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Preface 
    Importance of peristalsis is recognized for numerous physiological and industrial 
applications which include swallowing food through oesophagus, capillaries and arterioles, 
in the vasomotion of venules, in sanitary fluid transportation, toxic liquid transport in the 
nuclear industry, digestive system catastalsis, ureteral tract, carrying of bile from 
gallbladder to duodenum, blood pumping, ovum transport, peristaltic pumps, locomotion of 
worms, roller and finger pumps etc. The waves of constant wavelength and amplitude 
(periodic waves) traveling along the tube give rise peristaltic excitation in human 
physiology. Further peristaltic transport of fluid with heat transfer is quite significant in 
oxygenation, hemodialysis, conduction of tissues, radiation between environment and its 
surface and heat convection for blood flow from the pores of tissues. As heat transfer 
fundamentally refers to the exchange of thermal energy between the different components of 
a physical system. Heat transfer rate depends upon temperature of different components 
and the physical properties of the medium through which heat transfer takes place. Heat 
transfer is further important in many processes including the design of chemical processing 
equipment, food processing and cooling towers, power generation, distribution of moisture 
over grove fields and many others. Further in rotating frame the study of fluid flow has 
vital applications in astronomy, geophysics, atmospheric science, stellar dynamics and 
earth sciences. Phenomenon of rotation can be understood by ocean circulation, flight 
dynamics, formation of galaxies and amusement rides, which gives rise to the effects of 
Coriolis and centrifugal force in addition to inertial forces. Peristalsis in presence of 
rotation has relevance with saline water, blood and bio fluid such as intestines, arterioles 
and ureters. 
    Keeping all such facts in mind, the objective here is to develop fluid flows through 
periodic wave transport in channels. Such considerations are focused particularly for 
human tubular organs functioning to inspect the outcomes of different effects. Modeling 
and analysis are carried out by using basic laws and different techniques. Finally the 
present thesis is structured as follows: 
    Chapter one provides literature review for peristaltic mechanism under different 
aspects. This chapter also consists of fundamental expressions. 
    The peristaltic flow of viscous fluid in a rotating channel is discussed in chapter two. 



Channel walls are compliant. MHD effect is present. Hall current and Joule heating are 
taken into account. Convective conditions for heat transfer in the formulation are adopted. 
Lubrication approach is followed. Axial and secondary velocities are computed and 
analyzed. Results of this chapter are published in Results in Physics 7 (2016) pp. 
2831-2836. 
    Chapter three extends the research work of chapter two for heat and mass transfer. 
Thermophoresis, chemical reaction heat source/sink and thermal radiation are considered. 
Exact solutions to resulting problems invoking lubrication approach are established. The 
axial and secondary velocities and temperature are analyzed. Graphs are sketched for a 
parametric study for effects of thermophoretic, chemical, non-uniform heat source/sink, 
radiation and rotation parameters. The findings of this chapter are published in Results 
in Physics 6 (2016) pp. 1044-1050. 
    Chapter four aims to examine the magnetohydrodynamic (MHD) peristaltic transport 
of Prandtl fluid in a rotating medium. The channel walls satisfy wall properties. The 
relevant formulation is made on the basis of long wavelength approximations. Numerical 
solutions for axial and secondary velocities, temperature and heat transfer coefficient are 
presented. The contents of this chapter are published in Computers in Biology and 
Medicine 79 (2016) pp. 215-221. 
    Chapter five examines peristalsis transport of Prandtl fluid in a rotating channel. In 
fact results of chapter four here are modified for Soret and Dufour effects. The governing 
equations have been modeled and simplified using lubrication approach. The solution 
expressions are approximated numerically for the graphical results. The findings of this 
chapter have been published in Results in Physics 8 (2018) 1291-1300. 
    The purpose of chapter six is twofold. Firstly to explore peristaltic flow of an 
incompressible Ree-Eyring fluid. Secondly to inspect non--uniform heat source/sink 
effect. Convective conditions for heat transfer in the formulation are also adopted. Closed 
form solutions for axial and secondary velocities, pressure rise per wavelength, flow rate 
due to secondary flow and temperature are obtained by considering small Reynolds number 
and long wavelength approximation. The results obtained in this chapter are published in 
Chinese Journal of Physics 55 (2017) pp. 1894-1907. 
    The objective of chapter seven is to analyze peristalsis of Ree-Eyring fluid in a 
rotating channel. Interest here is covered by three concepts. Firstly to examine the influence 
of Hall current and ion slip effects. Secondly to examine the influence of heat transfer 



with viscous and Ohmic dissipation. Thirdly to address the impact of convective 
conditions. The relevant problems are formulated. Out coming problems through lubrication 
approach are solved. Attention is focused to the temperature, velocities and heat transfer 
coefficient. Material of this chapter is submitted for publication in Journal of Theoretical 
and Applied Mechanics. 
    Chapter eight investigates the peristalsis Couple stress fluid in a non-uniform rotating 
channel. The generation of fluid temperature due to thermal radiation and non-uniform 
heat source/sink effects is recorded. The flow and heat transfer are discussed in presence 
of wall slip conditions. Numerical technique is applied to solve the non-linear system. 
Attention is focused for the temperature, both axial and secondary velocities, heat transfer 
coefficient and streamlines. The research presented in this chapter is published in Results 
in Physics 7 (2017) pp. 2865-2873. 
    Chapter nine is intended to study effects of heat transfer in peristaltic flow when both 
the system and fluid are rotating. Third grade fluid is taken in convectively heated 
channel. Nonlinear radiation is discussed. This study is motivated towards investigating 
the physiological flows in rotating frame. Lubrication approach is adopted for problem 
formulation. Impact of various emerging physical parameters on the velocity, temperature 
and heat transfer coefficient is described. Estimated results are discussed in graphical 
representation. Material of this chapter is published in Canadian Journal of Physics. 
    In thermal engineering processes many researchers have shown that second law of 
thermodynamics is more efficient in optimizing the system than first law. Since first law 
of thermodynamics does not determine the fluctuations in energy and only manipulates the 
accounting of energy. Therefore in chapter ten we analyze the entropy generation on the 
peristaltic flow of Casson fluid in a symmetric rotating channel. Heat transfer is 
examined for thermal radiation and viscous dissipation effects. Velocity and thermal slip 
effects at the channel boundaries are also considered. The fluid parameter, Taylor and 
Brinkman number, radiation and wall parameters effects on the axial and secondary 
velocities, temperature and entropy generation are discussed in detail. Main points of the 
resulting problem have been highlighted. The contents of this chapter are published in 
Results in Physics 7 (2017) pp. 3668-3677. 
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Chapter 1

Literature review and basic laws

This chapter deals with literature review related to peristalsis and transfer of heat with different

effects in a rotating frame. Some fundamental equations for fluids flow are also presented in

this chapter.

1.1 Literature survey

Peristalsis in human physiological systems has gained much attention of the researchers. Engel-

mann [1] was the first to investigate the existence of peristaltic waves in ureter. After his initial

work, several other researchers like Lapides [2], Kiil [3] and Boyarsky [4] put their efforts to ex-

tend this study. The phenomenon of peristaltic pumping was discussed by Latham [5]. Shapiro

et al. [6] presented experimental work by considering the inertia free flow in a flexible tube. The

pioneer work of Latham [5] and Shapiro et al. [6] opened new ways for further advancements in

peristaltic transport. After the confirmation of Shapiro’s theory based on long wavelength and

low Reynolds number approximation by Eckstein [7] and Weinberg [8], a number of attempts

have been made for advancements in this direction. Further the ureteral system as peristaltic

pump by imposing different waves on ureteral walls was analyzed by Weinberg et al. [9] and

Lykoudis [10]. Zein and Ostrach [11] investigated significance of peristalsis in ureteral system.

Afterwards, Fung [12 13] discussed the effect of biomechanical forces on dynamics of urethral

muscles. Peristalsis of viscous liquid in both symmetric and asymmetric configurations is ex-

plored by Burns and Parkes [14]. Lubrication approach was adopted by Hanin [15] along with

5



consideration of small amplitude ratio. An investigation on studying the impact of low Reynolds

number on peristalsis in a tube of roller pump is carried out by Megininiss [16]. Peristaltic flow

of viscous fluid through circular tube is addressed by Yin and Fung [17]. Lew and Fung [18

19] explored asymmetric flow of viscous fluid in a cylindrical tube. Their investigation presents

the importance of fluid motion inside vessels of living organisms. Barton et al. [20] discussed

the peristaltic motion in tubes. An analysis on peristalsis of viscous fluid subject to inertial

and streamline curvature is conducted by Jaffrin [21]. Tong and Vawter [22] adopted finite

element method to analyze the peristaltic transport through a tube. Movement of spermatozoa

in tube is mathematically investigated by Semleser et al. [23]. Mitra and Parsad managed to

determine the impact of Poiseuille flow on peristalsis in a two dimensional channel [24]. Liron

[25] developed the series solution by double expansion about long wavelength and Reynolds

number for peristalsis in pipe and channel. He studied the efficiency of biological functions in

terms of peristaltic flow. Assumption of small wave number is invoked in his analysis. Impacts

of wave amplitude and wavelength on flow field was first presented by Brown and Hung [26]

He observed that reflux occurs on the axis of the tube for short wavelengths. However reflux

occurs off the axis for longer wavelengths. A detailed examination of peristaltic flow through

pipe and channel is carried out by Srivastava and Srivastava [27]. Nakanishi [28] numerically

investigated a two-dimensional model of peristalsis of viscous fluid through a channel with pro-

gressive waves of wall contraction. Takabatake et al. [29] adopted finite difference scheme for

analyzing the peristaltic pumping through a tube. Peristalsis of incompressible viscous fluid

through uniform and non-uniform annulus is elaborated by Makheimer [30]. Inertia and curva-

ture effects on peristalsis in asymmetric geometry is explored by Rao and Mishra [31]. Viscous

fluid flow subject to complaint walls has been analyzed by Hayat et al. [32].

There is no doubt that many realistic liquids are different then viscous fluids. Non-Newtonian

characteristics have been exhibited by peristalsis transport of chyme in [33] and contraction

and expansion of blood vessels in [34]. The classical Navier Stokes relations are unable to

describe the nature of rheological complex liquids such as lubricants, hydrocarbons, industrial

oils, shampoo, muds, petroleum and blood etc. Non-Newtonian fluids have wide utility in many

phenomena. In order to investigate the non-Newtonian behavior of fluids, many models have

been formulated by the investigators. Patel and Timol [35] mentioned the stress strain relation-

6



ship for non-Newtonian fluids. Akbar et al. [36] performed an analysis for flow of Carreau fluid

through asymmetric channel. A study on peristaltic transport of Jeffrey fluid through rectangu-

lar duct is commenced by Ellahi and Hussain [37]. Jeffrey fluid flow with simplest mathematical

form is capable of relating the retardation and relaxation times effects. Bhatti and Abbas [38]

investigated peristaltic blood flow by considering Jeffrey model saturating porous medium. Ap-

plication of low Reynolds number on peristaltic motion of micropolar fluid was discussed by

Devi and Devanathan [39]. Adomian decomposition method was adopted by Sheikholeslami et

al. [40] in order to investigate Jeffrey-Hamel flow analytically. Long wavelength assumption is

employed on two-dimensional peristalsis of non-Newtonian fluid by Rahakrishnamacharya [41].

Srivastava and Saxena [42] observed the peristaltic transport of blood through a tube of uniform

diameter. They employed constitutive relation of Casson fluid for blood. Elshehawey et al. [43]

scrutinized the peristaltic motion of Carreau fluid by invoking the lubrication approach and

employing the perturbation technique for small Weissenberg number. An analytical discussion

on flow properties of Carreau fluid in a compliant rectangular duct is commenced by Riaz et al.

[44] Sisko fluid is one of the most important non-Newtonian fluids comprised of shear thinning

as well as shear thickening attributes. Sisko fluid model has tendency to represent the proper-

ties of Newtonian and non-Newtonian fluids for suitable choice of material fluid parameter. An

analysis for porosity and magnetic field effects on flow of Sisko fluid is provided by Hayat et al.

[45 46]. Zaman et al. [47] managed to study blood flow through vessel by assuming the blood as

Sisko fluid. Hayat et al. [48] reported a numerical investigation of peristalsis of non-Newtonian

Carreau-Yasuda fluid under the influence of Hall effect. Mernone and Mazumdar [49] provided

a detailed theoretical investigation of Casson fluid through an axisymmetric channel. Eytan

and Elad [50] inspected the motion of intrauterine fluid motion due to myometric contraction

as peristaltic transport. Nadeem and Akram [51] scrutinized two-dimensional peristaltic flow

of hyperbolic tangent fluid and simplified the problem under lubrication approach. Hina et

al. [52] examined the wall properties on peristalsis in a curved channel by considering pseudo-

plastic fluid and heat and mass transfer. They discussed the shear-thinning/thickening effects

followed by lubrication approach. Akbar et al. [53] employed non-Newtonian Williomson fluid

for numerical study of peristalsis in an axisymmetric channel. Peristalsis of Prandtl fluid under

long wavelength assumption has been reported by Riaz et al. [54] This work is extended by
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Hayat et al. [55] with Hall and chemical reaction effects.

Viscoelastic non-Newtonian fluids have tremendous applications in physiology and industry.

Ree- Eyring can be reduced to Newtonian fluid model for both high and low shear rates. Also

its constitutive equation can be obtained from kinetic theory of fluids instead of empirical

relation. Ketchup, polymer solutions, ketchup, nail polish and wiped cream are some of the

relevant examples. Physiological fluids movement like blood also contains such characteristics.

Pulsatile flow of Ree-Eyring fluid in a channel is discussed by Shawky et al. [56]. Bhatti et

al. [57] discussed blood flow in a vessel by considering Ree-Eyring fluid. Abbasi et al. [58]

worked out flow of Eyring Powel liquid in curved channel. This work was extended by Hina

et al. [59] in presence of heat and mass transfer. Theory of micropolar fluid was explained

by Eringen [60] and characteristics like body couples, microinertial effects, couple stresses and

microrotation are illustrated in details. Johnson and Segalman [61] introduced the theory for

viscoelastic fluids expressing non-affine deformation. Chaturani and samy [62] analyzed the

blood flow through arteries. Bohme and Friedrich [63] modeled a problem for investigating

attributes of an incompressible viscoelastic fluid in a planar channel without any inertial force.

Chaturani and Samy performed an analysis for peristalsis of blood through stenosed artery

[64]. Flow of Eyring Powell fluid model through straight channel is demonstrated by Hayat et

al. [64]. Alvi et al. [65] examined impact of non-constant viscosity on peristaltic activity of

Jeffrey fluid containing nanoparticles. Latif et al. [66] discussed the peristalsis of third order

liquid with variable properties. Also Fosdick and Rajagopal [67] presented thermodynamics

analysis for third grade fluid. Tripathi et al. [68] explored the peristalsis of fractional Maxwell

fluid in a channel. Couple stress fluid model is intended for the body couples and couple

stresses in the medium of fluid. It has applications to understand many physical problems as it

possesses the rheological convoluted fluid phenomena. Coating of paper, plasma, nuclear fuel

slurries, polymers, fossil fuels, lubrication with heavy oils and greases carry such rheological

characteristics. From industry point of view, many applications e.g., colloidal fluids, extrusion

of polymer fluids, exotic lubricants, metallic plate cooling in bath and solidification of liquid

crystals are related to this fluid. In the lubrication of engine rod bearings and tribology of

thrust bearings, this fluid is also important. Couple stress model has been used to discuss

biomedical phenomena such as infected urine from a diseased kidney and human and animal
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blood. Peristalsis of couple stress liquid in an endoscope was investigated by Mekheimer and

Abd elaboud [69]. Then his work is extended by Shit and Roy [70] through inclined channel. The

problem is solved analytically by taking long wavelength and low Reynolds number assumptions.

Ramesh [71] stated the rheology of couple stresses in transport of fluids.

Importance of heat transfer in medical and industrial applications cannot be ignored. Par-

ticularly, the heat transfer phenomenon in human body is an important area of research. Due

to its wide spread significance in human tissues, many biomedical engineers are attracted to-

wards human thermoregulation system [72] and thermotherapy [73]. In humans heat transfer

take place as conduction in cancer tissues, metabolic heat generation, dilution technique in

examining blood flow, perfusion of arterial-venous blood through the pores of the tissues and

vasodilation. Transfer of heat with the interaction of peristaltic fluid flows is significant in

hemodialysis, oxygenation, laser therapy and thermal energy storage. Radhakrishnamacharaya

et al. [74] and Vajravelu et al. [75] analyzed the heat transfer on peristaltic flow of viscous

fluid in non-uniform channel and tube. Peristaltic flows of viscous and non-Newtonian fluids in

the presence of magnetic field is significant in physiological processes such as medicine and bio-

engineering. Many phenomena are based on MHD principles such as design of heat exchangers,

flow meters, radar systems, MHD compressor operation etc. Such effects is useful in the de-

velopment of magnetic devices, hyperthermia [76], blood reduction during surgeries and cancer

tumor treatment, MHD drug targeting [77], micro-circulation flows [78] and biomedical flow

control, separation devices [79], in treatment of the pathologies e.g., gastroenric pathologies,

rheumatisms, constipation and hypertension. Another important aspect of MHD is related to

Hall and ionslip effects. Hall current is much more significant for higher externally applied

magnetic field. Further when the electron-atom-collision frequency is high then ionslip effect

cannot be ignored. Some applications which basically lie on Hall and ionslip currents include

MHD generators, electric transformers, power generators, Hall accelerators, heating elements,

refrigeration coils and flight MHD. In addition flow of fluid is much affected by the presence of

Joule heating. The study of heat transfer with Joule heating effects has immense applications

in biomedical engineering and food industries. Effect of Joule heating arises from the fluid elec-

trical resistivity and applied electric field. One of the applications of electro osmosis is the fluid

delivery in lab-on-a-chip devices, where one deals with thermally labile samples. Temperature
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rise due to Joule heating can result in low column separation efficiency, reduction of analysis

resolution and even loss of injected samples. Therefore several investigations regarding these

effects in peristalsis are performed. Sud et al. [80] discussed the magnetic field effect for blood

flow. Peristaltic activity of blood flow in equally branched channel is investigated by Agrawal et

al. [81]. Their study concludes that during cardiac surgeries the magnetic field may be used in

blood pump. Radhakrishnamacharya and Murty [82] examined the MHD aspects of peristaltic

flow in a non-uniform channel. Wang et al. [83] discussed magnetohydrodynamics effects on

peristaltic motion of Sisko fluid in symmetric channel. Hayat et al. [84] canvassed the peristaltic

flow of MHD hyperbolic tangent fluid with Joule heating and slip conditions. Awais et al. [85]

examined convective heat transfer on MHD peristaltic flow in a symmetric channel. Abbasi et

al. [86] observed MHD peristaltic flow of Carreau fluid in curved channel under long wavelength

and low Reynolds number assumptions. Further his work was extended by Ellahi et al. [87]

by employing a uniform duct of rectangular cross section. Analytical solutions are obtained by

employing a perturbation method. They also compared their results by numerical solutions.

Heat transfer phenomenon with Ohmic heating is discussed by Asghar et al. [88]. They also

considered the Hall and ionslip effects in their analysis. Hayat et al. [89] extended the work

of Asghar et al. [88] for Jeffrey nanofluid. Nowar [90] investigated peristaltic flow of nanofluid

saturating porous space inside the channel with Hall effect. In a non-uniform rectangular duct

Pop et al. [91] observed the peristaltic flow of non-Newtonian fluid with magnetic and ionslip

effects. Blood flow of Powell Eyring fluid in a porous medium with ionslip effect is studied by

Bhatti et al. [92]. Noreen and Qasim [93] analyzed the flow of pseudoplastic fluid in presence

of Hall current.

In many environmental and scientific processes, thermal radiation plays a significant role.

Radiative heat transfer occurs when electromagnetic waves propagate across pore-air spaces.

Heating and cooling of chambers, astrophysical flows, solar power technology and water evap-

oration from open reservoirs are useful applications of this effect. Thermal insulation, cooling

of nuclear reactors, combustion, fluidized bed heat exchanger,biological tissues, turbid water

bodies, furnace design, gas turbines, power generation systems, high temperature plasmas, fire

spreads, solar fans, solar collectors, cancer therapy are such significant examples of thermal

radiation. In addition heat generation/absorption effect is quite useful in thermal performance
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of working fluids. Radiation can control the excess heat generation inside the body since high

temperatures pose serious stresses for the human body placing it in serious danger of injury

or even death. Further the involvement of heat generation/absorption effect in heat transfer

is encountered frequently in many fields such as engineering, aerosol technology and industrial

sector. It is also quite useful in the manufacture of plastic and rubber sheets, food stuff storage,

disposal of radioactive waste material and dislocating of fluids in packed bed reactors. Having

all such in mind the representative studies for non-uniform heat source/sink and radiation of

nonlinear fluids have been addressed by number of researchers [94− 102].
Mass transfer mechanism involves transfer of mass from one location to another. Mass

transfer occurs in variety of engineering process. Specifically in chemical industry, mass trans-

fer has widespread applications such as diffusion of chemical impurities, distillation process,

reverse osmosis and membrane separation process. The rate of mass transfer rely on diffusivity

and flow pattern of fluid. Investigation of combined heat and mass transfer species is impor-

tant in seeking better understanding of various physical phenomena. Heat and mass transfer is

not only responsible for energy distribution in the system but these also influence the system

mechanics. Peristalsis with heat and mass transfer has vital position in biomedical sciences

and industry. Few relevant applications are food processing [103], fog dispersion [104], metal

purification [105], vasodilation, perspiration in hot weather, blood transfusions [106], heat con-

vection occurring due to blood flow through pores of tissues, food drying [107], nuclear power

generation [108], underground disposal of nuclear waste and extraction of geothermal energy.

Energy flux induced by concentration gradient is referred as Dufour effect whereas mass flux

produced by temperature gradient is known as Soret effect. Importance of Soret-Dufour effect

cannot be neglected in isotopes separation, catalytical reactor, reservoir engineering and paper

industry. Ogulu [109] put forward his efforts in investigating fluid and mass transfer flow of

blood through single vessel. Nadeem and Akbar [110] discussed peristalsis of Jeffrey-six con-

stant fluid filled with heat and mass transfer simultaneously. Hayat et al. [111] scrutinized

heat and mass transfer effects on peristaltic transport of pseudoplastic in the presence of in-

duced magnetic field. Shaaban and Abou-zeid [112] performed a comprehensive study on MHD

peristaltic flow of Eyring-Powell fluid. Hayat et al. [113] examined Joule heating aspects on

mixed convective peristaltic flow of viscous nano fluid with Soret-Dufour effects. Mustafa et al.
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[114] focused their attention on study of peristalsis of fourth grade fluid under the influence of

Dufour and Soret effects. They adopted Keller-box method for numerical solution of non-linear

boundary value problem. Hayat et al. [115] discussed Soret and Dufour effects on peristalsis of

pseudoplastic fluid through a tapered channel. Farooq et al. [116] considered the mathematical

aspects of Soret and Dufour phenomena on MHD peristalsis of Jeffrey fluid. He performed his

analysis subject to variable viscosity. Hayat et al. [117] accounted the Soret-Dufour impacts

on peristalsis of Bingham plastic fluid by regular perturbation technique for series solution of

problem.

Chemical reaction is another phase of mass transfer. Investigation of heat and mass transfer

problems with chemical reaction has promising applications in industry such as burning of fuels,

making cheese, solar collector, combustion system, smelting iron and brewing beer. Chemical

reactions are integral part of many complicated processes of living organisms. Mustafa et

al. [118] addressed heat and mass transfer on mixed convective peristalsis of fourth grade

fluid. Hayat et al. [119] attempted to investigate the peristaltic transport of Casson fluid

under the influence of chemical reaction and Soret-Dufour effect. Sankad and Dhange [120]

modeled peristaltic transport of incompressible viscous fluid with flexible walls and chemical

reaction. He computed the mean effective coefficient of dispersion through Taylor’s limit and

long wavelength hypothesis. Muthuraj et al. [121] performed a comprehensive examination

on peristaltic pumping of dusty fluid in the presence of chemical reaction and wall properties.

Impact of thermal deposition and chemical reaction on peristalsis of Carreau-Yasuda fluid is

reported by Hayat et al. [122]. Machireddy and Kattamreddy [123] commenced a study for Joule

heating and chemical reaction effects on peristaltic flow through porous medium. Influence of

chemical reaction on hydromagnetic peristaltic pumping of radiating and reacting couple stress

fluid passing through an inclined channel is explored by Reddy et al. [124]. Mishra et al. [125]

explained impact of chemical reactions on peristalsis of physiological fluids with temperature

dependent properties.

Thermophoresis is a kind of mass transfer that occurs due to movement of colloidal par-

ticles due to macroscopic temperature. Small suspended particles are more likely to travel in

the direction of decreasing temperature when temperature gradient is maintained in the gas.

This phenomenon arises due to difference of average velocities of particles. The most common
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applications of thermophoresis are stone statue erosion, eliminate the particles from gas stream,

silicon thin film deposition and blackening of glass of kerosene lantern. The novel features of

Joule heating and thermophoresis on MHD peristaltic pumping of viscous nanofluid are elabo-

rated by Shehzad et al. [126]. Hayat et al. [127] scrutinized the effects of thermophoresis and

rotations on MHD peristalsis of Jeffrey fluid with non-uniform heat source/sink and flexible wall

channel. Ali et al. [128] considered fourth grade for peristaltic transport through asymmetric

channel of convective walls with concentration and thermophoresis effects. Analytic solution of

problem is approximated through perturbation technique.

Analysis of heat transfer in fluid flow by movement of particles is known as convection.

In many physical processes such as gas turbines, thermal storage and nuclear fluid transport,

macroscopic fluid transportation produces development in heat transfer. Transfer of heat be-

tween static fluid and solid boundary through physical contact is referred as conduction. In

case of moving fluids, heat transfer occurs through conduction as well as convection. For such

problems boundary conditions can be modified by Fourier law of heat conduction and the New-

ton’s law of cooling. These conditions are referred as convective boundary conditions [129 130].

Hemodialysis and oxygenation, hypothermia treatment, sanitary fluid transport, blood pump

in heart-lung machines, transport of corrosive fluids, laser therapy and coldness cryosurgery

are some practical applications. In view of such importance various researchers studied the

peristaltic flow subject to convective boundary condition [131− 135]
Flow pattern with slip boundary characteristics has special significance in many applications.

Undoubtedly due to the wetted wall, a loss of adhesion by fluid is presented which compels it to

slide along the wall. In fluid-solid interaction situations, slip effect is meaningful in describing

the macroscopic effects of certain molecular phenomena. Some daily life applications of slip

are rarefied fluid, polishing of internal cavities and artificial heart valves, fluid motion within

human body, flow on multitudinal interfaces and thin film. However less devotion towards slip

relative to peristalsis is shown in the literature. Ali et al. [136] examined the slip effects on

MHD peristaltic flow of viscous fluid with variable viscosity. Hayat et al. [137 138] captured the

effect of slip under peristaltic flow of Jeffrey and viscous materials respectively. Couple stress

fluid flow with peristalsis through porous medium comprising slip effects has been reported

by Ramesh [139]. Hina et al. [140] studied peristalsis of Johnson-Segalman fluid in curved
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geometry subject to slip conditions. Yildirim and Sezer [141] discussed partial slip on MHD

peristalsis of viscous fluid in an asymmetric channel. Peristaltic motion of power-law model

is analyzed by Kumar et al. [142]. Ellahi and Hussain [143] discussed peristaltic flow in a

rectangular duct with slip effects. Some more investigations for slip effect are reported via

studies [144− 149].
Existing literature on peristaltic mechanism were done in straight or curved channels. How-

ever literature peristalsis of viscous and non-Newtonian fluids in rotating channel is scarce.

Flow of fluid in rotating frame has gained much importance amongst the researchers. It is

because of its vast applications in ocean circulation, gas turbines, medical equipment, galaxies

formation, aircraft, rotational spectroscopy, rotational air cleaner and geophysical flows. This

phenomenon through rigid body rotation give rise to effects of centrifugal and Coriolis force in

addition of inertial forces. Few aspects for peristalsis with rotating frame are discussed in the

attempts [150− 156].

1.2 Basic equations

Here the basic laws for mass, momentum, energy and concentration are presented.

1.2.1 Mass conservation

The mass conservation equation in differential form is




+∇ (V) = 0 (1.1)

Here  denotes the density, V the velocity and ∇ represents gradient operator. For incom-

pressible material

∇V = 0 (1.2)
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1.2.2 Momentum conservation

Generalized equation of motion is


V


= ∇τ+f  (1.3)

τ = −I+ S (1.4)

where τ represents Cauchy-stress tensor, f body force, I identity tensor, S extra stress tensor,




the material time differentiation, and  the pressure . Equation of momentum in rotating is

written as:


V


+  [2 (Ω×V) +Ω× (Ω× r)] =∇τ+f  (1.5)

where on left hand side second and third terms present the Coriolis and centrifugal force re-

spectively. Here Ω denotes angular velocity.

1.2.3 Energy conservation

The energy equation is





= −∇ (− grad )+ (1.6)

where  shows temperature,  specific heat and  fluid’s thermal conductivity. First and second

term on right side stands for energy flux and source term related to transport of energy. For the

modification of heat transport characteristics the source term is responsible for consideration

of velocity components, radiative heat flux, surface heating cooling, and viscous dissipation.

Moreover, it also stands for other physical phenomena such as Joule heating and Dufour effects.

1.2.4 Concentration conservation

Suppose  be the mass concentration of fluid per unit volume, then equation of mass can be

given as:




= ∇2 + 


∇2 (1.7)

in which  presents the thermal-diffusion ratio,  stands for mass diffusion coefficient and

 is the mean temperature.
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1.2.5 Transformations and volume flow rate

In present thesis we use Galilean transformations for flow analysis from laboratory to wave

frames of reference. The variables are designed as

 = ̂− ̂  = ̂  = ̂  = ̂(̂ ̂ ̂)

(  ) = ̂(̂ ̂ ̂)−  (̂ ̂ ̂) = ̂(̂ ̂ ̂) (̂ ̂ ̂) = ̂(̂ ̂ ̂) (1.8)

where     are the pressure and velocity components with respect to wave frame.

The dimensionless volume flow rate for asymmetric channel in fixed and wave frames is

given by

̄ =

̄1(̂̂)Z
̄2(̂̂)

̂(̂ ̂ ̂)̂ ̄ =

1()Z
2()

(  ) (1.9)

Using Eq. (18), the volume flow rate can be related by

̄ = ̄ + 1 ()− 2 ()  (1.10)

The time mean flow at a fixed position ̂ over a period (say ) is

Θ̄ =
1



Z
0

̄ (1.11)

Putting Eq. (110) into Eq. (111) and then evaluating the integral we get

Θ̄ = ̄ + 1 + 2 (1.12)

Now defining nondimensional mean time flow in fixed and wave frames respectively

 =
Θ̄

1
 1 =

̄

1
 (1.13)

finally we obtain

 = 1 + 1 +  (1.14)
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in which

1 =

1()Z
2()

(  ) (1.15)

Similarly for symmetric channel the flow rate is given by

1 =

()Z
0

(  ) (1.16)

1.2.6 Dimensionless parameters

The non-dimensionless parameters occurring in whole thesis are defined as

 0 =
Re Ω̄


  =

0


  =

20


  = 

 =
2

0
 Pr =




  =




( = 1 2) 1 =

̊1




2 =
̊2


 1 = − 3

3
 2 =

∗1
3

3
 3 =

30

2

 =
16∗

3∗
 30   =

0
2


  0 = −

∗∗0


  =



 Re =






 =
00
0

  =



  =

00
0

  =


1
  =

1
2


 (1.17)

Here Re denotes the Reynolds number, Ω̄ the angular velocity,  the displacement,  the

wave speed,  the wavelength,  the fluid density,  the kinematic viscosity,  the electrical

conductivity, 0 the magnetic field strength,  the electron,  the cyclotron frequency  the

dynamic viscosity, 0 concentration at walls 0 temperature at walls,  the specific heat,

 thermal conductivity,  the amplitudes, ̊1, ̊2heat and mass transfer coefficient,  the

elastic tension, ∗1 the mass per unit area, 
0 the damping coefficient, ∗ the Stephen Boltzman

constant, ∗ the mean absorption coefficient, 0 non-uniform heat source/sink coefficient, ∗∗

the thermophoretic coefficient,  the reference temperature,  the mass diffusivity coefficient,

 concentration susceptibility  mean fluid temperature 0 thermal diffusion ratio, 1 the

chemical reaction coefficient,  non-uniform channel coefficient,  0 denotes the Taylor number,

 the Hall parameter,  the Hartman number,  Brinkman number,  Eckert number, Pr
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Prandtl number,  amplitude ratio variable, 1 heat transfer Biot number, 2 mass transfer

Biot number, ( = 1 2 3) the wall parameters,  the radiation variable,  the non-uniform

heat source/sink parameter,  0 thermophoretic parameter,  wavelength, Re Reynolds number,

 Schmidt number,  non-uniform channel parameter,  Dufour number,  chemical reaction

parameter and  Soret number.
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Chapter 2

Hall current and Joule heating

impacts in peristaltic transport of

rotating liquid

2.1 Introduction

The present chapter is arranged to study the Hall current and Joule heating effects on peristaltic

flow of viscous fluid. Channel with flexible boundaries is considered. System consisting of liquid

and channel behaves like a rigid body. Convective conditions for heat transfer in the formu-

lation are adopted. Viscous dissipation in energy expression is taken into account. Resulting

differential systems after invoking small Reynolds number and long wavelength considerations

are numerically solved. Runge-Kutta scheme of order four is implemented temperature, ax-

ial and secondary velocities and heat transfer coefficient. Comparison with previous limiting

studies is shown. Outcome of new parameters of interest is analyzed.

2.2 Problem development

We choose channel with compliant boundaries. Viscous liquid is electrically conducted. Electric

field effect is not considered. However the Hall and Joule heating effects are accounted. Both

the channel and fluid rotates with a uniform angular velocity Ω̄ about the −. The channel
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walls are convectively heated. Viscous dissipation impact is accounted. The sinusoidal waves

propagating along the channel walls (at  = ±) are

 = ±( ) = ±
∙
+  sin

2


(− )

¸
 (2.1)

Fig. 2.1: Geometry of problem.

where    and  represent the wave amplitude, wavelength, wave speed and time respectively.

The equations in rotating frame can be put as follows:




+




= 0 (2.2)





− 2Ω̄ = −̃


+ 

∙
2

2
+

2

2

¸
+

20
1 +2

(−+) (2.3)





+ 2Ω̄ = −̃


+ 

∙
2

2
+

2

2

¸
 − 20

1 +2
( +) (2.4)





= −̃


+ 

∙
2

2
+

2

2

¸
 (2.5)





= ∇2 + 20

1 +2
(2 +2) + 

"
2

(µ




¶2
+

µ




¶2)
+

µ



+





¶2#
 (2.6)
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The conditions for present problem are





= −̊1( − 0) at  =  (2.7)





= −̊1(0 −  ) at  = − (2.8)

 = 0  = 0 at  = ± (2.9)

and compliant wall condition is




() =




= −


+

∙
2

2
+

2

2

¸
+

20
1 +2

(−+) + 2Ω̄ at  = ± (2.10)

 = − 2

2
+∗1

2

2
+ 0






where ̃ = − 1
2
Ω2(2 + 2)

If  (  ) is the stream function then

 =   = − (2.11)

Define the dimensionless variables as:

∗ =



 ∗ =




 ∗ =




 ∗ =

2̃


 ∗ =






∗ =



 ∗ =




 ∗ =




 ∗ =






 =
 − 0

1 − 0
 (2.12)

The problems subject to long wavelength and small Reynolds number become

 =  −
2

1 +2
 +

µ
2 0 +

2

1 +2

¶
 (2.13)

 =  − 2

1 +2
( +)− 2 0 (2.14)

 = 0 (2.15)
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 +2 −
2

1 +2
2 = 0 (2.16)

 = 1 +  sin 2 (− )  (2.17)

 +1 = 0 at  = 

 −1 = 0 at  = − (2.18)

 = 0  = 0 at  = ± (2.19)

∙
1

3

3
+2

3

2
+3

2



¸
 =  −

2

1 +2
 +

µ
2 0 +

2

1 +2

¶
 at  = ± (2.20)

From equation (215)  6= () so equations (213) and (214) yield

 +

µ
2 0 +

2

1 +2

¶
 − 2

1 +2
 = 0 (2.21)

 − 2

1 +2
( +)− 2 0 = 0 (2.22)

Here the pressure term is neglected because of secondary flow which is produced due to rotation.

2.3 Solution methodology

Now our interest is to solve equations (216), (221) and (222) subject to the conditions (217)−
(220) Therefore we apply a numerical technique (shooting technique with fourth order Runge-

Kutta integration) built in command of Mathematica. The graphical outcomes of velocities

( ), temperature () and heat transfer coefficient () have been discussed in detail for the

sundry parameters.

2.4 Discussion

2.4.1 Axial velocity

Figs. (22− 25) are plotted to see the effects of   0  and 1 2 3 on axial velocity ().

The impact of Hartman number  on velocity profile  is sketched in Fig. 22 Result in Fig.

shows decaying behavior of  via larger . It is due to the resistive nature of Lorentz force.
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Impact of Taylor number  0 on velocity profile is displayed in Fig. 23. It is evident from Fig.

that velocity is enhanced by increasing rotation. The reason behind this fact is that the rotation

of fluid induced the secondary flow which causes decrease in velocity. The result matches with

the study [155]. On the other hand Fig. 24 shows the increasing impact of axial velocity for

increasing Hall parameter . In fact for larger values of  the effective conductivity decreases.

It causes decrease in magnetic damping force and hence axial velocity enhances. Variation in

 for wall parameters is depicted in Fig. 25. The velocity increases for larger 1 and 2 while

it decays for increasing damping parameter 3.

Fig. 2.2 Fig. 2.3
Fig. 2.2: Axial velocity  for  with  = 02  = 02  = 01 1 = 03 2 = 01 3 = 01

 = 05  0 = 02 1 = 2  = 03

Fig. 2.3: Axial velocity  for  0 with  = 02  = 02  = 01 1 = 03 2 = 01 3 = 01

 = 05  = 02 1 = 2  = 03

Fig. 2.4 Fig. 2.5
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Fig. 2.4: Axial velocity  for  with  = 02  = 02  = 01 1 = 03 2 = 01 3 = 01

 = 02  0 = 02 1 = 2  = 03

Fig. 2.5: Axial velocity  for 1 2 3 with  = 02  = 02  = 01  = 05  = 02

 0 = 02 1 = 2  = 03

2.4.2 Secondary velocity

Figs. (26− 29) are sketched for the outcome of emerging parameters on secondary velocity
(). In Fig. 26 secondary velocity decreases for increasing Hartman number . Fig. 27

depicts that for larger Taylor number  0 the secondary velocity increases. It is because of

the fact that secondary velocity is enhanced due to an increase in rotation. This result also

agrees with previous studies of Hayat et al. [155] and Mahmoud [154]. Also Fig. 27 shows no

variation when  0 = 0. In Fig. 28 the effect of Hall current parameter  on () is depicted.

Larger  lead to secondary velocity enhancement. The result shows that  resists the change

in fluid caused by an increase in the applied magnetic field strength. Fig. 29 witnesses that 

is enhanced for greater values of 1 and 2 whereas it has reversed behavior for 3.

Fig. 2.6 Fig. 2.7

Fig. 2.6: Secondary velocity  for  with  = 05  = 01  = 01 1 = 03 2 = 01

3 = 01  = 04  0 = 02 1 = 2  = 03

Fig. 2.7: Secondary velocity  for  0 with  = 05  = 01  = 01 1 = 03 2 = 01

3 = 01  = 05  = 05 1 = 2  = 03
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Fig. 2.8 Fig. 2.9

Fig. 2.8: Secondary velocity  for  with  = 05  = 01  = 01 1 = 03 2 = 01

3 = 01  = 05  0 = 02 1 = 2  = 03

Fig. 2.9: Secondary velocity  for 1 2 3 with  = 05  = 02  = 01  = 04  = 05

 0 = 02 1 = 2  = 03

2.4.3 Temperature

Variations of temperature distribution  plotted against  for several interesting parameters

are observed through Figs. 210− 214. Temperature decays as we increase Hartman number
 and rotation parameter  0 (see Figs. 210 and 211). In Fig. 212 the temperature reduces

when heat transfer Biot number 1 increases. The obtained result indicates that the thermal

conductivity of the fluid reduces with the increase in 1 and thus temperature decreases. Fig.

213 reveals that temperature increases for larger Brinkman number . In fact minimum heat

conduction is produced by viscous dissipation. The increasing behaviors of temperature for

elastic parameters 1 and 2 and decreasing behavior for damping parameter 3 are shown in

Fig. 214.
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Fig. 2.10 Fig. 2.11
Fig. 2.10: Temperature  for  with  = 02  = 01  = 01 1 = 03 2 = 01 3 = 01

 = 04  0 = 02 1 = 2  = 03

Fig. 2.11: Temperature  for  0 with  = 02  = 01  = 01 1 = 03 2 = 01 3 = 01

 = 04  = 05 1 = 2  = 03

Fig. 2.12 Fig. 2.13
Fig. 2.12: Temperature  for 1 with  = 02  = 01  = 01 1 = 03 2 = 01 3 = 01

 = 05  0 = 02  = 04  = 02

Fig. 2.13:Temperature  for  with  = 02  = 01  = 01 1 = 03 2 = 01 3 = 01

 = 05  0 = 02  = 04 1 = 2
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Fig. 2.14

Fig. 2.14: Temperature  for 1 2 3 with  = 02  = 01  = 01  = 04  = 01

 0 = 02 1 = 2  = 03

2.4.4 Heat transfer coefficient

The impacts of   0  and 1 2 3 on rate of heat transfer at channel walls are portrayed

in Figs. 215 − 218. Fig. 215 shows oscillatory behavior for increasing Hartman number .
Here  shows decreasing behavior for increasing Taylor number (see Fig. 216). In Fig. 217 the

rate of heat transfer coefficient  is enhanced for larger Brinkman number  due to stronger

viscous dissipation effect. The magnitude of heat transfer coefficient  near centerline increases

for wall parameters whereas it decreases near the boundaries of the channel (see Fig. 218).

Fig. 2.15 Fig. 2.16
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Fig. 2.15: Heat transfer coefficient  for  with  = 02  = 01 1 = 03 2 = 01

3 = 01  = 05  0 = 02 1 = 2  = 03

Fig. 2.16: Heat transfer coefficient  for  0 with  = 02  = 01 1 = 03 2 = 01

3 = 01  = 05  = 02 1 = 2  = 03

Fig. 2.17 Fig. 2.18

Fig. 2.17: Heat transfer coefficient  for  with  = 01  = 01 1 = 03 2 = 01

3 = 01  = 05  0 = 02  = 04 1 = 2

Fig. 2.18: Heat transfer coefficient  for 1 2 3 with  = 02  = 01  = 04  = 05

 0 = 02 1 = 2  = 03

2.5 Conclusions

Hall current and Ohmic heating effects on peristaltic flow in a rotating frame are analyzed. The

major key findings are:

• Impact of Hartman and Taylor numbers on the axial velocity are found similar.

• Both axial and secondary velocities are increasing functions of Hall parameter.

• Opposite behavior of Taylor number on axial and secondary velocities is observed.

• The axial and secondary velocities show similar behavior for wall parameters.

• Rotation parameter leads to an enhancement of temperature.
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• Temperature decays for increasing 1 while it enhances for Brinkman number, Hartman
number and wall parameters.

• Hartman and Taylor numbers outcomes on heat transfer rates are opposite to that of
Brinkman number and wall parameters.
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Chapter 3

Impact of thermal radiation and

thermophoresis on peristalsis in

rotating frame

3.1 Introduction

Thermal radiation effect on peristaltic activity of rotating flow in a channel is addressed in

this chapter. The influences of thermophoresis and chemical reaction are taken into account.

Convective heat and mass transfer conditions in formulation are adopted. In addition, the non-

uniform heat source/sink effect is included in heat transfer analysis. Exact solutions for stream

function and temperature are obtained. Numerical solution for concentration of developed

mathematical model are obtained by considering low Reynolds number and long wavelength.

The effects of emerging physical parameters are analyzed through graphical illustrations. It

is found that influences of thermophoretic and thermal radiation parameters on temperature

and concentration are quite opposite. Further heat transfer coefficient decays when rotation is

increased.
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3.2 Problem development

Consider an incompressible viscous fluid in a channel with width 2. Both the channel and

fluid rotates with a uniform angular velocity Ω̄ about the  − . Mathematical expression

for wave propagation along the channel walls at ̂ = ±̄ is given by

̄(̂ ̂) = +  sin
2


(̂− ̂) (3.1)

In a rotating frame the governing equations are given by

̂

̂
+

̂

̂
= 0 (3.2)


̂

̂
− 2Ω̂ = −̃

̂
+ 

∙
2

̂2
+

2

̂2
+

2

̂2

¸
̂ (3.3)


̂

̂
+ 2Ω̂ = −̃

̂
+ 

∙
2

̂2
+

2

̂2
+

2

̂2

¸
̂ (3.4)


̂

̂
= −̃

̂
+ 

∙
2

̂2
+

2

̂2
+

2

̂2

¸
̂ (3.5)




̂
= 

∙
2

̂2
+

2

̂2
+

2

̂2

¸
 + 

"µ
̂

̂
+

̂

̂

¶2#

−()̂
̂

+0( − 0) (3.6)



̂
= 

∙
2

̂2
+

2

̂2
+

2

̂2

¸
 − ( ( − 0))

̂
− 1( −0) (3.7)

Using Rosseland heat flux approximation we have

 = −4
∗

3∗


̂
 4 (3.8)

where ∗ and ∗represent the Rosseland mean absorption coefficient and Stefan-Boltzmann

respectively. Expanding  4 about 0 and ignoring higher order terms of ( − 0). Then

 = −
∗∗




̂
 (3.9)
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where  ∗∗ and  denote the kinematic viscosity, thermophoretic coefficient and reference

temperature respectively.

The conditions for present problem are

̂ = 0 ̂ = 0 


̂
= 0 



̂
= 0 at ̂ = 0 (3.10)

̂ = 0 ̂ = 0 


̂
= −̊1(0 −  ) 



̂
= −̊2(0 − ) at ̂ = ̂ (3.11)

in which ̊1 and ̊2 indicate the heat and mass transfer coefficients respectively.

Putting Eqs. (38) and (39) in Eqs. (36) and (377) and then using the wave frame

transformations

 = ̂− ̂  = ̂  = ̂  = ̂(̂ ̂ ̂)

(  ) = ̂(̂ ̂ ̂)−  (̂ ̂ ̂) = ̂(̂ ̂ ̂) (̂ ̂ ̂) = ̂(̂ ̂ ̂) (3.12)

Eqs. (32)− (37) become




+




= 0 (3.13)∙

(+ )



+ 




+ 




− 2Ω

¸
= −


+ 

∙
2

2
+

2

2
+

2

2

¸
 (3.14)

∙
(+ )




+ 




+ 




+ 2Ω

¸
= −


+ 

∙


2
+

2

2
+

2

2

¸
 (3.15)

∙
(+ )




+ 




+ 





¸
= −


+ 

∙


2
+

2

2
+

2

2

¸
 (3.16)





= 

∙
2

2
+

2

2
+

2

2

¸
 + 

"µ



+





¶2#

+
16∗

3∗
 30

2

2
+0( − 0) (3.17)




= 

∙
2

2
+

2

2
+

2

2

¸
 +

∗∗


∙




µ



( − 0)

¶¸
− 1( − 0) (3.18)
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Using dimensionless variables

∗ =



 ∗ =




 ∗ =




 ∗ =




 ∗ =

2




∗ =



 ∗ =




 ∗ =




 ∗ =




  =

 − 0

0


 =
 − 0

0
  =




 Re =




 (3.19)

 =   = − (3.20)

and applying lubrication approach, the Eqs. (314)− (318) give

 −  − 2 0 = 0 (3.21)

 −  + 2
0( + 1) = 0 (3.22)

 = 0 (3.23)

(1 + Pr) ++
2
 +  = 0 (3.24)

 −  0 [+ ]−  = 0 (3.25)

and the conditions in non-dimensional form are

() = 1 +  sin 2 (3.26)

 = 0  = 0  = 0



= 0




= 0 at  = 0 (3.27)

 = 1  = −1  = 0



−1 = 0




−2 = 0 at  =  (3.28)

where the stream function  gives

1 =

Z 

0



From Eq. (323)  6= () thus Eq. (321) becomes

 + 2
0 = 0 (3.29)

and due to rotational effect, we neglect pressure term caused by secondary flow. Therefore Eq.
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(322) becomes

 − 2 0( + 1) = 0 (3.30)

3.3 Solution methodology

The closed form solutions of Eqs. (329) (330) and (324) and boundary conditions (326) −
(327) are

() =
³
sin 2

√
 0 − sinh 2

√
 0
´−1

[− sin 2
√
 0 −1(2(1 + ) cosh 

√
 0 sin 

√
 0

−21 cos 
√
 0 sinh 

√
 0 − 2 cos 

√
 0 sinh 

√
 0) +  sinh 2

√
 0

+(1 + )(1 + )2(sin(1 + )
√
 0 − sinh(1 + )

√

0
)] (3.31)

() =
³
sin 2

√
 0 − sinh 2

√
 0
´−1

[2(1 + )(cos 2
√
 0 − cosh2 

√
 0

−23 cos 
√
 0 cosh 

√
 0) + sinh2 

√
 0 +4 sin 

√
 0 sinh 

√

0
] (3.32)

() = (1 +2) cosh3 + (1 −2) sinh3 +4[(cosh5 − sinh5)

( cos + cosh + sin + sinh)] (3.33)

where  ( = 1− 4),  ( = 1− 5)  ( = 1− 32),  ( = 1− 32),  ( = 1− 32)
and  ( = 1 − 32) have been computed algebraically. Eq. (25) is solved numerically using
NDSolve built in MATHEMATICA.

3.4 Discussion

The Taylor number  0 effect on axial velocity is sketched in Fig. 31. It is noticed from Fig.

that velocity is decreasing function of  0 in the upper half of the channel whereas it shows an

increasing behavior in lower half of channel. It is because of the fact that the secondary flow is

produced by rotation which causes decay of velocity. Fig. 32 depicts that for increasing Taylor

number  0 the secondary velocity increases. In fact secondary velocity is enhanced due to an
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increase in rotation.

Figs. 33− 37 are plotted to observe the effect of temperature distribution  for several

parameters. Temperature rapidly decays as we increase rotation parameter  0 (see Fig. 33).

The reason behind this fact is that as we increase  0 the motion of the fluid particles increases

which causes decrease in  Effect of increasing non-uniform source/sink parameter  on 

is observed in Fig. 34. We noticed that temperature distribution rises for larger . The

distribution of temperature is portrayed for different values of  in Fig. 35. It is noticed that

for larger radiation parameter  the temperature decreases. It is in fact due to the loss of heat.

Effect of Brinkman number  is shown in Fig. 36. Here temperature enhances for increasing

Brinkman number . Involvement of viscous dissipation effect in  produced minimum heat

conduction which results rise in . In Fig. 37 the temperature reduces when heat transfer

Biot number 1 increases. The obtained result indicates that the thermal conductivity of fluid

reduces with an increase in 1and so decay in  is noticed.

The impacts of  0    and 1 on heat transfer rate  at channel walls are portrayed

in Figs. 38 − 312 Fig. 38 predicts that  increases for larger  0 when rotation increases.

Opposite behavior for heat generation/absorption  is shown in Fig. 39. This indicates that

 is higher for  Â 0. In Fig. 310 the magnitude of heat transfer coefficient  near centerline

enhances for radiation parameter whereas it decreases near the channel boundaries. In Fig.

311 due to stronger viscous dissipation effect the rate of heat transfer coefficient  rises for

larger Brinkman number . Influence of 1 on heat transfer rate  is illustrated in Fig. 312.

Decrease in  is seen for larger values of 1

Effect of different emerging parameters on dimensionless concentration  are demonstrated

through Figs. 313 − 317. As temperature and concentration have inverse relation so con-
centration shows opposite behavior for sundry parameters. In Fig. 313 we observed that

concentration  increases for larger Taylor number  0. An enhancement of  is shown in Fig.

314 for increasing values of heat generation/absorption . Similar graphical result of concen-

tration field  is obtained in Fig. 315 for growing values of chemical reaction parameter .

Since chemical effect increases the rate of interfacial mass transfer and thus reduces the local

concentration which in turn increases concentration flux when we have constructive chemical

reaction. Here Fig. 316 is plotted to analyze the behavior of thermophoretic parameter 

35



on concentration  It is noticed that larger values of thermophoresis parameter increases the

concentration for a small range In fact larger temperature gradient increases  0 which causes

an enhancement in concentration profile. Fluctuation in  for mass transfer Biot number 2

is portrayed in Fig. 317. Concentration of fluid increases when we take larger values of 2.

Fig. 3.1 Fig. 3.2

Fig. 3.1: Plot of  via  0 when  = 07  = 01  = 05

Fig. 3.2: Plot of  via  0 when  = 07  = 05  = 05

Fig. 3.3 Fig. 3.4

Fig. 3.3: Plot of  via  0 when  = 07  = 01  = 07 Pr = 05 1 = 5  = 2  = 03

 = 05

Fig. 3.4: Plot of  via  when  = 07  = 01  = 07 Pr = 05 1 = 5  = 2  = 03
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 0 = 02

Fig. 3.5 Fig. 3.6

Fig. 3.5: Plot of  via  when  = 07  = 01  = 07 Pr = 05 1 = 5  = 2  = 05

 0 = 02

Fig. 3.6: Plot of  via  when  = 07  = 01  = 07 Pr = 05 1 = 5  = 03

 = 05  0 = 02

Fig. 3.7

Fig. 3.7: Plot of  via 1 when  = 07  = 01  = 07 Pr = 05  = 02  = 03

 = 05  0 = 02
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Fig. 3.8 Fig. 3.9

Fig. 3.8: Plot of  via  0 when  = 03  = 01 Pr = 15 1 = 5  = 2  = 14  = 03

Fig. 3.9: Plot of  via  when  = 03  = 01 Pr = 15 1 = 5  = 2  = 03 
0 = 02

Fig. 3.10 Fig. 3.11

Fig. 3.10: Plot of  via  when  = 03  = 01 Pr = 15 1 = 5  = 2 
0 = 02

 = 05

Fig. 3.11: Plot of  for via  when  = 03  = 01 Pr = 15 1 = 5  = 03 
0 = 02
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 = 05

Fig. 3.12

Fig. 3.12: Plot of  via 1 when  = 03  = 01 Pr = 15  = 2  = 03 
0 = 02

 = 05

Fig. 3.13 Fig. 3.14

Fig. 3.13: Plot of  via  0 when  = 03  = 02  = 07 1 = 10 2 = 10 Pr = 07

 = 2  = 1  = 08 
0 = 07  = 02  = 03

Fig. 3.14: Plot of  via  when  = 03  = 02  = 07 1 = 10 2 = 10 Pr = 07

 = 2  = 1 
0 = 07  = 02  = 03  0 = 02
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Fig. 3.15 Fig. 3.16

Fig. 3.15: Plot of  via  when  = 03  = 02  = 15 1 = 10 2 = 10 Pr = 07

 = 2  = 1 
0 = 07  = 02  = 05  0 = 02

Fig. 3.16: Plot of  via  0 when  = 03  = 02  = 07 1 = 10 2 = 10 Pr = 07

 = 2  = 08  = 03  = 02  = 05 
0 = 2

Fig. 3.17

Fig. 3.17: Plot of  via 2 when  = 03  = 02  = 07 1 = 10  = 01 Pr = 07

 = 2  = 08  = 03  = 02  = 05 
0 = 2

3.5 Conclusions

Influences of thermal radiation and thermophoresis on peristaltic rotating flow are focused. Key

findings of present analysis are:

• Dual effect of Taylor number on  is observed.
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• Secondary velocity is an increasing function of Taylor number.

• Similar behavior of temperature is noticed for rotation and radiation parameters.

• Temperature is an increasing function of heat generation/absorption and Brinkman num-
ber.

• Opposite behavior of temperature and concentration is noticed for emerging parameters.

• Heat transfer rate decreases by increasing  0,  and 1 whereas it enhances for  and

.
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Chapter 4

Peristaltic activity of rotating

Prandtl fluid

4.1 Introduction

Peristaltic motion of MHD rotating flow of Prandtl fluid in channel with flexible characteristics

is discussed. Constant angular velocity is adopted. Channel is convectively heated. Numerical

results are obtained. Axial and secondary velocities, temperature and heat transfer coefficient

are examined.

4.2 Definition

Consider peristaltic motion of MHD Prandtl fluid in a uniform channel of thickness 2. Uniform

magnetic field 0 is applied. Effect of electric field is not retained. Convectively heated channel

has flexible walls. The wall surface satisfies

 = ±( ) = ±
∙
+  sin

2


(− )

¸
 (4.1)
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For Prandtl fluid, the general constitutive equations are represented as:

τ = −I+ S (4.2)

S = ̀1

⎡⎢⎢⎢⎣
sin−1(

3P
=1

3P
=1


2̀22

)
1
2

(
3P

=1

3P
=1


2̀22

)
1
2

⎤⎥⎥⎥⎦   (4.3)

where

 =
1

2

µ



+





¶


Using Patel et. al. [35] we have

 =
̀1 sin

−1[ 1
̀2
[(

)2 + (


)2]12]

[(

)2 + (


)2]12






 =
̀1 sin

−1[ 1
̀2
[(

)2 + (


)2]12]

[(

)2 + (


)2]12






where ̀1 and ̀2 are material constants relating to Prandtl fluid. Considering velocity compo-

nents    in    directions, we have

V = [(  ) (  ) (  )] (4.4)

Mass, momentum and energy conservation equations in rotating frame are




+




= 0 (4.5)





− 2Ω = −̃


+




+




+




− 20 (4.6)





+ 2Ω = −̃


+




+




+




− 20 (4.7)





= −̃


+




+




+




 (4.8)





= 

∙
2

2
+

2

2
+

2

2

¸
+ 




+ 

µ



+





¶
+ 




 (4.9)
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with conditions





= −̊1( − 0) at  =  (4.10)





= −̊1(0 −  ) at  = − (4.11)

 = 0  = 0 at  = ± (4.12)




() =




= −


+




+




+




− 20+ 2Ω at  = ± (4.13)

where

 = − 2

2
+∗1

2

2
+ 0






Consider

∗ =



 ∗ =




 ∗ =




 ∗ =




 ∗ =

2̃




∗ =



 ∗ =




 ∗ =




 ∗ =




 S∗ =

S




 =
 − 0

0
  =




 Re =




 (4.14)

Defining the stream function () by

 =   = − (4.15)

and invoking lubrication technique one obtains from (45)− (49) as

−2 0 = −

+




−2 (4.16)

2 0 = −



+




−2 (4.17)

0 = −

+




 (4.18)

2

2
+ = 0 (4.19)
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Through Eq. (43) we can write

 = 1 +
2

6
3 (4.20)

 = 1 +
2

6
3  (4.21)

 = 0 (4.22)

with the dimensionless conditions

 = 1 +  sin 2 (− )  (4.23)




+1 = 0 at  = 




−1 = 0 at  = − (4.24)

 = 0  = 0 at  = ± (4.25)

∙
1

3

3
+2

3

2
+3

2



¸
 =




−2 + 2

0 at  = ± (4.26)

In above expressions 1 =
̀1
̀2

and 2 =
1

2

̀22
2
denote the Prandtl fluid parameters.

Equations (418) and (422) indicate  6= (). Following arguments of previous chapters we

have





∙



−2 + 2

0
¸
= 0 (4.27)




−2 − 2 0 = 0 (4.28)

Our interest is now to find numerical solution by shooting technique with fourth order Runge-

Kutta scheme.

4.3 Analysis

Various pertinent parameters effects on () are concluded via Figs. 41 ( − ). Figs. 41()

and () depict a visible reduction in velocity profile with the increase in 1 and 2 respectively.

Higher Prandtl fluid parameters 1 and 2 characterize an increase in viscosity. Consequently a

decreasing velocity profile is captured. Same results are reported by Riaz et al. [54] and Hayat
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et al. [55]. Externally applied magnetic field helps in aligning the fluid particles. Fluid velocity

is decreased. This effect of magnetic field makes it valuable in biomedical applications like

GMR (see Fig. 41()). A numerical study using Runge-Kutta Fehlberg method presented by

Akbar et al. [52] approves the present finding via larger Hartman number. Velocity against wall

parameters is presented via Fig. 41(). The obtained result illustrates velocity enhancement

against 1 and 2. However velocity is decreased by 3 Larger 1and 2 give less resistance

to flow and so velocity decreases for 3 Results of [53] also confirm these outcomes. Rotation

in system induces a secondary flow. This secondary flow is perceived to yield decrease in axial

velocity (shown by Fig. 41()). Accordingly the axial velocity is quite high in the absence of

rotation parameter  0. The Taylor number ( 0) is a dimensionless quantity which characterizes

the importance of centrifugal forces due to rotation of fluid relative to viscous forces.

Figs. 42(− ) indicate secondary velocity  by rotation about −axis. Secondary velocity
for 1 and 2 has similar behavior to that of axial velocity (see Figs. 42() and 42()). Fig.

42() depicts decay in secondary for larger Hartman number . Externally applied magnetic

field acts as drag force and so resists the fluid flow. In Fig. 42() the wall parameters have

similar impact on secondary velocity when compared to that of axial velocity. Impact of Taylor

number  0 on  is shown via Fig. 42(). An interesting fact worth mentioning here is the

opposite behavior of secondary velocity in response to rotation. Secondary velocity, in contrast

to axial velocity, enhances in the presence of rotation. For authenticity the results of  0 can

be compared with Mahmoud [154] and Hayat et al. [155]. However secondary velocity vanishes

for  0 = 0.

Figs. 43 (−) are included to elaborate the behavior of temperature distribution  From
Figs. 43() and () it is observed that fluid cools down for fluid parameters 1 and 2. Parabolic

temperature profile is observed in these figures, referring to the fact that fluid has the highest

velocity and temperature, at centre of channel. Fig. 43() concludes a decreasing behavior

when  is enhanced. Fig. 43() illustrates the impact of wall parameters. Variation of wall

parameter leas to temperature enhancement. Average kinetic energy is known as temperature.

The velocity and temperature have similar effects. Temperature is decreased for larger 1 (see

Fig. 43()). Note that dissipation effect leads to Brinkman number. Clearly such dissipation

generates heat in channel. There is temperature enhancement when Br enhances (see Fig.
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43()). Temperature is decreased via  0 (see Fig. 43()).

Behavior of heat transfer coefficient  for parameters 1, 2  1  
0 and wall

parameters  are shown through Figs. 44 ( − ). Heat transfer coefficient defined by  =

() involves temperature of the fluid as well as position of channel walls. It is found

from Figs. 44() and () that larger fluid parameters  and  ensure lower heat transfer

rate. Hartman number  decays magnitude of heat transfer coefficient  near channel centre

whereas it increases near the boundaries (see Fig. 44()). From Fig. 44() it is noticed that

 increases for 1 and 2 Effects of 3 on  is different to that of 1 and 2. Fig. 44()

depicts no absolute value of heat transfer coefficient when 1 varies. The obtained result from

Fig. 44() shows increasing behavior of . Heat transfer rate between wall and fluid decays

for larger rotation (see in Fig. 44()).

(a) (b)
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(c) (d)

(e)

Fig. 4.1: Axial velocity  for (a) Prandtl fluid parameter 1 when 1 = 003 2 = 002

3 = 001  = 02  = 01,  = 02, 2 = 05  = 03 1 = 2 
0 = 02,  = 03 (b)

Prandtl fluid parameter 2 when 1 = 003 2 = 002 3 = 001  = 02  = 01,  = 02,

1 = 2  = 03 1 = 2 
0 = 02  = 03 (c) Hartman number  when 1 = 003

2 = 002 3 = 001  = 02  = 01,  = 02, 2 = 05  = 03 1 = 2 
0 = 02, 1 = 2

(d) wall parameters 1 2 3 when 1 = 2  = 01,  = 02, 2 = 05  = 03 1 = 2

 0 = 02  = 03 (e) Taylor number  0 when 1 = 003 2 = 002 3 = 001  = 02

 = 01,  = 02, 2 = 05  = 03 1 = 2  = 03 1 = 2
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(a) (b)

(c) (d)

(e)

Fig. 4.2: Secondary velocity  for (a) Prandtl fluid parameter 1 when 1 = 05 2 = 04

3 = 03  = 02  = 01,  = −02, 2 = 05  = 03 1 = 2  0 = 02,  = 03 (b)

Prandtl fluid parameter 2 when 1 = 05 2 = 04 3 = 03  = 02  = 01,  = −02,
1 = 2  = 03 1 = 2 

0 = 02  = 03 (c) Hartman number  when 1 = 05
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2 = 04 3 = 03  = 02  = 01,  = −02, 2 = 05  = 03 1 = 2  0 = 02, 1 = 2
(d) wall parameters 1 2 3 when 1 = 2  = 01,  = −02, 2 = 05  = 03 1 = 2
 0 = 02  = 03 (e) Taylor number  0 when 1 = 05 2 = 04 3 = 03  = 02  = 01,

 = −02, 2 = 05  = 03 1 = 2  = 03 1 = 2

(a) (b)

(c) (d)
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(e) (f)

(g)

Fig. 4.3: Temperature  for (a) Prandtl fluid parameter 1 when 1 = 03 2 = 02

3 = 01  = 02  = 01,  = 02, 2 = 05  = 03 1 = 2 
0 = 02,  = 03 (b) Prandtl

fluid parameter 2 when 1 = 03 2 = 02 3 = 01  = 02  = 01,  = 02, 1 = 2

 = 03 1 = 2 
0 = 02  = 03 (c) Hartman number  when 1 = 03 2 = 02

3 = 01  = 02  = 01,  = 02, 2 = 05  = 03 1 = 2 
0 = 02, 1 = 2 (d) wall

parameters 1 2 3 when 1 = 2  = 01,  = 02, 2 = 05  = 03 1 = 2 
0 = 02

 = 03 (e) Biot number 1 when 1 = 03 2 = 02 3 = 01  = 02  = 01,  = 02,

2 = 05  = 03  = 03  0 = 02, 1 = 2 (f) Brinkman  when 1 = 03 2 = 02

3 = 01  = 02  = 01,  = 02, 2 = 05 1 = 2  = 03  0 = 02, 1 = 2 (g) Taylor

number  0 when 1 = 03 2 = 02 3 = 01  = 02  = 01,  = 02, 2 = 05  = 03

1 = 2  = 03 1 = 2
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(a) (b)

(c) (d)

(e) (f)
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(g)

Fig. 4.4: Heat transfer coefficient  (a) Prandtl fluid parameter 1 when 1 = 05 2 = 04

3 = 03  = 02  = 01,  = 02, 2 = 05  = 03 1 = 2 
0 = 02,  = 03 (b) Prandtl

fluid parameter 2 when 1 = 05 2 = 04 3 = 03  = 02  = 01,  = 02, 1 = 2

 = 03 1 = 2 
0 = 02  = 03 (c) Hartman number  when 1 = 05 2 = 04

3 = 03  = 02  = 01,  = 02, 2 = 05  = 03 1 = 2 
0 = 02, 1 = 2 (d) wall

parameters 1 2 3 when 1 = 2  = 01,  = 02, 2 = 05  = 03 1 = 2 
0 = 02

 = 03 (e) Biot number 1 when 1 = 05 2 = 04 3 = 03  = 02  = 01,  = 02,

2 = 05  = 03  = 03  0 = 02, 1 = 2 (f) Brinkman  when 1 = 05 2 = 04

3 = 03  = 02  = 01,  = 02, 2 = 05 1 = 2  = 03  0 = 02, 1 = 2 (g) Taylor

number  0 when 1 = 05 2 = 04 3 = 03  = 02  = 01,  = 02, 2 = 05  = 03

1 = 2  = 03 1 = 2

4.4 Conclusions

Important findings here are

• Axial and secondary velocities via rotation have opposite effects.

• Similar response of Prandtl fluid parameters on , ,  and  is seen.

• Both velocities are enhanced for flexible characteristics.

• Decay in ,  and  is observed for Hartman number.

• Brinkman and Biot numbers for temperature and heat transfer coefficient have opposite
effects.
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Chapter 5

MHD peristaltic flow of rotating

Prandtl fluid with Soret and Dufour

effects

5.1 Introduction

The purpose here is to examine Soret/Dufour effects in MHD peristaltic flows of rotating Prandtl

liquid in a channel with flexible boundaries. Formulation for heat and mass transfer is arranged

using convective conditions. Large wavelength and small Reynolds number are utilized. The

numerical solution of resulting problems are obtained and analyzed in detail.

5.2 Problem development

We examine peristaltic flow of Prandtl liquid in a rotating system. Channel of width 2 is

considered. The channel and liquid rotate by constant angular velocity Ω = Ω̂ (̂ is unit

vector parallel to  − ). Magnetic field of strength 0 is applied. The wall surface in

mathematical form is

 = ±( ) = ±
∙
+  sin

2


(− )

¸
 (5.1)
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Fig. 5.1: Sketch of problem.

For Prandtl fluid, the Cauchy stress tensor  is represented by:

τ = −I+ S (5.2)

S = ̀1

⎡⎢⎢⎢⎣
sin−1(

3P
=1

3P
=1


2̀22

)
1
2

(
3P

=1

3P
=1


2̀22

)
1
2

⎤⎥⎥⎥⎦   (5.3)

where

 =
1

2

µ



+





¶
and

³
̀1 ̀2

´
are material constants.

For present rotating flow, the governing equations are




+




= 0 (5.4)





− 2Ω = −̃


+




+




+




− 20 (5.5)





+ 2Ω = −̃


+




+




+




− 20 (5.6)





= −̃


+




+




+




 (5.7)
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Energy and concentration equations are





= ∇2 + 0


∇2 + 




+ 

µ



+





¶
+ 




 (5.8)




= ∇2 + 0


∇2 (5.9)

in which   0  represent mean fluid temperature, mass diffusivity coefficient, thermal

diffusion ratio and concentration susceptibility respectively. The conditions are





= −̊1( − 0) at  =  (5.10)





= −̊1(0 −  ) at  = − (5.11)





= −̊2( − 0) at  =  (5.12)





= −̊2(0 − ) at  = − (5.13)

 = 0  = 0 at  = ± (5.14)




() =




= −


+




+




+




− 20+ 2Ω at  = ± (5.15)

 = − 2

2
+∗1

2

2
+ 0






where
³̊
1 ̊2

´
and  represent the coefficient of heat and mass transfer and fluid temperature.

Employing

∗ =



 ∗ =




 ∗ =




 ∗ =




 ∗ =

2̃




∗ =



 ∗ =




 ∗ =




 ∗ =




 S∗ =

S


  =

 − 0

0


 =
 −0

0
  =

∗


  =




 Re =




 (5.16)

 =   = − (5.17)

Eqs. (55)− (59) takes the given form after using long wavelength and low Reynolds number

56



considerations,

−2 0 = −

+




−2 (5.18)

2 0 = −



+




−2 (5.19)




= 0 (5.20)

 +Pr + = 0 (5.21)

 +  = 0 (5.22)

Non-dimensional extra stress components through Eq. (53) are

 = 1 +
2

6
3 (5.23)

 = 1 +
2

6
3  (5.24)

with 1 =
̀1
̀2

and 2 =
1

2

̀22
2
are Prandtl fluid parameters. The corresponding dimensionless

conditions are

 = 1 +  sin 2 (− )  (5.25)




+1 = 0 at  = 




−1 = 0 at  = − (5.26)




+2 = 0 at  = 




−2 = 0 at  = − (5.27)

 = 0  = 0 at  = ± (5.28)

∙
1

3

3
+2

3

2
+3

2



¸
 =




−2 + 2

0   = ± (5.29)

From equation (520)  6= (), equation (518) becomes





∙



−2 + 2

0
¸
= 0 (5.30)
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and equation (519) gives




−2 − 2 0 = 0 (5.31)

Here we neglect the pressure term due to secondary flow which is caused by rotation.

5.3 Solution methodology

We solve equations (521), (522), (530) and (531) numerically in Mathematica using built in

command ND-Solve. Physical quantities of interest with respect to emerging parameters are

discussed.

5.4 Discussion

5.4.1 Axial velocity

First of all axial velocity () is displayed in Figs. 52− 56. Impact of 1 and 2 on velocity

is presented in Figs. 52 and 53 The obtained results show the decreasing behavior of velocity

via larger parameters. Fig. 54 is portrayed to observe the behavior of Hartman number  on

. It is evident that velocity decreases by increasing . As expected the magnetic field resists

the flow. For increasing Taylor number  0 the axial velocity decays as shown in Fig. 55 . In

fact secondary flow due to rotation decayed the velocity. In absence of rotation, we observed

that velocity is maximum. In Fig. 56 variation in velocity is depicted for wall parameters.

For increment in elastic parameters 1 and 2,  increases while for enhancement in damping

parameter 3,  decays.

Fig. 5.2 Fig. 5.3
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Fig. 5.2: Sketch of  versus 1 when  = 02  = 02  = 01 1 = 03 2 = 01 3 = 01

 = 03  0 = 02 2 = 05 1 = 2 2 = 5  = 02  = 04  = 04  = 03

 = 02

Fig. 5.3: Sketch of  versus 2 when  = 02  = 02  = 01 1 = 03 2 = 01 3 = 01

 = 03  0 = 02 1 = 2 1 = 2 2 = 5  = 02  = 04  = 04  = 03

 = 02

Fig. 5.4 Fig. 5.5
Fig. 5.4: Sketch of  versus  when  = 02  = 02  = 01 1 = 03 2 = 01 3 = 01

2 = 05 
0 = 02 1 = 2 1 = 2 2 = 5  = 02  = 04  = 04  = 03

 = 02

Fig. 5.5: Sketch of  versus  0 when  = 02  = 02  = 01 1 = 03 2 = 01 3 = 01

 = 03 2 = 05 1 = 2 1 = 2 2 = 5  = 02  = 04  = 04  = 03

 = 02

Fig. 5.6

Fig. 5.6: Sketch of  versus 1 2 3 when  = 02  = 02  = 01 1 = 2  = 03
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 0 = 02 2 = 05 1 = 2 2 = 5  = 02  = 04  = 04  = 03  = 02

5.4.2 Secondary velocity

Influence of emerging physical parameters on secondary velocity  are sketched in Figs. 57−
511. For increasing 1 and 2 axial velocity shows decreasing behavior (see Figs. 57 and 58).

Secondary velocity decreases for increasing Hartman number  as depicted in Fig. 59 . In Fig.

510 the effect of Taylor number  0 on  is depicted. Increasing rotation enhances secondary

velocity. Also we observe that there is no secondary velocity when  0 = 0. From Fig. 511 we

see that  is increased by ( = 1 2)and reverse effect is noticed for 3.

Fig. 5.7 Fig. 5.8

Fig. 5.7: Secondary velocity  for Prandtl fluid parameter 1 when  = −02  = 02  = 01
1 = 05 2 = 03 3 = 01  = 03  0 = 02 2 = 05 1 = 2 2 = 5  = 02

 = 04  = 04  = 03  = 02

Fig. 5.8: Secondary velocity  for Prandtl fluid parameter 2 when  = −02  = 02  = 01
1 = 05 2 = 03 3 = 01  = 03  0 = 02 1 = 2 1 = 2 2 = 5  = 02

 = 04  = 04  = 03  = 02
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Fig. 5.9 Fig. 5.10

Fig. 5.9: Secondary velocity  for Hartman number  when  = −02  = 02  = 01
1 = 05 2 = 03 3 = 01 2 = 05 

0 = 02 1 = 2 1 = 2 2 = 5  = 02

 = 04  = 04  = 03  = 02

Fig. 5.10: Secondary velocity  for Taylor number  0 when  = −02  = 02  = 01
1 = 05 2 = 03 3 = 01  = 03 2 = 05 1 = 2 1 = 2 2 = 5  = 02

 = 04  = 04  = 03  = 02

Fig. 5.11

Fig. 5.11: Secondary velocity  for walls parameter 1 2 3 when  = −02  = 02
 = 01 1 = 2  = 03  0 = 02 2 = 05 1 = 2 2 = 5  = 02  = 04  = 04

 = 03  = 02
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5.4.3 Temperature

The temperature  with  for 1 2 1 2 
0     and Pr are plotted in Figs.

512− 522. As we increase fluid parameters 1 and 2  decays (see Figs. 512 and 513).

The effects of 1 and 2 on temperature are shown in Figs. 514 and 515. For increasing

heat transfer Biot number 1 temperature decays. In fact thermal conductivity of fluid is

reduced. No variation in  is seen for increasing mass transfer Biot number 2. Due to fluid

resistance, temperature falls for larger  (see Fig. 516). In Fig. 517 temperature decreases

for increasing  0. In Figs. 518 and 519 temperature rises by increasing Soret  and Dufour

 numbers. It is due to increase in thermal diffusion. Impact of Brinkman number  on  is

portrayed in Fig. 520. Temperature increases due to less heat conduction produced by viscous

dissipation. Temperature is increasing function of  and  as exhibited in Figs. 521 and

522. It is because of the fact that for larger  mass diffusivity decays and hence  enhances.

Specific heat of fluid enhances when we increase  which results in rise of temperature.

Fig. 5.12 Fig. 5.13
Fig. 5.12: Temperature  for Prandtl fluid parameter 1 when  = 02  = 02  = 01

1 = 03 2 = 01 3 = 01  = 03  0 = 02 2 = 05 1 = 2 2 = 5  = 02

 = 04  = 04  = 03  = 02

Fig. 5.13: Temperature  for Prandtl fluid parameter 2 when  = 02  = 02  = 01

1 = 03 2 = 01 3 = 01  = 03  0 = 02 1 = 2 1 = 2 2 = 5  = 02

 = 04  = 04  = 03  = 02
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Fig. 5.14 Fig. 5.15
Fig. 5.14: Temperature  for heat Biot number 1 when  = 02  = 02  = 01 1 = 03

2 = 01 3 = 01  = 03  0 = 02 2 = 05 1 = 2 2 = 5  = 02  = 04

 = 04  = 03  = 02

Fig. 5.15: Temperature  for mass Biot number 2 when  = 02  = 02  = 01 1 = 03

2 = 01 3 = 01  = 03  0 = 02 1 = 2 1 = 2 2 = 05  = 02  = 04

 = 04  = 03  = 02

Fig. 5.16 Fig. 5.17

Fig. 5.16: Temperature  for Hartman number  when  = 02  = 02  = 01 1 = 03

2 = 01 3 = 01 2 = 05 
0 = 02 1 = 2 1 = 2 2 = 5  = 02  = 04

 = 04  = 03  = 02

Fig. 5.17: Temperature  for Taylor number  0 when  = 02  = 02  = 01 1 = 03

2 = 01 3 = 01  = 03 2 = 05 1 = 2 1 = 2 2 = 5  = 02  = 04

 = 04  = 03  = 02
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Fig. 5.18 Fig. 5.19

Fig. 5.18: Temperature  for Soret number  when  = 02  = 02  = 01 1 = 03

2 = 01 3 = 01 2 = 05 
0 = 02 1 = 2 1 = 2 2 = 5  = 02  = 03

 = 04  = 03  = 02

Fig. 5.19: Temperature  for Dufour number  when  = 02  = 02  = 01 1 = 03

2 = 01 3 = 01  = 03 2 = 05 1 = 2 1 = 2 2 = 5  = 02  = 04

 0 = 02  = 03  = 02

Fig. 5.20 Fig. 5.21

Fig. 5.20: Temperature  for Brinkman number  when  = 02  = 02  = 01 1 = 03

2 = 01 3 = 01 2 = 05 
0 = 02 1 = 2 1 = 2 2 = 5  = 02  = 03

 = 04  = 03  = 04

Fig. 5.21: Temperature  for Schmidt number  when  = 02  = 02  = 01 1 = 03

2 = 01 3 = 01  = 03 2 = 05 1 = 2 1 = 2 2 = 5  = 02  = 04
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 0 = 02  = 04  = 02

Fig. 5.22

Fig. 5.22: Temperature  for Prandtl number Pr when  = 02  = 02  = 01 1 = 03

2 = 01 3 = 01  = 03 2 = 05 1 = 2 1 = 2 2 = 5  = 03  = 04 
0 = 02

 = 04  = 02

5.4.4 Concentration

This section provides the behavior of involved parameters in the expressions of concentration .

For increasing fluid parameters 1 and 2 decreasing effect in  is noticed (see Figs. 523 and

524). Fig. 525 shows no variation for 1 on . On other hand in Fig. 526 the role of 2

on the concentration field  is increasing rapidly due to decrease in mass diffusivity. Similar

pattern is observed on  for Soret  and Dufour  numbers on  in Figs. 527 and 528.

Concentration is decreased by  and .
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Fig. 5.23 Fig. 5.24

Fig. 5.23: Concentration  for Prandtl fluid parameter 1 when  = 02  = 02  = 01

1 = 03 2 = 01 3 = 01  = 03  0 = 02 2 = 05 1 = 2 2 = 5  = 02

 = 04  = 04  = 03  = 02

Fig. 5.24: Concentration  for Prandtl fluid parameter 2 when  = 02  = 02  = 01

1 = 03 2 = 01 3 = 01  = 03  0 = 02 1 = 2 1 = 2 2 = 5  = 02

 = 04  = 04  = 03  = 02

Fig. 5.25 Fig. 5.26

Fig. 5.25: Concentration  for heat Biot number 1 when  = 02  = 02  = 01 1 = 03

2 = 01 3 = 01  = 03  0 = 02 2 = 05 1 = 2 2 = 5  = 02  = 04

 = 04  = 03  = 02

Fig. 5.26: Concentration  for mass Biot number 12 when  = 02  = 02  = 01

1 = 03 2 = 01 3 = 01  = 03  0 = 02 1 = 2 1 = 2 2 = 05  = 02
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 = 04  = 04  = 03  = 02

Fig. 5.27 Fig. 5.28

Fig. 5.27: Concentration  for Soret number  when  = 02  = 02  = 01 1 = 03

2 = 01 3 = 01 2 = 05 
0 = 02 1 = 2 1 = 2 2 = 5  = 02  = 03

 = 04  = 03  = 02

Fig. 5.28: Concentration  for Dufour number  when  = 02  = 02  = 01 1 = 03

2 = 01 3 = 01  = 03 2 = 05 1 = 2 1 = 2 2 = 5  = 02  = 04

 0 = 02  = 03  = 02

Fig. 5.29 Fig. 5.30

Fig. 5.29: Concentration  for Taylor number  0 when  = 02  = 02  = 01 1 = 03

2 = 01 3 = 01 3 = 01  = 03 2 = 05 1 = 2 1 = 2 2 = 5  = 02

 = 04  = 04  = 03  = 02

Fig. 5.30: Concentration  for Schmidt number  when  = 02  = 02  = 01 1 = 03
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2 = 01 3 = 01  = 03 2 = 05 1 = 2 1 = 2 2 = 5  = 02  = 04

 0 = 02  = 04  = 02

5.4.5 Heat transfer coefficient

In Figs. 531 − 536 the heat transfer coefficient  is plotted for parameters 1 2   0

 and . Heat transfer coefficient has oscillatory character. It is expected in view of waves

propagation along channel boundaries.  shows a decreasing behavior for increasing 1 and 2

(see Figs. 531 and 532). The oscillatory nature is captured in Figs. 533 and 534 for Hartman

 and Taylor  0 numbers. Here  decays for larger  due to strong magnetic strength whereas

it increases for larger  0. In Figs. 535 and 536,  increases for  and  near the centerline

whereas it decays near boundaries.

Fig. 5.31 Fig. 5.32

Fig. 5.31: Heat transfer coefficient  for 1 when  = 02  = 02  = 01 1 = 03

2 = 01 3 = 01  = 03  0 = 02 2 = 05 1 = 2 2 = 5  = 02  = 04

 = 04  = 03  = 02

Fig. 5.32: Heat transfer coefficient  for 2 when  = 02  = 02  = 01 1 = 03

2 = 01 3 = 01  = 03  0 = 02 1 = 2 1 = 2 2 = 5  = 02  = 04

 = 04  = 03  = 02
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Fig. 5.33 Fig. 5.34

Fig. 5.33: Heat transfer coefficient  for  when  = 02  = 02  = 01 1 = 03 2 = 01

3 = 01 2 = 05 
0 = 02 1 = 2 1 = 2 2 = 5  = 02  = 04  = 04

 = 03  = 02

Fig. 5.34: Heat transfer coefficient  for  0 when  = 02  = 02  = 01 1 = 03 2 = 01

3 = 01  = 03 2 = 05 1 = 2 1 = 2 2 = 5  = 02  = 04  = 04

 = 03  = 02

Fig. 5.35 Fig. 5.36

Fig. 5.35: Heat transfer coefficient  for  when  = 02  = 02  = 01 1 = 05

2 = 001 3 = 001 2 = 05 
0 = 02 1 = 2 1 = 2 12 = 5  = 02  = 03

 = 04  = 03  = 02

Fig. 5.36: Heat transfer coefficient  for  when  = 02  = 02  = 01 1 = 05

2 = 001 3 = 001  = 03 2 = 05 1 = 2 1 = 2 12 = 5  = 02  = 04
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 0 = 02  = 03  = 02

5.5 Conclusions

Influences of Soret and Dufour on peristaltic flow in a rotating channel subject to compliant

walls are discussed. Main observations are

• Decreasing behavior of 1 2 on ( ),  and  is noticed while for  increasing effect

is observed.

• Velocity, temperature and heat transfer coefficient are decreasing functions of Hartman
number. However Hartman number leads to an enhancement of concentration.

• Both velocities shows opposite behavior for rotation parameter.

• Impact of wall parameters on both velocities are identical.

• For increasing Taylor parameter  0 the temperature decreases .

• Temperature increases for , , ,  and .

• By increasing 1,  decays whereas for 2  increases.

• Heat transfer rate is increasing function of  and  while it is decreasing function of

 and  0.
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Chapter 6

Heat transfer analysis on peristalsis

of Ree-Eyring fluid

6.1 Introduction

The peristaltic activity of Ree-Eyring fluid in a rotating frame is studied. Heat transfer analysis

with viscous dissipation and heat source/sink is taken into account. Convective conditions for

heat transfer in the formulation are adopted. Closed form solutions for axial and secondary

velocities, pressure rise per wavelength, flow rate due to secondary flow and temperature are

obtained by considering small Reynolds number and long wavelength. The variation for different

physical parameters are shown through graphical illustrations. This study reveals that influence

of rotation parameter causes significant fluctuations in axial and secondary velocities. It is also

found that presence of non-uniform heat source in energy equation causes enhancement in rate

of heat transfer coefficient.

6.2 Problem development

Here we address an incompressible Ree-Eyring material in a channel of width 2. Both the

channel and fluid rotates with a uniform angular velocity Ω̄ about the ̂ − . Mathematical
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expression for wave propagation along the channel walls at (̂ = ±̄) is given by

̄(̂ ̂) = +  sin
2


(̂− ̂) (6.1)

Fig. 6.1: Geometry of the problem.

Extra stress tensor of Ree- Eyring fluid model is defined as [56 57] :

S = 
V̂

̂
+
1

̀3
sinh−1

Ã
1

̀4

V̂

̂

!
 (6.2)

Since sinh−1 ̂ ≈ ̂ for | ̂ |≤ 1 then

S = 
V̂

̂
+
1

̀3

Ã
1

̀4

V̂

̂

!
 (6.3)

where  is the fluid viscosity, ̀3 and ̀4 are material constants and

V̂ = (̂ ̂ ̂)

̂ = (̂ ̂ ̂)

The governing equations of continuity, momentum and energy for incompressible fluid flow in

a rotating frame are

̂

̂
+

̂

̂
= 0 (6.4)
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
̂

̂
− 2Ω̂ = −̃

̂
+

̂̂

̂
+

̂̂

̂
+

̂̂

̂
 (6.5)


̂

̂
+ 2Ω̂ = −̃

̂
+

̌̌

̂
+

̂̂

̂
+

̂̂

̂
 (6.6)


̂

̂
= −̃

̂
+

̂̂

̂
+

̂̂

̂
+

̂̂

̂
 (6.7)




̂
= 

∙
2

̂2
+

2

̂2
+

2

̂2

¸
+ ̂̂

̂

̂
+ ̂̂(

̂

̂
+

̂

̂
) + ̂̂

̂

̂

+0( − 0) (6.8)

The conditions are

̂̂ = 0 ̂̂ = 0 


̂
= 0 at ̂ = 0 (6.9)

̂ = 0 ̂ = 0 


̂
= −̊1(0 −  ) at ̂ = ̂ (6.10)

in which ̊1 indicates the heat transfer coefficient and 0 the temperature at walls.

Putting Eqs. (68) and (69) in Eqs. (66) and (67) and then using the wave frame trans-

formations

 = ̂− ̂  = ̂  = ̂  = ̂(̂ ̂ ̂)

(  ) = ̂(̂ ̂ ̂)−  (̂ ̂ ̂) = ̂(̂ ̂ ̂) (̂ ̂ ̂) = ̂(̂ ̂ ̂) (6.11)

Eqs. (62)− (67) become



+




= 0 (6.12)∙

(+ )



+ ̄




+ 




− 2Ω

¸
= −


+




+




+




 (6.13)

∙
(+ )




+ 




+ 




+ 2Ω(+ )

¸
= −


+




+




+




 (6.14)

∙
(+ )




+ 




+ 





¸
= −


+




+




+




 (6.15)
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


̄
= 

∙
2

2
+

2

2
+

2

2

¸
+ 




+ (




+




) + 





+0( − 0) (6.16)

Using dimensionless variables

∗ =



 ∗ =




 ∗ =




  =




 ∗ =

2




∗ =



 ∗ =




 ∗ =




 ∗ =




  =

 − 0

0


S∗ =
S


  =




  =




 Re =




 (6.17)

 =   = − (6.18)

and the Eqs. (614)− (618) after invoking lubrication approach give




− 


− 2 0 = 0 (6.19)




− 


+ 2 0

µ



+ 1

¶
= 0 (6.20)




= 0 (6.21)

2

2
+ +  = 0 (6.22)

 = (1 + 3) (6.23)

 = (1 + 3) (6.24)

The dimensionless conditions are

 = 1 +  sin 2 (6.25)

 = 0  = 0  = 0



= 0 at  = 0 (6.26)

 = 1  = −1  = 0



−1 = 0 at  =  (6.27)

74



where

1 =

Z 

0

 (6.28)

Here 3 =
1

̀3̀4
denotes the fluid parameter. The pressure rise per wavelength ∆ and the

flow rate 2 are

∆ =

1Z
0




 2 =

Z
0

 (6.29)

Equations (616) and (617) give





∙



+ 2 0

¸
= 0 (6.30)




− 2 0

µ



+ 1

¶
= 0 (6.31)

Here we neglect secondary flow pressure due to rotational effect.

6.3 Solution methodology

Eqs. (630) (631) and (622) with boundary conditions (625)−(627) have the exact solutions:

() = (sin
2
√
 0√

1 + 3
− sinh 2

√
 0√

1 + 3
)−1[− sin 2

√
 0√

1 + 3
−1{(1 + ) cosh


√
 0√

1 + 3
sin


√
 0√

1 + 3

−1 cos 
√
 0√

1 + 3
sinh


√
 0√

1 + 3
−  cos


√
 0√

1 + 3
sinh


√
 0√

1 + 3
}+  sinh 2

√
 0

+(1 + )(1 + )2{sin(1 + )

√
 0√

1 + 3
− sinh(1 + )


√
 0√

1 + 3
}] (6.32)

() = {(√1 + ) sin
2
√
 0√

1 + 3
− sinh 2

√
 0√

1 + 3
}−1[3 +4 cos


√
 0√

1 + 3
cosh


√
 0√

1 + 3

−5 sin 
√
 0√

1 + 3
sin


√
 0√

1 + 3
] (6.33)
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() = 1 cos
√
 + 2 sin

√
 − 3[{(cos + cosh

+sin + sinh)(sin
√
 + cos

√
)}] (6.34)

∆ = {(√1 + 3) sin
2
√
 0√

1 + 3
− sinh 2

√
 0√

1 + 3
}−1[4(1 + )

3
2 {cos 2

√
 0√

1 + 3
+ cosh

2
√
 0√

1 + 3
}]

(6.35)

2 = −{(√1 + 3) sin
2
√
 0√

1 + 3
− sinh 2

√
 0√

1 + 3
}−1[(1 + ){−2

√
 0(cos

2
√
 0√

1 + 3

+cosh
2
√
 0√

1 + 3
) +
√
1 + 3(sin

2
√
 0√

1 + 3
+ sinh

2
√
 0√

1 + 3
)}] (6.36)

where  ( = 1− 5),  ( = 1− 3)  and ’s have been computed algebraically.

6.4 Discussion

Figs. (62− 66( )) are plotted to observe the effects of fluid parameter 3 and Taylor number
 0 on axial  and secondary  velocities, pressure per rise wavelength ∆ and flow rate due

to secondary velocity 2. Fig. 62() depicts that velocity is enhanced near centre of channel

whereas it decays near channel boundaries when 3 increases. Since fluid parameter is inversely

proportional to viscosity therefore for larger 3 the viscosity decreases and hence velocity decays

near walls. Opposite outcome is achieved for Taylor number  0 (see Fig. 62()). In fact the

secondary flow is responsible for decrease in velocity near centre of channel. Secondary velocity

via 3 is shown in Fig. 63() Here  decreases for increasing values of 3 The motion of

fluid particles becomes faster when we increase the rotation parameter  0 and thus secondary

velocity is enhanced (see Fig. 63()). It can be visualized from Figs. 64() and 64() that

pressure ∆ rises for fluid parameter 3 and Taylor number 
0 in retrograde pumping region

while it decays in augmented pumping region. It is because of the fact that for larger angular

velocity, the pressure does not rise in direction of peristaltic wave.. Further the Coriolis force is

responsible for fluid drag outwards in -direction and consequently ∆ reduces. Figs. 65( )

plot variation of fluid parameter 3 on secondary velocity. In Fig. 65() when 1 = −1 the
flow rate of the fluid is enhanced in wider portion of channel. However when 1 = −05 the flow
due to secondary velocity becomes positive for larger values of fluid parameter over the whole
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length of the channel (see Fig. 65()). Opposite results of 2 is observed in Figs. 66( ) for

larger values of Taylor number  0 when 1 = −1 and −05.
Figs. 67( − ) show temperature  variation versus different parameters. Fig. 67() is

plotted for fluid parameter against  It is noticed from this Fig. that temperature distribution

tends to rise when the fluid parameter enhances. It can be observed from Fig. 67() that for

larger rotation parameter  0 the temperature profile diminishes. In fact with the increase in

rotation, the motion of the fluid particles enhances which causes resistance to flow and ultimate

there is decrease in temperature profile. Fig. 67() is portrayed to analyze the variation of 

for heat source/sink parameter . It can be observed from Fig. that with the increase in  the

temperature profile is enhanced. Behavior of Biot number 1 can be visualized through Fig.

67(). Temperature rapidly decays as we increase 1. It is due to enhancement in strength of

convecting heating which causes decrease in temperature. Temperature via Brinkman number

 in Fig. 67(). Here for larger values of  the temperature increases. It is through

argument that less heat conduction occurs for viscous dissipation.

Now  for different variable is demonstrated through Figs. 68( − ). In Fig. 68() we

observed that heat transfer rate  rises by increasing fluid parameter . The magnitude of

heat transfer coefficient  near centerline decreases for Taylor number  0 whereas it enhances

near the channel boundaries (see Fig. 68()). Variation in heat transfer rate  for heat

generation/absorption  is portrayed in Fig. 68(). Rate of heat transfer of fluid increases

when we take larger values of . Opposite result for  via Biot number is observed in Fig.

68(). Here Fig. 68() is plotted for viscous dissipation parameter  on heat transfer rate

 It is noticed that larger values of Brinkman number  increases  for a small range.

The next interesting part of this section is trapping. Figs. 69( − ) and 610( − ) are

plotted for this purpose with the help of contours. It can be seen in Fig. 69 that when the

fluid parameter 3 increases then the size of bolus enhances. Also for viscous fluid (3 = 0)

the trapped bolus vanishes. It depicts from Fig. 610 that due to the influence of rotation the

size of the bolus decreases slowly. It can also be observed from Fig. that the bolus disappears

when the rotation of the fluid particles increases.
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(a) (b)
Fig. 6.2: Influence in () for (a) Fluid parameter 3 and (b) Taylor number 

0

(a) (b)

Fig. 6.3: Influence in secondary velocity () for (a) Fluid parameter 3 and (b) Taylor

number  0

(a) (b)

Fig. 6.4: Variation in pressure rise per wavelength ∆ for (a) Fluid parameter 3 and (b)
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Taylor number  0

(a) (b)

Fig. 6.5: Variation in dimensionless flow rate due to secondary velocity 2 for fluid parameter

when (a) 1 = −1 and (b) 1 = −05

(a) (b)

Fig. 6.6: Variation in flow rate due to secondary velocity 2 for Taylor number 
0 when (a)
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1 = −1 and (b) 1 = −05

(a) (b)

(c) (d)

(e)

Fig. 6.7: Influence in () for (a) Fluid parameter 3, (b) Taylor number 
0 (c) non-uniform

source/sink parameter , (d) Biot number 1 and (e) Brinkman number .
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(a) (b)

(c) (d)

(e)

Fig. 6.8: Influence in () for (a) Fluid parameter 3, (b) Taylor number 
0 (c) non-uniform
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source/sink parameter , (d) Biot number 1 and (e) Brinkman number .

(a) (b) (c)

Fig. 6.9: Variation in streamlines for fluid parameter 3 when (a) 3 = 0 (b) 3 = 09 and (c)

3 = 2

(a) (b) (c)

Fig. 6.10: Variation in streamlines for Taylor number  0 when (a)  0 = 0 (b)  0 = 05 and (c)

 0 = 2

6.5 Conclusions

Here simultaneous outcome of rotation and heat generation/absorption on peristalsis of Ree-

Eyring fluid have been pointed out. Major observations include:
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• Dual behavior of fluid parameter 3 and Taylor number  0 on the axial velocity is noticed.

• Opposite effect is observed on secondary velocity for fluid parameter 3 and Taylor number
 0.

• Similar behavior of pressure rise ∆ is observed for fluid 3 and rotation  0 parameters.

• Variation in dimensionless flow rate due to secondary velocity 2 for fluid 3 and rotation
parameters  0 is quite opposite.

• Temperature is an increasing function of fluid parameter 3 heat generation/absorption
 and Brinkman number whereas it is decreasing function of rotation parameter  0 and

Biot number 11.

• Rate of heat transfer decreases for increasing  0 and 11 but it enhances for 3  and

.

• Fluid and rotational parameters on trapped bolus have opposite contributions.

• For viscous fluid, the present problem is reduced by taking 3 → 0
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Chapter 7

Numerical analysis for ionslip and

Hall current on peristaltic transport

of rotating Ree-Eyring fluid

7.1 Introduction

Ion-slip and Hall current in peristalsis of Ree-Eyring liquid are analyzed. In addition energy

equation contains Ohmic dissipation. Whole system is in rotating frame. Governing equations

representing flow of a fluid are reduced into ordinary differential equations. Problem formulation

is developed by small Reynolds number and long wavelength approximation. Shooting method

is applied to find numerical results. Variation of emerging dimensionless parameters of present

problem is illustrated through graphs. We observed that velocity and temperature distributions

in Ree-Eyring fluid are more than viscous fluid. Rotation and fluid parameters have opposite

effects on velocity. It is also found that influence of ionslip in momentum equation causes an

enhancement in velocity.

7.2 Problem development

Here we consider an incompressible Ree-Eyring fluid in a channel with width (1 + 2). Both

channel and fluid rotate with uniform angular velocity Ω̄ about the ̂ − . Travelling waves
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of speed , amplitudes (1 2) and wavelength  propagate along the channel walls (̄1 ̄2)

Mathematically we represent such waves in the form

̄1(̂ ̂) = 1 + 1 sin
2


(̂− ̂) (7.1)

̄2(̂ ̂) = −2 − 2 sin
2


(̂− ̂) (7.2)

in which ̂ is the time. The governing equations for rotating flow are:

∇V = 0 (7.3)


V

̌
+ 

£
Ω̄× (Ω̄×V) + 2Ω̄×V¤ = −∇ + divS+ J×B (7.4)




̌
= ∇2 + LS+ 1


JJ (7.5)

where

J = (V ×B)− 

0
(J×B) + 

20
((J×B)×B) (7.6)

B = (0 0 0) (7.7)

and extra stress tensor for Ree-Eyring fluid [28 29] is

S = gradV+
1

̀3

µ
1

̀4
gradV

¶


L = gradV

in which V = (̂ ̂ ̂) denotes fluid velocity J the current density [86 87],  fluid electric

conductivity,  the cyclotron frequency,  electron collision time,  ionslip parameter, LS

the viscous dissipation term, 1

JJ Ohmic dissipation term and J×B the Lorentz force. Eq.

(6) can be solved in J to yield

J×B = − 
2
0

2 + 2
[(̂−̂) (̂ +̂) 0]  (7.8)

JJ =
2

2
0

2 + 2
(̂2 + ̂2) (7.9)
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where (= ) the Hall parameter and  = 1 + .

Now using wave frame transformations and dimensionless variables

 = ̂− ̂  = ̂  = ̂  = ̂(̂ ̂ ̂)

(  ) = ̂(̂ ̂ ̂)−  (̂ ̂ ̂) = ̂(̂ ̂ ̂) (̂ ̂ ̂) = ̂(̂ ̂ ̂) (7.10)

∗ =



 ∗ =




 ∗ =



1
 ∗ =




 ∗ =

21




∗ =



 ∗ =




 ∗ =




  =

2

1
 1 =

̄1

1
 2 =

̄2

1


 =
 − 0

0
 S∗ =

1S


  =

1


 Re =

1


 (7.11)

Eqs. (73)− (75) become




+ 




+




= 0

Re

∙




+ 





¸
−2 0 = −̃


+



̄
+



̄
+


̄
− 2

2 + 2
[(+ 1)−]  (7.12)

Re

∙




+ 





¸
+2 0 = −̃


+



̄
+



̄
+


̄
− 2

2 + 2
[ +(+ 1)]  (7.13)

Re

∙




+





¸
= −̃

̄
+ 



̄
+ 



̄
+



̄
 (7.14)

Pr Re

∙


̄
+ 

2

̄
+

2

̄

¸
=

∙
2
2

2
+ 2

2

2
+

2

2

¸
+ 




+

µ



+





¶
+




+

2

2 + 2

£
(+ 1)2 +2)

¤
 (7.15)

in which bars have been suppressed. Defining stream function

 =   = − (7.16)

and applying long wavelength and small Reynolds approximation, the Eqs. (14)− (17) become




− 


− 2 0 + 2

2 + 2

∙


µ



+ 1

¶
− 

¸
= 0 (7.17)
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


− 


+ 2 0

µ



+ 1

¶
+

2

2 + 2

∙
 +

µ



+ 1

¶¸
= 0 (7.18)




= 0 (7.19)

2

2
+ +

2

2 + 2

µ



+ 1

¶2
= 0 (7.20)

 = (1 + 3) (7.21)

 = (1 + 3) (7.22)

in which incompressibility condition is trivially satisfied. The appropriate boundary conditions

are

1 = 1 + 1 cos 2 2 = − − 2 cos(2+ ) (7.23)

 =
1

2
  = −1  = 0




+1 = 0 at  = 1 (7.24)

 = −1
2
  = −1  = 0




−1 = 0 at  = 2 (7.25)

where 1 =
R 
0
 3 =

1

̀3̀4
the fluid parameter, 1 =

1
1
and 2 =

2
2
.

Eqs. (719) and (720) give





∙



+ 2 0 +

2

2 + 2

µ


µ



+ 1

¶
− 

¶¸
= 0 (7.26)




− 2 0

µ



+ 1

¶
+

2

2 + 2

∙
 +

µ



+ 1

¶¸
= 0 (7.27)

Here we neglect secondary flow pressure due to rotational effect.

7.3 Solution methodology

Analytical solution of the system of nonlinear partial differential Eqs. (728) (729) and (722)

seems difficult. Thus appropriate numerical method is employed to compute the solution.

Numerical technique via shooting method is applied to solve these equations with corresponding

boundary conditions (Eqs. (725)− (727)).
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7.4 Discussion

Effect of Ree-Eyring fluid parameter 3 on , ,  and  are sketched in Figs. 71( − )

Fig. 71() depicts that axial velocity  is enhanced for increasing fluid parameter 3. In fact

viscosity of the fluid decreases as 3 increases. It is also noteworthy to mention that in non-

Newtonian case velocity is greater when compared to viscous fluid (3 = 0) Opposite behavior

of secondary flow  is captured in Fig. 71() for larger values of 3. In fact due to rotation

the fluid particles motion in secondary direction becomes faster and hence  rapidly decays.

Temperature  rises when fluid parameter is enhanced (see Fig. 71()). Similar result of 3 is

observed in Fig. 71() for heat transfer rate.

Figs. 72(− ) are demonstrated to see the effects of rotation parameter  0 on  , ,  and

 respectively. Fig. 72() shows dual behavior of axial velocity for  0. This Fig depicts that

rotation parameter decays the axial velocity at centre of channel and near the channel walls it

enhances . At centre of channel, due to faster rotation the secondary flow is induced which

minimizes . Impact of rotation parameter  0 on  is observed through Fig. 72(). In fact

an increase in rotation enhances the motion of fluid particles and thus  has been increased.

Fig. 72() presents the influence of increasing  0 on . It is because of Coriolis force which

is responsible to drag the fluid outwards in the -direction and subsequently it reduces the

temperature. Heat transfer rate decays for larger values of Taylor number (see Fig. 72()).

Effect of Hall parameter  through Figs. 73( − ) can be visualized for  , ,  and

 respectively. It is observed from Fig. 73() that  tends to rise when  enhances. It is

because of the fact that electrical conductivity of fluid particles reduced as we increase 

Hence magnetic damping force diminishes and thus axial velocity is enhanced. For larger 

secondary velocity is enhanced (see Fig. 73()). Similar variation for  is noticed in study

of Hayat et. al [156]. Behavior of  on temperature  is observed through Fig. 73(). The

application of magnetic field offers resistance to flow so kinetic energy decreases and hence there

is reduction in temperature. Fluctuation in heat transfer rate  for Hall current  is portrayed

in Fig. 73(). Rate of heat transfer decays as we increase Hall parameter .

Impact of ionslip parameter  on , ,  and  is portrayed in Figs. 74( − ). Addi-

tion of ionslip effect decreases the resistive force imposed by magnetic field and thus effective

conductivity decays. Thus decrease in conduction rate enhances the axial velocity (see Fig.
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74()). Fig. 74() shows increasing behavior of  for larger values of ionslip parameter. It

can be noticed from Fig. 74() that temperature profile decays with increase in . Physically

it means that kinetic energy of fluid particles decreases for smaller magnetic field. Such de-

crease in energy implies decay in Joule heating and hence temperature falls. Similar behavior

has been reported in [86 87]. They solved the nonlinear governing equations by employing the

perturbation and numerical technique respectively when the system is non-rotating frame. In

Fig. 74() we noticed that near the centerline, the magnitude of heat transfer rate  for 

decreases whereas near boundaries it enhances.

(a) (b)

(c) (d)

Fig. 7.1: Influence of fluid parameter 3 on (a) () (b) () (c) () (d) ()
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(a) (b)

(c) (d)

Fig. 7.2: Influence of Taylor number  0 on (a) () (b) () (c) () (d) ()

(a) (b)
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(c) (d)

Fig. 7.3: Influence of Hall parameter  on (a) () (b) () (c) () (d) ()

(a) (b)

(c) (d)

Fig. 7.4: Influence of ionslip parameter  on (a) () (b) () (c) () (d) ()
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7.5 Conclusions

The present study here investigated the influences of Hall current, Joule heating and ionslip on

MHD peristaltic motion of rotating Ree-Eyring fluid. Main salient features are listed below:

• Magnitude of axial velocity  for Ree-Eyring fluid (3 6= 0) is higher than viscous fluid

(3 = 0).

• Effects of  0 on  and  are opposite.

• Secondary flow for Ree-Eyring fluid is lower than viscous fluid.

• Variation of  on  and  are similar to that of 

• Temperature is an increasing function of 3 whereas it decreases for  0  and .

• Heat transfer rate from walls to the fluid increases when fluid parameter 3 is enhanced.

However it decreases by increasing rotation parameters  0 Hall parameter  and ionslip

parameter .
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Chapter 8

Peristalsis of couple stress liquid in a

non-uniform rotating geometry

8.1 Introduction

Thermal radiation in peristaltic rotating flow of couple stress liquid in a non-uniform channel

is addressed. Slip boundary conditions for velocity and temperature are satisfied by channel

boundaries. Impact of non-uniform heat source/sink in heat transfer phenomena is also ac-

counted here. Complexity in mathematical formulation of problem is reduced by employing

assumptions of long wavelength and low Reynolds number. Resulting non-linear system of

equations is solved through numerical technique. The behavior of velocities and temperature

for different physical parameters has been displayed through graphs and interpreted physically.

8.2 Problem development

Here peristaltic pumping of incompressible couple stress liquid though a nonuniform channel of

width (1 + 2) is examined. Peristaltic transport is engendered by propagation of sinusoidal

wavetrains with constant speed  along channel walls. A solid body rotation is observed in both

liquid and channel. The coordinates are chosen in such a way that −  is along centerline

and  −  is normal to it. Geometrical representation of wall surface is given as
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̄1(̂ ̂) = 1 +̂+ 1 cos

∙
2


(̂− ̂)

¸
 (8.1)

̄2(̂ ̂) = −2 −̂− 2 cos

∙
2


(̂− ̂) + 

¸
 (8.2)

The geometry of problem is presented in Fig. 8.1.

Fig. 8.1: Geometry of problem.

In which ̂ designates the time,  is the phase difference, (1 2) are the amplitudes (̄1 ̄2)

represent walls of channel and  is the wavelength.

Mathematical formulation is given as:

∇V = 0 (8.3)



∙
V

̂

¸
+ 

£
Ω̄× (Ω̄×V) + 2Ω̄×V¤ = −∇ + ∇2V − 1∇4V (8.4)




̂
= ∇2+∇q +0( − 0) (8.5)

where

q = −4
∗

3∗
∇ 4 (8.6)
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here  is the dynamic viscosity, 1 is couple stress constant, 0 is the coefficient non-uniform

heat source/sink, ∗ the mean absorption coefficient, ∗ is the Stefan- Boltzmann constant and

∇2 = 
2

+ 
2

+ 
2

with ∇4 = ∇2∇2
Laboratory and waves frames are related as:

 = ̂− ̂  = ̂  = ̂  = ̂(̂ ̂ ̂)

(  ) = ̂(̂ ̂ ̂)−  (̂ ̂ ̂) = ̂(̂ ̂ ̂) (̂ ̂ ̂) = ̂(̂ ̂ ̂) (8.7)

Invoking above transformations, Eqs. (83− 85) take the form:

 +  = 0 (8.8)

 [(+ ) +  +  − 2Ω] = − + ∇2(+ )− 1∇4(+ ) (8.9)

 [(+ ) +  +  + 2Ω(+ )] = − + ∇2 − 1∇4 (8.10)

 [(+ ) +  + ] = − + ∇2 − 1∇4 (8.11)

 [ +  +] =  [ +  + ]− () +0( − 0) (8.12)

Dimensionless quantities involved in problem are listed below:

∗ =



 ∗ =




 ∗ =



1
 ∗ =




 ∗ =

21̄

0
 1 =

̄1

1
 2 =

̄2

2


1 =
1

1
 2 =

2

1
  =

2

1
 ∗ =




 ∗ =




 ∗ =




 ∗ =



1
  =






 =
 − 0

1 − 0
  =




 Re =

1


 4 =

r



1 

0
=
Re Ω̄




 =



  =

16∗

3∗∗
 30   =

0
2


 1 =

̊1


  =



1
 ∗ =



1


∗1 =
1
1

 ∗2 =
2
1

  =   = − (8.13)

Adopting lubrication approach, Eqs. (88)− (811) are reduced to

 =  −
1

24
 + 2

0
 (8.14)
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 =  − 1

24
 + 2

0
( + 1)  (8.15)

 = 0 (8.16)

(1 + Pr) +  = 0 (8.17)

Defining

1 =  − 1−  (8.18)

with

1 =

Z 2

1



and the dimensionless conditions

1 = 1 + + 1 cos (2)  2 = −− − 2 cos(2+ ) (8.19)

 =
1

2
  = 0  +  = −1  = 0

 + 1 = −1  + 2 = 1 at  = 1 (8.20)

 = −1
2
  = 0  −  = −1  = 0

 − 1 = −1  − 2 = 0 at  = 2 (8.21)

where  denotes stream function,  axial velocity slip, 1 secondary velocity slip and 2 tem-

perature slip parameters.

Eq. (815) indicates that  6= () and thus compatibility equation satisfies

 − 24 − 2
0
24 = 0 (8.22)

and Eq. (814) becomes

 − 24 + 2
0
24( + 1) = 0 (8.23)

8.3 Solution methodology

Built-in routine NDSolve in Mathematica is utilized to get numerical solution for reduced system

of equations. In this section graphical results are drawn to observe the impact of pertinent
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parameters on velocities and temperature.

8.4 Discussion

8.4.1 Axial velocity

(a) (b)

(c) (d)

Fig. 8.2: Graph of () for (a) 4 (b) 
0
(c)  (d) ∗

The axial velocity  against sundry variables are shown in Figs 82( − ). Fig. 82()

manifests the impact of couple stress parameter 4 on axial velocity. It is obvious that velocity

declines at the center of channel whereas it grows near channel walls. Physically for rising

values of 4 stress among fluid particles increases which in turn produces a decay in velocity.

It can be seen through Fig. 82() that there is a decrease in velocity at center of channel for

increase in Taylor number 
0
 In fact secondary flow along − produced by rotation resists

97



the flow and hence velocity declines. Variation in  for larger slip parameter  is manifested

in Fig. 82(). Velocity decreases via increasing  because fluid experiences more slip at the

channel walls which in turn reduces  Inverse relation between velocity and non-uniformity

parameter is illustrated in Fig. 82(). A gradual increase in velocity is observed for increasing

values of  It is due to decrease in frictional force offered by channel walls.

8.4.2 Secondary velocity

(a) (b)

(c) (d)
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(e)

Fig. 8.3: Graph of  for (a) 4 (b) 
0
(c)  (d) 1 (e) 

∗

In this section, variation in secondary velocity for involved parameters in investigated

through Figs. 8.3( − ) Fig. 83() indicates that secondary velocity grows for enhancing

values of fluid parameter 4 Influence of Taylor number on velocity profile is displayed in Fig.

83(). It is obvious that velocity increases via  0 because of enhancement in rotation of fluid

and channel. Effect of axial velocity slip parameter of secondary velocity is manifested through

Fig. 83(). The resulting panel exhibit an increment in  for larger  Fig. 83() reveals that

velocity is an increasing function of secondary velocity slip parameter 1. A very small rise in

secondary velocity is noticed for growing values of  as seen through Fig. 83().
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8.4.3 Temperature profile

(a) (b)

(c) (d)

(e) (f)

Fig. 8.4: Graph of  for (a) 4 (b) 
0
(c) 2 (d) 

∗ (e)  (f) 

100



This subsection is devoted to illustrate the behavior of pertinent parameters on temperature

profile through Figs. 84( − ). Decreasing response of temperature towards growing fluid

parameter is depicted in Fig. 84(). As viscosity of fluid enhances via larger values of  which

provides retardation to flow therefore temperature drops. Motion of fluid particles is related

with rotation of channel. When Taylor number is increased, fluid particle move rapidly without

experiencing any retardation. As a result, temperature decreases (see Fig. 84()). Fig. 84()

is plotted to observe the impact of temperature slip parameter on  For growing values of

 kinetic energy of fluid particle increases which produces a rise in temperature. Increasing

impression of  on temperature profile is disclosed in Fig. 84(). It is obvious from Fig. 84()

that temperature declines for negative values of heat generation/absorption coefficient (  0)

whereas a rise in temperature is noticed for its positive values (  0). In fact for   0 a

heat sink is produced which absorbs heat and for (  0) more heat is added to the system. A

decline in temperature for enhancing values of radiation parameter  is evident from Fig. 84

(). As effect of natural convection is reduced by adding more radiations therefore temperature

declines.

8.4.4 Heat transfer rate

(a) (b)
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(c) (d)

(e) (f)

Fig. 8.5: Graph of  for (a) 4 (b) 
0
(c) 2 (d) 

∗ (e)  (f) 

Figs. 85( − ) are prepared to interpret the variation in heat transfer coefficient  for

multiple values of various physical parameters. Fig. 85() characterizes increasing influence

of fluid parameter 4 on  It is evident from resulting sketch that magnitude of heat transfer

grows for larger 4 It is noteworthy that heat transfer coefficient. Fig. 85() is portrayed

for observing the influence of Taylor number 
0
on heat transfer coefficient. Result clarifies

that heat transfer rate grows via 
0
 Fig. 85() indicates that there is an enhancement in heat

transfer coefficient for rising values of slip parameter 2 An increment in  for growing values

of non-uniformity parameter  is reported in Fig. 85(). Magnitude of heat transfer coefficient

decays for rise in heat generation/absorption coefficient as depicted in Fig. 85(). Fig. 85()

depicts a decline in  for rise in radiation parameter  A heat loss is generated for stronger

thermal radiations and hence  decreases.
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8.4.5 Streamlines

(a) (b) (c)

Fig. 8.6: Streamlines for 
0
with fixed values of  = 001  = 15  = 02  = 01  = 12

 = 
2
  = 1 = 02  = 2 for (a) 

0
= 00 (b) 

0
= 05 (c) 

0
= 2.

(a) (b) (c)

Fig. 8.7: Streamlines for 4 for (a) 4 = 00 (b) 4 = 25 (c) 4 = 5.
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(a) (b) (c)

Fig. 8.8: Streamlines for  for (a)  = 02 (b)  = 04 (c)  = 06.

Figs. 86(−) are sketched to notice the effect of Taylor number on trapping phenomenon.
The size of trapping bolus decreases at lower channel for increase in rotation. It is also clear

that trapping bolus disappears for further rise in 
0
 A similar impact is observed for fluid

parameter and velocity slip parameter as seen through Figs. 87 and 88.

8.5 Conclusions

Peristaltic pumping of couple stress fluid under the influences of heat source/sink, thermal

radiation and slip conditions is examined. Key findings of investigation are given by:

• A decline in axial velocity distribution is observed for increasing values of velocity slip

parameter , fluid parameter 4 and rotation 
0
however velocity increases via non-

uniformity parameter 

• Similar outcomes of 4,  0
, 1 and  on secondary velocity are observed whereas  affects

 oppositely.

• Temperature is increasing function of  2 and 

• There is an inverse relationship between temperature and rising values of 4,  0
, .
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• Decaying response is depicted by heat transfer coefficient for growing values of  and 
0


• Heat transfer coefficient increases via  2 4 and 
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Chapter 9

Peristaltic motion of third grade

fluid subject to nonlinear radiation

9.1 Introduction

This chapter addressed nonlinear radiation effect on peristaltic motion of third grade liquid in

a tapered asymmetric geometry. System in rotating frame is entertained. Relevant problems

have been numerically solved. The velocity, temperature and heat transfer rate are physically

stressed.

9.2 Problem statement

An incompressible third grade liquid in a tapered channel is considered. The waves with

amplitudes (1 2) and phase  are taken. A case of rigid body rotation for channel and fluid

is considered. System rotates about ̂−. Nonlinear version of radiation is considered. The
waves shapes are described by

̄1(̂ ̂) = 1 +̂+ 1 cos

∙
2


(̂− ̂)

¸
 (9.1)

̄2(̂ ̂) = −2 −̂− 2 cos

∙
2


(̂− ̂) + 

¸
 (9.2)
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The constitutive equations for third order fluid are

T = −I+ S (9.3)

S = A1 + 01A2 + 02A
2
1 + 01A3 + 02(A1A2 +A2A1) + 03(A2)A1 (9.4)

According to Fosdick and Rajagopal [67]:

 ≥ 0 01 ≥ 0 01 = 02 = 0 
0
3 ≥ 0 | 01 + 02 |≤

q
2403

Eq. (94) becomes

S = A1 + 01A2 + 02A
2
1 + 03(A2)A1 (9.5)

Rotating flow is described by the equations

divV = 0 (9.6)



∙
V

̌
+ (V∇)V

¸
+ 

£
Ω̄× (Ω̄× r̄) + 2Ω̄×V¤ = divT (9.7)




̂
= ∇2+∇q +TL (9.8)

In above equations 0( = 1 2) and 0( = 1− 3) are material parameters, A = (V∇)A−1+

A−1L+ LA−1 A1 = L+ L L =∇V V the velocity and r̄ the position vector. Nonlinear

thermal radiation after using Rosseland approximation is given by

q = −4
∗

3∗
 4


= −16

∗

3∗
 3




 (9.9)

in which ∗ and ∗ represents the Stefan- Boltzmann constant and the mean absorption coeffi-

cient respectively.

Applying below transformations

 = ̂− ̂  = ̂  = ̂  = ̂(̂ ̂ ̂)

(  ) = ̂(̂ ̂ ̂)−  (̂ ̂ ̂) = ̂(̂ ̂ ̂) (̂ ̂ ̂) = ̂(̂ ̂ ̂) (9.10)
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Eqs. (96− 98) become
() + () + () = 0 (9.11)


n
(+ ) () +  () +  () − 2Ω

o
= − () + () + () + () (9.12)


n
(+ ) () +  () +  () + 2Ω(+ )

o
= − () + () + () + () (9.13)


n
(+ ) () +  () +  ()

o

= − () ++() + () + () (9.14)



n
( ) +  ( ) +  ( )

o
= 

n
( ) + ( ) + ( )

o
(9.15)

−() +  () + (() + ()) +  () (9.16)

Consider dimensionless variables and stream function as

∗ =



 ∗ =




 ∗ =




 ∗ =




 ∗ =

1


 1 =

̄1

1
 2 =

̄2

1


1 =
1

1
 2 =

2

2
 ∗ =




 ∗ =




 ∗ =




 ∗ =



1
  =






 =
 − 0

1 − 0
  =

1


 Re =

1


 

0
=
Re Ω̄


  =

1

0


 =



  =

4∗

∗
 30  1 =

̊1


 2 =

̊2


  =



1


5 =
203
21

  =   = − (9.17)

Now applying lubrication approach, Eqs. (910)− (914) can be reduced as follows:

 = () + 2
0
 (9.18)

 = () − 2 0
(() + 1)  (9.19)

 = 0 (9.20)h
1 + Pr (( − 1) + 1)3

i
() +

h
3 Pr (( − 1) + 1)2 ( − 1)

i ¡
2
¢

= 0 (9.21)
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 = () + 25(
¡
2
¢

+
¡
2
¢

) () 

 = () + 25(
¡
2
¢

+
¡
2
¢

) () 

with dimensionless conditions

1 = 1 + + 1 cos (2)  2 = −1− − 2 cos(2+ ) (9.22)

 =
1

2
 () = −1  = 0 () −1(1− ) = 0 at  = 1 (9.23)

 = −1
2
 () = −1  = 0 () −2(1 + ) = 0 at  = 2 (9.24)

where

1 =  − 1− 

1 =

Z 2

1

()  (9.25)

Eqs. (916) and (917) take the forms:

³
() + 2

0

´

= 0 (9.26)

() − 2 0
(() + 1) = 0 (9.27)

9.3 Solution methodology

The Eqs. (916)− (919) and conditions (920)− (922) have been numerically solved for ( ),
 and .

9.4 Discussion

9.4.1 Velocity profile

Figs. 9.1( − ) are displayed for velocity against 5,  and 
0
. The velocity is generally

parabolic. It has maximum value at channel centre. Velocity has dual behavior for 5. In

upper portion of channel, the axial velocity increases. Physical such increase corresponds to
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decay in fluid viscosity. In lower portion of channel, the situation is different (Fig. 91()). In

Fig. 91()  at channel centre is an increasing function of  Fig. 91() represents effect of 
0

on axial velocity. There is generation of secondary velocity for rotation. It increases . Effects

of 5,  and 
0
on secondary velocity are shown in Figs. 92(− ) There is decay in  for 5

(Fig. 92()). Also secondary velocity decays for  (Fig. 92()). The reason behind this fact is

that fluid rapidly compressed in narrow portion and induced frictional force at wall is reduced.

Fig. 92() indicates  against 
0
. Gradual increase in  is observed for 

0
. This happens due

to faster rotation of liquid particles.

(a) (b)

(9.28)

(c)

Fig. 9.1: Influence of (a) 5 (b)  (c) 
0
on () when  = 02  = 01  = 1 1 = 07

2 = 05  = 08  =

4
 5 = 001 and 

0
= 05.
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(a) (b)

(c)

Fig. 9.2: Effect of (a) 5 (b)  (c) 
0
on () when  = 01  = 01  = −1

1 = 07 2 = 05  = 08  =

4
 5 = 001 and 

0
= 05.

9.4.2 Heat transfer

Figs. 93( − ) are sketched for temperature against 5, 
0
, , , 1, 2,  and .

Fluctuation in  for greater 5 is captured in Fig. 93(). In fact viscosity of fluid decreases.

Decrease in  for larger 
0
is shown in Fig. 93(). Physically such decrease in  corresponds

to faster motion of fluid particles. In Fig. 93()  is decreasing function of . There is less

energy is absorbed by fluid for greater  therefore temperature decays. Opposite behavior

of temperature ratio parameter  on temperature distribution is noticed in Fig. 93(). In

fact thermal state of fluid is enhanced with  which is responsible for rise in . Also in the
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Fig. 93() solid line obtained for linear radiation problem ( = 1) and dotted lines are

computed through Eq. (919) with the variation in  for nonlinear radiation. It is worth

pointing here that when  ≈ 1, temperature profiles are close to corresponding profiles for
the case of linear radiative heat flux. Figs. 93() and 93() compare the results of linear and

non-linear radiation for different values of radiation when  = 11 and  = 3 respectively. It

is seen that linear and non-linear results match each other better at  = 11 when compared

with  = 3. The profiles show a significant decrease as the radiation parameter is gradually

increased. Similar response of Biot numbers (1 2) on  at both upper and lower walls

are demonstrated through Figs. 93() and 93(). There is more convection generated with

higher values of (1 2) and consequently temperature is enhanced. Variation for larger 

on  is sketched in Fig. 93(). In fact viscous dissipation is responsible for enhancement in

temperature. Fig. 93() reveals that  decreases for different values of . Thermal diffusivity

of fluid is reduced with an increase in  and consequently  decays. Figs. 94(−) are plotted
for  against different flow physical parameters. We noticed from Fig. 94() that because of

heat loss,  decays in magnitude when  increases. For larger  and  the reversed trend

is followed (see Figs. 94() and ()).

(a) (b)
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(c) (d)

(e) (f)

(g) (h)
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(i) (j)

Fig. 9.3: Effect of (a) 5 (b) 
0
(c)  (d)  (e) comparison between linear and nonlinear

radiation when  = 11 (f) comparison between linear and nonlinear radiation  = 3 (g)

1 (h) 2 (i)  (j)  on () when  = 01  = 01  = 1 1 = 07 2 = 05  = 08

 = 
4
 5 = 001 1 = 2 2 = 4  = 07 Pr = 15  = 3  = 11 and 

0
= 05.

(a) (b)

(c)

Fig. 9.4: Effect of (a)  (b)  (c)  on () when  = 01  = 1 1 = 07 2 = 05
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 = 08  = 
4
 5 = 001 1 = 2 2 = 4  = 07 Pr = 15  = 3  = 11 and


0
= 05.

9.5 Conclusions

Main points here are

• There is dual behavior of 5 velocity.

• Behaviors of  and 
0
on  are opposite.

• Effect of  0
on  is reverse to that of  and 5.

• There is decrease in temperature for  0
  and .

• Larger values of 5,  and  give rise to temperature.

• Heat transfer rate  is enhanced for  and .

•  is decreasing function of 
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Chapter 10

Entropy generation impact on

peristaltic motion in a rotating

frame

10.1 Introduction

This chapter intends to investigate the peristalsis of Casson fluid in rotating frame and entropy

generation. Constituitive equations are formulated by invoking thermal radiation and viscous

dissipation. Slip conditions for temperature and velocity are satisfied. Lubrication approach

is employed for reducing the system of equation in simplified form. Exact solutions for re-

sulting systems are obtained. Graphical results are prepared to observe the outcomes of fluid

parameter, Brinkman number, compliant wall parameters, Taylor, Bejan number and radiation

parameter. Entropy generation is also examined. It is noticed that slip effects can control

entropy generation.

10.2 Problem definition

Consider an incompressible flow of Casson fluid in channel with width 2. Compliant prop-

erties of channel are studied. Rigid body rotation for fluid and channel through constant Ω

is discussed. Flow is generated due to travelling waves by wavelength  and amplitude .
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Mathematically one has

 = ±( ) = ±
∙
+  cos

½
2


(− )

¾¸
 (10.1)

Here we also consider entropy generation through radiation and viscous dissipation effects. The

radiative term  is defined as

q = −4
∗

3∗
 4




in which ∗ and ∗ represent the Stefan-Boltzmann constant and Rosseland’s mean absorption

coefficient respectively. After expanding 4 about 0 and ignoring higher-order terms q one

has

q = −16
∗

3∗
 30




 (10.2)

For Casson fluid the stress tensor is

T = −I+ S

S =

Ã
 +

s
2



!
2  (10.3)

where  is yield stress and  =  ,  is the ( ) component of deformation rate and  a

plastic viscosity of fluid. Here

 =
1

2

µ



+





¶


Continuity equation for the flow consideration is




+




= 0 (10.4)

Components of momentum equation in rotating frame are



∙



+ 




+ 




+ 




− 2Ω

¸
= −̃


+




+




+




 (10.5)



∙



+ 




+ 




+ 




+ 2Ω

¸
= −̃


+




+




+




 (10.6)



∙



+ 




+ 




+ 





¸
= −̃


+




+




+




 (10.7)
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Energy equation give



∙



+ 




+ 




+





¸
= 

∙
2

2
+

2

2
+

2

2

¸
+




+



+ 

µ



+





¶
+ 




 (10.8)

Complaint walls equation can be expressed as

() = − 0

with

 = − 2

2
+

2

2
+ 0




 (10.9)




() =




=




+




+




− 

∙



+ 




+ 




+




− 2Ω

¸
(10.10)

Defining non-dimensional variables and stream function as

∗ =



 ∗ =




 ∗ =




 ∗ =




 ∗ =

̃




∗ =



 ∗ =




 ∗ =




 ̄ =




  =






 =
 − 0

1 − 0
  =




 Re =




 

0
=
Re Ω̄




 =



  =

4∗

∗
 30   =  6 = 

√
2



1 = − 3

3
 2 =

∗1
3

3
 3 =

30

2


S =



S̄  ̄1 =

1

 ̄2 =

2

 ̄3 =

3

 (10.11)

 =   = − (10.12)
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Eqs. (103− 108) in view of large wavelength and small Reynolds are

 =



 + 2

0
 (10.13)

 =



 − 2 0

 (10.14)

 = 0 (10.15)

(1 +Pr)
2

2
+ = 0 (10.16)

 =

µ
1 +

1

6

¶
2

2


 =

µ
1 +

1

6

¶



 (10.17)

Boundary conditions in dimensionless form




± 1(1 +

1

6
)
2

2
= 0 at  = ± (10.18)

∙
1

3

3
+2

3

2
+3

2



¸
 =




− 2 0



 ± 2(1 +
1

6
)



= 0 at  = ± (10.19)

⎧⎨⎩  + 3


= 1

 − 3


= 0

⎫⎬⎭  at  = − (10.20)

where

 = 1 +  sin 2 (− )  (10.21)

here  the fluid parameter. From Eqs. (1013) to (1015) we have:

µ
1 +

1

6

¶
4

4
+ 2

0 


= 0 (10.22)

µ
1 +

1

6

¶
2

2
− 2 0 


= 0 (10.23)
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10.3 Entropy generation

Dimensional form of the entropy generation is given as


000
 =



20

"(µ




¶2
+

µ




¶2
+
16∗ 30
3∗

µ




¶2)#

+


0

∙





+ 

µ



+





¶
+ 





¸
 (10.24)

In dimensionless form, entropy generation can be written as follows:

 =


000



00


= (1 +Pr)

µ




¶2
+ ̀

µ
1 +

1



¶
2

2
 (10.25)

where ̀ = 0
(1−0) and 

00
 =

 (1−0)2
20

2 represents the temperature difference parameter and

entropy generation characteristics. In Eq. (1024) first and second terms corresponds to entropy

generation due to heat transfer ( ) and fluid friction ( ) respectively. Now defining Bejan

number 

 =


 + 
 (10.26)

10.4 Solution methodology

The exact solutions of equations (1016, 1022, 1023 and 1025) corresponding to boundary

conditions (1018− 1021) are as follows

 =
³
6 + 24

0212
2 + 6(6 + 8

022
2(31 + ))

´−1

£
26 − 3(2(1 + 6)1 + 6)

¤
 (10.27)

 =
³
4(1 + 6)(3 + 12

0212
2 + 6(3 + 4

022
2(31 + )))

´−1


0
[426 − 626(2(1 + 6)1 + 6) + 2(12(1 + 6)1(2(1 + 6)2

+6) + 6(8(1 + 6)2 + 56))] (10.28)
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 =
1

4
[2(3 + )−1 − ((1 + Pr)(3(1 + 6) + 12

02(1 + 6)12
2

+4
0262

3)2)−13246(1 + 6)− 2(3 + )−1[3236(1 + 6)(3 + )(43

+)((1 + Pr)(3(1 + 6) + 12
02(1 + 6)12

2 + 4
0262

3)2)−1

−(−1 − )(−1− 3236(1 + 6)(3 + )(43 + )((1 + Pr)

(3(1 + 6) + 12
02(1 + 6)12

2 + 4
0262

3)2)−1)]] (10.29)

 =
1

4
(1 + Pr)[(3 + )−1 − ((1 + Pr)(3(1 + 6) + 12

02(1 + 6)12
2

+4
0262

3)2)−1623(1 + ) + 9̀226(1 + 6)

((3 + 12
0212

2 + 6(3 + 4
0262

2(31 + )))2)−1] (10.30)

10.5 Discussion

Impact of various involved parameters on axial velocity is demonstrated in Figs. (101− 105).
Fig. 101 depicts the variation in  for multiple values of Taylor’s number. It is obvious that

velocity declines via 
0
since a secondary flow is induced by increase in rotation which decreases

velocity of fluid in axial direction. Fig. 102 clarifies an enhancement in velocity for growing

values of fluid parameter 6 It is due to reduction in viscosity of fluid. Fig. 103 is plotted to

observe the impact of slip parameter 1 on axial velocity. Resulting sketch shows an increment

in velocity for larger 1 In fact for larger slip parameter, less resistance is offered to the fluid

which tend to rise the velocity. It can be seen through Fig. 104 that axial velocity is a

decreasing function of secondary slip parameter 2 Impact of wall parameters (1 2 3) on

velocity profile is illustrated through Fig. 105. Wall elasticity parameters (1 2) accelerates

the flow of fluid however a reduction in velocity is observed for increasing damping parameter

3

Variation in secondary velocity for embedded parameters is analyzed through Figs. (106−
109). It is found from Fig. 106 that secondary velocity grows for larger fluid parameter 6

Secondary velocity  is an increasing function of Taylor’s number as demonstrated in Fig. 107.

The reason lies behind the fact the fluid moves faster in secondary direction for increase in

rotation. Fig. 108 serves to manifest the impact of slip parameter 2 on  Here velocity grows
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via 2 Impact of wall parameters on secondary velocity is similar as observed for axial velocity

(see Fig. 109).

Figs. (1010− 1015) characterize the effect of physical parameters on temperature profile.
A decline in temperature is obtained for rise in Taylor’s number 

0
as demonstrated in Fig.

1010 Fig. 1011 discloses that temperature of fluid decreases as fluid parameter grows. It

due to decrease in viscosity of fluid. Variation in  for larger 3 is portrayed in Fig. 1012.

It is obvious from resulting graph that there is in increment in temperature for enhancing

slip parameter. Wall elasticity parameters ( = 1 2) tend to rise the temperature however

an opposite behavior is noticed for wall damping parameter 3 (see Fig. 1013). Fig. 1014

highlights the decaying outcomes of radiation parameter on temperature profile. Since for

higher  absorbing power of fluid particle tend to reduce and hence temperature drops. Fig.

1015 determines the behavior of temperature for rising values of Brinkman number  As

more heat is generated for stronger viscous dissipation therefore temperature rises.

Figs. (1016− 1021) are captured to investigate the behavior of heat transfer coefficient
for variation in pertinent parameters. Decaying response of heat transfer coefficient towards

growing Taylor number is recorded in Fig. 1016. Fluid parameter produces an increment in

magnitude heat transfer coefficient as depicted in Fig. 1017. Physically for larger 6 the

strength of viscous forces increase. As a result,  grows. Fig. 1018 clarifies that heat transfer

coefficient is an increasing function of thermal slip parameter 3 Since heat transfer coefficient

and temperature are in direct relation with each other therefore wall parameters 1 2 and

3 affect  is same manner as that of temperature profile (see Fig. 1019) Upon increasing

radiation parameter, heat transfer coefficient declines as shown in Fig. 1020. Fig. 1021

characterizes an inverse relationship between  and Brinkman number 
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Fig. 10.1 Fig. 10.2

Fig. 10.1: Effect of 
0
on ()

Fig. 10.2: Effect of 6 on ().

Fig. 10.3 Fig. 10.4

Fig. 10.3: Effect of 1 on ()
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Fig. 10.4: Effect of 2 on ().

Fig. 10.5

Fig. 10.5: Effect of 1 2 3 on ()

Fig. 10.6 Fig. 10.7

Fig. 10.6: Effect of 6 on ().

Fig. 10.7: Effect of 
0
on ().
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Fig. 10.8 Fig. 10.9

Fig. 10.8: Effect of 2 on ().

Fig. 10.9: Effect of 1 2 3 on ()

Fig. 10.10 Fig. 10.11

Fig. 10.10: Effect of 
0
on ().
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Fig. 10.11: Effect of 6 on ().

Fig. 10.12 Fig. 10.13

Fig. 10.12: Effect of 3 on ().

Fig. 10.13: Effect of 1 2 3 on ().

Fig. 10.14 Fig. 10.15

Fig. 10.14: Effect of  on ().
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Fig. 10.15: Effect of  on ().

Fig. 10.16 Fig. 10.17

Fig. 10.16: Effect of 
0
on ().

Fig. 10.17: Effect of 6 on ().

Fig. 10.18 Fig. 10.19

Fig. 10.18: Effect of 3 on ().
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Fig. 10.19: Effect of 1 2 3 on ().

Fig. 10.20 Fig. 10.21

Fig. 10.20: Effect of  on ().

Fig. 10.21: Effect of  on ().

10.5.1 Entropy generation

Figs. (1022− 1026) reveal the impression of sundry parameters on entropy generation. Fig.
1022 displays a growing outcome of fluid parameter on entropy generation. A less entropy is

produced at center of channel as compared to channel walls. A reverse relationship is noticed

with the larger values of thermal slip, rotation and thermal radiation and can be viewed through

Figs. 1023− 1025. When channel is rotated at high speed, more heat is generated and hence
entropy declines. Fig. 1026 indicates a rise in entropy generation via larger values of Brinkman

parameter −1. It is obvious that more disturbance in fluid is generated through larger

Brinkman parameter which tend to enhance 

Figs. 1027 and 1028 show that for larger Taylor number and thermal radiation parameter

the heat transfer irreversibility is high when compared with total irreversibility for heat transfer

and fluid friction. A reduction is demonstrated by  for increasing values of fluid and thermal

slip parameter (see Figs. 1029 and 1030). Figs. 1029 and 1030 reveal a development in

magnitude of Bejan number for growth in Taylor number and radiation parameter. Kinetic

energy of fluid rises via 
0
and  which produces an enhancement in  A growing impression

of Brinkman number on Bejan number is portrayed in Fig. 1031
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Fig. 10.22 Fig. 10.23

Fig. 10.22: Effect of 6 on .

Fig. 10.23: Effect of 3 on .

Fig. 10.24 Fig. 10.25

Fig. 10.24: Effect of 
0
on .

Fig. 10.25: Effect of  on .
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Fig. 10.26

Fig. 10.26: Effect of −1 on .

Fig. 10.27 Fig. 10.28

Fig. 10.27: Effect of 
0
on .

Fig. 10.28: Effect of  on .
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Fig. 10.29 Fig. 10.30

Fig. 10.29: Effect of 6 on .

Fig. 10.30: Effect of 3 on .

Fig. 10.31

Fig. 10.31: Effect of −1 on .

10.5.2 Trapping

In Figs. 1032 and 1033, trapping phenomenon is observed for various involved parameters.

Fig. 1032 elucidates that size and number of trapping bolus reduces for larger values of Casson

parameter 6 It is due to decrease in kinetic energy of fluid particles. It is clear from Fig.

1033 that size of trapped bolus decreases for rising values of rotation parameter 
0
.
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(a) (b) (c)

Fig. 10.32: Stream lines for (a) 
0
= 0 (b) 

0
= 05 (c) 

0
= 5.

(a) (b) (c)

Fig. 10.33: Streamlines for 6 (a)  = 0 (b)  = 02 (c)  = 1.

10.6 Conclusions

Here peristaltic transport Casson fluid under the influence of entropy generation through a

rotating channel in examined. The key findings of investigation are
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• There is a reduction in axial velocity for growing Taylor number  0

• Impact of fluid parameter 6 on ,  ,  is opposite when compared with Bejan

number 

• A significant rise in secondary velocity via larger wall parameter,  0
 6 and 2 is observed.

• There is an inverse relationship between axial velocity and the slip parameters.

• Increasing outcomes of elastic parameters (1 2) towards  are noticed however impact
of 3 on  is quite opposite.

• Temperature distribution is decreasing function of  0
and  however it is directly related

with 6 3 and .

• Multiple values of −1 3 and 6 tend to raise entropy generation.

• Decaying impression of  0
and  is observed on entropy generation.

• Increasing values of 6 and 3 have tendency to reduce Bejan number. However 
0
and

 have a growing impact on 

• Heat transfer coefficient is directly related with 6 3 and  However  declines via


0
and 
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systems has gained much attention of the researchers. Engel- mann [1] was the first to investigate the
existence of peristaltic waves in ureter. After his initial work, several other researchers like Lapides [2], Kiil
[3] and Boyarsky [4] put their efforts to ex- tend this study. The phenomenon of peristaltic pumping was
discussed by Latham [5]. Shapiro et al. [6] presented experimental work by considering the inertia free flow
in a flexible tube.

54The pioneer work of Latham [5] and Shapiro et al.

[6] opened new ways for further advancements in peristaltic transport. After the confirmation of Shapiro’s
theory based on

98long wavelength and low Reynolds number approximation by Eckstein [7]

and

Weinberg [8], a number of attempts have been made for advancements in this direction. Further the ureteral
system as peristaltic pump by imposing different waves on ureteral walls was analyzed by Weinberg et al. [9]
and Lykoudis [10]. Zein and Ostrach [11] investigated significance of peristalsis in ureteral system.
Afterwards, Fung [12? 13] discussed the effect of biomechanical forces on dynamics of urethral muscles.
Peristalsis of viscous liquid in both symmetric and asymmetric configurations is ex- plored by Burns and
Parkes [14]. Lubrication approach was adopted by Hanin [15] along with consideration of small amplitude
ratio. An investigation on studying the impact of low Reynolds number on peristalsis in a tube of roller pump
is carried out by Megininiss [16].
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5Peristaltic flow of viscous fluid through circular tube is addressed by Yin and
Fung

[17]. Lew and Fung [18? 19] explored asymmetric flow of viscous fluid in a cylindrical tube. Their
investigation presents the importance of fluid motion inside vessels of living organisms. Barton et al. [20]
discussed the peristaltic motion in tubes. An analysis on peristalsis of viscous fluid subject to inertial and
streamline curvature is conducted by Jaffrin [21]. Tong and Vawter [22] adopted finite element method to
analyze the peristaltic transport through a tube.

1Movement of spermatozoa in tube is mathematically investigated by
Semleser et al.

[23]. Mitra and Parsad managed to determine

43the impact of Poiseuille flow on peristalsis in a two dimensional channel

[24]. Liron [25] developed the series solution by double expansion about long wavelength and Reynolds
number for peristalsis in pipe and channel. He studied the efficiency of biological functions in terms of
peristaltic flow. Assumption of small wave number is invoked in his analysis. Impacts of wave amplitude and
wavelength on flow field was first presented by Brown and Hung [26]? He observed that reflux occurs on the
axis of the tube for short wavelengths. However reflux occurs off the axis for longer wavelengths. A detailed
examination of peristaltic flow through pipe and channel is carried out by Srivastava and Srivastava [27].
Nakanishi [28] numerically investigated a two-dimensional model of peristalsis of viscous fluid through a
channel with pro- gressive waves of wall contraction. Takabatake et al. [29] adopted finite difference scheme
for analyzing the peristaltic pumping through a tube. Peristalsis of incompressible viscous

92fluid through uniform and non-uniform annulus is

elaborated by Makheimer [30]. Inertia and curva- ture effects on peristalsis in asymmetric geometry is
explored by Rao and Mishra

1[31]. Viscous fluid flow subject to complaint walls has been analyzed by Hayat
et al. [32].

There is no doubt that many realistic liquids are different then viscous fluids. Non-Newtonian characteristics
have been exhibited by peristalsis transport of chyme in [33] and contraction and expansion of blood vessels
in [34].

25The classical Navier Stokes relations are unable to describe the nature of
rheological complex
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liquids such as lubricants, hydrocarbons, industrial oils, shampoo, muds, petroleum and blood etc. Non-
Newtonian fluids have wide utility in many phenomena. In order to investigate the non-Newtonian behavior
of fluids, many models have been formulated by the investigators. Patel and Timol [35] mentioned the stress
strain relation- ship for non-Newtonian fluids. Akbar et al. [36] performed an analysis for

105flow of Carreau fluid through asymmetric channel. A

study on peristaltic transport of Jeffrey fluid through rectangu- lar duct is commenced by Ellahi and Hussain
[37]. Jeffrey fluid flow with simplest mathematical form is capable of relating the retardation and relaxation
times effects. Bhatti and Abbas [38] investigated peristaltic blood flow by considering Jeffrey model
saturating porous medium. Ap- plication of low Reynolds number on peristaltic motion of micropolar fluid
was discussed by Devi and Devanathan [39]. Adomian decomposition method was adopted by
Sheikholeslami et al. [40] in order to investigate Jeffrey-Hamel flow analytically. Long wavelength
assumption is employed on two-dimensional peristalsis of non-Newtonian fluid by Rahakrishnamacharya
[41].

5Srivastava and Saxena [42] observed the peristaltic transport of blood through a
tube of uniform diameter. They employed constitutive relation of Casson fluid
for blood.

5Elshehawey et al. [43] scrutinized the peristaltic motion of Carreau fluid by

invoking the lubrication approach and employing the perturbation technique for
small Weissenberg number.

An analytical discussion on flow properties

30of Carreau fluid in a compliant rectangular duct

is commenced by Riaz et al. [44]? Sisko fluid is one of the most important non-Newtonian fluids comprised
of shear thinning as well as shear thickening attributes. Sisko fluid model has tendency to represent the
proper- ties of Newtonian and non-Newtonian fluids for suitable choice of material fluid parameter. An
analysis for porosity and

53magnetic field effects on flow of Sisko fluid

is

23provided by Hayat et al. [45? 46]. Zaman et al.
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[47] managed to study blood flow through vessel by assuming the blood as Sisko fluid. Hayat et al. [48]
reported a numerical investigation of peristalsis of non-Newtonian Carreau-Yasuda fluid under the influence
of Hall effect. Mernone and Mazumdar [49] provided a detailed theoretical investigation of Casson fluid
through an axisymmetric channel. Eytan and Elad [50] inspected the motion of intrauterine fluid motion due
to myometric contraction as peristaltic transport. Nadeem and Akram [51] scrutinized two-dimensional
peristaltic flow of hyperbolic tangent fluid and simplified the problem under lubrication approach.

1Hina et al. [52] examined the wall properties on peristalsis in a curved channel

by considering pseudo- plastic fluid and

1heat and mass transfer. They discussed the shear-thinning/thickening
effects followed by lubrication approach. Akbar et al. [53] employed non-
Newtonian Williomson fluid for numerical study of peristalsis

in an axisymmetric channel. Peristalsis of Prandtl

1fluid under long wavelength assumption has been reported by Riaz et al.

[54]? This work is extended by Hayat et al. [55] with Hall and chemical reaction effects. Viscoelastic non-
Newtonian fluids have tremendous applications in physiology and industry.

17Ree- Eyring can be reduced to Newtonian fluid model for both high and low
shear rates. Also its constitutive equation can be obtained from kinetic
theory of fluids instead of empirical relation.

Ketchup, polymer solutions, ketchup, nail polish and wiped cream are some of the relevant examples.
Physiological fluids movement like blood also contains such characteristics. Pulsatile flow of Ree-Eyring

102fluid in a channel is discussed by Shawky et al.

[56]. Bhatti et al. [57] discussed blood flow in a vessel by considering Ree-Eyring fluid. Abbasi et al. [58]
worked out

54flow of Eyring Powel liquid in curved channel.

This work was extended by Hina et al. [59] in

14presence of heat and mass transfer. Theory of micropolar fluid
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was explained by Eringen [60] and characteristics like body couples, microinertial effects, couple stresses
and microrotation are illustrated in details. Johnson and Segalman [61] introduced the theory for viscoelastic
fluids expressing non-affine deformation. Chaturani and samy [62] analyzed the blood flow through arteries.
Bohme and Friedrich [63] modeled a problem for investigating attributes of an incompressible viscoelastic
fluid in a planar channel without any inertial force. Chaturani and Samy performed an analysis for peristalsis
of blood through stenosed artery [64].

23Flow of Eyring Powell fluid model through straight channel

is demonstrated

23by Hayat et al. [64]. Alvi et al.

[65] examined impact of non-constant viscosity on peristaltic activity of Jeffrey fluid containing nanoparticles.
Latif et al. [66] discussed the peristalsis of third order liquid with variable properties. Also Fosdick and
Rajagopal [67] presented thermodynamics analysis for third grade fluid. Tripathi et al. [68] explored the
peristalsis of fractional Maxwell fluid in a channel. Couple stress fluid model is intended for the body couples
and couple stresses in the medium of fluid. It has applications to understand many physical problems as it
possesses the rheological convoluted fluid phenomena. Coating of paper, plasma, nuclear fuel slurries,
polymers, fossil fuels, lubrication with heavy oils and greases carry such rheological characteristics. From
industry point of view, many applications e.g., colloidal fluids, extrusion of polymer fluids, exotic lubricants,
metallic plate cooling in bath and solidification of liquid crystals are related to this fluid. In the lubrication of
engine rod bearings and tribology of thrust bearings, this fluid is also important. Couple stress model has
been used to discuss biomedical phenomena such as infected urine from a diseased kidney and human and
animal blood. Peristalsis of couple stress liquid in an endoscope was investigated by Mekheimer and Abd
elaboud [69]. Then his work is extended by Shit and Roy [70] through inclined

24channel. The problem is solved analytically by taking long wavelength and low
Reynolds number assumptions. Ramesh [71] stated the rheology of

couple stresses in transport of fluids. Importance of heat transfer in medical and industrial applications
cannot be ignored.

5Par- ticularly, the heat transfer phenomenon in human body is an important
area of research.

Due to its wide spread significance in human tissues, many biomedical engineers are attracted to- wards
human thermoregulation system [72] and thermotherapy [73]. In humans heat transfer take place as
conduction in cancer tissues, metabolic heat generation,

10dilution technique in examining blood flow,
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10perfusion of arterial-venous blood through the pores of the

tissues and vasodilation. Transfer of heat with the interaction of peristaltic fluid flows is significant in
hemodialysis, oxygenation, laser therapy and thermal energy storage. Radhakrishnamacharaya

63et al. [74] and Vajravelu et al. [75] analyzed the heat transfer on peristaltic flow

of viscous

fluid in non-uniform channel and tube. Peristaltic flows of

9viscous and non-Newtonian fluids in the presence of magnetic field

is significant in physiological processes such as medicine and bio- engineering. Many phenomena are
based on MHD principles such as

36design of heat exchangers, flow meters, radar systems, MHD compressor

operation etc. Such

effects is useful in the de- velopment of magnetic devices, hyperthermia [76], blood reduction during
surgeries and cancer tumor treatment, MHD drug targeting [77], micro-circulation flows [78] and biomedical
flow control, separation devices [79], in treatment of the pathologies e.g., gastroenric pathologies,
rheumatisms, constipation and hypertension. Another important aspect of MHD is related to Hall and ionslip
effects. Hall current is much more significant for higher externally applied magnetic field. Further when the
electron-atom-collision frequency is high then ionslip effect cannot be ignored. Some applications which
basically lie on Hall and ionslip currents include MHD generators, electric transformers, power generators,
Hall accelerators, heating elements, refrigeration coils and flight MHD. In addition flow of fluid is much
affected by the presence of Joule heating.

21The study of heat transfer with Joule heating effects has immense applications
in

biomedical engineering and food industries. Effect of Joule heating arises from the fluid elec- trical resistivity
and applied electric field.

19One of the applications of electro osmosis is the fluid delivery in lab-on-a-chip
devices, where one deals with thermally labile samples. Temperature rise
due to Joule heating can result in low column separation efficiency, reduction
of analysis resolution and even loss of injected samples.
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Therefore several investigations regarding these effects in peristalsis are performed. Sud et al. [80]
discussed the magnetic field effect for blood flow. Peristaltic activity of blood flow in equally branched
channel is investigated by Agrawal et al. [81]. Their study concludes that during cardiac surgeries the
magnetic field may be used in blood pump. Radhakrishnamacharya and Murty [82] examined the MHD
aspects of

9peristaltic flow in a non-uniform

channel. Wang et al. [83] discussed magnetohydrodynamics effects on

57peristaltic motion of Sisko fluid in symmetric channel. Hayat et al. [84]

canvassed the peristaltic flow of MHD hyperbolic tangent fluid

55with Joule heating and slip conditions.

Awais et al. [85] examined convective

40heat transfer on MHD peristaltic flow in a

symmetric channel. Abbasi et al. [86] observed MHD

24peristaltic flow of Carreau fluid in curved channel under long wavelength
and low Reynolds number

assumptions. Further his work was extended by Ellahi et al. [87] by employing a uniform duct of rectangular
cross section. Analytical solutions are obtained by employing a perturbation method. They also compared
their results by numerical solutions. Heat transfer phenomenon with Ohmic heating is discussed by Asghar
et al. [88]. They also considered the Hall and ionslip effects in their analysis. Hayat et al. [89] extended the
work of Asghar et al. [88] for Jeffrey nanofluid. Nowar [90] investigated peristaltic flow of nanofluid saturating
porous space inside the channel with Hall effect.

9In a non-uniform rectangular duct

Pop et al. [91] observed

12the peristaltic flow of non-Newtonian fluid with

magnetic and ionslip effects.
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94Blood flow of Powell Eyring fluid in a porous

medium with ionslip effect

11is studied by Bhatti et al. [92]. Noreen and Qasim [93] analyzed the flow of

pseudoplastic fluid in presence of Hall current. In many environmental and scientific processes,

20thermal radiation plays a significant role. Radiative heat transfer

occurs when electromagnetic waves propagate across pore-air spaces. Heating and cooling of chambers,
astrophysical flows, solar power technology and water evap- oration from open reservoirs are useful
applications of this effect. Thermal insulation, cooling of nuclear reactors, combustion, fluidized bed heat
exchanger,biological tissues, turbid water bodies, furnace design, gas turbines, power generation systems,
high temperature plasmas, fire spreads, solar fans, solar collectors, cancer therapy are such significant
examples of thermal radiation. In addition heat generation/absorption effect is quite useful in thermal
performance of working fluids.

20Radiation can control the excess heat generation inside the body since
high temperatures pose serious stresses for the human body placing it in
serious danger of injury or even death.

Further the involvement of heat generation/absorption effect in heat transfer is encountered frequently in
many fields such as engineering, aerosol technology and industrial sector. It is also quite useful in the
manufacture of plastic and rubber sheets, food stuff storage, disposal of radioactive waste material and
dislocating of fluids in packed bed reactors.

1Having all such in mind the representative studies for

non-uniform heat source/sink and

1radiation of nonlinear fluids have been addressed by number of
researchers

[94 − 102]. Mass transfer mechanism involves transfer of mass from one location to another. Mass transfer
occurs in variety of engineering process. Specifically in chemical industry, mass trans- fer has widespread
applications such as diffusion of chemical impurities, distillation process, reverse osmosis and membrane
separation process. The rate of mass transfer rely on diffusivity and flow pattern of fluid. Investigation of
combined heat and mass transfer species is impor- tant in seeking better understanding of various physical
phenomena. Heat and mass transfer is not only responsible for energy distribution in the system but these
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also influence the system mechanics. Peristalsis with heat and mass transfer has vital position in biomedical
sciences and industry. Few relevant applications are food processing [103], fog dispersion [104], metal
purification [105], vasodilation, perspiration in hot weather, blood transfusions [106], heat con- vection
occurring due to blood flow through pores of tissues, food drying [107], nuclear power generation [108],
underground disposal of nuclear waste and extraction of geothermal energy. Energy flux induced by

13concentration gradient is referred as Dufour effect whereas mass flux
produced by temperature gradient is known as Soret effect.

Importance of Soret-Dufour effect cannot be neglected in isotopes separation, catalytical reactor, reservoir
engineering and paper industry. Ogulu [109] put forward his efforts in investigating

79fluid and mass transfer flow of blood through single vessel.

Nadeem and Akbar [110] discussed peristalsis of Jeffrey-six con- stant fluid filled

11with heat and mass transfer simultaneously. Hayat et al.

[111] scrutinized

12heat and mass transfer effects on peristaltic transport of pseudoplastic in the
presence of in- duced magnetic field. Shaaban and

Abou-zeid [112] performed a comprehensive study on MHD

23peristaltic flow of Eyring-Powell fluid. Hayat et al.

[113] examined Joule heating aspects

9on mixed convective peristaltic flow of viscous nano fluid with Soret -Dufour
effects.

Mustafa et al. [114] focused their attention on study of peristalsis of

13fourth grade fluid under the influence of Dufour and Soret effects.

They adopted Keller-box method for numerical solution of non-linear boundary value problem. Hayat et al.
[115] discussed
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13Soret and Dufour effects on peristalsis of pseudoplastic fluid through a
tapered channel.

Farooq et al. [116] considered the mathematical aspects of

52Soret and Dufour phenomena on MHD peristalsis of

Jeffrey fluid. He performed his analysis subject to variable viscosity.

13Hayat et al. [117] accounted the Soret-Dufour

impacts on peristalsis of Bingham plastic fluid by regular perturbation technique for series solution of
problem. Chemical reaction is another phase of mass transfer. Investigation of heat and mass transfer
problems with chemical reaction has promising applications in industry such as burning of fuels, making
cheese, solar collector, combustion system, smelting iron and brewing beer. Chemical reactions are integral
part of many complicated processes of living organisms. Mustafa et al. [118] addressed

40heat and mass transfer on mixed convective peristalsis of fourth grade fluid.

Hayat et al. [119] attempted to investigate

85the peristaltic transport of Casson fluid under the influence of

chemical reaction and Soret-Dufour effect. Sankad and Dhange [120] modeled

30peristaltic transport of incompressible viscous fluid with flexible walls and

chemical reaction. He computed the mean effective coefficient of dispersion through Taylor’s limit and long
wavelength hypothesis. Muthuraj et al. [121] performed a comprehensive examination

39on peristaltic pumping of dusty fluid in the presence of

chemical reaction and wall properties. Impact of thermal deposition and chemical reaction on peristalsis of
Carreau-Yasuda fluid is reported by Hayat et al. [122]. Machireddy and Kattamreddy [123] commenced a
study for Joule heating and chemical reaction effects on

104peristaltic flow through porous medium. Influence of chemical reaction
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on hydromagnetic peristaltic pumping of radiating and reacting couple stress fluid passing through an
inclined

52channel is explored by Reddy et al. [124]. Mishra et al.

[125] explained impact of chemical reactions on peristalsis of physiological fluids with temperature
dependent properties. Thermophoresis is a kind of mass transfer that occurs due to movement of colloidal
par- ticles due to macroscopic temperature. Small suspended particles are more likely to travel in the
direction of decreasing

10temperature when temperature gradient is maintained in the gas.

10This phenomenon arises due to difference of average velocities of particles.
The most common

applications of thermophoresis are stone statue erosion, eliminate the particles from gas stream, silicon thin
film deposition and

10blackening of glass of kerosene lantern. The

novel features of Joule heating

10and thermophoresis on MHD peristaltic pumping of

viscous nanofluid are elabo- rated by Shehzad

53et al. [126]. Hayat et al. [127] scrutinized the effects of thermophoresis and

rotations on MHD peristalsis of Jeffrey fluid with non-uniform heat source/sink and flexible wall channel. Ali
et al. [128] considered fourth grade for peristaltic transport through asymmetric channel of convective walls
with concentration and thermophoresis effects. Analytic solution of problem is approximated through
perturbation technique. Analysis of heat transfer in fluid flow by movement of particles is known as
convection. In many physical processes such as gas turbines, thermal storage and nuclear fluid transport,
macroscopic fluid transportation produces development in heat transfer. Transfer of heat be- tween static
fluid and solid boundary through physical contact is referred as conduction. In case of moving fluids, heat
transfer occurs through conduction as well as convection. For such problems boundary conditions can be
modified by

5Fourier law of heat conduction and the New- ton’s law of cooling. These

conditions are referred as convective
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boundary conditions [129? 130]. Hemodialysis and oxygenation, hypothermia treatment,

60sanitary fluid transport, blood pump in heart-lung machines, transport of
corrosive fluids,

laser therapy and coldness cryosurgery are some practical applications. In view of such importance various
researchers studied the peristaltic flow subject to convective boundary condition [131 − 135]? Flow pattern
with

18slip boundary characteristics has special significance in many applications.
Undoubtedly due to the wetted wall, a loss of adhesion

by fluid is presented

18which compels it to slide along the wall.

In fluid-solid interaction situations, slip effect is meaningful in describing the macroscopic effects of certain
molecular phenomena. Some daily life applications of slip are rarefied fluid, polishing of internal cavities and
artificial heart valves,

42fluid motion within human body, flow on multitudinal interfaces

and thin film.

1However less devotion towards slip relative to peristalsis is shown in the
literature.

18Ali et al. [136] examined the slip effects on MHD peristaltic flow of viscous

fluid with variable viscosity. Hayat et al. [137? 138] captured the effect of slip
under peristaltic flow of Jeffrey and

viscous materials respectively. Couple stress fluid flow with peristalsis through porous medium comprising
slip effects has been reported by Ramesh [139]. Hina et al. [140] studied peristalsis of Johnson-Segalman
fluid in curved geometry subject to slip conditions. Yildirim and Sezer [141] discussed

76partial slip on MHD peristalsis of viscous fluid in an asymmetric channel.
Peristaltic motion of
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power-law model is analyzed by Kumar et al. [142]. Ellahi and Hussain [143] discussed peristaltic flow in a
rectangular duct with slip effects. Some more investigations for slip effect are reported via studies [144 −
149]. Existing literature on peristaltic mechanism were done in straight or curved channels. How- ever
literature peristalsis of viscous and non-Newtonian fluids in rotating channel is scarce. Flow of fluid in
rotating frame has gained much importance amongst the researchers. It is because of its vast applications in
ocean circulation, gas turbines, medical equipment, galaxies formation, aircraft, rotational spectroscopy,
rotational air cleaner and geophysical flows. This phenomenon through rigid body rotation give rise to effects
of centrifugal and Coriolis force in addition of inertial forces. Few aspects for peristalsis with rotating frame
are discussed in the attempts [150 − 156]. 1.2 Basic equations Here the basic laws for mass, momentum,
energy and concentration are presented. 1.2.1 Mass conservation The mass conservation equation in
differential form is ?? ?? +∇?(?V)=0? (1.1) Here ? denotes the density, V the velocity and ∇ represents
gradient operator. For incom- pressible material ∇?V = 0? (1.2) 1.2.2 Momentum conservation Generalized
equation of motion is ? ?V ?? = ∇?τ +?f ? τ = −?I + S? (1.3) (1.4) where τ represents Cauchy-stress tensor, f
body force, I identity tensor, S extra stress tensor, ? the material time differentiation, and ? the pressure .
Equation of momentum in rotating is ?? written as: ? ?V ?? + ? [2 (Ω × V) + Ω × (Ω × r)] = ∇?τ +?f ? (1.5)
where on left hand side second and third terms present the Coriolis and centrifugal force re- spectively. Here
Ω denotes angular velocity. 1.2.3 Energy conservation The energy equation is ??? ?? = −∇? (−? grad ? )
+??? ?? (1.6) where ? shows temperature, ?? specific heat and ? fluid’s thermal conductivity. First and
second term on right side stands for energy flux and source term related to transport of energy. For the
modification of heat transport characteristics the source term is responsible for consideration of velocity
components, radiative heat flux, surface heating cooling, and viscous dissipation. Moreover, it also stands
for other physical phenomena such as Joule heating and Dufour effects. 1.2.4 Concentration conservation
Suppose ? be the mass concentration of fluid per unit volume, then equation of mass can be given as: ?? =
??∇2? + ???? ∇2? (1.7) ?? ?? in which ?? presents the thermal-diffusion ratio, ?? stands for mass diffusion
coefficient and ?? is the mean temperature. 1.2.5 Transformations and volume flow rate In present thesis we
use Galilean transformations for flow analysis from laboratory to wave frames of reference. The variables
are designed as ? =

2?ˆ − ??ˆ? ? = ?ˆ? ? = ?ˆ? ? = ?ˆ(?ˆ? ?ˆ? ?ˆ)? ?(?? ?? ?) = ?ˆ(?ˆ? ?ˆ? ?ˆ) − ?? ?
(?ˆ? ?ˆ? ?ˆ) = ?ˆ(?ˆ? ?ˆ? ?ˆ)? ?(?ˆ? ?ˆ? ?ˆ) = ?ˆ(?ˆ? ?ˆ? ?ˆ)? (1.

8) where ?? ?? ?? ? are the pressure and velocity components with respect to wave frame.

69The dimensionless volume flow rate for asymmetric channel in fixed and wave
frames is given by

2?¯1(?ˆ?ˆ?) ?1(?) ?¯ = ?ˆ(?ˆ? ?ˆ? ?ˆ)??ˆ? ?¯ = ?(?? ?? ?)??? (1. 9) ?¯2(Z ?ˆ?
ˆ?) ?2Z(?) Using Eq. (1?

8), the volume flow rate can be related by ?¯ = ?¯ + ??1 (?) − ??2 (?) ?

11The time mean flow at a fixed position ?ˆ over a period (say ??) is
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?? Θ¯ = 1 ?¯??? ?? Z0 Putting Eq. (1?10) into Eq. (1?11) and then evaluating the integral we get Θ¯ = ?¯ +
??1 + ??2? Now defining nondimensional mean time flow in fixed and wave frames respectively Θ¯ ?¯ ? =
??1 ? ?1 = ??1 ? finally we obtain ? = ?1 + 1 + ?? (1.10) (1.11) (1.12) (1.13) (1.14) in which ?1(?) ?1 = ?(??
?? ?)??? (1.15) ?2Z(?) Similarly for symmetric channel the flow rate is given by ?(?) ?1 = ?(?? ?? ?)???
(1.16) Z0 1.2.6 Dimensionless parameters The non-dimensionless parameters occurring in whole thesis are
defined as ? 0 = ? = ??2 = ?? = Re Ω¯? ? ? ? = ?????0 ? ? = ??02 ? ?? = ?? ?? ? ?0?? ? Pr = ?? ? ?? = ??
(? = 1? 2)? ??1 = ?? ?2 ??? ?? ˚?1? ? ˚?2 ? ? ? ?1 = − ??3??3? ? ?2 = ??∗13???3 ? ?3 = ?3 ?0 ??2 31?
6???∗∗?03? ? = ??0??2? ?0 = −?∗?∗??0 ? ?? ? ? = ? Re = ? ? ? ?? = ??0?0 ? ???0?0 ? ?1?2 ??????0 ?
?? = ?? ? ?? = ????0 ? ? = ?1 ? ? = ? ? (1.17) Here Re denotes the Reynolds number, Ω¯ the angular
velocity, ?? the displacement, ? the wave speed, ? the wavelength, ? the fluid density, ? the kinematic
viscosity, ? the electrical conductivity, ?0 the magnetic field strength, ? the electron, ?? the cyclotron
frequency? ? the dynamic viscosity, ?0 concentration at walls? ?0 temperature at walls, ?? the specific heat,
?? thermal conductivity, ?? the amplitudes, ˚?1, ˚?2heat and mass transfer coefficient, ?

5the elastic tension, ?∗1 the mass per unit area, ?0 the damping coefficient, ?∗

the

Stephen Boltzman constant, ?∗ the mean absorption coefficient, ?0

101non-uniform heat source/sink coefficient, ?∗∗ the thermophoretic coefficient,
?? the

reference temperature, ? the mass diffusivity coefficient, ?? concentration susceptibility? ?? mean fluid
temperature? ?0 thermal diffusion ratio, ?1 the chemical reaction coefficient, ? non-uniform channel
coefficient, ? 0 denotes

7the Taylor number, ? the Hall parameter, ? the Hartman number, ?? Brinkman
number, ? Eckert number, Pr Prandtl number,

?? amplitude ratio variable, ??1

99heat transfer Biot number, ??2 mass transfer Biot number,

??(? =

361?2?3) the wall parameters, ?? the radiation variable, ? the non-

uniform heat source/sink parameter, ?0 thermophoretic parameter, ? wavelength, Re Reynolds number, ??
Schmidt number, ? non-uniform channel parameter, ?? Dufour number, ? chemical reaction parameter and
?? Soret number. Chapter 2 Hall current and Joule heating impacts in peristaltic transport of rotating liquid
2.1 Introduction The present chapter is
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6arranged to study the Hall current and Joule heating effects on peristaltic
flow of viscous fluid. Channel with flexible

boundaries is considered. System consisting of liquid and channel behaves like a rigid body.

6Convective conditions for heat transfer in the formu- lation are adopted.
Viscous dissipation in energy expression is taken into account. Resulting
differential systems after invoking small Reynolds number and long
wavelength considerations are numerically solved. Runge-Kutta scheme of
order four is implemented

temperature, ax- ial and

6secondary velocities and heat transfer coefficient. Comparison with
previous limiting studies is shown. Outcome of new parameters of interest is
analyzed.

2.2 Problem development We choose channel with compliant boundaries. Viscous liquid is electrically
conducted. Electric field effect is not considered. However the Hall and Joule heating effects are accounted.
Both the channel and

82fluid rotates with a uniform angular velocity Ω¯ about the ?−????. The

channel walls are convectively heated. Viscous dissipation impact is accounted. The sinusoidal waves
propagating along the channel walls (at ? = ±?) are ? = ±?(?? ?) = ± ? + ? sin 2? ? (? − ??) ? (2.1) ∙ ¸ Fig.
2.1: Geometry of problem. where ?? ?? ? and ?? represent the wave amplitude, wavelength, wave speed
and time respectively. The equations in rotating frame can be put as follows: ?? ?? ?? ?? = 0? + (2.2) ? ????
− 2?Ω¯? = − ????˜ + ? ?2 ?2 ??2 ??2 + ? + ??02 (−? + ??)? (2.3) ∙ ¸ 1 + ?2 ? ???? + 2?Ω¯? = −????˜ + ? ?
2 ? 2 ∙ ? ?2 ? ? 2 ¸ 1 + ?2 + ? − ? ?02 (? + ??)? (2.4) ? ?? ?? =−?? +? ??2 ??2 ?? ??˜ ?2 ?2 + (2.5) ∙ ¸
??????? = ??∇2? + 1?+??022 (?2+?2)+? 2 ?? 2 ?? 2 + ?? ) + ?? ?? 2 " (µ??¶ + # ? (2.6) µ ¶ µ ?? ?? ¶ The
conditions for present problem are ?? ?? ?? = −˚?1(? − ?0) at ? = ?? (2.7) ?? ?? ?? = −˚?1(?0 − ? ) at ? =
−?? (2.8) ? = 0? ? = 0 at ? = ±? (2.9) and compliant wall condition is ? ?? ?? + ?2 + ?2 ???(?) = ?? = −? ??
??2 ??2 ? + ??02 (−? + ??) + 2?Ω¯? at ? = ±?? ∙ ¸ 1 + ?2 (2.10) ? = −? ???22 + ?∗1 ???22 + ?0 ??? ?
where ?˜ = ? − 12 ?Ω2(?2 + ?2)? If ? (?? ?? ?) is the stream function then ? = ??? ? = −???? (2.11) ?? = ???
− 1 +??22 (? + ???) − 2? 0??? (2.14) ?? = 0? (2.15) Define the dimensionless variables as: ?∗ = ?∗ = ? = ?
? ?∗ = ? ? ?∗ = ? ? ?∗ = ?2?˜ ? ?∗ = ?? ? ? ? ??? ? ? ? ? ?∗ = ? ? ?∗ = ? ? ?∗ = ? ? ? ? ? ? ? − ?0 ?1 − ?0 ?
(2.12) The problems

44subject to long wavelength and small Reynolds number become ?? = ???? −

1
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+??22 ?? + 2? 0 + 1?+2??2 ?? µ (2.13) ¶ ??? + ????2? − ?? 1 +??22 ??2 = 0? (2.16) ? = 1 + ? sin 2? (? −
?) ? (2.17) ?? + ??1? = 0 at ? = ?? ?? − ??1? = 0 at ? = −?? (2.18) ?? = 0? ? = 0 at ? = ±?? (2.19) ?1 ??3 +
?2 ????2 + ?3 ???? ? = ??? − 1 + ?2 ?3 ?3 ?2 ?2 ∙ ?? + 2? 0 + 1?+2??2 ? at ? = ±?? (2.20) ¸ µ ¶ From
equation (2?15) ? =6 ?(?) so equations (2?13) and (2?14) yield ????? + 2? 0 + 1?+2??2 (2.21) µ ¶ ?? − 1 +
?2 ??? = 0? ?2 ??? − 1 +??22 (? + ???) − 2? 0?? = 0? (2.22) Here the pressure term is neglected because
of secondary flow which is produced due to rotation. 2.3 Solution methodology Now our interest is to solve
equations (2?16), (2?21) and (2?22) subject to the conditions (2?17)− (2?20)? Therefore we apply a
numerical technique (shooting technique

50with fourth order Runge- Kutta integration) built in command of Mathematica.

The

graphical outcomes of velocities (?? ?), temperature (?) and

96heat transfer coefficient (?) have been discussed in detail for the sundry

parameters. 2.

4 Discussion 2.4

27.1 Axial velocity Figs. (2 ?2 − 2?5) are plotted to see the effects of

?? ? 0? ? and ?1? ?2? ?3 on axial velocity ?(?).

56The impact of Hartman number ? on

velocity profile ?

37is sketched in Fig. 2? 2? Result in Fig. shows decaying behavior of ? via

larger

?. It is due to the resistive nature of Lorentz force. Impact of Taylor number ? 0 on velocity profile

5is displayed in Fig. 2?3. It is evident from Fig. that velocity is enhanced by
increasing rotation. The

5reason behind this fact is that the rotation of fluid

induced the secondary flow which causes decrease in velocity. The result matches with the study [155]. On
the other hand Fig. 2?4 shows the increasing impact of axial velocity for increasing Hall parameter ?. In fact
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for larger values of ?

49the effective conductivity decreases. It causes decrease in magnetic

damping force

and hence axial velocity enhances. Variation in ? for wall parameters is depicted in Fig. 2?5. The velocity
increases for larger ?1 and ?2 while it decays for increasing damping parameter ?3.

26Fig. 2.2 Fig. 2.3 Fig. 2.2:

Axial velocity ? for ? with ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 = 0?1? ? = 0?5? ? 0 = 0?2?
??1 = 2? ?? = 0?3? Fig. 2.3: Axial velocity ? for ? 0 with ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?
3 = 0?1? ? = 0?5? ? = 0?2? ??1 = 2? ?? = 0?3?

26Fig. 2.4 Fig. 2.5 Fig. 2.4:

Axial velocity ? for ? with ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 = 0?1? ? = 0?2? ? 0 = 0?2?
??1 = 2? ?? = 0?3? Fig. 2.5: Axial velocity ? for ?1? ?2? ?3 with ? = 0?2? ? = 0?2? ? = 0?1? ? = 0?5? ? =
0?2? ? 0 = 0?2? ??1 = 2? ?? = 0?3? 2.4.2 Secondary velocity Figs. (2?6 − 2?9) are sketched for the
outcome of emerging parameters on secondary velocity ?(?). In Fig. 2?6 secondary velocity decreases for
increasing Hartman number ?. Fig. 2?7 depicts that for larger Taylor number ? 0 the secondary velocity
increases. It is because of the fact that secondary velocity is enhanced due to an increase in rotation. This
result also agrees with previous studies of Hayat et al. [155] and Mahmoud [154]. Also Fig. 2?7 shows no
variation when ? 0 = 0. In Fig. 2?8 the effect of Hall current parameter ? on ?(?) is depicted. Larger ? lead to
secondary velocity enhancement. The result shows that ? resists the change in fluid caused by

41an increase in the applied magnetic field strength. Fig.

2?9 witnesses that ? is enhanced for greater values of ?1 and ?2 whereas it has reversed behavior for ?3.

26Fig. 2.6 Fig. 2.7 Fig. 2.6:

Secondary velocity ? for ? with ? = 0?5? ? = 0?1? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 = 0?1? ? = 0?4? ? 0 =
0?2? ??1 = 2? ?? = 0?3? Fig. 2.7: Secondary velocity ? for ? 0 with ? = 0?5? ? = 0?1? ? = 0?1? ?1 = 0?3? ?
2 = 0?1? ?3 = 0?1? ? = 0?5? ? = 0?5? ??1 = 2? ?? = 0?3?

3Fig. 2.8 Fig. 2.9 Fig. 2.

8: Secondary velocity ? for ? with ? = 0?5? ? = 0?1? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 = 0?1? ? = 0?5? ? 0
= 0?2? ??1 = 2? ?? = 0?3? Fig. 2.9: Secondary velocity ? for ?1? ?2? ?3 with ? = 0?5? ? = 0?2? ? = 0?1? ?
= 0?4? ? = 0?5? ? 0 = 0?2? ??1 = 2? ?? = 0?3? 2.4.3 Temperature Variations of temperature distribution ?
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plotted against ? for several interesting parameters are observed through Figs. 2?10− 2?14. Temperature
decays as we increase Hartman number ? and rotation parameter ? 0 (see Figs. 2?10 and 2?11). In Fig. 2?
12 the temperature reduces when heat transfer Biot number ??1 increases. The obtained result indicates
that

97the thermal conductivity of the fluid reduces with the

increase in ??1 and thus temperature decreases. Fig. 2?13 reveals that temperature increases for larger
Brinkman number ??. In fact minimum heat conduction is produced by viscous dissipation. The increasing
behaviors of temperature for elastic parameters ?1 and ?2 and decreasing behavior for damping parameter
?3 are shown in

3Fig. 2? 14. Fig. 2.10 Fig. 2.11 Fig. 2.

10: Temperature ? for ? with ? = 0?2? ? = 0?1? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 = 0?1? ? = 0?4? ? 0 = 0?
2? ??1 = 2? ?? = 0?3? Fig. 2.11: Temperature ? for ? 0 with ? = 0?2? ? = 0?1? ? = 0?1? ?1 = 0?3? ?2 = 0?
1? ?3 = 0?1? ? = 0?4? ? = 0?5? ??1 = 2? ?? = 0?3?

88Fig. 2.12 Fig. 2.13 Fig. 2.

12: Temperature ? for ??1 with ? = 0?2? ? = 0?1? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 = 0?1? ? = 0?5? ? 0 =
0?2? ? = 0?4? ?? = 0?2? Fig. 2.13:Temperature ? for ?? with ? = 0?2? ? = 0?1? ? = 0?1? ?1 = 0?3? ?2 = 0?
1? ?3 = 0?1? ? = 0?5? ? 0 = 0?2? ? = 0?4? ??1 = 2? Fig. 2.14 Fig. 2.14: Temperature ? for ?1? ?2? ?3 with
? = 0?2? ? = 0?1? ? = 0?1? ? = 0?4? ? = 0?1? ? 0 = 0?2? ??1 = 2? ?? = 0?3? 2.4.4 Heat transfer
coefficient The impacts of ?? ?0? ?? and ?1? ?2? ?3 on rate of heat transfer at channel walls are portrayed
in Figs. 2?15 − 2?18. Fig. 2?15 shows oscillatory behavior for increasing Hartman number ?. Here ? shows
decreasing behavior for increasing Taylor number (see Fig. 2?16). In Fig. 2?17 the rate of heat transfer
coefficient ? is enhanced for larger Brinkman number ?? due to stronger viscous dissipation effect. The
magnitude of heat transfer coefficient ? near centerline increases for wall parameters whereas it decreases
near the boundaries of the channel (see

3Fig. 2? 18). Fig. 2.15 Fig. 2.16 Fig. 2.

15:

1Heat transfer coefficient ? for ? with ? = 0?2? ? = 0?1? ?1 = 0? 3? ?2 = 0? 1?

?3 = 0? 1? ? = 0 ?5?

? 0 = 0?2? ??1 = 2? ?? = 0?3? Fig. 2.16:
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1Heat transfer coefficient ? for ? 0 with ? = 0? 2? ? = 0?1? ?1 = 0? 3? ?2 = 0?
1? ?3 = 0?

1? ? = 0?5? ? = 0?2? ??1 = 2? ?? = 0?3? Fig. 2.17 Fig. 2.18

1Fig. 2.17: Heat transfer coefficient ? for ?? with ? = 0? 1? ? = 0?1? ?1 = 0? 3?

?2 = 0? 1? ?3 = 0? 1? ? = 0 ?5?

? 0 = 0?2? ? = 0?4? ??1 = 2? Fig. 2.18: Heat transfer coefficient ? for ?1? ?2? ?3 with ? = 0?2? ? = 0?1? ?
= 0?4? ? = 0?5? ? 0 = 0?2? ??1 = 2? ?? = 0?3? 2.5 Conclusions

6Hall current and Ohmic heating effects on peristaltic flow in a rotating

frame are analyzed. The major key findings are: • Impact of Hartman and Taylor numbers on the axial
velocity are found similar. • Both axial and secondary velocities are increasing functions of Hall parameter. •
Opposite behavior of Taylor number on axial and secondary velocities is observed. • The axial and
secondary velocities show similar behavior for wall parameters. • Rotation parameter leads to an
enhancement of temperature. • Temperature decays for increasing ??1 while it enhances for Brinkman
number, Hartman number and wall parameters. • Hartman and Taylor numbers outcomes on heat transfer
rates are opposite to that of Brinkman number and wall parameters. Chapter 3 Impact of thermal radiation
and thermophoresis on peristalsis in rotating frame 3.1 Introduction

4Thermal radiation effect on peristaltic activity of rotating flow in a channel

is addressed in this chapter.

4The influences of thermophoresis and chemical reaction are taken into
account. Convective heat and mass transfer conditions in formulation are
adopted. In addition, the non- uniform heat source/sink effect is included in
heat transfer analysis. Exact solutions for stream function and temperature
are obtained. Numerical solution for concentration of developed
mathematical model are obtained by considering low Reynolds number and
long wavelength. The effects of emerging physical parameters are analyzed
through graphical illustrations. It is found that influences of thermophoretic
and thermal radiation parameters on temperature and concentration are
quite opposite. Further heat transfer coefficient decays when rotation is
increased.

3.2 Problem development Consider an incompressible
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6viscous fluid in a channel with width 2?. Both the channel and

fluid rotates with a uniform angular velocity Ω¯ about the ? − ????. Mathematical expression for wave
propagation along the channel walls at ?ˆ = ±?¯

48is given by ?¯ (?ˆ? ˆ?) = ? + ? sin 2? (?ˆ − ?ˆ?)?

? (3.1) In a rotating frame the governing equations are given by

16??ˆ ??ˆ ??ˆ ??ˆ = 0? + (3.2) ? ??ˆ ??ˆ− 2?Ω ?ˆ=−??ˆ+?∙??ˆ2 ??˜ ?2 ?2 ?2 + ??ˆ2

??ˆ2¸ + ?ˆ? (3.3) ? ?ˆ? ??ˆ+ 2?Ω ?ˆ=−??ˆ+?

??˜

29?2 ?2 ?2 ∙??ˆ2 ??ˆ2 ??ˆ2¸? ˆ? + + (3. 4) ? ??ˆ ??˜ ?2 ?2 ?2 ??ˆ =−??ˆ +?∙??ˆ2 ??
ˆ2 ??ˆ2¸ + + ?ˆ? (3. 5) ?? ??? ??ˆ ?2 ?2 ?2 = ?? ∙??ˆ2 + ??ˆ ??ˆ 2 ??ˆ2 + ??ˆ2¸?

+? "µ

91??ˆ + ??ˆ ¶ # − ?(??)?ˆ ??ˆ +?0(? −?0)? (3.6) ?? ? 2 ? 2 ? 2

??ˆ = ? ∙ ? ?ˆ2 ? ?ˆ2 ? ?ˆ2 ¸ + + ?− ?(?? (? − ?0)) ? ?ˆ − ?1(? − ?0)? (3.7) Using Rosseland heat flux
approximation we have ?? = −43??∗∗ ???ˆ?4? (3.8) where ?∗ and ?∗represent the Rosseland mean
absorption coefficient and Stefan-Boltzmann respectively. Expanding ? 4 about ?0 and ignoring higher order
terms of (? − ?0). Then ?? = − ?? ??ˆ ?∗∗? ?? ? (3.9) where ?? ?∗∗ and ?? denote the kinematic viscosity,
thermophoretic coefficient and reference temperature respectively. The conditions for present problem are

32?ˆ? = 0? ?ˆ? = 0? ?? ??ˆ = 0? ? ??ˆ = 0 at ?ˆ = 0? ?? ?? ?ˆ = 0? ?ˆ = 0? ??
????ˆ = −˚?1(?0 − ? )? ? ????ˆ = −˚?2 (?0 − ?) at ?ˆ = ˆ??

(3.10) (3.11) in which ˚?1 and ˚?2 indicate the heat and mass transfer coefficients respectively. Putting Eqs.
(3?8) and (3?9) in Eqs. (3?6) and (3?77) and then using the wave frame transformations ? =

2?ˆ − ??ˆ? ? = ?ˆ? ? = ?ˆ? ? = ?ˆ(?ˆ? ?ˆ? ?ˆ)? ?(?? ?? ?) = ?ˆ(?ˆ? ?ˆ? ?ˆ) − ?? ?
(?ˆ? ?ˆ? ?ˆ) = ?ˆ(?ˆ? ?ˆ? ?ˆ)? ?(?ˆ? ?ˆ? ?ˆ) = ?ˆ(?ˆ? ?ˆ? ?ˆ)? Eqs. (3? 2) − (3? 7)

become ?? ?? ?? ?? =0?
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+ (?+?)??+???+???−2Ω? =−??+? ??2 ??2 ??2 ?? ?? ?? ?? ?2? ?2? ?2? + + ? ∙ ¸ ∙ ¸ ?? ?? ?? ?? ?? ?2? ?2?
∙ (?+?)??+???+???+2Ω? =−??+? ??2 ??2 ??2 + + ? ¸ ∙ ¸ ∙ (?+?)?? +??? +???¸ ?? ?? ?? = − + ? ?? ?? ?2? ?
2? ∙ ??2 ??2 ??2 + + ? ?? ¸ ?? ?2 ?2 ?2 + + ?? ?? 2 ??? ?? = ? ??2 ??2 ??2 ? + ? ∙ ¸ "µ ?? + ?? ¶ # + 136??
∗∗ ?03 ??2 + ?0(? − ?0)? ?2 ?? ?2 ?2 ?2 ?∗∗? ? ?? ?? = ? ??2 ??2 + + ∙ ??2 ?+ ¸ ? ? ∙ ?? ?? (? − ?0) − ?1(?
− ?0)? µ ¶¸ (3.12) (3.13) (3.14) (3.15) (3.16) (3.17) (3.18) Using

7dimensionless variables ?∗ = ? ? ?∗ = ? ? ?∗ = ? ? ?∗ = ?? ? ?∗ = ?2? ? ? ?
? ??? ? ?∗ = ? ? ?∗ = ? ? ?∗ = ? ? ?∗ = ? ? − ?0 ? ? ? ? ? ? = ?0 ? ? − ?0 ? ?? ?

= ?0 ? ? = ? ? Re = ? ? ? = ??? ? = −???? and applying lubrication approach,
the Eqs.

(3?14) − (3?18) give ?? − ???? − 2? 0? = 0? ?? − ??? + 2? 0(?? + 1) = 0? ?? = 0? (1 + ?? Pr)??? + +???
2?? + ?? = 0? ??? − ? 0?? [???? + ????] − ?? = 0 and the conditions in non-dimensional form are (3.19)
(3.20) (3.21) (3.22) (3.23) (3.24) (3.25) ?(?) = 1 + ? sin 2??? ?? ?? ? = 0? ??? = 0? ?? = 0? ?? = 0? ?? = 0
at ? = 0? ? = ?1? ?? = −1? ? = 0? ?? − ??1? = 0? ?? − ??2? = 0 at ? = ?? ?? ?? where the stream function ?
gives ? ?1 = ???? Z0 From Eq. (3?23) ? =6 ?(?)? thus Eq. (3?21) becomes ????? + 2? 0?? = 0 (3.26) (3.27)
(3.28) (3.29) and due to rotational effect, we neglect pressure term caused by secondary flow. Therefore Eq.
(3?22) becomes ??? − 2? 0(?? + 1) = 0? (3.30) 3.3 Solution methodology The closed form solutions of Eqs.
(3?29)? (3?30) and (3?24) and boundary conditions (3?26) − (3?27) are ?(?) = sin 2? ? 0 − sinh 2? ? 0 [−?
sin 2? ? 0 − ?1(2(?1 + ?) cosh ? ? 0 sin ? ? 0 √ √ −1 √ √ √ ³ −2?1 cos ? ? 0 sinh ? ? 0 − 2? cos ? ? 0 sinh ? ?
0) + ? sinh 2? ? 0 √ √ ´ √ √ √ +(1 + ?)(?1 + ?)?2(sin(1 + ?)? ? 0 − sinh(1 + ?)? ? )]? √ √ 0 (3.31) ?(?) = sin 2?
? 0 − sinh 2? ? 0 [2(?1 + ?)(cos 2? ? 0 − cosh2 ? ? 0 √ √ −1 √ √ −2?3 cos ? ? 0 cosh ?√? 0´)+ sinh2 ? ? 0 +
?4 sin ? ? 0 sinh ?√? 0]? ³ √ √ √ (3.32) ?(?) = (?1 + ?2) cosh ?3? + (?1 − ?2) sinh ?3? + ?4[(cosh ?5 − sinh ?
5) (?? cos ??? + ?? cosh ??? + ?? sin ??? + ?? sinh ???)]? (3.33) where ?? (? = 1 − 4), ?? (? = 1 − 5)?
???? (?? ? = 1 − 32), ???? (? = 1 − 32), ?? (? = 1 − 32) and ?? (? = 1 − 32) have been computed
algebraically. Eq. (25) is solved numerically using NDSolve built in MATHEMATICA. 3.4 Discussion The
Taylor number ? 0 effect on

11axial velocity is sketched in Fig. 3?1. It is noticed from Fig. that

velocity is decreasing function of ? 0 in the upper half of the channel whereas it shows an increasing
behavior in lower half of channel. It is because of the fact that the secondary flow is produced by rotation
which causes decay of velocity. Fig. 3?2 depicts that for increasing Taylor number ? 0 the secondary velocity
increases. In fact secondary velocity is enhanced due to an increase in rotation. Figs. 3?3− 3?7 are plotted
to observe the effect of temperature distribution ? for several parameters. Temperature rapidly decays as we
increase rotation parameter ? 0 (see Fig. 3?3). The reason behind this fact is that as we increase ? 0 the
motion of the fluid particles increases which causes decrease in ?? Effect of increasing non-uniform
source/sink parameter ? on ? is observed in Fig. 3?4. We noticed that temperature distribution rises for
larger ?. The distribution of temperature is portrayed

67for different values of ?? in Fig. 3? 5. It is noticed that

for larger radiation parameter ?? the temperature decreases. It is in fact due to the loss of heat. Effect of
Brinkman number ?? is shown in Fig. 3?6. Here temperature enhances for increasing Brinkman number ??.
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Involvement of viscous dissipation effect in ?? produced minimum heat conduction which results rise in ?. In
Fig. 3?7 the temperature reduces when heat transfer Biot number ??1 increases. The obtained result
indicates that the thermal conductivity of fluid reduces with an increase in ??1and so decay in ? is noticed.
The impacts of ? 0? ?? ?? ?? and ??1 on heat transfer rate ? at channel walls are portrayed in Figs. 3?8 −
3?12? Fig. 3?8 predicts that ? increases for larger ? 0 when rotation increases. Opposite behavior for heat
generation/absorption ? is shown in Fig. 3?9. This indicates that ? is higher for ? Â 0. In Fig. 3?10 the
magnitude of heat transfer coefficient ? near centerline enhances for radiation parameter whereas it
decreases near the channel boundaries. In Fig. 3?11 due to stronger viscous dissipation effect the rate of
heat transfer coefficient ? rises for larger Brinkman number ??. Influence of ??1 on heat transfer rate ? is
illustrated in Fig. 3?12. Decrease in ? is seen for larger values of ??1? Effect of different emerging
parameters on dimensionless concentration ? are demonstrated through Figs. 3?13 − 3?17. As temperature
and concentration have inverse relation so con- centration shows opposite behavior for sundry parameters.
In Fig. 3?13 we observed that concentration ? increases for larger Taylor number ? 0. An enhancement of ?
is shown in Fig. 3?14 for increasing values of heat generation/absorption ?. Similar graphical result of
concen- tration field ? is obtained in Fig. 3?15 for growing values of chemical reaction parameter ?. Since
chemical effect increases the rate of interfacial mass transfer and thus reduces the local concentration which
in turn increases concentration flux when we have constructive chemical reaction. Here Fig. 3?16 is plotted
to analyze the behavior of thermophoretic parameter ? on concentration ?? It is noticed that larger values of
thermophoresis parameter increases the concentration for a small range? In fact larger temperature gradient
increases ? 0 which causes an enhancement in concentration profile. Fluctuation in ? for mass transfer Biot
number ??2 is portrayed in Fig. 3?17. Concentration of fluid increases when we take larger values of

73??2. Fig. 3.1 Fig. 3.2 Fig. 3.

1: Plot of ? via ? 0 when ? = 0?7? ? = 0?1? ? = 0?5? Fig. 3.2: Plot of ? via ? 0 when ? = 0?7? ? = 0?5? ? =
0?5?

71Fig. 3.3 Fig. 3.4 Fig. 3.3: Plot of

? via ? 0 when ? = 0?7? ? = 0?1? ? = 0?7? Pr = 0?5? ??1 = 5? ?? = 2? ?? = 0?3? ? = 0?5? Fig. 3.4: Plot of
? via ? when ? = 0?7? ? = 0?1? ? = 0?7? Pr = 0?5? ??1 = 5? ?? = 2? ?? = 0?3? ? 0 = 0?2?

3Fig. 3.5 Fig. 3.6 Fig. 3.

5: Plot of ? via ?? when ? = 0?7? ? = 0?1? ? = 0?7? Pr = 0?5? ??1 = 5? ?? = 2? ? = 0?5? ? 0 = 0?2? Fig.
3.6: Plot of ? via ?? when ? = 0?7? ? = 0?1? ? = 0?7? Pr = 0?5? ??1 = 5? ?? = 0?3? ? = 0?5? ? 0 = 0?2?
Fig. 3.7 Fig. 3.7: Plot of ? via ??1 when ? = 0?7? ? = 0?1? ? = 0?7? Pr = 0?5? ?? = 0?2? ?? = 0?3? ? = 0?
5? ? 0 = 0?2?

3Fig. 3.8 Fig. 3.9 Fig. 3. 8: Plot of

? via ? 0 when ? = 0?3? ? = 0?1? Pr = 1?5? ??1 = 5? ?? = 2? ? = 1?4? ?? = 0?3? Fig. 3.9: Plot of ? via ?
when ? = 0?3? ? = 0?1? Pr = 1?5? ??1 = 5? ?? = 2? ?? = 0?3? ? 0 = 0?2?
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3Fig. 3. 10 Fig. 3. 11 Fig. 3.10: Plot of

? via ?? when ? = 0?3? ? = 0?1? Pr = 1?5? ??1 = 5? ?? = 2? ? 0 = 0?2? ? = 0?5? Fig. 3.11: Plot of ? for via
?? when ? = 0?3? ? = 0?1? Pr = 1?5? ??1 = 5? ?? = 0?3? ? 0 = 0?2? ? = 0?5? Fig. 3.12 Fig. 3.12: Plot of ?
via ??1 when ? = 0?3? ? = 0?1? Pr = 1?5? ?? = 2? ?? = 0?3? ? 0 = 0?2? ? = 0?5?

3Fig. 3.13 Fig. 3.14 Fig. 3.

13: Plot of ? via ?0 when ? = 0?3? ? = 0?2? ? = 0?7? ??1 = 10? ??2 = 10? Pr = 0?7? ?? = 2? ?? = 1? ? =
0?8? ?0 = 0?7? ?? = 0?2? ? = 0?3? Fig. 3.14: Plot of ? via ? when ? = 0?3? ? = 0?2? ? = 0?7? ??1 = 10?
??2 = 10? Pr = 0?7? ?? = 2? ?? = 1? ?0 = 0?7? ?? = 0?2? ? = 0?3? ?0 = 0?2?

3Fig. 3.15 Fig. 3.16 Fig. 3.

15: Plot of ? via ? when ? = 0?3? ? = 0?2? ? = 1?5? ??1 = 10? ??2 = 10? Pr = 0?7? ?? = 2? ?? = 1? ?0 =
0?7? ?? = 0?2? ? = 0?5? ?0 = 0?2? Fig. 3.16: Plot of ? via ?0 when ? = 0?3? ? = 0?2? ? = 0?7? ??1 = 10?
??2 = 10? Pr = 0?7? ?? = 2? ?? = 0?8? ? = 0?3? ?? = 0?2? ? = 0?5? ?0 = 2? Fig. 3.17 Fig. 3.17: Plot of ?
via ??2 when ? = 0?3? ? = 0?2? ? = 0?7? ??1 = 10? ? = 0?1? Pr = 0?7? ?? = 2? ?? = 0?8? ? = 0?3? ?? =
0?2? ? = 0?5? ? 0 = 2? 3.5 Conclusions Influences of thermal radiation and thermophoresis on peristaltic
rotating flow are focused. Key findings of present analysis are: • Dual effect of Taylor number on ? is
observed. • Secondary velocity is an increasing function of Taylor number. • Similar behavior of temperature
is noticed for rotation and radiation parameters. • Temperature is an increasing function of heat
generation/absorption and Brinkman num- ber. • Opposite behavior of temperature and concentration is
noticed for emerging parameters. • Heat transfer rate decreases by increasing ? 0, ?? and ??1 whereas it
enhances for ? and ??. Chapter 4 Peristaltic activity of rotating Prandtl fluid 4.1 Introduction Peristaltic
motion of MHD rotating

21flow of Prandtl fluid in channel with flexible characteristics is discussed.

Constant angular velocity is adopted. Channel is convectively heated. Numerical results are obtained.

6Axial and secondary velocities, temperature and heat transfer coefficient

are examined. 4.2 Definition Consider

12peristaltic motion of MHD Prandtl fluid in a uniform channel

of thickness 2?. Uniform magnetic field ?0 is applied. Effect of electric field is not retained. Convectively
heated channel has flexible walls. The wall surface satisfies ? = ±?(?? ?) = ± ? + ? sin 2? ? (? − ??) ? (4.1) ∙
¸ For Prandtl fluid, the general constitutive equations are represented as: τ S?? where = −?I + S? (4.2) = ?`1
⎡ sin−1(?=1 ?=1 ??2??`?22?? ) 12 3 3 3 P3 P ⎤ ??? ? (4.3) ( ⎢ ?=1 ?=1 ??2??`?22?? ) 12 ⎣ P P ⎥ ⎦ ??? = 1 ?
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? ? ? 2 + ? µ ? ?? ? ?? ¶ Using Patel et. al. [35] we have ??? = ??? = ?`1 sin−1[ ?`12 [( ???? )2 + ( ????
)2]1?2] ?? [( ???? )2 + ( ???? )2]1?2 ?? ? ?`1 sin−1[ ?`12 [( ???? )2 + ( ???? )2]1?2] ?? [( ???? )2 + ( ????
)2]1?2 ?? ? where ?`1 and ?`2 are material constants relating to Prandtl fluid. Considering velocity compo-
nents ?? ?? ? in ?? ?? ? directions, we have V = [?(?? ?? ?)? ?(?? ?? ?)? ?(?? ?? ?)]? (4.4) Mass,
momentum and energy conservation equations in rotating frame are ?? ?? ?? ?? = 0? + ? ?? ?? −2?Ω?=−??
?? ??˜ ???? ???? + + ?? + ?????? − ??02?? ? ?? ?? +2?Ω?=−?? ?? ??˜ ???? + + ?????? ?????? − ??
02?? + ? ?? ??˜ ???? ???? ???? ?? = −?? ?? + + ?? + ?? ? ?? ?2? ?2? ?2? + + ?? ?? ?? + ?? ??? ?? = ??
??2 ??2 ??2 + ??? ?? + ??? ?? ?? + ??? ?? ? ∙ ¸ µ ¶ (4.5) (4.6) (4.7) (4.8) (4.9) with conditions ?? ?? ?? =
−˚?1(? − ?0) at ? = ?? ?? ?? ?? = −˚?1(?0 − ? ) at ? = −?? ? = 0? ? = 0 at ? = ±?? ? ?? ???(?)= ?? =−??? ??
???? ???? + ?? + ?? + ?????? − ??02? + 2?Ω? at ? = ±?? where ? = −? ???22 + ?∗1 ???22 + ?0 ??? ?
(4.10) (4.11) (4.12) (4.13) Consider ?∗ = ? ? ? ?∗ = ? ? ?∗ = ? ? ?∗ = ?? ? ?∗ = ?2?˜ ? ? ? ? ??? ?∗ = ? ? ?∗
= ? ? ?∗ = ? ? ?∗ = ? ? S∗ = ?S ? ? ? ? ? ?? ? = ? − ?0 ? ?? ?0 ? ? = ? Re = ? ? ? (4.14) Defining the stream
function (?) by ? = ??? ? = −??? (4.15) and invoking lubrication technique one obtains from (4?5) − (4?9) as
−2?0?=−???? ?????? −?2??? + (4.16) 2?0?? = −???? ?????? − ?2?? + (4.17) ?? ???? 0 = −?? ?? + ?
(4.18) ?2? ??2 + ???????? = 0? (4.19) Through Eq. (4?3) we can write ??? = ?1??? + ?2 ?3??? 6 ??? = ?
1?? + ?2 ??3? 6 ??? = 0? (4.20) (4.21) (4.22) with the dimensionless conditions ? = 1 + ? sin 2? (? − ?) ?
(4.23) ?? ?? + ??1? = 0 at ? = ?? ?? ?? − ??1? = 0 at ? = −?? (4.24) ?? = 0? ? = 0 at ? = ±?? (4.25) (4.26) ∙
?1 ???33 + ?2 ????3?2 + ?3 ???2?? ¸ ? = ?????? − ?2?? + 2? 0? at ? = ±?? In above expressions ?1 = ??
`?`12 and ?2 = ??`122??22 denote the Prandtl fluid parameters. Equations (4?18) and (4?22) indicate ? =6
?(?). Following arguments of previous chapters we have ? ?? ∙ ?????? −?2??+2?0? =0? ¸ ?????? − ?2? −
2? 0?? = 0? (4.27) (4.28) Our interest is now to find numerical solution by shooting technique with

50fourth order Runge- Kutta scheme. 4.3 Analysis Various pertinent parameters

effects on ?(?) are concluded via Figs. 4?1 (? − ?). Figs. 4?1(?) and (?) depict a visible reduction in velocity
profile with the increase in ?1 and ?2 respectively. Higher Prandtl fluid parameters ?1 and ?2 characterize
an increase in viscosity. Consequently a decreasing velocity profile is captured. Same results are reported
by Riaz et al. [54] and Hayat et al. [55]. Externally applied magnetic field helps in aligning the fluid particles.
Fluid velocity is decreased. This effect of magnetic field makes it valuable in biomedical applications like
GMR (see Fig. 4?1(?)). A numerical study

100using Runge-Kutta Fehlberg method presented by Akbar et al. [52] approves

the

present finding via larger Hartman number. Velocity against wall parameters is presented via Fig. 4?1(?).
The obtained result illustrates velocity enhancement against ?1 and ?2. However velocity is decreased by ?
3? Larger ?1and ?2 give less resistance to flow and so velocity decreases for ?3? Results of [53] also
confirm these outcomes. Rotation in system induces a secondary flow. This secondary flow is perceived to
yield decrease in axial velocity (shown by Fig. 4?1(?)). Accordingly the

10axial velocity is quite high in the absence of rotation

parameter ? 0. The
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31Taylor number (? 0) is a dimensionless quantity which characterizes the
importance of centrifugal forces due to rotation of fluid relative to viscous
forces.

Figs. 4?2(? − ?) indicate secondary velocity ? by rotation about ?−axis. Secondary velocity for ?1 and ?2
has similar behavior to that of axial velocity (see Figs. 4?2(?) and 4?2(?)). Fig. 4?2(?) depicts decay in
secondary for larger Hartman number ?. Externally applied magnetic field acts as drag force and so resists
the fluid flow. In Fig. 4?2(?) the wall parameters have similar impact on secondary velocity when compared
to that of axial velocity. Impact of Taylor number ? 0 on ? is shown via Fig. 4?2(?). An interesting fact worth
mentioning here is the opposite behavior of secondary velocity in response to rotation. Secondary velocity,
in contrast to axial velocity, enhances in the presence of rotation. For authenticity the results of ? 0 can be
compared with Mahmoud [154] and Hayat et al. [155]. However secondary velocity vanishes for ? 0 = 0.
Figs. 4?3 (? − ?) are included to elaborate the behavior of temperature distribution ?? From Figs. 4?3(?) and
(?) it is observed that fluid cools down for fluid parameters ?1 and ?2. Parabolic temperature profile is
observed in these figures, referring to the fact that fluid has the highest velocity and temperature, at centre
of channel. Fig. 4?3(?) concludes a decreasing behavior when ? is enhanced. Fig. 4?3(?) illustrates the
impact of wall parameters. Variation of wall parameter leas to temperature enhancement. Average kinetic
energy is known as temperature. The velocity and temperature have similar effects. Temperature is
decreased for larger ??1 (see Fig. 4?3(?)). Note that dissipation effect leads to Brinkman number. Clearly
such dissipation generates heat in channel. There is temperature enhancement when Br enhances (see Fig.
4?3(?)). Temperature is decreased via ?0 (see Fig. 4?3(?)). Behavior of heat transfer coefficient ? for
parameters ?1, ?2? ?? ??1? ??? ?0 and wall parameters ?? are shown through Figs. 4?4 (? − ?). Heat
transfer coefficient defined by ? = ???(?)? involves temperature of the fluid as well as position of channel
walls. It is found from Figs. 4?4(?) and (?) that larger fluid parameters ? and ? ensure lower heat transfer
rate. Hartman number ? decays magnitude of heat transfer coefficient ? near channel centre whereas it
increases near the boundaries (see Fig. 4?4(?)). From Fig. 4?4(?) it is noticed that ? increases for ?1 and ?
2? Effects of ?3 on ? is different to that of ?1 and ?2. Fig. 4?4(?) depicts no absolute value of heat transfer
coefficient when ??1 varies. The obtained result from Fig. 4?4(?) shows increasing behavior of ??. Heat
transfer rate between wall and fluid decays for larger rotation (see in Fig.

874?4(?)). (a) (b) (c) (d) (e) Fig. 4.

1: Axial velocity ? for (a) Prandtl fluid parameter ?1 when ?1 = 0?03? ?2 = 0?02? ?3 = 0?01? ? = 0?2? ? =
0?1, ? = 0?2, ?2 = 0?5? ?? = 0?3? ??1 = 2? ? 0 = 0?2, ? = 0?3 (b) Prandtl fluid parameter ?2 when ?1 = 0?
03? ?2 = 0?02? ?3 = 0?01? ? = 0?2? ? = 0?1, ? = 0?2, ?1 = 2? ?? = 0?3? ??1 = 2? ? 0 = 0?2? ? = 0?3 (c)
Hartman number ? when ?1 = 0?03? ?2 = 0?02? ?3 = 0?01? ? = 0?2? ? = 0?1, ? = 0?2, ?2 = 0?5? ?? = 0?
3? ??1 = 2? ? 0 = 0?2, ?1 = 2 (d) wall parameters ?1? ?2? ?3 when ?1 = 2? ? = 0?1, ? = 0?2, ?2 = 0?5? ??
= 0?3? ??1 = 2? ? 0 = 0?2? ? = 0?3 (e) Taylor number ? 0 when ?1 = 0?03? ?2 = 0?02? ?3 = 0?01? ? = 0?
2? ? = 0?1, ? = 0?2, ?2 = 0?5? ?? = 0?3? ??1 = 2? ? = 0?3? ?1 = 2? (a) (b) (c) (d) (e) Fig. 4.2: Secondary
velocity ? for (a) Prandtl fluid parameter ?1 when ?1 = 0?5? ?2 = 0?4? ?3 = 0?3? ? = 0?2? ? = 0?1, ? = −0?
2, ?2 = 0?5? ?? = 0?3? ??1 = 2? ? 0 = 0?2, ? = 0?3 (b) Prandtl fluid parameter ?2 when ?1 = 0?5? ?2 = 0?
4? ?3 = 0?3? ? = 0?2? ? = 0?1, ? = −0?2, ?1 = 2? ?? = 0?3? ??1 = 2? ? 0 = 0?2? ? = 0?3 (c) Hartman
number ? when ?1 = 0?5? ?2 = 0?4? ?3 = 0?3? ? = 0?2? ? = 0?1, ? = −0?2, ?2 = 0?5? ?? = 0?3? ??1 = 2?
? 0 = 0?2, ?1 = 2 (d) wall parameters ?1? ?2? ?3 when ?1 = 2? ? = 0?1, ? = −0?2, ?2 = 0?5? ?? = 0?3? ??1
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= 2? ? 0 = 0?2? ? = 0?3 (e) Taylor number ? 0 when ?1 = 0?5? ?2 = 0?4? ?3 = 0?3? ? = 0?2? ? = 0?1, ? =
−0?2, ?2 = 0?5? ?? = 0?3? ??1 = 2? ? = 0?3? ?1 = 2?

45(a) (b) (c) (d) (e) (f ) (g) Fig. 4.

3: Temperature ? for (a) Prandtl fluid parameter ?1 when ?1 = 0?3? ?2 = 0?2? ?3 = 0?1? ? = 0?2? ? = 0?1,
? = 0?2, ?2 = 0?5? ?? = 0?3? ??1 = 2? ?0 = 0?2, ? = 0?3 (b) Prandtl fluid parameter ?2 when ?1 = 0?3? ?2
= 0?2 ?3 = 0?1? ? = 0?2? ? = 0?1, ? = 0?2, ?1 = 2? ?? = 0?3? ??1 = 2? ?0 = 0?2? ? = 0?3 (c) Hartman
number ? when ?1 = 0?3? ?2 = 0?2? ?3 = 0?1? ? = 0?2? ? = 0?1, ? = 0?2, ?2 = 0?5? ?? = 0?3? ??1 = 2? ?
0 = 0?2, ?1 = 2 (d) wall parameters ?1? ?2? ?3 when ?1 = 2? ? = 0?1, ? = 0?2, ?2 = 0?5? ?? = 0?3? ??1 =
2? ?0 = 0?2? ? = 0?3 (e) Biot number ??1 when ?1 = 0?3? ?2 = 0?2? ?3 = 0?1? ? = 0?2? ? = 0?1, ? = 0?2,
?2 = 0?5? ?? = 0?3? ? = 0?3? ?0 = 0?2, ?1 = 2 (f) Brinkman ?? when ?1 = 0?3? ?2 = 0?2? ?3 = 0?1? ? =
0?2? ? = 0?1, ? = 0?2, ?2 = 0?5? ??1 = 2? ? = 0?3? ?0 = 0?2, ?1 = 2 (g) Taylor number ?0 when ?1 = 0?3?
?2 = 0?2? ?3 = 0?1? ? = 0?2? ? = 0?1, ? = 0?2, ?2 = 0?5? ?? = 0?3? ??1 = 2? ? = 0?3? ?1 = 2?

45(a) (b) (c) (d) (e) (f ) (g) Fig. 4.

4: Heat transfer coefficient ? (a) Prandtl fluid parameter ?1 when ?1 = 0?5? ?2 = 0?4? ?3 = 0?3? ? = 0?2? ?
= 0?1, ? = 0?2, ?2 = 0?5? ?? = 0?3? ??1 = 2? ?0 = 0?2, ? = 0?3 (b) Prandtl fluid parameter ?2 when ?1 =
0?5? ?2 = 0?4? ?3 = 0?3? ? = 0?2? ? = 0?1, ? = 0?2, ?1 = 2? ?? = 0?3? ??1 = 2? ?0 = 0?2? ? = 0?3 (c)
Hartman number ? when ?1 = 0?5? ?2 = 0?4? ?3 = 0?3? ? = 0?2? ? = 0?1, ? = 0?2, ?2 = 0?5? ?? = 0?3?
??1 = 2? ?0 = 0?2, ?1 = 2 (d) wall parameters ?1? ?2? ?3 when ?1 = 2? ? = 0?1, ? = 0?2, ?2 = 0?5? ?? =
0?3? ??1 = 2? ?0 = 0?2? ? = 0?3 (e) Biot number ??1 when ?1 = 0?5? ?2 = 0?4? ?3 = 0?3? ? = 0?2? ? =
0?1, ? = 0?2, ?2 = 0?5? ?? = 0?3? ? = 0?3? ?0 = 0?2, ?1 = 2 (f) Brinkman ?? when ?1 = 0?5? ?2 = 0?4? ?3
= 0?3? ? = 0?2? ? = 0?1, ? = 0?2, ?2 = 0?5? ??1 = 2? ? = 0?3? ?0 = 0?2, ?1 = 2 (g) Taylor number ?0
when ?1 = 0?5? ?2 = 0?4? ?3 = 0?3? ? = 0?2? ? = 0?1, ? = 0?2, ?2 = 0?5? ?? = 0?3? ??1 = 2? ? = 0?3? ?1
= 2? 4.4 Conclusions Important findings here are • Axial and secondary velocities via rotation have opposite
effects. • Similar response of Prandtl fluid parameters on ?, ?, ? and ? is seen. • Both velocities are
enhanced for flexible characteristics. • Decay in ?, ? and ? is observed for Hartman number. • Brinkman and
Biot numbers for temperature and heat transfer coefficient have opposite effects. Chapter 5

9MHD peristaltic flow of rotating Prandtl fluid with Soret and

Dufour effects 5.1 Introduction

9The purpose here is to examine Soret/Dufour effects in MHD peristaltic flows

of

rotating Prandtl liquid in a channel with flexible boundaries. Formulation for heat and mass transfer is
arranged using convective conditions.
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43Large wavelength and small Reynolds number are utilized. The numerical

solution of

resulting problems are obtained and analyzed in detail. 5.2 Problem development We examine

5peristaltic flow of Prandtl liquid in a rotating system. Channel of width 2? is

considered. The channel

and liquid rotate by constant angular velocity Ω = Ωˆ? (ˆ? is unit vector parallel to ? − ????). Magnetic field of
strength ?0 is applied. The wall surface in mathematical form is ? = ±?(?? ?) = ± ? + ? sin 2? ? (? − ??) ?
(5.1) ∙ ¸ Fig. 5.1: Sketch of problem. For Prandtl fluid, the Cauchy stress tensor ? is represented by: τ = −?I +
S? 3 3 S?? = ?`1 ⎡ sin−1(?=1 ?=1 ??2??`?22?? ) 12 ⎤ ??? ? ( ⎢ ?=1 ?=1 ??2??`?22?? ) 12 3 P3 P ⎣ P P ⎥ ⎦
where ??? = 1 ?? ?? 2 + µ??? ??? ¶ and ?`1? ?`2 are material constants. F³or presen´t rotating flow, the
governing equations are ?? ?? ?? ?? = 0? + ? ???? − 2?Ω? = − ????˜ ?????? ?????? ?????? − ??02?? + +
+ ? ???? + 2?Ω? = − ????˜ ?????? ?????? ?????? − ??02?? + + + ? ?? ??˜ ???? ???? ???? ?? = −?? ?? +
+ ?? + ?? ? (5.2) (5.3) (5.4) (5.5) (5.6) (5.7) Energy and concentration equations are ??? ???? = ?? ∇2? +
??0 ∇2? + ??? ? ? ? ?? ?? ?? ?? + ??? ?? ?? + ??? ?? + ?? µ ¶ ?? = ?∇2? + ??0 ∇2? ?? ?? (5.8) (5.9) in
which ??? ?? ?0? ??? represent mean fluid temperature, mass diffusivity coefficient, thermal diffusion ratio
and concentration susceptibility respectively. The conditions are ?? ?? ?? = −˚?1(? − ?0) at ? = ?? ?? ?? ??
= −˚?1(?0 − ? ) at ? = −?? (5.10) (5.11) ? ?? ?? = −˚?2(? − ?0) at ? = ?? (5.12) ? ?? ?? = −˚?2(?0 − ?) at ? =
−?? (5.13) ? = 0? ? = 0 at ? = ±?? (5.14) ? ?? ?? ???? ???(?)= ?? =−??? + ?? + ?????? ?????? − ??02? +
2?Ω? at ? = ±?? + (5.15) ? = −? ???22 + ?∗1 ???22 + ?0 ? ? ?? where ˚?1?˚?2 and ? represent the
coefficient of heat and mass transfer and fluid temperature. Em³ploying´ ?∗ = ?∗ = ? = ? ? ?∗ = ? ? ?∗ = ? ? ?
∗ = ?? ? ?∗ = ?2?˜ ? ? ? ? ? ??? ? ? ?∗ = ? ? ?∗ = ? ? ?∗ = ? ? S∗ = ??S? ? ? = ? −?0?0 ? ? ? ? ? ? − ?0 ?∗
? ? ? = ? Re = ? ?? ?0 ? ? = ? ? ? (5.16) ? = ??? ? = −???? (5.17) Eqs. (5?5) − (5?9) takes the given form
after

103using long wavelength and low Reynolds number

considerations, −2?0?=−???? ?????? −?2??? + 2?0?? = −???? ?????? − ?2?? + ?? ?? = 0? ??? + Pr
????? + ???????? = 0? ??? + ??????? = 0? Non-dimensional extra stress components through Eq. (5?3)
are (5.18) (5.19) (5.20) (5.21) (5.22) ??? = ?1??? + ?2 ?3??? (5.23) ??? = ?1?? + ?2 ??3? 6 6 (5.24) with ?
1 = ??`?`12 and ?2 = ??`122??22 are Prandtl fluid parameters. The corresponding dimensionless conditions
are ? = 1 + ? sin 2? (? − ?) ? (5.25) ?? ?? + ??1? = 0 at ? = ?? ?? ?? − ??1? = 0 at ? = −?? ?? ?? + ??2? =
0 at ? = ?? ?? ?? − ??2? = 0 at ? = −?? (5.26) (5.27) ?? = 0? ? = 0 at ? = ±?? (5.28) ?1??3 +?2????2 +?
3????¸? = ?3 ?3 ?2 ???? − ?2?? + 2? 0? ?? ? = ±?? (5.29) ∙ ?? From equation (5?20) ? =6 ?(?), equation
(5?18) becomes ?? ?????? −?2??+2?0? =0 ? (5.30) ∙ ¸ and equation (5?19) gives ?????? − ?2? − 2? 0?? =
0? (5.31) Here we neglect

7the pressure term due to secondary flow which is caused by rotation.

5.3 Solution methodology We solve equations (5?21), (5?22), (5?30) and (5?31) numerically in Mathematica
using built in command ND-Solve. Physical quantities of interest with respect to emerging parameters are
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discussed. 5.4 Discussion 5.4.1 Axial velocity First of all axial velocity ?(?) is displayed in Figs. 5?2 − 5?6.
Impact of ?1 and ?2 on velocity is presented in Figs. 5?2 and 5?3? The obtained results show the
decreasing behavior of velocity via larger parameters. Fig. 5?4 is portrayed

7to observe the behavior of Hartman number ? on ?. It is evident that
velocity decreases by increasing

?. As expected the magnetic field resists the flow. For increasing Taylor number ?0? the axial velocity
decays as shown in Fig. 5?5 . In fact secondary flow due to rotation decayed the velocity. In absence of
rotation, we observed that velocity is maximum. In Fig. 5?6 variation in velocity is depicted for wall
parameters. For increment in elastic parameters ?1 and ?2, ? increases while for enhancement in damping
parameter ?3, ? decays.

74Fig. 5.2 Fig. 5.3 Fig. 5. 2: Sketch of

? versus ?1 when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 = 0?1? ? = 0?3? ? 0 = 0?2? ?2 = 0?
5? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3? ?? = 0?2? Fig. 5.3: Sketch of ? versus ?2
when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 = 0?1? ? = 0?3? ? 0 = 0?2? ?1 = 2? ??1 = 2? ??
2 = 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3? ?? = 0?2?

3Fig. 5.4 Fig. 5.5 Fig. 5.

4: Sketch of ? versus ? when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 = 0?1? ?2 = 0?5? ? 0 =
0?2? ?1 = 2? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3? ?? = 0?2? Fig. 5.5: Sketch of ?
versus ? 0 when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 = 0?1? ? = 0?3? ?2 = 0?5? ?1 = 2?
??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3? ?? = 0?2? Fig. 5.6 Fig. 5.6: Sketch of ?
versus ?1? ?2? ?3 when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 2? ? = 0?3? ? 0 = 0?2? ?2 = 0?5? ??1 = 2? ??2
= 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3? ?? = 0?2? 5.4.2 Secondary velocity Influence of emerging
physical parameters on secondary velocity ? are sketched in Figs. 5?7 − 5?11. For increasing ?1 and ?2?
axial velocity shows decreasing behavior (see Figs. 5?7 and 5?8). Secondary velocity decreases for
increasing Hartman number ? as depicted in Fig. 5?9 . In Fig. 5?10 the effect of Taylor number ? 0 on ? is
depicted. Increasing rotation enhances secondary velocity. Also we observe that there is no secondary
velocity when ? 0 = 0. From Fig. 5?11 we see that ? is increased by ??(? = 1? 2)and reverse effect is noticed
for

83?3. Fig. 5.7 Fig. 5.8 Fig. 5.

7: Secondary velocity ? for Prandtl fluid parameter ?1 when ? = −0?2? ? = 0?2? ? = 0?1? ?1 = 0?5? ?2 = 0?
3? ?3 = 0?1? ? = 0?3? ? 0 = 0?2? ?2 = 0?5? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3?
?? = 0?2? Fig. 5.8: Secondary velocity ? for Prandtl fluid parameter ?2 when ? = −0?2? ? = 0?2? ? = 0?1? ?
1 = 0?5? ?2 = 0?3? ?3 = 0?1? ? = 0?3? ? 0 = 0?2? ?1 = 2? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ?? =
0?4? ?? = 0?3? ?? = 0?2?
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3Fig. 5.9 Fig. 5.10 Fig. 5.

9: Secondary velocity ? for Hartman number ? when ? = −0?2? ? = 0?2? ? = 0?1? ?1 = 0?5? ?2 = 0?3? ?3
= 0?1? ?2 = 0?5? ? 0 = 0?2? ?1 = 2? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3? ?? = 0?
2? Fig. 5.10: Secondary velocity ? for Taylor number ? 0 when ? = −0?2? ? = 0?2? ? = 0?1? ?1 = 0?5? ?2 =
0?3? ?3 = 0?1? ? = 0?3? ?2 = 0?5? ?1 = 2? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3?
?? = 0?2? Fig. 5.11 Fig. 5.11: Secondary velocity ? for walls parameter ?1? ?2? ?3 when ? = −0?2? ? = 0?
2? ? = 0?1? ?1 = 2? ? = 0?3? ? 0 = 0?2? ?2 = 0?5? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ??
= 0?3? ?? = 0?2? 5.4.3 Temperature The temperature ? with ? for ?1? ?2? ??1? ??2? ? 0? ??? ??? ??? ??
and Pr are plotted in Figs. 5?12− 5?22. As we increase fluid parameters ?1 and ?2? ? decays (see Figs. 5?
12 and 5?13). The effects of ??1 and ??2 on temperature are shown in Figs. 5?14 and 5?15. For increasing
heat transfer Biot number ??1? temperature decays. In fact thermal conductivity of fluid is reduced. No
variation in ? is seen for increasing mass transfer Biot number ??2. Due to fluid resistance, temperature falls
for larger ? (see Fig. 5?16). In Fig. 5?17 temperature decreases for increasing ? 0. In Figs. 5?18 and 5?19
temperature rises by increasing Soret ?? and Dufour ?? numbers. It is due to increase in thermal diffusion.
Impact of Brinkman number ?? on ? is portrayed in Fig. 5?20. Temperature increases due to less heat
conduction produced by viscous dissipation. Temperature is increasing function of ?? and ? ? as exhibited in
Figs. 5?21 and 5?22. It is because of the fact that for larger ??? mass diffusivity decays and hence ?
enhances. Specific heat of fluid enhances when we increase ? ? which results in rise of temperature.

81Fig. 5.12 Fig. 5.13 Fig. 5.12:

Temperature ? for Prandtl fluid parameter ?1 when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 =
0?1? ? = 0?3? ? 0 = 0?2? ?2 = 0?5? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3? ?? = 0?
2? Fig. 5.13: Temperature ? for Prandtl fluid parameter ?2 when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 =
0?1? ?3 = 0?1? ? = 0?3? ? 0 = 0?2? ?1 = 2? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3?
?? = 0?2?

80Fig. 5.14 Fig. 5.15 Fig. 5.14:

Temperature ? for heat Biot number ??1 when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 = 0?1?
? = 0?3? ? 0 = 0?2? ?2 = 0?5? ?1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3? ?? = 0?2? Fig.
5.15: Temperature ? for mass Biot number ??2 when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 =
0?1? ? = 0?3? ? 0 = 0?2? ?1 = 2? ??1 = 2? ?2 = 0?5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3? ?? = 0?
2?

3Fig. 5.16 Fig. 5.17 Fig. 5.

16:

1Temperature ? for Hartman number ? when ? = 0?2? ? = 0? 2? ? = 0? 1? ?1 =
0? 3? ?2 = 0? 1? ?3 = 0?
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1? ?2 = 0?5? ? 0 = 0?2? ?1 = 2? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3? ?? = 0?2?
Fig. 5.17: Temperature ? for Taylor number ? 0 when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 =
0?1? ? = 0?3? ?2 = 0?5? ?1 = 2? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3? ?? = 0?2?

3Fig. 5.18 Fig. 5.19 Fig. 5.

18: Temperature ? for Soret number ?? when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 = 0?1? ?
2 = 0?5? ? 0 = 0?2? ?1 = 2? ??1 = 2? ??2 = 5? ? ? = 0?2? ? = 0?3? ?? = 0?4? ?? = 0?3? ?? = 0?2? Fig.
5.19: Temperature ? for Dufour number ?? when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 = 0?
1? ? = 0?3? ?2 = 0?5? ?1 = 2? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ? 0 = 0?2? ?? = 0?3? ?? = 0?2?

3Fig. 5.20 Fig. 5.21 Fig. 5.

20:

1Temperature ? for Brinkman number ?? when ? = 0?2? ? = 0? 2? ? = 0? 1? ?1
= 0? 3? ?2 = 0? 1? ?3 = 0? 1? ?2

= 0?5? ? 0 = 0?2? ?1 = 2? ??1 = 2? ??2 = 5? ? ? = 0?2? ? = 0?3? ?? = 0?4? ?? = 0?3? ?? = 0?4? Fig.
5.21: Temperature ? for Schmidt number ?? when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 = 0?
1? ? = 0?3? ?2 = 0?5? ?1 = 2? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ? 0 = 0?2? ?? = 0?4? ?? = 0?2?
Fig. 5.22 Fig. 5.22: Temperature ? for Prandtl number Pr when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 =
0?1? ?3 = 0?1? ? = 0?3? ?2 = 0?5? ?1 = 2? ??1 = 2? ??2 = 5? ?? = 0?3? ?? = 0?4? ? 0 = 0?2? ?? = 0?4?
?? = 0?2? 5.4.4 Concentration This section provides the behavior of involved parameters in the expressions
of concentration ?. For increasing fluid parameters ?1 and ?2? decreasing effect in ? is noticed (see Figs. 5?
23 and 5?24). Fig. 5?25 shows no variation for ??1 on ?. On other hand in Fig. 5?26 the role of ??2 on the
concentration field ? is increasing rapidly due to decrease in mass diffusivity. Similar pattern is observed on
? for Soret ?? and Dufour ?? numbers on ? in Figs. 5?27 and 5?28. Concentration is decreased by ?? and
??.

35Fig. 5.23 Fig. 5.24 Fig. 5.23:

Concentration ? for Prandtl fluid parameter ?1 when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 =
0?1? ? = 0?3? ? 0 = 0?2? ?2 = 0?5? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3? ?? = 0?
2? Fig. 5.24: Concentration ? for Prandtl fluid parameter ?2 when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2
= 0?1? ?3 = 0?1? ? = 0?3? ? 0 = 0?2? ?1 = 2? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?
3? ?? = 0?2

35Fig. 5.25 Fig. 5.26 Fig. 5.25:
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Concentration ? for heat Biot number ??1 when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 = 0?1?
? = 0?3? ? 0 = 0?2? ?2 = 0?5? ?1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3? ?? = 0?2? Fig.
5.26: Concentration ? for mass Biot number ??12 when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?
3 = 0?1? ? = 0?3? ? 0 = 0?2? ?1 = 2? ??1 = 2? ?2 = 0?5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3? ?? =
0?2?

3Fig. 5.27 Fig. 5.28 Fig. 5.

27: Concentration ? for Soret number ?? when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 = 0?1?
?2 = 0?5? ? 0 = 0?2? ?1 = 2? ??1 = 2? ??2 = 5? ? ? = 0?2? ? = 0?3? ?? = 0?4? ?? = 0?3? ?? = 0?2? Fig.
5.28: Concentration ? for Dufour number ?? when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 = 0?
1? ? = 0?3? ?2 = 0?5? ?1 = 2? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ? 0 = 0?2? ?? = 0?3? ?? = 0?2?

3Fig. 5.29 Fig. 5.30 Fig. 5.

29: Concentration ? for Taylor number ? 0 when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 = 0?1?
?3 = 0?1? ? = 0?3? ?2 = 0?5? ?1 = 2? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3? ?? =
0?2? Fig. 5.30: Concentration ? for Schmidt number ?? when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 =
0?1? ?3 = 0?1? ? = 0?3? ?2 = 0?5? ?1 = 2? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ? 0 = 0?2? ?? = 0?4?
?? = 0?2? 5.4.5 Heat transfer coefficient In Figs. 5?31 − 5?36? the heat transfer coefficient ? is plotted for
parameters ?1? ?2? ?? ? 0? ?? and ??. Heat transfer coefficient has oscillatory character. It is expected in
view of waves propagation along channel boundaries. ? shows a decreasing behavior for increasing ?1 and
?2 (see Figs. 5?31 and 5?32). The oscillatory nature is captured in Figs. 5?33 and 5?34 for Hartman ? and
Taylor ? 0 numbers. Here ? decays for larger ? due to strong magnetic strength whereas it increases for
larger ? 0. In Figs. 5?35 and 5?36, ? increases for ?? and ?? near the centerline whereas it decays near
boundaries.

84Fig. 5.31 Fig. 5.32 Fig. 5.31:

Heat transfer coefficient ? for ?1 when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 = 0?1? ? = 0?3?
? 0 = 0?2? ?2 = 0?5? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3? ?? = 0?2? Fig. 5.32:
Heat transfer coefficient ? for ?2 when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 = 0?1? ? = 0?3?
? 0 = 0?2? ?1 = 2? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3? ?? = 0?2

89Fig. 5.33 Fig. 5.34 Fig. 5.

33:

1Heat transfer coefficient ? for ? when ? = 0? 2? ? = 0? 2? ? = 0? 1? ?1 = 0? 3? ?
2 = 0? 1? ?3 = 0?
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1? ?2 = 0?5? ? 0 = 0?2? ?1 = 2? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3? ?? = 0?2?
Fig. 5.34: Heat transfer coefficient ? for ? 0 when ? = 0?2? ? = 0?2? ? = 0?1? ?1 = 0?3? ?2 = 0?1? ?3 = 0?
1? ? = 0?3? ?2 = 0?5? ?1 = 2? ??1 = 2? ??2 = 5? ? ? = 0?2? ?? = 0?4? ?? = 0?4? ?? = 0?3? ?? = 0?2?

3Fig. 5.35 Fig. 5.36 Fig. 5.

35:

1Heat transfer coefficient ? for ?? when ? = 0? 2? ? = 0? 2? ? = 0? 1? ?1 = 0? 5?

?2 = 0? 01? ?3 = 0?

01? ?2 = 0?5? ? 0 = 0?2? ?1 = 2? ??1 = 2? ??12 = 5? ? ? = 0?2? ? = 0?3? ?? = 0?4? ?? = 0?3? ?? = 0?2?
Fig. 5.36:

1Heat transfer coefficient ? for ?? when ? = 0? 2? ? = 0? 2? ? = 0? 1? ?1 = 0? 5?

?2 = 0? 01? ?3 = 0?

01? ? = 0?3? ?2 = 0?5? ?1 = 2? ??1 = 2? ??12 = 5? ? ? = 0?2? ?? = 0?4? ? 0 = 0?2? ?? = 0?3? ?? = 0?2?
5.5 Conclusions Influences of

41Soret and Dufour on peristaltic flow in a rotating channel

subject to compliant walls are discussed. Main observations are • Decreasing behavior of ?1? ?2 on (?? ?),
? and ? is noticed while for ? increasing effect is observed. • Velocity, temperature and heat transfer
coefficient are decreasing functions of Hartman number. However Hartman number leads to an
enhancement of concentration. • Both velocities shows opposite behavior for rotation parameter. • Impact of
wall parameters on both velocities are identical. • For increasing Taylor parameter ? 0 the temperature
decreases . • Temperature increases for ??, ??, ??, ?? and ? ?. • By increasing ??1, ? decays whereas for
??2? ? increases. • Heat transfer rate is increasing function of ?? and ?? while it is decreasing function of ?
and ? 0. Chapter 6 Heat transfer analysis on peristalsis of Ree-Eyring fluid 6.1

90Introduction The peristaltic activity of Ree-Eyring fluid in a rotating frame is

studied. Heat transfer analysis with viscous dissipation and heat source/sink is

4taken into account. Convective conditions for heat transfer in the
formulation are adopted.

Closed form solutions for axial and secondary velocities, pressure rise per wavelength, flow rate due to
secondary flow and temperature
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4are obtained by considering small Reynolds number and long wavelength.
The variation for different physical parameters are shown through graphical
illustrations. This study reveals that influence of

rotation parameter causes significant fluctuations in axial and secondary velocities. It is also found that
presence of non-uniform heat source in energy equation causes enhancement in rate of heat transfer
coefficient. 6.2 Problem development Here we address an incompressible Ree-Eyring material in a channel
of width 2?. Both the channel and fluid rotates with a uniform angular velocity Ω¯ about the ?ˆ − ????.
Mathematical expression for wave propagation along the channel walls at (?ˆ = ±?¯ )

48is given by ?¯ (?ˆ? ˆ?) = ? + ? sin 2? (?ˆ ?ˆ?)?

? − (6.1) Fig. 6.1: Geometry of the problem. Extra

12stress tensor of Ree- Eyring fluid model is defined as

[56? 57] : S?? = ? ??V?ˆˆ?? ?`3 sinh−1 Ã ?`14 ??V?ˆˆ?? ! + 1 ? (6.2) Since sinh

2−1 ?ˆ ≈ ?ˆ for | ?ˆ |≤ 1 then S?? = ? ??ˆ? ?`3 Ã ?`4 ??ˆ?

! ?Vˆ? + 1 1 ?Vˆ? ? (6.3) where ? is the fluid viscosity, ?`3 and ?`4 are material constants and

2Vˆ? = (?ˆ? ?ˆ? ?ˆ)? ?ˆ? = (?ˆ? ?ˆ? ?ˆ)?

77The governing equations of continuity, momentum and energy for
incompressible fluid

flow in a rotating frame are

2??ˆ ??ˆ ??ˆ ??ˆ = 0? + (6.4) ? ??ˆ ??ˆ − 2?

Ω

8?ˆ = −??ˆ ??ˆ ??˜ ???ˆ?ˆ ???ˆ?ˆ ???ˆ?ˆ + + ??ˆ + ??ˆ ? ? ??ˆ ??ˆ + 2?Ω ?ˆ =
−??ˆ ??ˆ ??˜ ???ˇ?ˇ ???ˆ?ˆ ???ˆ?ˆ + + ??ˆ + ??ˆ ? ? ??ˆ ??˜ ???ˆ?ˆ ???ˆ?ˆ ???ˆ

?ˆ ??ˆ = −??ˆ ??ˆ + + ??ˆ + ??ˆ ? (6 .5) (6.6) (6 .7) ?? ?2? ?2? ?2? + + ??ˆ ??ˆ ??ˆ +
??ˆ ??? ??ˆ = ?? ??ˆ2 ??ˆ2 ??ˆ2 +??ˆ?ˆ??ˆ +??ˆ?ˆ(??ˆ ??ˆ)+??ˆ?ˆ??ˆ
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+?0(? − ?0)? ∙ ¸ (6

8.8) The conditions are ?ˆ? ˆ = 0? ?ˆ ?ˆ = 0? ?? ??ˆ = 0 at ?ˆ = 0? ?? (6.9) ?ˆ = 0? ?ˆ
= 0? ?? ????ˆ = −˚?1(?0 − ? ) at ?ˆ = ˆ??

(6.10) in which ˚?1 indicates the heat transfer coefficient and ?0 the temperature at walls. Putting Eqs. (6?8)
and (6?9) in Eqs. (6?6) and (6?7) and then using the wave frame trans- formations ? =

2?ˆ − ??ˆ? ? = ?ˆ? ? = ?ˆ? ? = ?ˆ(?ˆ? ?ˆ? ?ˆ)? ?(?? ?? ?) = ?ˆ(?ˆ? ?ˆ? ?ˆ) − ?? ?
(?ˆ? ?ˆ? ?ˆ) = ?ˆ(?ˆ? ?ˆ? ?ˆ)? ?(?ˆ? ?ˆ? ?ˆ) = ?ˆ(?ˆ? ?ˆ? ?ˆ)? (6. 11) Eqs. (6 ?2)

− (6?7) become ?? ?? ?? ?? =0? + (6.12) ?? ?? ?? (?+?)??+?¯??+???−2Ω? =−?? ?? ?? ???? ???? ???? +
+ ¸ ?? + ?? ? (6.13) ∙ ?? ?? ?? ?? ???? ???? ???? (?+?)??+???+???+2Ω(?+?) =−?? ?? + + ?? + ?? ? (6.14)
∙ ¸ ?? ?? ?? (?+?)??+???+??? =−?? ?? ?? ???? ???? ???? + + ?? + ?? ? (6.15) ∙ ¸ ?? ?2? ?2? ?2? + + ??
?? ?? + ?? ??? ??¯ = ?? ??2 ??2 ??2 +????? +???(?? ??)+??? ?? +?0(? − ?0)? ∙ ¸ (6.16) Using
dimensionless variables ?∗ ?∗ S?∗? = = = ?? ?∗ = ?? ?∗ = ? ? ? ? ? ? = ??? ?∗ = ?2? ? ? ??? ? ? ?∗ = ? ? ?∗
= ? ? ?∗ = ? ? − ?0 ? ? ? ? ? ? = ?0 ? ?S?? ?? ? ? = ? ? = ? Re = ? ? ?? ? ? ? ? (6.17) ? = ??? ? = −???
(6.18) and the Eqs. (6?14) − (6?18) after invoking lubrication approach give ?? ???? −2?0?=0? − (6.19) ??
?? ?? ???? +2?0 ?? (6.20) ?? ?? − +1 =0? µ ?? ¶ ?? ?? = 0? (6.21) ?2? ??2 + ???????? + ?? = 0? (6.22)
??? = (1 + ?3)???? (6.23) ??? = (1 + ?3)??? (6.24) The dimensionless conditions are ? = 1 + ? sin 2???
(6.25) ? = 0? ??? = 0? ?? = 0? ?? = 0 at ? = 0? ?? (6.26) ? = ?1? ?? = −1? ? = 0? ?? − ??1? = 0 at ? = ??
?? (6.27) where ? ?1 = ????? (6.28) Z0 Here ?3 = ??`3?`4 denotes the fluid parameter. The pressure rise
per wavelength ∆? and the 1 flow rate ?2 are 1 ? ∆? = ?? ????? ?2 = ???? (6.29) Z0 Z0 Equations (6?16)
and (6?17) give ? ?? ???? +2?0? =0? (6.30) ∙ ?? ¸ ?????? − 2? 0 ???? + 1 = 0? (6.31) µ ¶ Here we neglect
secondary flow pressure due to rotational effect. 6.3 Solution methodology Eqs. (6?30)? (6?31) and (6?22)
with boundary conditions (6?25) − (6?27) have the exact solutions: ?(?) = (sin √21? +??03 − sinh √21? +??
03 )−1[−? sin √21? +??03 √ √ √ ? ? 0 √ √ − ?1{(?1 + ?) cosh √ sin √ ? ? 0 ? ?0 √ ? ?0 √ ? ?0 √ 1 + ?3 1 + ?3
−?1 cos √1 + ?3 sinh √1 + ?3 − ? cos √1 + ?3 sinh √1 + ?3 } + ? sinh 2? ? 0 ? ?0 √ √ ? ? 0 √ ? ? 0 √ +(1 + ?)
(?1 + ?)?2{sin(1 + ?) √1 + ?3 − sinh(1 + ?) √1 + ?3 }]? (6.32) ?(?) = {( 1+?)sin√21?+??03 −sinh√2?1+??
03}−1[?3+?4cos√?1+??03 √ √ √ √ ? ?0 √ cosh √ ? ? 0 √ 1 + ?3 −?5 sin √1 + ?3 sin √1 + ?3 ]? ? ? 0 √ (6.33)
?(?) = ?1 cos ?? + ?2 sin ?? − ?3???[{(cos ???? + cosh ???? √ √ + sin ???? + sinh ????)(sin ?? + cos ??)}]
√ √ (6.34) ∆? = {( 1 + ?3) sin √2?1 +??03 − sinh √21? +??03 }−1[4(?1 + ?)? 32 {cos √2?1 +??03 √ √ √ √ +
cosh √ 2? ? 0 √ 1 + ?3 }]? (6.35) ?2 = −{( 1+?3)sin√21?+??03 −sinh√21?+??03}−1[(?1+?){−2? ?0(cos√21?
+??03 √ √ √ √ √ 2? ? 0 √ √ 2? ? 0 √ 2? ? 0 √ + cosh √1 + ?3 ) + 1 + ?3(sin √1 + ?3 + sinh √1 + ?3 )}]? (6.36)
where ?? (? = 1 − 5), ?? (? = 1 − 3)? ??? and ???’s have been computed algebraically. 6.4 Discussion Figs.
(6?2 − 6?6(?? ?)) are plotted to observe the effects of fluid parameter ?3 and Taylor number ? 0 on axial ?
and secondary ? velocities, pressure per rise wavelength ∆? and flow rate due to secondary velocity ?2. Fig.
6?2(?) depicts that velocity is enhanced near centre of channel whereas it decays near channel boundaries
when ?3 increases. Since fluid parameter is inversely proportional to viscosity therefore for larger ?3 the
viscosity decreases and hence velocity decays near walls. Opposite outcome is achieved for Taylor number
? 0 (see Fig. 6?2(?)). In fact the secondary flow is responsible for decrease in velocity near centre of
channel. Secondary velocity via ?3 is shown in Fig. 6?3(?)? Here ? decreases for increasing values of ?3?
The motion of fluid particles becomes faster when we increase the rotation parameter ? 0 and thus
secondary velocity is enhanced (see Fig. 6?3(?)). It can be visualized from Figs. 6?4(?) and 6?4(?) that
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pressure ∆? rises for fluid parameter ?3 and Taylor number ? 0 in retrograde pumping region while it decays
in augmented pumping region. It is because of the fact that for larger angular velocity, the pressure does not
rise in direction of peristaltic wave.. Further the Coriolis force is responsible for fluid drag outwards in ?-
direction and consequently ∆? reduces. Figs. 6?5(?? ?) plot variation of fluid parameter ?3 on secondary
velocity. In Fig. 6?5(?) when ?1 = −1? the flow rate of the fluid is enhanced in wider portion of channel.
However when ?1 = −0?5 the flow due to secondary velocity becomes positive for larger values of fluid
parameter over the whole length of the channel (see Fig. 6?5(?)). Opposite results of ?2 is observed in Figs.
6?6(?? ?) for larger values of Taylor number ? 0 when ?1 = −1 and −0?5. Figs. 6?7(? − ?) show temperature
? variation versus different parameters. Fig. 6?7(?) is plotted for fluid parameter against ?? It is noticed from
this Fig. that temperature distribution tends to rise when the fluid parameter enhances. It can be observed
from Fig. 6?7(?) that for larger rotation parameter ? 0 the temperature profile diminishes. In fact with the
increase in rotation, the motion of the fluid particles enhances which causes resistance to flow and ultimate
there is decrease in temperature profile. Fig. 6?7(?) is portrayed to analyze the variation of ? for heat
source/sink parameter ?. It can be observed from Fig. that with the increase in ? the temperature profile is
enhanced. Behavior of Biot number ??1 can be visualized through Fig. 6?7(?). Temperature rapidly decays
as we increase ??1. It is due to enhancement in strength of convecting heating which causes decrease in
temperature. Temperature via Brinkman number ?? in Fig. 6?7(?). Here for larger values of ?? the
temperature increases. It is through argument that less heat conduction occurs for viscous dissipation. Now
? for different variable is demonstrated through Figs. 6?8(? − ?). In Fig. 6?8(?) we observed that heat
transfer rate ? rises by increasing fluid parameter ?. The magnitude of heat transfer coefficient ? near
centerline decreases for Taylor number ? 0 whereas it enhances near the channel boundaries (see Fig. 6?
8(?)). Variation in heat transfer rate ? for heat generation/absorption ? is portrayed in Fig. 6?8(?). Rate of
heat transfer of fluid increases when we take larger values of ?. Opposite result for ? via Biot number is
observed in Fig. 6?8(?). Here Fig. 6?8(?) is plotted for viscous dissipation parameter ?? on heat transfer rate
?? It is noticed that larger values of Brinkman number ?? increases ? for a small range. The next interesting
part of this section is trapping. Figs. 6?9(? − ?) and 6?10(? − ?) are plotted for this purpose with the help of
contours. It can be seen in Fig. 6?9

12that when the fluid parameter ?3 increases then the size of bolus

enhances. Also for viscous fluid (?3 = 0) the trapped bolus vanishes.

17It depicts from Fig. 6? 10 that due to the influence of rotation the size of the
bolus decreases slowly.

It can also be observed from Fig. that the bolus disappears when the rotation of the fluid particles increases.
(a) (b) Fig. 6.2: Influence in ?(?) for (a) Fluid parameter ?3 and (b) Taylor number ? 0? (a) (b) Fig. 6.3:
Influence in secondary velocity ?(?) for (a) Fluid parameter ?3 and (b) Taylor number ? 0? (a) (b)

14Fig. 6.4: Variation in pressure rise per wavelength ∆? for

(a) Fluid parameter ?3 and (b) Taylor number ? 0? (a) (b) Fig. 6.5: Variation in
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7dimensionless flow rate due to secondary velocity ?2 for fluid parameter when
(a) ?1 = −1 and (b) ?1 = −0?5? (a) (b) Fig.

6.6: Variation in

7flow rate due to secondary velocity ?2 for

Taylor number ? 0

7when (a) ?1 = −1 and (b) ?1 = −0?5? (a) (b) (c) (d) (e) Fig.

6.7: Influence in ?(?) for (a) Fluid parameter ?3, (b) Taylor number ? 0? (c) non-uniform source/sink
parameter ?, (d) Biot number ??1 and (e) Brinkman number ??. (a) (b) (c) (d) (e) Fig. 6.8: Influence in ?(?)
for (a) Fluid parameter ?3, (b) Taylor number ? 0? (c) non-uniform source/sink parameter ?, (d) Biot number
??1 and (e) Brinkman number ??. (a) (b) (c) Fig. 6.9: Variation in streamlines for fluid parameter ?3 when (a)
?3 = 0 (b) ?3 = 0?9 and (c) ?3 = 2? (a) (b) (c) Fig. 6.10: Variation in streamlines for Taylor number ? 0 when
(a) ? 0 = 0 (b) ? 0 = 0?5 and (c) ? 0 = 2? 6.5 Conclusions Here simultaneous outcome of rotation and heat
generation/absorption on peristalsis of Ree- Eyring fluid have been pointed out. Major observations include:
• Dual behavior of fluid parameter ?3 and Taylor number ? 0 on the axial velocity is noticed. • Opposite effect
is observed on secondary velocity for fluid parameter ?3 and Taylor number ? 0. • Similar behavior of
pressure rise ∆? is observed for fluid ?3 and rotation ? 0 parameters. • Variation in dimensionless flow rate
due to secondary velocity ?2 for fluid ?3 and rotation parameters ? 0 is quite opposite. • Temperature is an
increasing function of fluid parameter ?3? heat generation/absorption ? and Brinkman number whereas it is
decreasing function of rotation parameter ? 0 and Biot number ??11. • Rate of heat transfer decreases for
increasing ? 0 and ??11 but it enhances for ?3? ? and ??. • Fluid and rotational parameters on trapped bolus
have opposite contributions. • For viscous fluid, the present problem is reduced by taking ?3 → 0? Chapter 7
Numerical analysis for ionslip and Hall current on peristaltic transport of rotating Ree-Eyring fluid 7.1
Introduction Ion-slip and Hall current in peristalsis of Ree-Eyring liquid are analyzed. In addition energy
equation contains Ohmic dissipation. Whole system is in rotating frame. Governing equations representing
flow of a fluid are reduced into ordinary differential equations. Problem formulation is developed by small
Reynolds number and long wavelength approximation. Shooting method is applied to find numerical results.
Variation of emerging dimensionless parameters of present problem is illustrated through graphs. We
observed that velocity and temperature distributions in Ree-Eyring fluid are more than viscous fluid. Rotation
and fluid parameters have opposite effects on velocity. It is also found that influence of ionslip in momentum
equation causes an enhancement in velocity. 7.2 Problem development Here we consider an incompressible
Ree-Eyring fluid in a channel with width (?1 + ?2). Both channel and fluid rotate with uniform angular velocity
Ω¯ about the ?ˆ − ????. Travelling waves of speed ?, amplitudes (?1? ?2) and wavelength ? propagate
along the channel walls (?¯1? ?¯2)? Mathematically we represent such waves in the form ?¯1

2(?ˆ? ˆ?) = ?1 + ?1 sin 2? ? (?ˆ ?ˆ?)? − (7.1) ?¯2 (?ˆ? ˆ?) = −?2 − ?2 sin 2? (?ˆ − ?
ˆ?)?
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? (7.2) in which ?ˆ is the time. The governing equations for rotating flow are: ∇?V = 0? ? ??V?ˇ + ? Ω¯ × (Ω¯
× V) + 2Ω¯ × V = −∇? + div S + J × B? £ ??? ????ˇ = ?? ∇2? + L?S+ ¤ 1 J?J? ?? (7.3) (7.4) (7.5) where J =
?(V × B) − ???0?? (J × B) + ?????02?? ((J × B) × B)? (7.6) B = (0? 0? ?0) (7.7) and extra stress tensor for
Ree-Eyring fluid [28? 29] is S = ?grad V + 1 1 grad V ? L = grad V? ?`3 µ ?`4 ¶ in which V = (?ˆ? ?ˆ? ?ˆ)
denotes fluid velocity? J the current density [86? 87], ? fluid electric conductivity, ?? the cyclotron frequency,
?? electron collision time, ?? ionslip parameter, L?S the viscous dissipation term, ?1 J?J Ohmic dissipation
term and J × B the Lorentz force. Eq. (6) can be solved in J to yield J × B = −??2?+??022

75[(??ˆ − ??ˆ)? (??ˆ + ??ˆ)? 0] ? (7. 8) J?J = ??2? 2+?02 ?2 (?ˆ2

+ ?ˆ2)? (7.9) where ?(= ????) the Hall parameter and ? = 1 + ???. Now using wave frame transformations
and dimensionless variables ? =

16?ˆ − ??ˆ? ? = ?ˆ? ? = ?ˆ? ? = ?ˆ(?ˆ? ?ˆ? ?ˆ)? ?(?? ?? ?) = ?ˆ(?ˆ? ?ˆ? ?ˆ) − ??
?(?ˆ? ?ˆ? ?ˆ) = ?ˆ(?ˆ? ?ˆ? ?ˆ)? ?(?ˆ? ?ˆ? ?ˆ) = ?ˆ(?ˆ? ?ˆ? ?ˆ)? (7.10) ?∗ = ? ? ?∗ =

? ? ?∗ = ? ?∗ = ?? ? ?∗ = ?21? ? ? ? ? ?1 ? ??? ?∗ = ? ? ?∗ = ? ? ?∗ = ? ? = ??21 ? ?1 =

??¯11 ? ?2 = ? ? ? ? ?¯2 ?1

? ? = ? −?0?0 ? S∗ = ??1?S ? ? = ?1 ? Re = ???1 ? ? ? (7.11) Eqs. (7?3) − (7?5) become ? ?? + ? ?? ?? =
0? ?? ?? ?? + ? Re ? ???? + ? ???? − 2? 0? = − ??˜ ???? ???? ???? + − ?2 ∙ ¸ ??+? ??¯ +? ??¯ ??¯ ?2+?
2[?(?+1)−??]? (7.12) ? Re ? ???? + ? ???? + 2? 0? = − ??˜ ???? ???? ???? ?? +? ??¯ +? ??¯ + ??¯ ?2 + ?
2 − ?2 [?? + ?(? + 1)] ? (7.13) ∙ ¸ ?? ?? ??˜ ???? ???? ???? ?Re ??? +??? =−??¯+? ??¯ +? ??¯ + ??¯ ?
(7.14) ∙ ¸ ?? ?2? ?2? ?2? + ???? ?? + ????? ?? ?? Pr?Re∙??¯ +?? ??¯ + ??¯ = ?2 ?2? + ?2 ?2? + + ¸ ∙ ??2
+???? ???? ??2?+??22 (? + 1)2 + ?2) ? ??2 ??2 ¸ ?? µ ?? ?? ¶ + (7.15) £ ¤ in which bars have been
suppressed. Defining stream function ? = ??? ? = −??? (7.16) and applying long wavelength and small
Reynolds approximation, the Eqs. (14) − (17) become ?? ???? − − 2?0? + ?2 ?? ?? ?? ?2 + ?2 ? + 1 − ?? =
0? (7.17) ?? ∙µ ¶ ¸ ?? ???? ?? ?? − + 2?0 ???? + 1 + ?2?+2?2 ?? + ? ???? + 1 = 0? (7.18) µ ¶ ∙ µ ¶¸ ?? ?? =
0? (7.19) ?2? ???2 ?? 2 ??2 + ???????? ?2 + ?2 ?? + 1 = 0? + (7.20) µ ¶ ??? = (1 + ?3)???? (7.21) ??? =
(1 + ?3)??? (7.22) in which incompressibility condition is trivially satisfied. The appropriate boundary
conditions are ?1 = 1 + ?1 cos 2??? ?2 = −? − ?2 cos(2?? + ?) ? = ?1 ?? 2 ? ?? = −1? ? = 0? ?? + ??1? = 0
at ? = ?1? ? = − ?1 ?? 2 ? ?? = −1? ? = 0? ?? − ??1? = 0 at ? = ?2? where ?1 = 0? ????? ?3 = ??`3?`4 the
fluid parameter, ?1 = ??11 and ?2 = ??22 . 1 Eqs. (7?1R9) and (7?20) give ? ???? +2?0?+ ?2 ?2+?2 ? ??
?? + 1 − ?? = 0? ∙ ?? ?? µµ ¶ ¶¸ ?????? − 2? 0 ???? + 1 + ?2?+2 ?2 ?? + ? µ ?? + 1 = 0? ¶ ∙ µ ?? ¶¸ Here
we neglect secondary flow pressure due to rotational effect. (7.23) (7.24) (7.25) (7.26) (7.27) 7.3 Solution
methodology Analytical solution of the system of nonlinear partial differential Eqs. (7?28)? (7?29) and (7?22)
seems difficult. Thus appropriate numerical method is employed to compute the solution. Numerical
technique via shooting method is applied to solve these equations with corresponding boundary conditions
(Eqs. (7?25) − (7?27)). 7.4 Discussion Effect of Ree-Eyring fluid parameter ?3 on ?, ?, ? and ? are sketched
in Figs. 7?1(? − ?)? Fig. 7?1(?) depicts that axial velocity ? is enhanced for increasing fluid parameter ?3. In
fact viscosity of the fluid decreases as ?3 increases.

42It is also noteworthy to mention that in non-
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Newtonian case velocity is greater when compared to viscous fluid (?3 = 0)? Opposite behavior of
secondary flow ? is captured in Fig. 7?1(?) for larger values of ?3. In fact due to rotation the fluid particles
motion in secondary direction becomes faster and hence ? rapidly decays. Temperature ? rises when fluid
parameter is enhanced (see Fig. 7?1(?)). Similar result of ?3 is observed in Fig. 7?1(?) for heat transfer rate.
Figs. 7?2(? − ?) are demonstrated to see the effects of rotation parameter ? 0 on ? , ?, ? and ? respectively.
Fig. 7?2(?) shows dual behavior of axial velocity for ? 0. This Fig depicts that rotation parameter decays the
axial velocity at centre of channel and near the channel walls it enhances ?. At centre of channel, due to
faster rotation the secondary flow is induced which minimizes ?. Impact of rotation parameter ? 0 on ? is
observed through Fig. 7?2(?). In fact an increase in rotation enhances the motion of fluid particles and thus
? has been increased. Fig. 7?2(?) presents the influence of increasing ? 0 on ?. It is because of Coriolis
force which is responsible to drag the fluid outwards in the ?-direction and subsequently it reduces the
temperature.

49Heat transfer rate decays for larger values of

Taylor number (see Fig. 7?2(?)). Effect of Hall parameter ? through Figs. 7?3(? − ?) can be visualized for ? ,
?, ? and ? respectively. It is observed from Fig. 7?3(?) that ? tends to rise when ? enhances. It is because of
the fact that electrical conductivity of fluid particles reduced as we increase ?? Hence magnetic damping
force diminishes and thus axial velocity is enhanced. For larger ? secondary velocity is enhanced (see Fig.
7?3(?)). Similar variation for ? is noticed in study of Hayat et. al [156]. Behavior of ? on temperature ? is
observed through Fig. 7?3(?). The application of magnetic field offers resistance to flow so kinetic energy
decreases and hence there is reduction in temperature. Fluctuation in heat transfer rate ? for Hall current ?
is portrayed in Fig. 7?3(?). Rate of heat transfer decays as we increase Hall parameter ?. Impact of ionslip
parameter ?? on ?, ?, ? and ? is portrayed in Figs. 7?4(? − ?). Addi- tion of ionslip effect decreases the
resistive force imposed by magnetic field and thus effective conductivity decays. Thus decrease in
conduction rate enhances the axial velocity (see Fig. 88 7?4(?)). Fig. 7?4(?) shows increasing behavior of ?
for larger values of ionslip parameter.

21It can be noticed from Fig. 7?4(?) that temperature profile decays with

increase

in ?. Physically it means that kinetic energy of fluid particles decreases for smaller magnetic field. Such de-
crease in energy implies decay in Joule heating and hence temperature falls. Similar behavior has been
reported in [86? 87]. They solved the nonlinear governing equations by employing the perturbation and
numerical technique respectively when the system is non-rotating frame. In Fig. 7?4(?) we noticed that near
the centerline, the magnitude of heat transfer rate ? for ? decreases whereas near boundaries it enhances.
(a) (b) (c) (d) Fig. 7.1: Influence of fluid parameter ?3 on

22(a) ?(?) (b) ?(?) (c) ?(?) (d) ?(?)? (a) (b) (c) (d) Fig. 7.

2: Influence of Taylor number ? 0 on

22(a) ?(?) (b) ?(?) (c) ?(?) (d) ?(?)? (a) (b) (c) (d) Fig. 7.
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3: Influence of Hall parameter ? on

22(a) ?(?) (b) ?(?) (c) ?(?) (d) ?(?)? (a) (b) (c) (d) Fig. 7.

4: Influence of ionslip parameter ?? on (a) ?(?) (b) ?(?) (c) ?(?) (d) ?(?)? 7.5 Conclusions The present study
here investigated the influences of Hall current, Joule heating and ionslip on MHD peristaltic motion of
rotating Ree-Eyring fluid. Main salient features are listed below: • Magnitude of axial velocity ? for Ree-
Eyring fluid (?3 =6 0) is higher than viscous fluid (?3 = 0). • Effects of ? 0 on ? and ? are opposite. •
Secondary flow for Ree-Eyring fluid is lower than viscous fluid. • Variation of ? on ? and ? are similar to that
of ??? • Temperature is an increasing function of ?3 whereas it decreases for ? 0? ? and ??. • Heat transfer
rate from walls to the fluid increases when fluid parameter ?3 is enhanced. However it decreases by
increasing rotation parameters ? 0? Hall parameter ? and ionslip parameter ??. Chapter 8 Peristalsis of
couple stress liquid in a non-uniform rotating geometry 8.1 Introduction Thermal radiation in peristaltic
rotating

39flow of couple stress liquid in a non-uniform channel

is addressed. Slip boundary conditions for velocity and temperature are satisfied by channel boundaries.
Impact of

4non-uniform heat source/sink in heat transfer

phenomena is also ac- counted here. Complexity in mathematical formulation of problem is reduced

27by employing assumptions of long wavelength and low Reynolds number.
Resulting non -linear system of equations is solved through numerical technique.

The behavior of velocities and

temperature for different physical parameters has been displayed through graphs and interpreted physically.
8.2 Problem development Here peristaltic pumping of incompressible couple stress liquid though a
nonuniform channel of width (?1 + ?2) is examined. Peristaltic transport is engendered by propagation of

56sinusoidal wavetrains with constant speed ? along channel walls.

A solid body rotation is observed in both liquid and channel. The coordinates are

5chosen in such a way that ? − ???? is along centerline and ? − ???? is normal
to it. Geometrical representation of

wall surface is given as ?¯1
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8(?ˆ? ?ˆ) = ?1 + ??ˆ + ?1 cos 2? ? (?ˆ ?ˆ?) ? − ?¯2(?ˆ? ?ˆ) = −?2 − ??ˆ − ?2 cos

2? (?ˆ − ?ˆ?)

+ ? ? ∙ ¸ ∙ ? ¸ The geometry of problem is presented in Fig. 8.1. (8.1) (8.2) Fig. 8.1: Geometry of problem. In
which ?ˆ designates the time, ? is the phase difference, (?1? ?2) are the amplitudes? (?¯1? ?¯2) represent
walls of channel and ? is the wavelength. Mathematical formulation is given as: ∇?V = 0? ? ∙ ??V?ˆ ¸ + ? Ω¯
× (Ω¯ × V) + 2Ω¯ × V = −∇? + ?∇2V − ?1∇4V? £ ??? ????ˆ = ?? ∇2? +∇?q? + ?0(? − ?0)? ¤ where q? = −
4?∗ ∇? 4? 3?∗ (8.3) (8.4) (8.5) (8.6) here ? is the dynamic viscosity, ?1 is couple stress constant, ?0 is the
coefficient non-uniform heat source/sink, ?∗ the mean absorption coefficient, ?∗ is the Stefan- Boltzmann
constant and ∇2 = ???2 + ???2 + ???2 with ∇4 = ∇2∇2? Laboratory and waves frames are related as: ? =

2?ˆ − ??ˆ? ? = ?ˆ? ? = ?ˆ? ? = ?ˆ(?ˆ? ?ˆ? ?ˆ)? ?(?? ?? ?) = ?ˆ(?ˆ? ?ˆ? ?ˆ) − ?? ?
(?ˆ? ?ˆ? ?ˆ) = ?ˆ(?ˆ? ?ˆ? ?ˆ)? ?(?ˆ? ?ˆ? ?ˆ) = ?ˆ(?ˆ? ?ˆ? ?ˆ)?

Invoking above transformations, Eqs. (8?3 − 8?5) take the form: ?? + ?? = 0? ? [(? + ?)?? + ??? + ??? −
2Ω?] = −?? + ?∇2(? + ?) − ?1∇4(? + ?)? ? [(? + ?)?? + ??? + ??? + 2Ω(? + ?)] = −?? + ?∇2? − ?1∇4?? ? [(?
+ ?)?? + ??? + ???] = −?? + ?∇2? − ?1∇4?? ??? [?? + ??? + ???] = ?? [??? + ??? + ???] − (??)? + ?0(? − ?
0)? Dimensionless quantities involved in problem are listed below: ?∗ = ?1 = ?= ??= ? 1∗ = ? ? ?∗ = ? ? ?∗ =
?1 ? ?∗ = ?? ? ?∗ = ??012??¯? ? ?1 = ??¯11 ? ?2 = ? ? ? ? ?¯2 ? ?2 ??11 ? ?2 = ??21 ? ? = ??21 ? ?∗ = ?
? ?∗ = ? ? ?∗ = ? ? ?∗ = ? ? ? ? ? ? ? = ? ?1 ? ? − ?0 ? ??1 ? 0 Re Ω¯? ?1 − ?0 ? ? = ? Re = ?????? ?? =
31?6???∗∗∗?03? ? = ??0??2? ??1 = ˚??1??? ? = ?1? ?∗ = r ? ? ? ?4 = ? ?1? ? = ? ? ? ? ? ?1 ??11 ? ?∗2 =
??12 ? ? = ??? ? = −???? Adopting lubrication approach, Eqs. (8?8) − (8?11) are reduced to ?? = ???? − ?
42 ?????? + 2? 0 ?? 1 (8.7) (8.8) (8.9) (8.10) (8.11) (8.12) (8.13) (8.14) ?? = ??? − ?42 1 ????? + 2? (?? +
1) ? 0 (8.15) ?? = 0? (8.16) (1 + Pr ??)??? + ?? = 0? (8.17) Defining ?1 = ? − 1 − ?? (8.18) with ?2 ?1 = ??
??? Z?1 and the dimensionless conditions ?1 = 1 + ?? + ?1 cos (2??) ? ?2 = −? − ?? − ?2 cos(2?? + ?)?
(8.19) ?1 ? = 2 ? ???? = 0? ?? + ???? = −1? ??? = 0? ?? + ?1??? = −1? ? + ?2?? = 1? at ? = ?1? (8.20) ? =
− ?1 2 ? ???? = 0? ?? − ???? = −1? ??? = 0? ?? − ?1??? = −1? ? − ?2?? = 0? at ? = ?2? (8.21) where ?
denotes stream function, ? axial velocity slip, ?1 secondary velocity slip and ?2 tem- perature slip
parameters. Eq. (8?15) indicates that ? =6 ?(?) and thus compatibility equation satisfies ??????? − ?
24????? − 2? 0 ?24? = 0 and Eq. (8?14) becomes ????? − ?24??? + 2? 0 ?24(?? + 1) = 0? 8.3 Solution
methodology (8.22) (8.23) Built-in routine NDSolve in Mathematica is utilized to get numerical solution for
reduced system of equations. In this section graphical results are drawn to observe the impact of pertinent
parameters on velocities and temperature. 8.4 Discussion 8.4.1 Axial velocity

93(a) (b) (c) (d) Fig. 8. 2: Graph of ?(?) for

(a) ?4 (b) ?0 (c) ? (d) ?∗? The axial velocity ? against sundry variables are shown in Figs? 8?2(? − ?). Fig.
8?2(?) manifests the impact of couple stress parameter ?4 on axial velocity. It is obvious that velocity
declines at the center of channel whereas it grows near channel walls. Physically for rising values of ?4
stress among fluid particles increases which in turn produces a decay in velocity. It can be seen through Fig.
8?2(?) that there is a decrease in velocity at center of channel for increase in Taylor number ?0? In fact
secondary flow along ?−???? produced by rotation resists the flow and hence velocity declines. Variation in
? for larger slip parameter ? is manifested in Fig. 8?2(?). Velocity decreases via increasing ? because fluid
experiences more slip at the channel walls which in turn reduces ?? Inverse relation between velocity and
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non-uniformity parameter is illustrated in Fig. 8?2(?). A gradual increase in velocity is observed for
increasing values of ?? It is due to decrease in frictional force offered by channel walls. 8.4.2 Secondary
velocity

46(a) (b) (c) (d) (e) Fig. 8.3: Graph of ? for (a)

?4 (b) ? 0 (c) ? (d) ?1 (e) ?∗? In this section, variation in secondary velocity for involved parameters in
investigated through Figs. 8.3(? − ?)? Fig. 8?3(?) indicates that secondary velocity grows for enhancing
values of fluid parameter ?4? Influence of Taylor number

61on velocity profile is displayed in Fig. 8 ?3(?). It is obvious that velocity
increases

via ? 0 because of enhancement in rotation of fluid and channel. Effect of axial velocity slip parameter of
secondary velocity is manifested through Fig. 8?3(?). The resulting panel exhibit an increment in ? for larger
?? Fig. 8?3(?) reveals

28that velocity is an increasing function of secondary velocity slip parameter

?1. A very small rise in secondary velocity

28is noticed for growing values of ? as seen through Fig.

8?3(?). 8.4.3 Temperature profile

47(a) (b) (c) (d) (e) (f) Fig. 8.4: Graph of

? for (a) ?4 (b) ?0 (c) ?2 (d) ?∗ (e) ? (f) ???

44This subsection is devoted to illustrate the behavior of pertinent parameters on
temperature profile

through Figs. 8?4(? − ? ). Decreasing response of temperature towards growing fluid parameter is depicted
in Fig. 8?4(?). As viscosity of fluid enhances via larger values of ? which provides retardation to flow
therefore temperature drops. Motion of fluid particles is related with rotation of channel. When Taylor number
is increased, fluid particle move rapidly without experiencing any retardation. As a result, temperature
decreases (see Fig. 8?4(?)). Fig. 8?4(?) is plotted to observe the impact of temperature slip parameter on ??
For growing values of ? kinetic energy of fluid particle increases which produces a rise in temperature.
Increasing impression of ? on temperature profile is disclosed in Fig. 8?4(?). It is obvious from Fig. 8?4(?)
that temperature declines for negative values of heat generation/absorption coefficient (? ? 0) whereas a rise
in temperature is noticed for its positive values (? ? 0). In fact for ? ? 0? a heat sink is produced which
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absorbs heat and for (? ? 0) more heat is added to the system. A decline in temperature for enhancing
values of radiation parameter ?? is evident from Fig. 8?4 (? ). As effect of natural convection is reduced by
adding more radiations therefore temperature declines. 8.4.4 Heat transfer rate

47(a) (b) (c) (d) (e) (f) Fig. 8.5: Graph of

? for (a) ?4 (b) ?0 (c) ?2 (d) ?∗ (e) ? (f) ??? Figs. 8?5(? − ?) are prepared to interpret

11the variation in heat transfer coefficient ? for multiple values of various

physical parameters.

Fig. 8?5(?) characterizes increasing influence of fluid parameter ?4 on ?? It is evident from resulting sketch
that magnitude of heat transfer grows for larger ?4?

9It is noteworthy that heat transfer coefficient. Fig. 8?5(?) is

portrayed for observing

7the influence of Taylor number ?0 on heat transfer coefficient. Result clarifies

that heat transfer

rate grows via ?0? Fig. 8?5(?) indicates that there is an enhancement in heat transfer coefficient for rising
values of slip parameter ?2? An increment in ? for growing values of non-uniformity parameter ? is reported
in Fig. 8?5(?). Magnitude of heat transfer coefficient decays for rise in heat generation/absorption coefficient
as depicted in Fig. 8?5(?). Fig. 8?5(?) depicts a decline in ? for rise in radiation parameter ??? A heat loss is
generated for stronger thermal radiations and hence ? decreases. 8.4.5 Streamlines (a) (b) (c) Fig. 8.6:
Streamlines for ?0 with fixed values of ? = 0?01? ? = 1?5? ? = 0?2? ? = 0?1? ? = 1?2? ? = ?2? ? = ?1 = 0?
2? ? = 2 for (a)

68?0 = 0? 0 (b) ?0 = 0? 5 (c) ?0 = 2. (a) (b) (c)

Fig. 8.7: Streamlines for ?4 for (a) ?4 = 0?0 (b) ?4 = 2?5 (c) ?4 = 5. (a) (b) (c) Fig. 8.8: Streamlines for ? for
(a) ? = 0?2 (b) ? = 0?4 (c) ? = 0?6. Figs. 8?6(? − ?) are sketched to notice the effect of Taylor number on
trapping phenomenon. The size of trapping bolus decreases at lower channel for increase in rotation. It is
also clear that trapping bolus disappears for further rise in ? 0 ? A similar impact is observed for fluid
parameter and velocity slip parameter as seen through Figs. 8?7 and 8?8. 8.5 Conclusions Peristaltic
pumping of couple stress fluid under the influences of heat source/sink, thermal radiation and slip conditions
is examined. Key findings of investigation are given by: • A decline in axial velocity distribution

70is observed for increasing values of velocity slip parameter ?, fluid
parameter ?4 and
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rotation ?0 however velocity increases via non- uniformity parameter ?? • Similar outcomes of ?4, ?0, ?1 and
? on secondary velocity are observed whereas ? affects ? oppositely. • Temperature is increasing function of
?? ?2 and ?? • There is an inverse relationship between temperature and rising values of ?4, ?0, ??. •
Decaying response is depicted by heat transfer coefficient for growing values of ? and ?0? • Heat transfer
coefficient increases via ??? ?2? ?4 and ?? Chapter 9 Peristaltic motion of third grade fluid sub ject to
nonlinear radiation 9.1 Introduction This chapter addressed nonlinear radiation effect on

9peristaltic motion of third grade liquid in a

tapered asymmetric geometry. System in rotating frame is entertained. Relevant problems have been
numerically solved. The

55velocity, temperature and heat transfer rate are physically

stressed. 9.2 Problem statement An incompressible third grade liquid

37in a tapered channel is considered. The waves

with amplitudes (?1??2) and phase ? are taken. A case of rigid body rotation for channel and fluid is
considered. System rotates about ?ˆ−????. Nonlinear version of radiation is considered. The waves shapes
are described by

8?¯1(?ˆ? ?ˆ) = ?1 + ??ˆ + ?1 cos 2? (?ˆ − ?ˆ?) ? ∙ ? (9.1) ?¯2(?ˆ? ?ˆ) = −?2 − ??ˆ −
?2 cos 2? (?ˆ ?ˆ?) + ? ? ¸ ? − (9 .2)

∙ ¸ The constitutive equations for third order fluid are T = −?I + S? S = ?A1 + ?01A2 + ?02A21 + ?01A3 + ?
02(A1A2 + A2A1) + ?03(???A2)A1? According to Fosdick and Rajagopal [67]: ? ≥ 0? ?01 ≥ 0? ?01 = ?02 =
0? ?03 ≥ 0? | ?01 + ?02 |≤ 24??03? q Eq. (9?4) becomes S = ?A1 + ?01A2 + ?02A21 + ?03(???A2)A1?
Rotating flow is described by the equations div V = 0? ? ∙ ??V?ˇ + (V?∇) V + ? Ω¯ × (Ω¯ × ¯r) + 2Ω¯ × V =
div T? ¸ ??? ????ˆ = ?? ∇2? +∇?q? + T?L? £ ¤ (9.3) (9.4) (9.5) (9.6) (9.7) (9.8) In above equations ?0?(? =
1? 2) and ?0?(? = 1 − 3) are material parameters, A? = (V?∇) A?−1 + A?−1L + L?A?−1? A1 = L + L?? L =
∇V? V the velocity and ¯r the position vector. Nonlinear thermal radiation after using Rosseland
approximation is given by q? = − 43??∗∗ ????4 = − 136??∗∗ ? 3 ???? ? (9.9) in which ?∗ and ?∗ represents

11the Stefan- Boltzmann constant and the mean absorption coeffi- cient

respectively.

Applying below transformations ? =
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2?ˆ − ??ˆ? ? = ?ˆ? ? = ?ˆ? ? = ?ˆ(?ˆ? ?ˆ? ?ˆ)? ?(?? ?? ?) = ?ˆ(?ˆ? ?ˆ? ?ˆ) − ?? ?
(?ˆ? ?ˆ? ?ˆ) = ?ˆ(?ˆ? ?ˆ? ?ˆ)? ?(?ˆ? ?ˆ? ?ˆ) = ?ˆ(?ˆ? ?ˆ? ?ˆ)? (9 .10)

Eqs. (9?6 − 9?8) become (?)? + (?)? + (?)? = 0? (9.11) ? (? + ?) (?)? + ? (?)? + ? (?)? − 2Ω? = − (?)? +
(???)? + (???)? + (???)?? n o ? (? + ?) (?)? + ? (?)? + ? (?)? + 2Ω(? + ?) = − (?)? + (???)? + (???)? +
(???)?? n o ? (? + ?) (?)? + ? (?)? + ? (?) = − (?)? + +(???)? + (???)? + (???)?? n o ? (9.12) (9.13) (9.14)
??? (? )? + ? (? )? + ? (? )? = ?? (? )?? + (? )?? + (? )?? (9.15) n o −(??)? + ??? (?)? + ???((?)? + (?)?) +
??? (?)? (?9.16) n o Consider dimensionless variables and stream function as ?∗ = ?1 = ?= ??= ?5 = ?? ?∗
= ?? ?∗ = ?? ?∗ = ??? ?∗ = ?1?? ?1 = ?¯1??2 = ?¯2 ? ? ? ??11 ? ?2 = ??22 ? ?∗ = ? ?1 ? ? ? ? ??? ? ? ?∗ =
? ? ?∗ = ? ?∗ = ? ? = ? ? ?1 ? ? ? ?1 ? − ?0 ?1 ? Re = ???1 0 Re Ω¯? ?1 − ?0 ? ? = ? ? ? ? = ? ? ?? = ?0 ?1
? ????? ? ?? = ?4???∗∗ ?03? ??1 = ˚?1 ? ? ? ??2 = ˚?2 ? ? ?= ? ?? ?? ?1 ??2??2103 ? ? = ??? ? = −????
(9.17) Now applying lubrication approach, Eqs. (9?10) − (9?14) can be reduced as follows: ?? = (???)? + 2?
?? 0 (9.18) ?? = (??? )? − 2? 0 ((?)? + 1) ? (9.19) ?? = 0? (9.20) 1 + ?? Pr (?(?? − 1) + 1)3 (?)?? + 3?? Pr (?
(?? − 1) + 1)2 (?? − 1) ?2 ? = 0? (9.21)

95h i h i ¡ ¢ ??? = (?)?? + 2 ?5( ?2 ?? + ?2 ?) (?)?? ? ??? = (?)? + 2?

5( ?¡2 ?¢? + ?¡2 ?¢) (?)? ? ¡ ¢ ¡ ¢ with dimensionless conditions ?1 = 1 + ?? + ?1 cos (2??) ? ?2 = −1 − ?? −
?2 cos(2?? + ?)? ? = ?1 2 ? (?)? = −1? ? = 0? (?)? − ??1(1 − ?) = 0? at ? = ?1? ? = − ?1 2 ? (?)? = −1? ? =
0? (?)? − ??2(1 + ?) = 0? at ? = ?2? where (9.22) (9.23) (9.24) ?1 = ? − 1 − ?? ?2 ?1 = (?)? ??? (9.25) Z?1
Eqs. (9?16) and (9?17) take the forms: (??? )? + 2? 0 ? = 0? (9.26) ³ ´ ? (???)? − 2? ((?)? + 1) = 0? 0 (9.27)
9.3 Solution methodology The Eqs. (9?16)−(9?19) and conditions (9?20)−(9?22) have been numerically
solved for (???), ? and ?. 9.4 Discussion 9.4.1 Velocity profile Figs. 9.1(? − ?) are displayed for velocity
against ?5, ? and ?0. The velocity is generally parabolic. It has maximum value at channel centre. Velocity
has dual behavior for ?5. In upper portion of channel, the axial velocity increases. Physical such increase
corresponds to decay in fluid viscosity. In lower portion of channel, the situation is different (Fig. 9?1(?)). In
Fig. 9?1(?)? ? at channel centre is an increasing function of ?? Fig. 9?1(?) represents effect of ?0 on axial
velocity. There is generation of secondary velocity for rotation. It increases ?. Effects of ?5, ? and ?0 on
secondary velocity are shown in Figs. 9?2(?−?)? There is decay in ? for ?5 (Fig. 9?2(?)). Also secondary
velocity decays for ? (Fig. 9?2(?)). The reason behind this fact is that fluid rapidly compressed in narrow
portion and induced frictional force at wall is reduced. Fig. 9?2(?) indicates ? against ?0. Gradual increase in
? is observed for ?0. This happens due to faster rotation of liquid particles. (9.28)

46(a) (b) (c) Fig. 9.1: Influence of (a) ?5 (b) ? (c)

? 0 on ?(?) when ? = 0?2? ? = 0?1? ? = 1? ?1 = 0?7? ?2 = 0?5? ? = 0?8? ? = ?4 ? ?5 = 0?01 and ? 0 = 0?
5. (a) (b) (c) Fig. 9.2: Effect of (a) ?5 (b) ? (c) ? 0 on ?(?) when ? = 0?1? ? = 0?1? ? = −1? ?1 = 0?7? ?2 =
0?5? ? = 0?8? ? = ?4 ? ?5 = 0?01 and ? 0 = 0?5. 9.4.2 Heat transfer Figs. 9?3(? − ?) are sketched for
temperature against ?5, ?0, ??, ??, ??1, ??2, ?? and ??. Fluctuation in ? for greater ?5 is captured in Fig. 9?
3(?). In fact viscosity of fluid decreases. Decrease in ? for larger ?0 is shown in Fig. 9?3(?). Physically such
decrease in ? corresponds to faster motion of fluid particles. In Fig. 9?3(?)? ? is decreasing function of ??.
There is less
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15energy is absorbed by fluid for greater ??? therefore temperature

decays. Opposite behavior

15of temperature ratio parameter ?? on temperature distribution is

noticed in Fig. 9?3(?). In fact thermal state of fluid is enhanced with ?? which is responsible for rise in ?.
Also in the Fig. 9?3(?) solid line obtained for linear radiation problem (?? = 1) and dotted lines are computed
through Eq. (9?19) with the variation in ?? for nonlinear radiation. It is worth pointing here that when ?? ≈ 1,
temperature profiles are close to corresponding profiles for the case of linear radiative heat flux. Figs. 9?3(?)
and 9?3(?) compare the results of linear and non-linear radiation for different values of radiation when ?? =
1?1 and ?? = 3 respectively. It is seen that linear and non-linear results match each other better at ?? = 1?1
when compared with ?? = 3. The profiles show a significant decrease as the radiation parameter is gradually
increased. Similar response of Biot numbers (??1? ??2) on ? at both upper and lower walls are
demonstrated through Figs. 9?3(?) and 9?3(?). There is more convection generated with higher values of
(??1? ??2) and consequently temperature is enhanced. Variation for larger ?? on ? is sketched in Fig. 9?
3(?). In fact viscous dissipation is responsible for enhancement in temperature. Fig. 9?3(?) reveals that ?
decreases for different values of ??. Thermal diffusivity of fluid is reduced with an increase in ?? and
consequently ? decays. Figs. 9?4(?−?) are plotted for ? against different flow physical parameters. We
noticed from Fig. 9?4(?) that because of heat loss, ? decays in magnitude when ?? increases. For larger ??
and ??? the reversed trend is followed (see Figs. 9?4(?) and (?)).

51(a) (b) (c) (d) (e) (f ) (g) (h) (i) (j) Fig. 9. 3: Effect of (a) ?5 (b) ?0 (c) ?? (d) ?? (e)

comparison between linear and nonlinear radiation when ?? = 1?1 (f) comparison between linear and
nonlinear radiation ?? = 3 (g) ??1 (h) ??2 (i) ?? (j) ?? on ?(?) when ? = 0?1? ? = 0?1? ? = 1? ?1 = 0?7? ?2 =
0?5? ? = 0?8? ? = ?4? ?5 = 0?01? ??1 = 2? ??2 = 4? ?? = 0?7? Pr = 1?5? ?? = 3? ?? = 1?1 and ?0 = 0?5.
(a) (b) (c) Fig. 9.4: Effect of (a) ?? (b) ?? (c) ?? on ?(?) when ? = 0?1? ? = 1? ?1 = 0?7? ?2 = 0?5? ? = 0?8?
? = ?4 ? ?5 = 0?01? ??1 = 2? ??2 = 4? ?? = 0?7? Pr = 1?5? ?? = 3? ?? = 1?1 and ? 0 = 0?5. 9.5
Conclusions Main points here are • There is dual behavior of ?5 velocity. • Behaviors of ? and ?0 on ? are
opposite. • Effect of ?0 on ? is reverse to that of ? and ?5. • There is decrease in temperature for ?0? ?? and
??. • Larger values of ?5, ?? and ?? give rise to temperature. • Heat transfer rate ? is enhanced for ?? and
??. • ? is decreasing function of ??? Chapter 10 Entropy generation impact on peristaltic motion in a rotating
frame 10.1 Introduction This chapter intends to investigate the peristalsis of Casson fluid in rotating frame
and entropy generation. Constituitive equations are formulated by invoking thermal radiation and viscous
dissipation. Slip conditions for temperature and velocity are satisfied. Lubrication approach is employed for
reducing the system of equation in simplified form. Exact solutions for re- sulting systems are obtained.
Graphical results are prepared to observe the outcomes of fluid parameter, Brinkman number, compliant wall
parameters, Taylor, Bejan number and radiation parameter. Entropy generation is also examined. It is
noticed that slip effects can control entropy generation. 10.2 Problem definition Consider an incompressible
flow of Casson fluid in channel with width 2?. Compliant prop- erties of channel are studied. Rigid body
rotation for fluid and channel through constant Ω is discussed. Flow is generated due to travelling waves by
wavelength ? and amplitude ?. Mathematically one has ? = ±?(?? ?) = ± ? + ? cos 2? ? (? − ??) ? (10.1) ∙ ½
¾¸ Here we also consider entropy generation through
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30radiation and viscous dissipation effects. The

radiative term ?? is defined as q? = −3?∗ ?? 4?∗ ??4 ? in which ?∗ and ?∗ represent

11the Stefan-Boltzmann constant and Rosseland’s mean absorption
coefficient respectively.

After expanding ?4 about ?0 and ignoring higher-order terms q? one has q? = − 136??∗∗ ?03 ???? ? (10.2)
For Casson fluid the stress tensor is T = −?I + S? S = ?? + s ?? ! 2?? Ã 2??? ? (10.3) where ?? is yield
stress and ? = ???, ??? is the (?? ?) component of deformation rate and ?? a plastic viscosity of fluid. Here
??? = 1 ??? ??? 2 µ??? ??? + ? ¶ Continuity equation for the flow consideration is ?? ?? ?? ?? = 0? +
Components of momentum equation in rotating frame are ? ?? ?? ?? ?? ??˜ ???? ???? ???? + ∙ ?? +???
+??? +??? −2Ω? = −?? ?? + ?? + ?? ? ? ?? ?? ?? +? +2Ω? = − ?? ¸ ∙?? +??? +??? ??˜ ???? ???? ???? + +
¸ ?? + ?? ? ?? ?? ?? ? ?? ?? ?? ?? ??˜ ???? ???? ???? + + + ? ∙ ?? +??? +??? +??? = −?? ?? ¸ ?? ??
(10.4) (10.5) (10.6) (10.7) Energy equation give ?? ?? ?? ?? ??? ?? + ? ?? + ? ?? + ? ?? = ?? ??2 ??2 ??2
?2? ?2? ?2? ??? + + + ∙ ¸ ∙ ?? ?? ?? ?? ¸ + ?? +??? ?? + ??? ?? ?? + ??? ?? ? (10.8) µ ¶ Complaint walls
equation can be expressed as ?(?) = ? − ?0? with ? = −? ???22 + ? ???22 + ?0 ? ?? ? (10.9) ???(?) = ?? ?
?? ???? ???? ???? = ?? + ?? + −? ?? +? ?? ?? + ? +? ?? − 2Ω? ?(10.10) ?? ∙?? ?? ?? ?? ¸ Defining non-
dimensional variables and stream function as ?∗ = ?∗ = ? = ?? = ?? ?∗ = ?? ?∗ = ?? ?∗ = ??? ?∗ = ??˜ ? ? ?
? ??? ? ?? ?∗ = ?? ?∗ = ? ? ? ? ? ? ? ?¯ = ?? = ? ? ? ??1 −− ??00 ? ? = ? Re = ??? ? ? 0 = Re Ω¯? ? ? ? ?
? ????? ? ?? = ?4???∗∗ ?03? ?? = ??? ?? ?6 = ? √ 2?? ?? ?1 = − ?3?? ? ?2 = ?3? ? ?3 = ??2 ? ?3 ?∗1??3
?3?0 ? S?? = ?? ¯S??? ?¯1 = ??1? ?¯2 = ??2? ?¯3 = ?3? ? ? (10.11) ? = ??? ? = −???? (10.12) Eqs. (10?3
− 10?8) in view of large wavelength and small Reynolds are ?? = ? ??? + 2? ?? 0 ?? ?? = ?? ??? − 2? ??? ?
0 ?? = 0? (1 + ?? Pr) ??2 + ????? = 0? ?2? ??? = 1+ 1 ?2? ? µ ?6 ¶ ??2 ??? = 1+ 1 ?? ? µ ?6 ¶ ??
Boundary conditions in dimensionless form ?? ?? ± ?1(1 + ?6 ??2 = 0? at ? = ±?? 1 ?2? ) ?3 ?3 ?2 ???? ∙ ?
1??3 +?2????2 +?3???? ? = ?? −2?0? ¸ ? ± ?2(1 + ?6 ?? = 0? at ? = ±?? 1 ?? ) ? + ?3 ???? = 1? ⎨ ⎧ ? − ?
3 ???? = 0 ⎬ ⎫ ? at ? = −?? where ⎩ ⎭ ? = 1 + ? sin 2? (? − ?) ? here ? the fluid parameter. From Eqs. (10?
13) to (10?15)? we have: 1 + 1 ?4? 0 ?? ?6 ¶ ??4 + 2? = 0? µ ?? 1 + 1 ?2? 0 ?? µ ?6 ¶ ??2 − 2? ?? = 0?
(10.13) (10.14) (10.15) (10.16) (10.17) (10.18) (10.19) (10.20) (10.21) (10.22) (10.23) 10.3 Entropy
generation Dimensional form of the entropy generation is given as ??00?0? ?? ?? 2 + ?? 2 16?∗?03 ?? 2 =
?02 "(µ??¶ µ ?? + ¶ 3?∗ µ ?? ¶ )# + ? ?? ?? ?? ?0 ????? +??? ?? + ?? +??? ? ∙ µ ?? ¶ ?? ¸ In
dimensionless form, entropy generation can be written as follows: ???? = ???00??000? =(1+??Pr)µ????
¶2+?`?? 1+ ??2??2 1 µ ? ? ¶ (10.24) (10.25) where ?` = (?1?−0?0) and ??00 = ?? (??120−?2?0)2
represents the temperature difference parameter and entropy generation characteristics. In Eq. (10?24) first
and second terms corresponds to entropy generation due to heat transfer (??) and fluid friction (??)
respectively. Now defining Bejan number ?? ??= ?? +?? ?? ? (10.26) 10.4 Solution methodology The exact
solutions of equations (10?16, 10?22, 10?23 and 10?25) corresponding to boundary conditions (10?18 −
10?21) are as follows ? = 6 + 24? 02?1?2?2 + ?6(6 + 8? 02?2?2(3?1 + ?)) − 1 ?? ?2?6 − 3?(2(1 + ?6)?1 + ?
6?) ? ³ ´ £ ¤ ? = 4(1 + ?6)(3 + 12?02?1?2?2 + ?6(3 + 4?02?2?2(3?1 + ?))) − 1 ³??0[?4?26 − 6?2?6?(2(1 + ?
6)?1 + ?6?) + ?2(12(1 + ?6)?1(2(1 + ?6)?2 ´ +?6?) + ?6?(8(1 + ?6)?2 + 5?6?))]? (10.27) (10.28) ?= 14 [2?(?
3 + ?)−1 − ((1 + Pr ??)(3(1 + ?6) + 12? 02(1 + ?6)?1?2?2 +4? 02?6?2?3)2)−13???2?4?6(1 + ?6) − 2(?3 +
?)−1[3???2?3?6(1 + ?6)(?3 + ?)(4?3 +?)((1 + Pr ??)(3(1 + ?6) + 12? 02(1 + ?6)?1?2?2 + 4? 02?6?2?3)2)−1
−(−?1 − ?)(−1 − 3???2?3?6(1 + ?6)(?3 + ?)(4?3 + ?)((1 + Pr ??) (3(1 + ?6) + 12? 02(1 + ?6)?1?2?2 + 4?
02?6?2?3)2)−1)]]? (10.29) ???? = 14 (1 + Pr ??)[(?3 + ?)−1 − ((1 + Pr ??)(3(1 + ?6) + 12? 02(1 + ?6)?1?2?2
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+4? 02?6?2?3)2)−16???2?3?(1 + ?) + 9?`???2?2?6(1 + ?6) ((3 + 12? 02?1?2?2 + ?6(3 + 4? 02?6?2?2(3?1
+ ?)))2)−1]? (10.30) 10.5 Discussion Impact of various involved parameters on axial velocity is demonstrated

58in Figs. (10? 1 − 10? 5). Fig. 10? 1 depicts the variation in ? for multiple

values of

Taylor’s number. It is obvious that velocity declines via ? 0 since a secondary flow is induced by increase in
rotation which decreases velocity of fluid in axial direction. Fig. 10?2 clarifies an enhancement in velocity for
growing values of fluid parameter ?6?

15It is due to reduction in viscosity of fluid. Fig. 10?3 is plotted

to observe the impact of slip parameter ?1 on axial velocity. Resulting sketch

15shows an increment in velocity for larger

?1? In fact for larger slip parameter, less resistance is offered to the fluid which tend to rise the velocity. It
can be seen through

66Fig. 10? 4 that axial velocity is a decreasing function of secondary slip

parameter

?2? Impact of wall parameters (?1? ?2? ?3) on velocity profile is illustrated through Fig. 10?5. Wall elasticity
parameters (?1? ?2) accelerates the flow of fluid however a reduction in velocity is observed for increasing
damping parameter ?3? Variation in secondary velocity for embedded parameters is analyzed through Figs.
(10?6 − 10?9). It is found from Fig. 10?6 that secondary velocity grows for larger fluid parameter ?6?
Secondary velocity ?

28is an increasing function of Taylor’s number as demonstrated in Fig.

10?7. The reason lies behind the fact the fluid moves faster in secondary direction for increase in rotation.
Fig. 10?8 serves to manifest the impact of slip parameter ?2 on ?? Here velocity grows via ?2? Impact of
wall parameters on secondary velocity is similar as observed for axial velocity (see Fig. 10?9). Figs. (10?10
− 10?15) characterize the effect of physical parameters on temperature profile. A decline in temperature is
obtained for rise in Taylor’s number ? 0 as demonstrated in Fig. 10?10? Fig. 10?11 discloses that
temperature of fluid decreases as fluid parameter grows. It

15due to decrease in viscosity of fluid. Variation in

? for larger ?3 is portrayed in Fig. 10?12. It is obvious from resulting graph that there is in increment in
temperature for enhancing slip parameter. Wall elasticity parameters ??(? = 1? 2) tend to rise the
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temperature however an opposite behavior is noticed for wall damping parameter ?3 (see Fig. 10?13). Fig.
10?14 highlights the decaying outcomes of radiation parameter on temperature profile. Since for higher ???
absorbing power of fluid particle tend to reduce and hence temperature drops. Fig. 10?15 determines the

15behavior of temperature for rising values of

Brinkman number ??? As more heat is generated for stronger viscous dissipation therefore temperature
rises. Figs. (10?16 − 10?21) are captured to investigate the behavior of heat transfer coefficient for variation
in pertinent parameters. Decaying response of heat transfer coefficient towards growing Taylor number is
recorded in Fig. 10?16. Fluid parameter produces an increment in magnitude heat transfer coefficient as
depicted in Fig. 10?17. Physically for larger ?6? the strength of viscous forces increase. As a result, ?
grows. Fig. 10?18 clarifies that

13heat transfer coefficient is an increasing function of

thermal slip parameter ?3? Since heat transfer coefficient and temperature are in direct relation with each
other therefore wall parameters ?1? ?2 and ?3 affect ? is same manner as that of temperature profile (see
Fig. 10?19)? Upon increasing radiation parameter, heat transfer coefficient declines as shown in Fig. 10?20.
Fig. 10?21 characterizes an inverse relationship between ? and Brinkman number ???

78Fig. 10.1 Fig. 10.2 Fig. 10.1:

Effect of ? 0 on ?(?) Fig. 10.2: Effect of ?6 on ?(?).

3Fig. 10.3 Fig. 10.4 Fig. 10.

3: Effect of ?1 on ?(?) Fig. 10.5 Fig. 10.5: Effect of ?1? ?2? ?3 on ?(?)? Fig. 10.6 Fig. 10.7

59Fig. 10.6: Effect of ?6 on ?(?). Fig. 10.7: Effect of ? 0 on ?(?). Fig. 10.8

Fig. 10.9 Fig. 10.8: Effect of ?2 on ?(?). Fig. 10.9: Effect of ?1? ?2? ?3 on ?(?)?

38Fig. 10.10 Fig. 10.11 Fig. 10.10:

Effect of ? 0 on ?(?).

38Fig. 10.12 Fig. 10.13 Fig. 10.12:

Effect of ?3 on ?(?). Fig. 10.13: Effect of ?1? ?2? ?3 on ?(?).
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3Fig. 10. 14 Fig. 10. 15 Fig. 10.14: Effect of ?? on ?(?). Fig. 10. 16 Fig. 10. 17 Fig.
10.

16: Effect of ? 0 on ? (?). Fig. 10.17: Effect of ?6 on ? (?).

34Fig. 10.18 Fig. 10.19 Fig. 10. 18: Effect of

?3 on ?(?).

65Fig. 10. 20 Fig. 10. 21 Fig. 10.20: Effect of ?? on ?(?). Fig. 10.21: Effect of ?? on ?

(?). 10.

5.1 Entropy generation Figs. (10?22 − 10?26) reveal the impression of sundry parameters on entropy
generation. Fig. 10?22 displays a growing outcome of fluid parameter on entropy generation. A less entropy
is produced at center of channel as compared to channel walls. A reverse relationship is noticed with the
larger values of thermal slip, rotation and thermal radiation and can be viewed through Figs. 10?23 − 10?25.
When channel is rotated at high speed, more heat is generated and hence entropy declines. Fig. 10?26
indicates a rise in entropy generation via larger values of Brinkman parameter ???−1. It is obvious that more
disturbance in fluid is generated through larger Brinkman parameter which tend to enhance ??? Figs. 10?27
and 10?28 show that for larger Taylor number and thermal radiation parameter the

62heat transfer irreversibility is high when compared with total irreversibility
for heat transfer and fluid friction.

A reduction is demonstrated by ?? for increasing values of fluid and thermal slip parameter (see Figs. 10?29
and 10?30). Figs. 10?29 and 10?30 reveal a development in magnitude of Bejan number for growth in
Taylor number and radiation parameter. Kinetic energy of fluid rises via ? 0 and ?? which produces an
enhancement in ??? A growing impression of Brinkman number on Bejan number is portrayed in

3Fig. 10? 31? Fig. 10.22 Fig. 10.23 Fig. 10.

22: Effect of ?6 on ??. Fig. 10.23: Effect of ?3 on ??.

34Fig. 10.24 Fig. 10.25 Fig. 10. 24: Effect of

? 0 on ? ?. Fig. 10.25: Effect of ?? on ? ?. Fig. 10.26 Fig. 10.26: Effect of ???−1 on ??.

3Fig. 10.27 Fig. 10.28 Fig. 10.
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27: Effect of ? 0 on ??. Fig. 10.28: Effect of ?? on ??.

3Fig. 10.29 Fig. 10.30 Fig. 10.

29: Effect of ?6 on ??. Fig. 10.30: Effect of ?3 on ??. Fig. 10.31 Fig. 10.31: Effect of ???−1 on ??. 10.5.2
Trapping In Figs. 10?32 and 10?33, trapping phenomenon is observed for various involved parameters. Fig.
10?32 elucidates that

21size and number of trapping bolus reduces for larger values of

Casson parameter ?6? It is due to decrease in kinetic energy of fluid particles.

10It is clear from Fig. 10?33 that size of trapped bolus decreases for rising values

of rotation parameter ?0. (a) (b) (c) Fig. 10.32: Stream lines for

72(a) ? 0 = 0 (b) ? 0 = 0?5 (c) ? 0 = 5. (a) (b) (c)

86Fig. 10. 33: Streamlines for ?6 (a) ? = 0 (b) ? = 0? 2 (c) ? = 1.

10.6 Conclusions Here peristaltic transport Casson fluid under the influence of entropy generation through a
rotating channel in examined. The key findings of investigation are • There is a reduction in axial velocity for
growing Taylor number ? 0? • Impact of fluid parameter ?6 on ?, ?? ?, ?? is opposite when compared with
Bejan number ??? • A significant rise in secondary velocity via larger wall parameter, ? 0? ?6 and ?2 is
observed. • There is an inverse relationship between axial velocity and the slip parameters. • Increasing
outcomes of elastic parameters (?1? ?2) towards ? are noticed however impact of ?3 on ? is quite opposite.
• Temperature distribution is decreasing function of ? 0 and ?? however it is directly related with ?6? ?3 and
??. • Multiple values of ?−1??? ?3 and ?6 tend to raise entropy generation. • Decaying impression of ? 0 and
?? is observed on entropy generation. • Increasing values of ?6 and ?3 have tendency to reduce Bejan
number. However ? 0 and ?? have a growing impact on ??? • Heat transfer coefficient is directly related with
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