thermal
radiation. Further the convective equations are imposed for temperature. Channel walls have
different concentration. Problem with assumption of low Reynold number and long wavelength
is presented. Governing problems have been solved by NDSolve technique. The velocity, con-

centration, temperature and heat transfer coefficient are explored.

6.2 Formulation

Peristaltic flow of Eyring-Powell fluid in a two-dimensional symmetric flexible channel is focused.
Brownian motion and thermophoresis are accounted. Here channel width is 2d;. The flow

considred for transversely applied constant magnetic field of strength By. Induced magnetic
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field is neglected. The waves form propagating along the channel walls are:
. 27
y = £n(x,t) = £[dy + asin T(az — ct)], (6.1)

where a, A, ¢ and ¢ are amplitude, wavelength, wave speed and time respectively. Extra stress

tensor for Eyring-Powell model is defined by.

8’LLZ' 1 R 1 8114 .o
S’L'j = Mﬁ—xj + B** sinh ! <_ ) ) 1,] = 172 (62)

where u = u1, v = u2, * = 1 and y = z2.

sinh_l i@uz N L@uz _1 iauz 3
c** Oz e Oxz; 6 \c*™* Oz ’

Here ¢** and 8** are the material constants of Eyring-Powel liquid, p the coefficient of viscosity.

1 8uz

— 1 6.3
c** Oz <4 (6-3)

The appropriate equations for the current problem are listed below:

ou Ov
Lo A4
5 T 9 0, (6.4)

+u = - + — 0B, (6.5)

ot "o Ty ) T Tox T or oy

<8u ou 8u> 8p 0Szz  O0Suy

dv v\ O 0S.  OSy
<8t+u8x+v8y> = 8y+_8x +_8y , (6.6)
c 8—T+U8T 82T 82 + Spx Ou +S v S @—F%
Pret\or T Y or 92 " “ox " "Way 9z | dy
. or\*  (or\\ Dr 808T+808T
PpCp Ox By T Oy 0y Oz Ox
aa(;r + 0B2u? + Qo (T — Tp), (6.7)

oc +u80 +v8(§’ D 0’C  o*°C
ot oz y

B 0*T  O*T
92 T o 0% o)
T\" Eo\ .,
(C - Cb) <T0> exp (_ﬁ> kr. (6.8)

90



The boundary conditions are

utfBS,, =0 at y ==+, (6.9)
B 8_3 N 03 d 0? 08w n OSay
93 T M azaz T 0| T Tor T oy
ou ou ou 9
Py (E +u% v8—> —0oBiu at y = =n. (6.10)
or  (Thv—T |Gy _
kay h{T—Tg}’ C’{CO}, at y = +n, (6.11)

where (u, v) i the velocities in (z, y) directions, p pressure, k the thermal conductivity, v the kine-
matic viscosity, o the electric conductions, Dp the Brownian movement, Dr the thermophoretic
diffusion coefficient, p; the density of the nanofluid, Qo the heat generation /absorption parame-
ter, my the mass per unit area, 71 the elastic tension, T, the mean temperature, d coeflicient of
viscous damping, 3 the velocity slip parameter, k,. the chemical reaction rate, E, the activation
energy, k the Boltzmann constant, n the fitted rate constant, (77, 7p) and (Cy, Cp) respectively
the upper and lower walls temperature and concentration and extra stress tensor components
Szay Syys Syz, Szy for the Eyring-Powell can be defined through expression (6.2). Last term in
equation (6.8) appeared due to chemical reaction and activation energy.

By following approximation of Rosseland, the radiative heat flux ¢, is described as

qr = —;— (6.12)

in which o represents the constant Stefan — Boltzmann, and k the coefficient of absorption.
We expect that the changes in temperature inside the flow are lower enough to characterize
T as a function of temperature in linear form. Considering Taylor series for 7% about Ty and

ignoring the expressions of higher order one has

T = 4T3T — 313, (6.13)
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and thus

orT or or 0*°T  O0*T u ou Ov ov
prer | 5y tuss tvo— ) = k|l 55+ 53 +S$x_$+xy — +t |+

0
ot Ox Oy oxr? = Oy? 0 oy Ox Yoy
TN, (ory? Dr_ , (9COT  9CoT
Prc Ox oy T Ox Ox Oy Oy
—3 92
160_T“ 8—5 +0B2u* + Qo (T — Tp) . (6.14)
dy
3k
Now introducing stream functions u = 1,, v = —d1p, and invoking non-dimensional variables
P U eV e T Y e ﬁ*_ﬁ
u _cvv_cvx_)\>y_d17 _>\>n_d7 _dl
. d3p T —Ty C—-C .
b - %7 - Tl — TO7 - (Cl — CQ)? Sz] SZJ? (615)
we obtain after dropping asterisks
oy A 32 a% 3 28%
1 520 2
(52 +0) 5 +Nb( ) () (5)
gelaan (Y _A (PN e (2)] L ge—o (6.17)
o2 Y2 oy N ’
82¢’+Nt O0\ _ sec(1 410 exp [ ——2— Yo—0 (6.18)
By? a2) ¢ P\ T e-ne)? ‘
The boundary conditions become
Y a% A (2pN\°] B
5y FO |0+ B 57 - <8y2> =0at y=+n, (6.19)
g &3 o2 Py Ao (P
{Elw MR T E?’ax@t] = (0+B)55 3%, <a_y2>
o
2— =
M 3y at y = =+n, (6.20)
90  [-Bi(1-0) . [1 B
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in which small Reynolds number and large wavelength approximation are utilized. Conti-
nuity equation (6.3) is identically satisfied. Further e (: d%) is amplitude ratio, ¢ (: d—/\1>

wave number, o (: PfLCf) thermal diffusivity, Pr (: %) the Prandtl number, Re <: #)

ﬁ) the Eckert number, Sc <: DLB) the Schmidt number,

M <: \/%Boch) the Hartman number, 7 <: %J%) the effective heat capacity ratio of nanopar-

Reynolds number, Ec (=

ticle material to liquid heat capacity, Nb (: M?_—C‘))) the Brownian diffusion parameter,

Nt (z W) the thermophoresis parameter, <A =_B¢ B= #ﬁ*l* c**> the Erying lig-

Gd% c**2)

—~7T3
uid parameters, Rn <: %> the radiation parameter, Bi (: %) the thermal Biot number,

3kk
2 272
Q <: %) the heat generation/absorption parameter, ¢ (: k’"yd ) the chemical reaction para-

meter, 2 (: % the temperature ratio parameter, F <: —Hﬁﬁ) he activation energy parame-

ter and

d3r cmyd3 d3d
1 — 1 E — 21
<E1 = _)\3MC7 E/Q = )\3/1« y 3 = )\2M the wall parameters.

6.3 Numerical outcomes and discussion

In this study we employed MATHMATICA tool NDSolve to compute system of Eqgs. (6.16) —
(6.18) subject to (6.19) — (6.21). This technique is built-in which is based on Runge-Kutta

fourth method. Efficiency of this technique is good for boundary value problems.

6.3.1 Velocity

Figs. 6.2 — 6.6 organize behavior of velocity for numerous pertinent parameters. Fig. 6.2
depicts outcome of Eyring-Powell fluid parameter A on velocity. Here velocity rises when A is
increased. The velocity against Erying fluid parameter B has been depicated through Fig. 6.3.
Velocity reduces when Erying liquid parameter B enhances. Fig. 6.4 portrays S outcome on
the velocity field. This Fig. shows increasing behavior of velocity with respect to 3. In fact
more velocity occurs near walls of channel. Fig. 6.5 clarifies that for higher M the velocity
decays. In fact more resistance offered to the fluid particles and so velocity decreases. Fig. 6.6
Hlustrates the effect of wall variables (E7, Fs, E3) on velocity. This Fig. show that velocity

increases with higher Fy and Es whereas as opposite behavior holds for Fj3,
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6.3.2 Temperature

Influence of various physical variables on temperature is revealed in Figs. 6.7 — 6.16. Outcome
for thermal Biot number B7 on temperature is shown in Fig. 6.7. As expected higher values of
Bi give decline in temperature. Variation for Pr versus temperature is shown in Fig. 6.8. We
have seen the increasing behavior of temperature with higher Pr. Larger Pr has lower thermal
diffusivity and thus fluid becomes more viscous. It leads to an enhancement of temperature. Fig.
6.9 portrays the outcome of temperature for various values of Eckert number Fc. Temperature
increases because high Eckert numbers strengthens the viscous dissipation effects. In Fig.
6.10 the consequence of radiation variable Rn on temperature is illustrated. It is found that
with increasing thermal radiation the temperature falls. Figs. 6.11 and 6.12 show how heat
generation/absorption variable @) influenced the temperature distribution. Here heat generation
corresponds to () > 0 and for heat absorption @) < 0. From Fig. 6.11 temperature enhances for
heat generation ) > 0 while opposite behavior holds for heat absorption @ < 0 (see Fig. 6.12).
Fig. 6.13 depicts consequence for Hartman number M on temperature. There is a reduction
in temperature is for higher Hartman number M. Magnetic force is a resistive force that slows
down the liquid particle drift. Fig. 6.14 shows the effects of temperature for rigidity parameter
Fj, the stiffness parameter Ey and the viscous damping force parameter Fs. It is noticed that
an increase in F; and Fy parameters rises the temperature but it reduces through higher Fs.
Fig. 6.15 represents impacts of Brownian movement Nb and thermophoresis Nt variables. It
is apparent from these Figs. that higher values of these parameters correspond to temperature
enhancement. Such increase in temperature is due to the occurrence of nanofeatures when
enhancing the effects of both parameters. Fig. 6.16 elucidates the influence of E against

temperature. We observed that temperature increases for higher FE.

6.3.3 Concentration

Variation of pertinent variables on concentration is presented in Figs. 6.17 — 6.23. Fig. 6.17
presents that concentration is an increasing function of thermophoresis parameter Nt. Fig.
6.18 elaborates effects of nanoparticle concentration for radiation Rn. Here concentration of
nanoparticles is observed to diminish when radiation effect intensifies. Fig. 6.19 depicts decay

of concentration for Sc. Mathematically Sc is ratio of rate of momentum to the rate of mass
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diffusions. For higher Sc the rate of mass diffusion is smaller. It leads to decay of concentra-
tion. Decay in concentration is found for higher chemical reaction parameter ¢ in Fig. 6.20.
Nanoparticle concentration versus activation energy E is depicted in Fig. 6.21. Here we ob-
served that concentration enhances via higher E. Fig. 6.22 shows concentration for distinct
values of temperature ratio parameter ). Concentration decreases against ). Fig. 6.23 elabo-
rates consequences of wall parameter F1, Fo and F3 on concentration. These Figs. show that

concentration enhances with increasing F7 and E5 but reverse holds against E3.

6.3.4 Heat transfer coefficient

Figs. 6.24 — 6.32 are sketched for coefficient of heat transfer Z(z) = 7,6,(n) for the involved
parameters. Fig. 6.24 explores influence of Biot parameter B; on heat transfer coefficient Z.
Z enhances for higher B;. Fig. 6.25 summarized effects of radiation parameter Rn on heat
transfer coefficient Z. A decreasing trend is noted for Z when Rn rises. Influence of Pr on Z is
visualized in Fig. 6.26. It evidently displays that coefficient of heat transfer Z rises for higher
Pr. Outcomes of Ec on Z is investigated in Fig. 6.27. It is found that rise in Ec increases the
coefficient of heat transfer Z. Figs. 6.28 and 6.29 represent how coefficient of heat transfer Z
is affected through the heat generation / absorption @). Here we witnessed that Z increases for
@ > 0 while it decreases when @ < 0. Fig. 6.30 indicates heat transfer coefficient Z against
activation energy parameter E. Here Z enhances for higher E. Fig. 6.31 reveals the influence
of ratio of temperature variable €2 on coefficient of heat transfer Z. Fig. 6.32 depicts Z against
larger Brownian motion parameter Nb. We noticed that larger Nb shows an improvement of

heat transfer coefficient Z. Activity of Z is also oscillatory.

6.3.5 Trapping

Plots for trapping are drawn in Figs. 6.33 — 6.35. Fig. 6.33 (a,b) is plotted for Eyring-Powell
fluid parameter A. In this Fig. we noticed that trapped bolus size tends to decrease for higher A.
Influence of Eyring-Powell fluid parameter B on streamline is demonstrated in Figs.6.34(a, b).
An increment in B results in increase of size of bolus. Hartman number M caused reduction

in bolus size (see Fig. 6.35(a,b)). It is also observed that bolus disappears for larger M.
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6.4 Physical quantities

The skin friction, Nusselt number and Sherwood number denoted by (Cf), (N,) and (S},) are

defined as
Cr=(1 +B)62—¢ 4 <82—¢>3, N, =-(1 +Rn)@, Sy = _9¢ aty=mn (6.22)
oy 3\ 0y? 0y dy
Parameters Results

A| B | M |Nb|Nt|Ec| ¢ | FE Cy Ny, Sh
01/02]01|01]01] 1 1 0.5 | —0.732675 | —0.834599 | —1.06642
02|02]01|01]01] 1 1 0.5 | —0.729784 | —0.834318 | —1.06674
01103010101 ] 1 1 0.5 | —0.733158 | —0.846092 | —1.06181
01{04]01(01]01]| 1 1 0.5 | —0.733567 | —0.855874 | —1.05788
011021030101 1 1 |0.5| —0.698864 | —0.834225 | —1.06601
0102|0501 |01] 1 1 |0.5| —0.640051 | —0.835298 | —1.06476
01(02]01(05]|05]| 1 1 0.5 | —0.732675 | —0.610371 | —1.15343
01102]|01|08|08]| 1 1 0.5 | —0.732675 | —0.474901 | —1.21069
01{02]01(01]01 (15| 1 |05|—-0.732675| —0.76107 | —1.09585
01{02]01(01]01]| 2 1 0.5 | —0.732675 | —0.687527 | —1.12531
01102010101 1 |1.5]|05]| —0.732675 | —0.833448 | —1.27126
01102010101 ] 1 2 | 0.5 | —0.732675 | —0.832703 | —1.39404
01({02]01(01]01]| 1 1 1 | —0.732675 | —0.83550 | —0.983048
01({02]01(01]01]| 1 1 2 | —0.732675 | —0.836973 | —0.854028

Table 6.1. Numerical outcomes of (Cy), (IV,) and (Sp) when (x =0.2,t=0.1,e =0.2,5 =
0.2, By = 0.01, By = 0.02, B3 = 0.01,Rn = 0.9, Q = 0.3, Sc =1, Q = 2, Bi = 3).
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Fig. 6.19: Variation of Sc on ¢
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Fig. 6.20: Variation of ( on ¢
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Fig. 6.28: Variation of Q > 0 on Z
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Fig. 6.32: Z against Nb

Fig. 6.33(a): Variation of ¢ when A = 0.1.
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Fig. 6.33(b): Variation of ¢ when A = 0.2.

Fig. 6.34(a): Variation of ¢ when B = 0.3.
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Fig. 6.34(b): Variation of ¢ when B = 0.5.

Fig. 6.35(a): Variation of ¢ when M = 0.7.
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Fig. 6.35(b): Variation of ¢ when M = 1.2.

6.5 Conclusion
The key consequences for the current analysis are summarized below.

e Velocity rises for A and § and it reduces against B and M.

e Temperature is increased through Pr, Ec, Nb and Nt.

e Temperature decreases by increasing Bi while it increases for F.

e Impacts of Rn on concentration and temperature are reverse.

e Higher Sc, Nt and ( lead to decay of concentration.

e Concentration has reverse behavior for both E and €.

e Higher F; and F, enhance the temperature and concentration while these decay for Ej.

e Behaviors of Prandtl Pr and Eckert Ec numbers on heat transfer coefficient are qualita-

tively similar.

e Coefficient of heat transfer boosts for both E and Bi.
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e Effects of Eyring-Powell fluid variables B and A are opposite for trapping.
e Reverse behavior is noticed for skin friction coefficient against A and B.

e Nusselt number reduces for higher Nb and Nt. Similar trend is found for Sherwood

number against F.
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Chapter 7

Peristaltic activity of fourth grade

nanofluid with slip and radiation

7.1 Introduction

This chapter intends to examine the peristalsis of fourth grade nanomaterial with chemical re-
action. Thermal radiation, Ohmic heating and dissipation are present in the energy equations.
Heat source/sink is also accounted. Slip constrains for velocity, temperature and concentration
are invoked. Problem is evaluated for low Reynolds number and long wavelength. The reduced
nonlinear systems are solved numerically. Detailed analysis is arranged for velocity, concentra-

tion, temperature, heat transfer coefficient and trapping. Key observations are concluded.

7.2 Formulation

Two-dimensional radiative peristaltic motion of magnetohydrodynamic(MHD) fourth-grade
nanofluid is taken into account in a channel. Here channel of width 2d; has flexible walls,
A the wavelength, and ¢ the speed of wave and a the amplitude. Cartesian coordinates (x,y)
are implemented such that x—axis along the channel wall and y—axis orthogonal to it. Flow
is conducted with magnetic field of strength By. Here we neglected an induced magnetic field.

Brownian motion, thermophoresis and Joule heating are examined. Chemical reaction is also
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present. The waves propagating along the channel walls are defined below.
. 27
y = £n(x,t) = £[dy + asin T(x — ct)], (7.1)
Fourth-grade model extra stress tensor is [41].

S = A+ Ay + anA? + B1As + By(AL1Ay + AsAy) + B3(trAD) AL + 1A +
Yo(A1Az + AzA1) + 7345 + 74 (ATA2 + Ao AT) + 75 (trAs) A + v(trAs) AT +

(yrtrAs + v7tr(AzAq)) A, (7.2)
where the Rivilin-Ericksen tensors are [41]

A; = (grad V)T + grad v, (7.3)

o dAnfl
o dt

A, + (grad V) A,_1 4+ A1 (grad V)T, n > 1 (7.4)

The relevant equations for problem under consideration are

ou Ov

% + 8_y — O, (75)
ou ou Ou\ _ Op  OSi | OSay 2
pf(@t T D )‘ oc T oe T oy 7P (76)
Qo v v\ Op 08 05y
Pt <8t T T > oy oz | oy’ (1)

a_T+ 8_T+ a_T —k 82_T_|_82_T _|_5’ %4_5’ @_i_s @4_%
Pres\ar T ar Ty ) T\ 022 T By2 war "Wy T\ G T oy

[, (001 acory Dy [ oyt or\\]
B Oy 0y  Or Ox T Oy Ox PpCr
8(]7“ 2,2
Qo 9y +oBju”, (7.8)
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oC oC oC (
— tuw—+v— = Dgp

PC PO\ Dy (8T 0TV
ot oz oy

222 T2 ) T, a2 T a2
—k1(C = Cp). (7.9)

The appropriate boundary conditions are

utf1Syy =0 aty=+n, (7.10)
. 0 e o3 d 0? 08w n Sy
You3 T M ozor T Corox | T Tox T oy
ou ou  Ou 2 B
Py (E + U + v8—y> —oBiu at y = =n. (7.11)
oT T, oC Ch
T+ pBy— = + 03— = == 12

where (u,v) are the velocity components in (z,y) directions, p the pressure, p; the density of
nanofluid, v the kinematic viscosity, k£ the thermal conductivity, o the electric conductions, Dg
the Brownian movement, D7 the thermophoretic diffusion coefficient, Q9 > 0 and Q¢ < 0 for
the heat generation and heat absorption, d coefficient of viscous damping, (51, 85, 83) the slip
parameters, m1 mass per unit area, 1, the mean temperature, 71 elastic tension, k1 the chemical
reaction rate and (77, Tp) and (C1, Cp) respectively the upper and lower walls temperature and
concentration. Material constants of fourth-grade are o, (i = 1,2), Bi(i = 1—3) and vi(i = 1-8).
Further extra stress tensor components Spu, Syy, Syz, Szy for the fourth-grade fluid can be
defined through expression (7.2). Last term in Eq. (7.9) is due the effect of chemical reaction.

Radiative heat flux ¢ is depicted as follows:

(7.13)

in which o represents the Stefan — Boltzmann constant, and k the constant of absorption.
Expanding 7% about Ty by using Taylor expansion and ignoring the expressions of higher
order we have

T* = AT3T — 3T (7.14)
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Using (7.14) into (7.13) one has
_ 160T3 OT

qr — .
3 W

Now if ¢(w, y,t) represents the stream function then by defining u = ¢, v = —d%, and following

(7.15)

non-dimensional variables

u=cu*, v=cv*, r=X\z¥, y=diy*, ct =\t*, n=din*
dip = chup®, (Ty —To)0 =T — Tp, (C1 — Co)¢ = C — Co,
cuS;‘j =d1S;5, diff; = B;(i=1-3), Mdla{* = oz;c,

pd? B* = Bic?, pdiy[* = ic®, (7.16)

we get after utilizing long wavelength (i.e. wave number ~ 0) and low Reynolds number

approximations the following problems

82 82w 821/1 3 282¢
Oy (31/2 i <8y2> 7~ (7.17)
(1+PrR )@—&—NbPr 9 (92 + 9 2Nth +
" Oy? oy ) \ Oy oy g
82w 82w N aw 2 82¢ 3
EePr—— |— + M? [ == o ( =—— — .
P [8y2+ <8y> + <6y2> +PrQ=0 (7.18)
Nt (0% 0%¢
Nb (8_y2> + o2 (Scp =0, (7.19)
o 9 29\ *
a— :l: e 2F —_— = = .
By 51 52 + <8y2 0at y==+n, (7.20)
& 3 02 3 2\ ? 034
{EI% T Egee t E3_8x8t} =g T ((W) P
oY
— 2_ —
M 3y at y = =+, (7.21)
20 (1 99 f1 B
Hiﬂga—y{o}, ¢>i538y{0} at y = +£n. (7.22)
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Equation of continuity (7.5) is identically satisfied. Here e shows amplitude ratio, « the thermal
diffusivity, 0 the wave number, Pr the Prandtl number, Re the Reynolds number, Fc the Eckert
variable, Sc the Schmidt variable, M the Hartman variable, 7 the efficient heat capacity ratio
of nanoparticular material to fluid heat capacity, Nb the Brownian diffusion variable, Nt the
thermophoresis parameter, Rn the radiation number, @ the heat source/sink variable, ¢ the

chemical reaction number, (F1, Ea, E3) the wall variables and I" the Deborah parameter. We

have
a dy k pcy predy c? v
€ = —, 0=—, a= , Pr=— Re=—— Fc=—++—— Sc=—,
dl A prf k 1% Cf (Tl — TQ) DB
D - Drr(Ty — T 160T3
M = \/EBle,T:pfcp,Nb:—BT(Cl ) yy= P —To) g, 16975
prcy v TV 3Lk
Q()d% kld% d“I’T led? d?d ’ ’
= —, = _—, = — s = s E = -, F = + .
@ k(Ty — Tp) (== 8 P C I S Y P2+

7.3 Numerical outcomes and discussion

We employed MATHMATICA tool NDSolve to compute system of Eqgs. (7.17) — (7.22). This
technique is built-in which based on Runge-Kutta fourth method. Efficiency of this technique

is good for boundary value problems.

7.3.1 Velocity

Figs. 7.1 — 7.4 are organized to see variation of velocity against various relevant variables.
The velocity against velocity slip variable §; is exhibited in Fig. 7.1. It is noted that velocity
decreases when (3; enhances. Impacts of wall variables (E1, Fo, E3) on velocity profile are shown
in Fig. 7.2. From this Fig. the velocity rises for increasing values of (E7, Fs), whereas contrary
trend is found for Fj3. Fig. 7.3 reveals consequence of Deborah number I' on velocity profile.
Here velocity profile increases for higher I'. Fig. 7.4 displays the effect of magnetic variable M

on velocity. Here an increment for M reduces the velocity.
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7.3.2 Temperature

Effects of various thermo physical variables on temperature are illustrated in Figs. 7.5 — 7.14.
Fig. 7.5 demonstrates the impacts of Brownian movement Nb and thermophoresis Nt parame-
ters. It is clear that by enhancing the values of both the parameters the temperature enhances.
Higher values of both parameters cause more randomness. This fact increases the temperature.
Fig. 7.6 is drawn for analysis of temperature against Prandtl number Pr. Graph shows that
rising behavior is observed in this case. Fig. 7.7 depicts effect of radiation Rn on temperature.
Decaying behavior of temperature is witnessed. Fig. 7.8 elucidates thermal slip parameter (35
impact. Clearly larger values of 3, enhanced the temperature. Impact of magnetic parameter
M is represented in Fig. 7.9. Obviously temperature declines when M increases. Eckert number
effect on temperature is demonstrated in Fig. 7.10. Eckert variable in view of dissipation leads
to growth of fluid temperature. Figs. 7.11 and 7.12 show how heat generation/absorption vari-
able @ influenced the distribution of temperature. Temperature for heat generation (Q > 0)
enhances while opposite scenario holds for heat absorption (@ < 0) in Fig. 7.12. Fig. 7.13
displays activity of wall properties on temperature. Temperature of fluid enhances with E; and
FE5 and it decays against Fs3. Fig. 7.14 elaborates the consequences of Deborah number I' on
temperature. It can be concluded from this figure that higher values of I' number give more

fluid temperature.

7.3.3 Concentration

Influence of numerous parameters for concentration are reported in Figs 7.15 — 7.21. Effect of
concentration slip parameter 35 is sketched in Fig.7.15. Concentration is decreasing function
of B5. Fig. 7.16 explores the influence of Deborah number I' on concentration. Concentration
of fluid is decreased for higher I'. Impact of chemical reaction { on concentration is shown
in Fig.7.17. Here we observed that concentration diminishes for higher (. Fig. 7.18 exposes
influence of Brownian motion parameter Nb on concentration. Concentration grows for higher
Nb. Fig. 7.19 describes the consequence of thermophoresis parameter Nt. Here concentration of
nanoparticles is decreased when thermophoresis intensifies. Nanoparticle concentration against
Schmidt number Sc is portrayed in Fig. 7.20. We noticed that larger Sc decreased concentration.

Sc is the proportion of the dynamic diffusion to the rate of mass diffusion. Rate of mass
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diffusion is decreases for larger Sc. It yields concentration declines. Variation of wall properties
on concentration is depicted in Fig. 7.21. Clearly the concentration is enhanced by increasing

F71 and E5 while reverse holds for Ej3.

7.3.4 Coefficient of heat transfer

Outcomes of Z(z) = 0,(n)n, are shown in Figs. 7.22 — 7.31. Consequence of Prandtl variable
Pr on Z is investigated in Fig. 7.22. It is found that rise in Pr increases the coefficient of
heat transfer Z. Outcome of Hartman number M on Z is portrayed in Fig. 7.23. Coeflicient
of heat transfer decreases against higher M. Fig. 7.24 elucidates the thermal slip parameter
B4 on heat transfer coefficient Z. We have seen the increasing behavior of Z against higher f3,.
A decreasing trend is noted for Z when chemical reaction parameter ¢ higher (see Fig. 7.25).
Fig. 7.26 portrays heat transfer rate Z for larger Brownian movement Nb and thermophoresis
parameters Nt. Here we observed that higher Nb and Nt indicate an enhancement of heat
transfer coefficient Z. Fig. 7.27 is made for the outcome of Deborah number I'" on Z. It is seen
that an enhancement of I' leads to rise in Z. Heat transfer coefficient Z against heat generation
absorption ) is shown in Figs. 7.28 and 7.29. Here Z rises with (@ > 0) while it declines for
(Q < 0). Role of Rn on the heat transfer coefficient Z is illustrated in Fig. 7.30. In this case the
findings indicate decline in Z. Fig. 7.31. depicts the effects of Eckert number Ec on coefficient

of heat transfer Z. Enhancement in Z is observed via larger Ec.

7.3.5 Skin friction Coefficient

Impact of skin friction coefficient Cy = 7, (1%(77) +2I' (wy(n))3> is discussed through Figs.
7.32 — 7.34. Fig. 7.32 is plotted to see the effect of Deborah number I' against Cy. Decaying
behavior of Cf is noticed. Fig. 7.33 shows that for skin friction coefficient C'y diminishes when
B increments. Fig. 7.34 illustrates influence for Hartman number M on Cf. It is observed that

C increases when M higher.

7.3.6 Sherwood number

Figs. 7.35 — 7.37 are portrayed to see effects of Sherwood number S;, = n,¢,(n) for different

physical parameters. Fig. 7.35 demonstrates the impact of Nb on Sherwood number S},. Larger
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values of Nb caused decay of Sj. Figs. 7.36 and 7.37 display the impacts of thermophoresis
Nt and chemical reaction parameters ( respectively against .S,. Sherwood number S; shows

increasing trend for both parameters.

7.3.7 Trapping

Trapping is sketched through Figs. 7.38 and 7.39. Figs 7.38(a) and 7.38(b) we have plotted
to see impacts for Deborah number I'. As expected the trapped bolus size increases when I’
enhances. Effects of velocity slip variable /3; on bolus size are given in Figs. 7.39 (a,b). Size of

bolus decreases for higher (.

119



un

-10 -05 00 05 1.0

Fig. 7.1: Variation of 5, on u

o[ "~ o -r-T T T 7

-1.0 -0.5 0.0 0.5 1.0
y

Fig. 7.3: Variation of I" on

120



Fig. 7.6: Variation of Pr on 6
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Fig. 7.12: Variation of Q < 0 on ¢
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Fig. 7.24: Variation of 85 on Z

127



-05

-10

1.0

05

00

r=051152

0.0 02 04 0.6 08

Fig. 7.28: Variation of I' on Z

128



—o2f

0.5
00

-05

ER Zf Q=03,07,11,15
“‘\\ N\ /rf‘\
MR Y ~ -~ ',-‘-
Te N - Vi "‘
"/’ \\..' 'a’ .v'
1 ‘.’ """ " 1 L 1 1 L |
0.0 02 04 0.6 0.8
X

Fig. 7.29: Variation of Q@ > 0 on Z

02 ]

01
00|

-0l

-Q=01,03 05,08

08

Fig. 7.31: Variation of Fc on Z

129




Ct

—0s |

—05 |

05 |

£ =01,02,03,04

Fig. 7.33: Variation of 8, on C

05F

00

-
7 =19

3.

M =05,1,15,2

Fig. 7.34: Variation of M on CYy

130



of Nbon Sy,

Nt = 0.1, 0.2, 0.3, 0.4

Fig. 7.37: Variation of ( on S,

131




I I L ! !
—-0.2 0.0 0.2 0.4 0.6

Fig. 7.38(a): Variation of ¢ when I' = 0.1.

N———

1.0 -

0.0r

—1.0 -

—L5F

L L I L L
—-0.2 0.0 0.2 0.4 0.0

Fig. 7.38(b): Variation of ¢ when I' = 0.3.

132



Fig. 7.39(b): Variation of ¢ when 8; = 0.2.

7.4 Conclusions
Following points are important.

e Velocity rfor M has reverse trend when compared with I' and ;.
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Temperature and heat transfer coefficient increase with (¢ > 0) while opposite holds for

(Q <0).

Temperature for higher Nb and Nt has similar outcome.

Temperature against Pr, Fc and I is enhanced.

Effects of 85 on temperature and /33 on concentration are quite opposite.
Higher ¢, Nt and Sc reduces the concentration.

Heat transfer coefficient for Pr, I' and (4 is similar.

Rn and M decreased heat transfer coefficient.

Skin friction coefficient for I' and 3, is similar.

Trapped bolus size declines for larger /3.
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Chapter 8

Entropy generation in mixed
convective peristalsis of fourth grade

nanofluid

8.1 Introduction

The key emphasis here is to analyze of entropy generation in MHD peristaltic flow of fourth
grade nanofluid. Activation energy, Hall current, mixed convection and slip features are con-

sidred. Related nonlinear differential system is solved numerically and analyzed.

8.2 Formulation

We have an interest to analyze the mixed convective peristalsis flow of fourth-grade nanofluid
for outcomes of activiation energy and Hall current. Following the notations of previous chapter

we write directly the related system

ou Ov
Lo 1
5 T 9 0, (8.1)
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ou +u8u —i—v@ B _@ 0S4z N O0Sgzy B OB(Q)
ot oz oy) oz ox dy  (1+m?)

+gﬂfﬁT(T —To) + gpsBc(C — Co), (8.2)

(222l =0 D D By ey

ot —i—u% +v8y dy Oz dy  (14+m?)

o (LW OE LT g (ZL 0T oug | Dvg L (u DN
Pref\or T or Ty ) T a2 "oy ) T T oyt T \ oy T ax ) O

OT\* (0T’ Dr L, (2C0T  ocoT
ox oy ) Tn dx Or ~ Jy Oy
16013 O*T oB?

+
- 2 2
2% dy (1+m?2)

ppcp

(u? 4 v?). (8.4)

u— +v— +—

@—1— oC oc D 0?’C  0*°C +DT 0T 0*T
ot oz oy B

022 T oy2 ) T T, \ 922 T 9y?
n Ea
k2(C — Cyp) < > exp (——) (8.5)
0 K
The boundary conditions are

utfB1Syy =0 aty=+n, (8.6)

T8_3+m 03 82 _8Sm+85xy_ 8u+u8u+0@ B

1958 T ™Mo T o0e | 0w "oy P\ o T o Ty
032
ﬁu +9pBr(T —To) + gpBc(C — Co) at y = =+n. (8.7)
oT T oC C1
T+ = .

/628 {TO}’ C:l:63 ay {CO} aty :l:n? (8 8)

in which (81, By, B3) the slip parameters, T},, the mean temperature, E, the activation energy,
k, the chemical reaction rate, n the fitted rate constant, x the Boltzmann constant and (71, 7p)

and (C1,Cp) respectively the upper and lower walls temperature and concentration. Here m

the Hall paramater.

Taking stream functions u =1, v = —d1), and setting
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u=cu*, v=cv*, x =X\, y=dy, ct =\, n=dn,
Bp = chup*, dif; = B,(i=1-3), (T1 —Tp)0 =T — Ty,

C,LLS:( = dISZ'j7 ,Uleé* - OZ‘C, Md%7 (Cl — CO)QS =(C — CO,

ﬁ = B C 171 = Fyz . (89)
one arrives at
2 82’¢ a2w 3 M2 821/) 8(;5
o (G (5) ) - (7o) G vorde vade <0 o
1 020 09 00
+ N
<Pr+R >3 2+Nb<8y> <3y> t<8y> i
0%y a% a?w M2Ec (9\°
82¢ 0% —ScC(1+(2—1)0)"ex B o=0 (8.12)
ay2 " \ 92 Plltr—19)? ™7 '
boundary conditions become
9, g, 82¢+2r 82‘” —0at y—+ (8.13)
03 3 0? 831,1) 0%\~ 93
[E1@+E23mat2+E3aan B +6F<(8y ) P
M2\ o
—<1+m2>a—y+Gr«9+Gc¢ at y ==+, (8.14)
a0 0¢p 1 B
9i628—y = {0} o= 638 {0} at y==+n. (8.15)

_ 2
HereGr (: %fﬁT(MTC—TOMl thermal Grashof number, Ge ( %’%—CW) concentration Grashof

number, (F = 612 +ﬁ;> the Deborah number, Q< T(l)) the temperature ratio parameter,

E <: ET ) the activation energy parameter and ( ( fndf ) the chemical reaction parame-

ter.
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8.3 Numerical results

The system (8.10) — (8.12) with appropriate conditions (8.13) — (8.15) is simulated by NDSolve
in MATHMATICA.

8.3.1 Velocity

The impacts of various physical variables on velocity are shown in Figs. 8.1 — 8.5. Fig. 8.1
exhibits that velocity of fluid enhances by increasing thermal Grashof parameter Gr. Fig. 8.2
shows consequence of velocity for several values of mass Grashof number Ge. Decreasing trend
is noticed for velocity via larger Ge. Fig. 8.3 describes velocity against Hall variable m. It is
obvious from this Fig. that velocity increases by rising values of m. The consequences of 3; via
velocity is portrayed in Fig. 8.4. Velocity of the fluid increases by higher 3,. Fig. 8.5 shows
the relationship between Deborah number I' and velocity. We noticed decreasing activity of

velocity with higher I'.

8.3.2 Temperature

Variation of pertinent variables on temperature is presented in Figs. 8.6 — 8.9. Consequence of
thermal Grashof variable Gr is demonstrated in Fig. 8.6. Here temperature increases via larger
Gr. Hall parameter m versus temperature is portrayed in Fig. 8.7. We found that temperature
is more via higher m. Fig. 8.8. is plotted to see the effect of thermal slip variable 3, against
temperature. Result shows an increment of temperature. Influence of fourth grade fluid variable

I is exhibited in Fig. 8.9. Larger values of I' shows an increase in temperature.

8.3.3 Concentration

Figs. 8.10 — 8.12 are sketched for behavior of concentration. Fig. 8.10 reveals the influence
of activation energy parameter E. It is evident from this Fig. that concentration is enhanced
via larger E. Fig. 8.11 summarized effects of mass Grashof number Gc on concentration ¢.
A decreasing trend is noted for ¢ when Gc rises.The inspiration of concentration slip parame-
ter B3 over concentration is scrutinized in Fig. 8.12. An increment in 35 causes declines of

concentration.
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8.3.4 Heat transfer coeflicient

Figs. 8.13—8.15 are portrayed to see the impacts of coefficient of heat transfer Z(z) = n,0,(n).
Influence of activation energy parameter F on Z is pictured in Fig. 8.13. Here Z is enhanced
for larger E. Fig. 8.14 showed the impact of thermal Grashof number Gr on coefficient of heat
transfer. We observed that higher Gr leads to an enhancement of Z. Fig. 8.15 represents the

impact of Hall parameter m on Z. An increase in Z is observed for higher m.

8.3.5 Entropy

Entropy is explored here. Impact of coefficient of diffusion L is displayed in Fig. 8.16. Increased
L causes thermal conductivity to decrease. The temperature and entropy increase is apparent.
Impacts of Hall parameter m versus entropy is displayed in Fig. 8.17. There is a decreasing
trend in entropy. Variation of temperature difference variable A on entropy is outlined in Fig.
8.18. Entropy of fluid decreases when A rises. Influence of concentration difference variable
~v* on entropy Ns is revealed in Fig. 8.19. This Fig. designates that the entropy of fluid
increased. Fig. 8.20 is plotted to see the consequence of thermal Grashof number Gr. Here
Ns enhances for higher Gr. Entropy Ns versus activation energy F is depicted in Fig. 8.21.
Here we found entropy increase through larger E. Fourth-grade fluid parameter I' outcome
on entropy is notified in Fig. 8.22. Entropy of fluid enhances for larger I'. Implementation of
entropy with a Brinkman number Br is illustrated in Fig. 8.23. We found that increasing Br
enhanced entropy. Fig. 8.24 is prepared for radiation parameter Rn against entropy. By higher

Rn the entropy of fluid boosts.

8.4 Expression for entropy generation

Mathematically the entropy generation satisfies:
k ((0T\? [(OT\*> 160*T3 (9T \> oB2  , ®
Sgen = T — | = + - t o
g T2 Oz dy 3k*k  \ Oy T (1 + m?) T

+@ a_c 2+ 8_0 ’ +@ 8_08_T+8_08_T (816)
Cm oz oy Ty, \Ox 0x 0Oy Oy )’ '
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Viscous dissipation ® is given by

ou ov ov  Ou

In dimensionless form we have

111

S 0NZ L (00N [0\ L~ (06>
- Eom &) ) ()5 )
Se: ( ) oy A\ Oy oy A2 \ Oy

Br 8% BrM?  [oy\?
=S, =), 1
+Asyﬁgﬂ+A(1—i—m2)<8y> (8.18)
where )
w k(1L —Tp)  hi-Ty, , C1—-GCy RD (Cy — Cp)
So=—ma A= =g L= —. (819)
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Fig. 8.11: Variation of Gc on ¢

Fig. 8.12: Variation of 85 on ¢
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Fig. 8.13: Variation of F on Z

Fig. 8.14: Variation of Gr on Z

Fig. 8.15: Variation of m for Z
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Fig. 8.16: Variation of L on Ns

Fig. 8.17: Variation of m on Ns
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Fig. 8.22: Variation of I' on Ns
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Fig. 8.24: Variation of Rn on Ns
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8.5 Conclusions
The salient points about current study are given below.

e Velocity for I' is opposite when compared with Gr and f3;.
e Temperature enhances for m.

e Temperature of the fluid decreases by Rn.

e Behaviors of activation energy E on ¢ and Z are similar.
e Higher G'c and 33 lead to decay in concentration.

e Entropy enhances for larger L and ~.

e Reverse behavior of Ns is noticed for Gr and E.
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Chapter 9

Peristaltic activity of hyperbolic
tangent nanofluid with non-linear

radiation

9.1 Introduction

Here we investigate magnetohydrodynamic ( MHD) peristalsis of hyperbolic tangent nanomate-
rial with mixed convection. Partial slip constraints on flexible channel walls are employed. Heat
transfer analysis is accounted with viscous dissipation and Ohmic heating. Chemical reaction
and nonlinear thermal radiation are accounted. Buongiorno’s nanoliquid model is employed by
considering the aspects of Brownian movement and thermophoresis. Appropriate use of long
wavelength and small Reynolds approximation is made. System is numerically solved. The out-
comes for the velocity, concentration, temperature and heat transfer rate for different physical

variables are addressed through graphs.

9.2 Formulation

Two-dimensional flow of tangent hyperbolic nanofluid in a symmetric channel of width 2d; is
considered. Here we choose Cartesian coordinates (x,y). Waves are propagating in x—direction

with constant speed ¢ having amplitude a and wavelength A. Channel boundaries are taken of
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compliant nature. Fluid is conducted by involvement of a constant magnetic field of strength
By. Magnetic field induced is ignored. Velocity, thermal and concentration slip conditions are
imposed on channel walls. The lower and upper walls have concentrations Cy,C; and tem-
peratures Tg, T} respectively. Heat transfer analysis involved the effects of viscous dissipation,
Brownian motion, thermophoresis along with nonlinear radiation. First order chemical reaction

is present in the concentration equation. The channel walls are represented by:
. 2w
y = *n(z,t) = £[d; + asin T(x — ct)]. (9.1)

Stress tensor S for hyperbolic tangent liquid is outlined by [44]

S = [Hoo + (100 + po) tanh(174)" 4, (9:2)
: 1 2

g = §traceA1, (9.3)

A = (grad V) + (grad V)" (9.4)

We consider in this case the infinite shear rate viscosity ., = 0 and TV4 < 1. Thus (9.2) takes

the form

8 = [/ 4 = |+ n(T/5 - 1] 4, (9.5)

where I'/ denote material constants, n the power law index, Lo the zero shear rate viscosity and

A, the first Rivlin Ericksen tensor. The related expressions are

ou Ov
B + 8_y =0, (9.6)

@ + u% + v@ = —@ 05z + _8Sxy — oB2u
P\t "oz Ty ) T "oz ax oy 0
9pBr(T —To) + gpBc(C — Co), (9.7)

0 0 0 Op 0Sy, 08,
,0f< v v ’U) _ _p+ yT vy (9.8)

E“‘%H’a_y " Oy Ox oy’
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(8T orT 8T>
pref\ =y tum- U5

T  9°T ou ov ou Ov

oy ox2) " ox oy dy | Ox

e [Pr [ o\ o\ cacor acor
Prcp T Oy x B\ 9z 0z dy 0y
9q
2.2  94r
oB; ) (9.9)
oC oC oC 0’C  9*C 0?’T  0°T\ Dr
E+U%+Ua—y—DB<ax2 + ay2> <8w2 + ay2>T—m—k1(C—Co). (910)
The related boundary conditions are
ut 15,y =0 aty==n, (9.11)
_ a_3+ 0’ +d 0 —aSzm+aS$y_ %_{_ @-F@ _
93 T M azaz T 0 |1 Tor oy P\ T %ar T Yoy
o Biu+ gpr(T — To) + gpsBc(C — Co) at y = +n, (9.12)
oT Ty oC Ch
T+ By— = + Ba— = =+ 1

where u is the velocity component in x direction and v the velocity in y direction, p the pressure,
v the kinematic viscosity, k the thermal conductivity, o the electrical conductivity, p; the density
of nanofluid, Dy the thermophoretic diffusion, Dp the Brownian movement, (51,5, 83) the
slip parameters, 71 elastic stress, d viscous damping coefficient, m1 mass per unit area, T}, the
mean temperature, k1 chemical reaction parameter, S;; the stress tensor components for the

hyperbolic tangent liquid and ¢, defined by nonlinear radiated heat flux satisfies

. )
o=-20 - (F). (9.14)
3k %Y 3k 4

Now we take the stream function v as (u,v) = (¢,,, —0%,) and the following non-dimensional

quantities
uoo, v T Ly « L « 15 .
C u b C U b A :L' ) dl y b )\ ) dl ,'7 ) ILLOC l]? ( )
d? T — T C - C ,
1P _p*7 0o : 0 _¢7 61 _/sz (Z:2—3)
C)\IU,O (Tl — TO) (Cl — CO) dl



Utilizing aforementioned terms and then invoking the long wavelength and low Reynolds, we

get the system of equations after dropping asterisks as follows

9% 2 PP 99 _
1+nWey—1)] =— R — M? 3y — T Gr 8_+G 3y 0, (9.16)
0% ¢ 90\? 824
9 500 NCA
Paray [(1 + (¢ —1)0) ay} +PrM <8y> =0, (9.17)
0%¢ 020
Nb8 5 + Nt <8 2>—NbCch5:0, (9.18)
with the non-dimensional boundary conditions
o P _
e 6,1 +n(Wey—1)] — 0 =0aty==n, (9.19)
03 03 0? 93 )
[E1@ + E283:6t2 + E38x6t] n= R [1+n(Wey—1)] —
MQ?)—? + Grf+ Gep at y = =+, (9.20)
a0 0¢ 1 B
HiBQa—y = { } ¢+ 638 {0} at y = 4. (9.21)

Notice that the continuity equation (9.9) is satisfied automatically. Here ¢ depicts the wave
number, € amplitude ratio, o thermal diffusivity, Gc the concentration Grashof number, Gr
the thermal Grashof number, Pr the Prandtl number, Re the Reynolds number, Fc the Eckert
number, Sc the Schmidt variable, Nt the thermophoresis parameter, M the Hartman variable,
Nb the Brownian diffusion parameter, We the Weissenberg number, Rn the radiation parame-
ter, ¢ the temperature ratio variable, ¢ the chemical reaction parameter /3, is the velocity slip

variable and (F1, Eq, E3) the wall parameters defined below
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a dq k _ 9psBc(C — Co)di _ 9psPr(T — To)di

€E = —, 0=—, a= , Ge , Gr ,
dy A prcy HoC HoC
LoCf pgedy c? v Drr(Ty — Tp)
Pr . Re= CEBe=—S  _ §e= Ny L1700
k Ho Cf (Tl —T[)) DB TmI/
[T D — r/ 160T5 T
M = iBodl, Nb:M, Wezc_2’ Rn — 6‘70,§:_17
Ho v a 3kk To
kid? 1 d3r cmyds d3d
C = - 1751251#0'E1:_ 31 , Eo = 31 17E3: 21 .
Dp dy A prgc Ao Ao

9.3 Results and discussion

The resulting problem is highly nonlinear. Exact solution to this problem seems difficult.
Therefore we utilized numerical technique for the nonlinear problem. We employed the scheme
built-in in MATHEMATICA called NDSolve. This technique is based on Runge-Kutta fourth

order method. It is convenient-to-use and cares about convergence automatically.

9.3.1 Velocity

The impacts of various variables on velocity are shown in Figs. 9.1 — 9.7. Outcome of thermal
Grashof number Gr on velocity is portrayed in Fig. 9.1. Here velocity rises when Gr increased.
Impact of mass Grashof number Gc versus velocity is illustrated in Fig. 9.2. An increasing
trend is observed for velocity when Gc highers. Outcome of Weissenberg number on velocity is
demonstrated in Fig. 9.3. It is observed that velocity is higher against We. Fig. 9.4 is prepared
for impacts of power law index n on velocity. Clearly velocity rises for larger n. Fig. 9.5.
elucidates the variation of velocity slip parameter 3, versus velocity. Velocity increases by (.
Fig. 9.6 elaborates consequences of wall parameters E1, F3 and E3 on velocity. These Figs
indicate that velocity enhances for E; and E2 but opposite holds against E3. Fig. 9.7 shows
Hartman number M effect on the velocity. Higher Hartman number M indicate a decrease in

velocity.
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9.3.2 Temperature

Plots for temperature against numerous physical variables are drawn in Figs. 9.8 — 9.17. Fig.
9.8. explores of thermal slip parameter 5, on velocity. This Fig. reveals that velocity of
fluid rises for larger 5. Impact of thermal Grashof number Gr against temperature is present
in Fig. 9.9. Temperature of liquid rises for larger Gr. Fig. 9.10 illustrates effect of Prandtl
number Pr versus temperature. Result shows that an enhancement is observed in this case.
Fig. 9.11 depicts that larger Eckert number enhance the viscous dissipation effect. This rises
the temperature. Fig. 9.12 demonstrated a combined study of Brownian movement Nb and
thermophoresis Nt variables. Larger values of Nb are correlated with higher random movement
of the nanoparticles via wall to liquid that takes to a temperature uprise. Fig. 9.13 depicts
temperature for larger radiation parameter Rn. It indicates that temperature of fluid decreases
when Rn rises. Fig. 9.14 shows that higher values of ¢ diminish temperature. Consequences of
Weissenberg number We are shown in Fig. 9.15. For higher We an enhancement in temperature
of fluid is observed. Fig. 9.16 declares outcome of wall parameters (E1, Fa, E3) on temperature.
Results show that temperature enhances with higher F; and F, where as opposite behavior
ocures for E3. Fig. 9.17 is sketched to see the impacts of Hartman variable M via temperature.

There is a decreasing trend when M increases.

9.3.3 Concentration

Figs. 9.18—-9.25 portrayed the concentration for numerous pertinent parameters. Concentration
against mass concentration slip parameter /33 is portrayed in Fig. 9.18. We noticed a reduction
in concentration through 35. Fig. 9.19 demonstrates that concentration decreases in absolute
sense when Gec enlarges. Brownian motion parameter Nb against concentration is described in
Fig. 9.20. Concentration enhances for higher estimation of Nb. On the other hand opposite
trend is witnessed on concentration via thermophoresis variable Nt (see Fig. 9.21). Figs.
9.22 and 9.23 demonstrate features of chemical reaction parameter ¢ and Schmidt variable Sc
versus concentration. Both ¢ and Sc causes reduction in concentration. Fig. 9.24 depicts the
concentration for the rigidity parameter Fp, the tension parameter Fy and FEjs. It is observed
that an increment in £ and F- variables boosts the concentration but it falls through larger

E3. Plot for Weissenberg number We on concentration is captured in Fig. 9.25. We observed
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that concentration decreases for larger We.

9.3.4 Heat transfer coefficient

Results of various physical variables on coefficient of heat transfer Z(x) = 6,(n) 1, are revealed
in Figs. 9.26 — 9.33. Fig. 9.26 investigated the significance 3, for Z. It reveals that Z enhances
via larger (4. Fig. 9.27 presents the impact of Weissenberg number We on Z. It is observed
that rise in We decays coefficient of heat transfer Z. Impact of radiation variable Rn for 7 is
portrayed in Fig. 9.28. Z has reducing pattern when Rn highers. The decrease in coefficient of
heat transfer Z is also noticed for ¢ (see Fig. 9.29). Fig. 9.30 demonstrates coefficient of heat
transfer Z verses Prandtl number Pr. Here Z enhances for higher Pr. Fig. 9.31 describes Z for
larger thermophoresis Nt and Brownian motion parameter Nb. We observed that higher values
of both the variables show an enhancement in Z. Effect of thermal Grashof parameter Gr on
coefficient of heat transfer Z is sketched in Fig. 9.32. Here Z rises for higher Gr. Variation of
Hartman parameter M is elaborated in Fig. 9.33. We observed that Z diminishes with rise in

M.
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Fig. 9.4: Variation of n on u
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Fig. 9.19: Variation of Gc on ¢
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Fig. 9.31: Variation of Nb and Nt on Z
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9.4 Conclusions
The key results of the present study are summarized as follows.

e Velocity rises through 3, Gr and Gc while it reduces against M.

Impact of We on velocity and temperature is qualitatively same.

Increasing outcomes of Pr, 3, and Ec are noticed.

Reduction in temperature and heat transfer coefficient for via Rn and ¢ is observed.

Concentration is decreased through S5 and (.

Z against 35 and Rn has reverse results

Reduction is observed for Z against We and M.
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Chapter 10

Peristalsis of Sutterby nanofluid
with Hall current and entropy

generation

10.1 Introduction

This cahpter examined magnetohydrodynamic (MHD) mixed convection peristaltic flow of a
Sutterby nanofluid with entropy generation. Convective conditions, Ohmic heating, mixed
convection and radiation effects are considered. Brownian motion and thermophoresis are
considered. A lubrication approach is employed. Governing problems are solved numerically

with NDSolve. Physical quantities of interest are analyzed.

10.2 Formulation

We analyze two-dimensional peristaltic motion of Sutterby nanofluid in symmetric channel hav-
ing width 2d;. Here x and y coordinates are perpendicular to each other. The wave propagates
in the x—direction along channel wall. Flexible nature of channel walls is considered. Hall
current, partial slip conditions for velocity and activation energy are also present. The walls

shape satisfy:

170



y = £n(x,t) = £[dy + asin 2%(1‘ — ct)], (10.1)

where A\ denotes wavelength, a the amplitude, ¢ the time and ¢ wave speed. Extra stress tensor

for Sutterby model is [42]

. 1/7 m
5=k {Smh ()| A, (10.2)
2 o
by
. 1 9
A= §traceA1, (10.3)
A; = (grad V) + (grad V)", (10.4)

where b and m* denote material constants, u the fluid dynamic viscosity and Aj the first Rivlin

Ericksen tensor. The related expressions are

ou Ov
% + 8_y =0, (10.5)

o "mtey) T Tt e Ty areme ) (106)

9pBr(T —To) + gpsBe(C — Co),

<8u ou 8u> B _8p N O0S N OS2y oB?

fo— | = =+ + - (v + mu), (10.7)

81} 811 ov Op 0Sy: 0Syy oB?
8t “or oy oy  Ox oy (1+m?2)

oT oT or 0’T 0T ou ov ov  Ou
prf E—’_ a +v 8_3/ =k a$2+82 +Sxxa Syya—y-i-sxy %‘i‘a—y

N D oT oC L or oT oC + Dr or + 8_T N
P | VB \ Bz oz dy By ox oy
O-Bg 2 2 8q7‘
(1+m2)(u —i—v)—ay, (10.8)
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oC oC oC (820 820> Dy <82T 82T>
U— +v— = _DB T_ —

ot ' ox | By 02 02
k2(C — Co) < ) exp ( %‘1) , (10.9)
u+ S, =0 aty=+n, (10.10)
83 il +d O\, = 2 TR (L
o T ™Moz T Y0z )T Tox Dy ot oz oy
ocB2
(14_70)’“ + 9ppBr(T —To) + gpBc(C — Co) at y = £n. (10.11)
or  (T1—T ar  [Ci—-O\ B
—ka—y_hl{T_TO}, Dp 9y —hg{c_co}—(), at y = +mn, (10.12)

where (u,v) are the velocity component in (x,y) directions, p the pressure, k the thermal
conductivity, v the kinematic viscosity, p; the density of nanoliquid, o electrical conductivity,
Dp Brownian movement, D7 thermophoresis diffusion coefficient, m the Hall parameter, 3 the
slip parameter, d coefficient of viscous damping, k, the chemical reaction rate, 71 the elastic
tension, F, the activation energy, m1 mass per unit area, x the Boltzmann constant, n fitted rate
constant, (C1,Cy) and (T1,Tp) are the concentration and temperature at the upper and lower
walls respectively and stress tensor components Si;, Syy, Syz,Szy for the Sutterby material
can be determined through expression (10.2). Last term in equation (10.9) appeared due to
chemical reaction and activation energy.

By using the approximation of Rosseland, the radiative heat flux ¢, obeys

g = ———— (10.13)

in which o = 5.6697 x 10~8Wm~2K ~* represents the constant Stefan — Boltzmann, and k the
coefficient of absorption. We expect that the changes in temperature inside the flow are lower
enough to characterize T% as a temperature function in linear form. Using Taylor series for 7

about 7Ty and ignoring the expressions of higher order one obtains
T = Ty + 4T3(T — Ty) + 6T (T — Tp)%. (10.14)
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Thus (10.14) reduces to
T ~ 4T3 (T — Tp).

From (10.13) and (10.15) one can write

16013 OT
qr = — — 8_
3k Y
Consider stream function ¢ as u = ¢, v = —d7), and non-dimensional variables are
% u % v % x % ) * ct * U
= — = — = — = — t = — —_ —
u C?'U 673:. A’y dl’ A?”/] dl’
d1S;; d? T — T, C—-C
Sy=0% g Do g 100 O
J e dy CALL T, — Ty Cy —Cy

By lubrication approach and above definations we can obtain
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(10.17)

(10.18)

(10.19)

(10.20)

(10.21)
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90 _ {_Bil(l - 9)} op {—Bi2(1 —$)

— - = =4 10.2
8y —Bi19 ’ 8y —Bigqf) }7 at y 77’ ( 0 3)

in which asterisk has been suppressed for simplicity. Note that equation of continuity (10.5)

is satisfied identically. Further e (: di) depicts amplitude ratio, ¢ (: d—/\l) wave number,

o} (— prer ) thermal diffusivity, Gr ( M) thermal Grashof number, Ge ( M)

pe ic
concentration Grashof number, Pr (: = ) the Prandtl number, Re (z —%) Reynolds num-

ber, Ec (= ‘3—2_ the Eckert number, Br = Pr E¢ the Brinkman number, Sc (= & | the
cf (T1 T()) Dp
Schmidt variable, 7 (— /’j}’:—c;’) the effective heat capacity ratio of nanoparticle material to liquid

heat capacity, Nb <: w) the Brownian diffusion parameter, Nt ( %) the

thermophoresis parameter, B* (z ?m>b ) the Sutterby liquid parameter, M (: \/%Bodl)

642

the Hartman number, Rn ( Ml) the radiation parameter, Bi; (: m]gl) the thermal Biot
3kk

2
number, Bm( hz%?) the mass Biot number, ( (: %) the chemical reaction parameter,

Q (: T—(1)> the temperature ratio parameter, £ (— ) the activation energy parameter 3 (- Su )

HT 2d;
3 3
the velocity slip parameter and (El = —%ﬁ, Ey = CT—;dL, Es = d ) the wall parameters.

10.3 Expression for entropy generation

Mathematically the entropy generation is defined as:
wok [(OT\?* [OT\? 160 (OT\> 0B . @
Sgen = 7 5. T\5;) T— T A oY T
T2 oz oy o Ay T (1 4+ m?2) T
RD ( (0C\?  [9C\? aCc dT ~ dC aT
— — — 10.24
o ((%) *(@))* <ax8x+ay ay> (1024)
Here viscous dissipation ® given by

ou ov ou Ov
® = Srag + Sy, + S (a_er%)' (10.25)
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In dimensionless form we have

S 00N> L [(80\ [0¢ Ly* (96?2
_ g@’I’L_ i - - _r s
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2
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TSW oy? + A(1+m?) (_y> (10-26)
where
w_ k(T1 - Tp)” hi-Ty ,_ Ci-Co RD (C; — Cp)
- A= L =——— 10.2

10.4 Numerical outcomes and discussion

In this study we employed the MATHMATICA tool NDSolve to solve system of Eqgs. (10.18) —
(10.20) with the relevant boundary condition (10.21) — (10.23). This method is useful for small
steps with small errors. Further more, both x and y modify uniformly through a step size of

0.01. Error tolerance is fixed upto 1075.

10.4.1 Velocity

Influence of various physical variables on velocity is revealed through Figs. 10.1 — 10.7. Here
larger (3 give rise to an enhancement of velocity (see Fig. 10.1). Higher velocity appeares in
the neighbourhood of walls. Fig. 10.2 depicts outcome of Sutterby fluid parameter B* on
velocity. Velocity rises when B is increased. In Fig. 10.3 the consequence of Gr on velocity is
illustrated. It is found that with increasing G'r the velocity enhances. Increase of this parameter
means higher buoyancy forces, which lead to higher velocity distribution. Fig. 10.4 portrays
mass Grashof number Ge on the velocity. Velocity of fluid decreases for higher Ge. Fig. 10.5
Mlustrates the outcome of wall parameters (E7, Fa, E3) on velocity. This Fig. shows that
velocity increases with higher Fy and E» whereas opposite behavior for F3 Infect the walls are
compliant in nature and have elastic attitude. This activity creates less resistance to the flow
and therefore increases the velocity. Fig. 10.6 shows outcome of velocity for Hall parameter m.

Velocity enhanced for m.
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10.4.2 Temperature

Fig. 10.7 is sketched to see the Effect of thermal Biot number Bi; is shown in Fig 10.7. on
temperature. It reveals that temperature falls for higher Bi;. Biot number lessens thermal
conductivity, which leads to reduce the temperature of fluid. In Fig. 10.8 we observed that
temperature increases with higher Sutterby fluid parameter B*. This means that the Sutterby
fluid temperature is stronger than that of the viscous fluid. Fig. 10.9 represents temperature
for various values of thermal Grashof parameter Gr. It depicts from Fig. that when Gr in-
creases then temperature of fluid enhances. Fig. 10.10 explains effect of Hall parameter m
on temperature. Clearly temperature rises with higher m. An enhancement in Hall parameter

corresponds to increase of velocity and consequently temperature.

10.4.3 Concentration

Influence of various physical variables on concentration is revealed in Figs. 10.11 —10.14. Effect
of Sutterby fluid variable B is presented in Fig. 10.11. It is evident from this Fig. that concen-
tration increases. Fig 10.12. shows the plots of mass Grashof number Gc on concentration. It
indicates an increasing trend of concentration. Nanoparticles concentration versus mass Biot
number Bis is depicted in Fig. 10.13. Here we observed that concentration enhances via higher
Bis. Fig. 10.14 depicts the consequence of activation energy F on concentration. Outcome
shows that an enhancement is noticed in this case. Larger E enabled the Arrhenius activation

energy factor to decrease. As a result of which the chemical reaction rate increases.

10.4.4 Coefficient of Heat transfer

Figs. 10.15—10.18 portrayed the heat transfer coefficient Z(x) = 6,(n)n, for numerous pertinent
parameters. Effect of Sutterby fluid parameter B on heat transfer coefficient Z is investigated
through Fig. 10.15. Result found that rise in B declines the coefficient of heat transfer Z. Fig.
10.16 demonstrates that larger values of thermal Grashof number Gr tend to increase the Z.
Fig. 10.17 summarized effects of thermal Biot number Bi; on heat transfer coefficient Z. An
increasing trend is noted for Z when Bi; highers. Fig. 10.18 depicts heat transfer coefficient Z

verses activation energy parameter . Here Z increases for higher F.
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10.4.5 Entropy generation

Plots for entropy generation are drawn in Figs. 10.19 —10.25. Fig. 10.19 is developed to see the
impact of radiation parameter on entropy generation Ns. It shows that entropy increases near
center of channel for higher Rn. Fig. 10.20 reveals the increasing response of Ns for higher
Brinkman number Br. In Fig 10.21 an enhancement is observed in entropy Ns for higher
concentration difference parameter v*. Fig. 10.22 shows the behavior of temperature difference
parameter A on entropy Ns. Decreasing behavior for Ns is noticed. Fig. 10.23 depicts impacts
on entropy Ns for diffusion coefficient parameter L. It is revealed from this Fig. that decreasing
behavior of entropy occurs for raising L. Outcome of Sutterby fluid variable B* on entropy is
plotted in Fig. 10.24. Entropy rises for larger B. Impacts of Hall parameter m is sketched in
Fig. 10.25. It is noted that entropy for m reduces.

10.5 Validation of the problem

We provide Table. 10.1. to verify the validation of our results. This table shows good agreement

of the current results with [51] when (B* = M = Rn = Gr = Gc¢ = ¢ = 0 and ((Bi1, Biz) — ©0).

€ n | Current work | Current work | ref. [51] ref. [51]

0y aty=mn pyaty=mn |Oyaty=n|¢,aty=n
0.2 | 1.12 —0.211788 1.104649 —0.211789 1.104646

0.5] 129 | —5.523596 6.298794 —5.523598 6.298792
Table 10.1. Comparison of numerical results.
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Fig. 10.25: Variation of m on Ns

10.6 Conclusions

The key points of current study are summarized below.

e Velocity is increased through Gr, B* and m.

Temperature rises with Gr and m.

Concentration is decreased through B*.

Impact of E¥ on concentration and heat transfer coefficient is qualitatively similar.

Coefficient of heat transfer increases through larger Biy, Gr and m.

Entropy generation enhances for higher Rn and ~*.

e Decreasing trend is noted for entropy generation against m, L and A.
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