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Abstract

The unsteady hydromagnetic chemically reacting mixed convection MHD flow over a
permeable stretching sheet embedded in a porous medium with thermal radiation and
heat source/sink is investigated numerically. The original partial differential equations
are converted into ordinary differential equations by using similarity transformation. The
governing non-linear partial differential equations of Momentum, Energy, and Concen-
tration are considered in this study. The effects of various physical parameters on the
velocity, temperature, and species concentration have been discussed. The parameters
include the Prandtl number (Pr), Magnetic parameter (M), the Schmidt number (Sc),
Unsteady parameter (A), buoyancy forces ratio parameter (N), Chemical reaction (K),
Radiation parameter (Nr), Eckert number (Ec), local heat source/sink parameter (Q)
and buoyancy parameter due to temperature (A). The coefficient of Skin friction and
Heat transfer are investigated. The coupled non-linear partial differential equations gov-
erning the flow field have been solved numerically using the Spectral Relaxation Method
(SRM). The results that are obtained in this study are then presented in tabular forms

and on graphs and the observations are discussed.

Keywords: Magnetohydrodynamics, Chemically reacting, Mixed convection, Stretching

sheet, Porous medium, Thermal radiation and Heat source/sink.
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Index of Abbreviations

The following abbreviations are used in this study:

MHD  Magnetohydrodynamics

PDEs Partial differential equations

ODEs Ordinary differential equations

PST  Prescribed stretching surface temperature
PHF  Prescribed stretching surface heat flux
BVP  Boundary value problems

SRM  Spectral relaxation method
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List of the main symbols

Variables and Parameters

Description

a constant variable

A unsteady parameter

b constant variable

By magnetic induction

C concentration of species

Cy local skin friction coefficient

Cp Specific heat capacity

Cso Species concentration far from the surface
D mass diffusivity

Ec Eckert number

f dimensionless stream function

G, Grashof number due to temperature
G~ Grashof number due to concentration
K chemical reaction

k* mean absorption coefficient

m constant variable

M magnetic parameter

N buoyancy forces ratio parameter

Nr radiation parameter

Nu, local Nusselt number

Pr Prandtl number

Q local heat source/sink parameter

qr radiative heat flux

S local suction/injection parameter
Sc Schmidt number

Sh, local Sherwood number

viil
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Variables and Parameters | Description

t time

T fluid temperature

T, wall temperature

Ty fluid temperature far away from the wall
U velocity component in the z direction
Uy stretching sheet wall velocity

v velocity component in the y direction

Greek symbols

Variables and Parameters

Description

« thermal diffusivity
Qoo thermal diffusivity (m?s™1)
Bo volumetric coefficient of concentration expansion
Br volumetric coefficient of thermal expansion
n transformed variable
dimensionless temperature
A buoyancy parameter due to temperature
A The influence of buoyancy parameter on concentration
1 dynamic viscosity kgm ! s7!
v kinematic viscosity (m?s™1)
p density of the fluid
o electrical conductivity of the fluid
o* Stefan-Boltzmann constant
Tw wall shear stress
10) dimensionless species concentration
P stream function

1X
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Chapter 1

Introduction

This chapter gives a background introduction of the study followed by the statement of
the problem which entails the main aim, objectives and hypothesis of the study. The

chapter ends with a discussion of the definitions of keywords in the study.

1.1 Background of the study

This study deals with unsteady hydromagnetic chemically reacting mixed convection
Magnetohydrodynamics (MHD) flow over a permeable stretching sheet embedded in a
porous medium with thermal radiation and heat source/sink. The MHD is a dynamical
system that can be governed by non-linear ordinary differential equations. The non-linear
ordinary differential equation capture interacting processes during the magnetohydrody-
namics. This system of equations is solved using either numerical methods or analytic
methods such as perturbation ([32], [34]) to predict or portrait the behaviour of the
system. In fluid dynamics, ordinary differential equations are utilised to elucidate the
phenomenological mechanism governing the behaviour of a system. It is interesting to
note that, in this study the Hydromagnetic chemically reaction is defined as the study
of magnetic properties of electrically conducting fluids. The problems of hydromagnetic
convective flow in a porous medium have attracted considerable attention in various
scientific and technological applications. These various scientific and technological disci-

plines including but not limited to boundary layer flow control problems, plasma studies,
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geothermal energy extraction, metallurgy, chemical, mineral and petroleum engineering,
among others. The study of a flow over a stretching sheet began in the work of Crane
[9], where the study reported that the unsteady boundary layer flow past a stretching
plate and heat transfer with a variable thermal conductivity and further attempted the
heat flow problems in prescribed stretching surface temperature (PST) and prescribed
stretching surface heat flux (PHF). In this study, there are two methods to solve the
non-linear differential equations are considered. In particular, the spectral relaxation
method and Matlab programming language using bvp4c are used due to its simplicity
for linearising and decoupling the non-linear differential equations system. The effects
of radiation and mass transfer on unsteady MHD convective flow past a heated vertical
plate in a porous medium with viscous dissolution as stated by Prasad and Reddy [30],
where it was observed that, when the radiation parameter increase, the velocity and tem-
perature decrease in the boundary layer. The thermal radiation effect on the flow and
heat transfer impact is very crucial in the plan of numerous modern energy conversion
system operating at a higher temperature. The thermal radiation surrounded by this
system is regulated as a result of release by hot walls and the working fluid. In light
of this matter, Jha [14] investigated hydromagnetic free convection and mass transfer
flow past a uniformly accelerated moving vertical plate through a porous medium. The
aim was to study the effects of magnetic field by assuming the magnetic lines of force
to be fixed relative to fluid. Ibrahim et al. [11] examined unstable magneto-fluid dy-
namics flow of micro-polar fluid and heat transfer passing a vertical porous plate through

a porous medium in the existence of thermal and mass diffusions with a stable heat source.

In the study of unsteady hydromagnetic chemically reacting mixed convection flow, the
spectral relaxation method and the Matlab program bvp4c [[23], [35]], have been utilised
to solve non-linear ordinary differential equations. In the boundary layer equations study,
the equations capturing the system can be simplified by introducing similarity variables
and expressing the flow properties in terms of the similarity variables. The outcome
can be a system of non-linear ordinary equations. A new numerical method for solving
non-linear systems of differential equations in the applications of boundary layer model

was developed by motion [23]. This developed numerical method, called the spectral
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relaxation method (SRM), is derived by re-organisation of the equations for the model
presented in [23]. The spectral relaxation method and the Matlab program bvp4c have
been used to solve various types of non-linear system problems such as non-linear equa-

tions arising in heat transfer [2].

1.2 Problem Statement

1.2.1 The main aim of the study

The main aim of this study is to analyse the effects of thermal radiation on the unsteady
hydromagnetic chemically reacting mixed convection flow over a permeable stretching
surface. Particularly, we want to study how the unsteady hydromagnetic convection flow
will react chemically over a permeable stretching surface and also investigate the effects

of unsteady hydromagnetic mixed convection with thermal radiation.

1.2.2 Objectives of the study

e To analyse the unsteady hydromagnetic chemically reacting mixed convection fluid
flow using a numerical method called spectral relaxation method, and compare the

results with those obtained using the in built solver bvp4c in matlab.

e To investigate the effects of slip and thermal radiation on unsteady hydromagnetic

chemically reacting mixed convection fluid flow.

e To analyze the impacts of various parameters that affect the fluid flow over a per-
meable stretching embedded in a porous medium with thermal radiation and heat

source/sink.

1.2.3 Hypothesis of the study

Permeable stretching sheet enclosed in a porous medium with thermal radiation and heat
source/sink has an impact on the unsteady hydromagnetic chemically reacting mixed

convection fluid flow.

© University of Venda
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1.2.4 Definitions of keywords

Magnetohydrodynamics (MHD) is the science of the movement of electrically con-

ducting fluids beneath magnetic fields. MHD studies the undercurrents of the interaction
of electrically conducting fluids and electromagnetic field. The fluid can be ionized gases
(frequently called plasmas) or liquid metals. The fluid flow of an electrically conducting
fluid under a magnetic field in all-purpose stretches rise to induced electric currents. The
magnetic field applies mechanical forces on the induced electric currents. The induced
electric currents fluid flow in the direction perpendicular to both magnetic field and the
direction of motion of the fluid. However, the induced currents also generate their own

magnetic field, which in turn disturbs the innovative magnetic field. [40].

Stretching sheet is a sheet which is stretched longer or wider without deprived of tear-

ing or breaking. Stretching sheet problems are very imperative as their discoveries many
practical applications in altered areas. Stretching sheet can be exponential, quadratically
or linearly captured. At present, the study of shrinking sheet has received much atten-
tion due to its extraordinary behaviour in the field of fluid dynamics. Researchers are
trying to exhibit different phenomena considering shrinking sheet in the different physical

problems.[40].

Thermal radiation is energy transmission by the discharge of waves which convey en-
ergy away from the emitting object. Thermal radiation does not include an intervening
medium to channel it. Thermal radiation characterizes a conversion of Thermal energy
into electromagnetic energy. The characteristics of Thermal radiation are influenced by
different properties of the surface emanating with its temperature, spectral absorptivity
and spectral emissive power, as stated by Kirchhoft’s law. The radiation is not monochro-
matic, that is, it does not entail of just a single frequency. Lastly, Thermal radiation
ranges in wavelength from the longest infrared rays over the visible light spectrum to the

shortest ultraviolet rays [40].

Mixed convection is the combination of forced and free convection, when the fluid

© University of Venda
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flow is reduced at the same time by both an outer and inner volumetric forces, by the
density distribution of a fluid medium in a field of gravity. The most glowing demonstra-
tion of mixed convection is the apparent movement of the temperature bedded mass of
air and water areas of the earth. Mixed convection is established in the systems of very

small scales [42].

Chemical reaction is defined by a process that is characterized by a chemical reac-

tion in which the initial materials are converted to products. Chemical changes entail the

movement of electrons, influencing the formulation and breaking of chemical bonds [43].

Heat source/ sink defines the provisions or absorption of heat by anybody or device.

Heat source defines the transfer of kinetic energy from one medium or object to a different
or from an energy source to a medium or object, wherein such energy change can result
in a system where heat will naturally move from high to low temperatures. A higher
temperature is found in the heat source while low temperature is in the heat sink. There

are many sorts of heat sources and the most natural form of heat will always be the solar

heat [40].

© University of Venda
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Chapter 2

Literature Review

In this chapter, a literature review on the unsteady hydromagnetic chemically reacting
mixed convection MHD fluid flow over a permeable stretching sheet embedded in a porous

medium with thermal radiation and heat source/sink problem will be presented.

Many researchers have investigated the fluid dynamics problem using different approaches.
Many researchers have been found that there are different results based on the choice pa-

rameters.

Uwanta and Hamza [31] investigated the unsteady hydromagnetic fluid flow of a reactive
viscous fluid in a vertical channel with thermal diffusion, using unconditionally stable
and convergent semi-implicit finite difference scheme, where they found that if the values
of buoyancy parameter due to temperature (\) increase, then both unsteady and steady-
state velocity of the fluid increases. Furthermore, they discovered that if time increases,
the velocity of the fluid increases until a steady-state condition is attained and they found
that thermal diffusion, non-dimensional time, and temperature-dependent variable vis-
cosity accelerates the fluid flow while the magnetic parameter retards the motion of the

Auid.

Mitiku and Ponnane [20] studied the unsteady hydromagnetic chemically reacting as-
sorted convection fluid flow over a porous stretching surface with slip and thermal radia-
tion and they solved this problem numerically using an implicit finite difference method,

termed the Keller box method. They found that if they increase the velocity fall away

© University of Venda
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parameter, then it reduces the fluid velocity and if the parameter of the temperature slip
and species concentration slip parameter are raised so does the temperature and species
concentration. They also found that if they improve the magnetic parameter (M) it in-
fluences the velocity of the fluid decreases, but it increases both temperature and species
concentration. Increasing buoyancy forces ratio parameter and velocity slip parameter
decreases the friction coefficient of the skin and assists fluid flow when N >0, the skin

friction coefficient is less than the opposing fluid flow when N>0.

Makinde and Tshela [17] investigated the aspect of unsteady mixed convection with Soret
and Dufour effects passing a porous plate of chemically changing fluid moving through
a binary mixture. They used an iteration method together with fourth-order Runge-
Kutta integration scheme and they found out that the local Nusselt number increases
with increasing values of Damkohler number, Soret number when the suction parame-
ter is greater than zero and decreases with the increase in values of Schmidt number,
radiation parameter and Dufour number. And also they found that the local Sherwood
number increases with an increase in the values of Schmidt number, Radiation parameter,
Dufour number (when ¢>0) and decreases with increasing values of Dédmkohler number
and Soret number. The problem of hydromagnetic fluid flow over an unsteady curved
stretching surface is investigated by Naveed et. al. [26], the Runge-Kutta integration
scheme was applied to demonstrate the shooting method to determine the fluid pressure
and velocity. It was observed that the fluid velocity, and the momentum boundary sur-
face thickness decrease for both parameters, that is, the magnetic parameter and the
unsteadiness parameter. And also they discovered that the magnitude of the pressure
distribution is decreased with an increase in the curvature and the unsteadiness. Patil et.
al. [29] studied Dufour and Soret impacts on unsteady mixed convection fluid flow over
the exponentially permeable stretching surface with a darcy-forchhiemer porous medium
by using the Quasi-linearization method in conjunction with an implicit finite difference
method. They discovered that the magnitude of velocity and temperature profiles de-
crease if one increases the stream-wise coordinate. Furthermore, they observed that the
mixed convection parameter intensify the friction coefficient of the skin in accelerating

fluid flow and reduces the friction in a decelerating fluid flow.

© University of Venda
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The production of heat, the emission of energy as electromagnetic waves and chemical
reaction impacts on MHD mixed convection fluid flow over an unstable stretching per-
meable surface were investigated by Khan et. al. [15]. They used the shooting method
called Nactsheim-Swigert as well as Runge-Kutta sixth order method. They learnt that
the momentum and concentration thickness of the boundary layer decreases as suction
parameter increases. Makinde and Tshehla [18], the unsteady hydromagnetic fluid flow
of radiating fluid past a conventionally heated vertical plate,by using a partly discretiza-
tion finite difference scheme linked with Runge-Kutta Fehlberg integration method. It
was also established that both velocity and temperature profiles increase with time until
the corresponding steady state is achieved for a given set of parameter values and the
momentum boundary surface thickness increases as the values of Grashof number, Biot
number and Eckert number increases, and decreases as the Hartmann’s number, radiation

parameter, Navier’s slip parameter and Prandtl’s number increases.

Seth et. al. [34] established that hydromagnetic natural convection fluid flow with heat
and mass transfer of a chemically changing and heat sinking fluid through an accelerated
moving vertical plate with increase in the level of temperature and surface concentration
through a permeable medium by employing Laplace Transformation method. It was dis-
covered that for both increased temperature plate with increased surface concentration
and isothermal plate with uniform surface concentration, the magnetic field, heat ab-
sorption and chemical reaction have to decelerate influence on the fluid flow. Unsteady
convective boundary layer fluid flow of an adhesive fluid at a vertical surface with variable
fluid properties were investigated by Vajravelu et. al. [39] through the use of a Keller-box
technique and determined that the thermal boundary layer is very thick in the case of
suction as compared to the case of impermeability. Roslinda et. al. [28] studied the
unsteady boundary layer fluid flow in the stagnation point area on a stretching sheet
using the Keller-box method [26], and they established that if buoyancy parameter due
to temperature () is increasing, the thickness of the boundary layer decreases. Misra
et. al. [19] investigated unsteady boundary layer fluid flow through a stretching plate
and heat change with variable thermal conductivity and they used two methods to solve

the heat fluid flow problems namely the prescribed stretching surface temperature and
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stretching surface heat flux. In the case of PST, it was discovered that the Prandtl num-
ber is directly proportional to the Nusselt number but Nusselt number decreases as time
increases and in the case of PHF, it was established that the Prandtl number could not

be obtained from temperature field because of the thermal conductivity variation.

The impact of thermal radiation on an unstable heat and mass shift fluid flow of a chem-
ically reacting fluid through a partly infinite vertical plate with glutinous dissolution was
studied by Alao et. al. [3] through the use of the spectral relaxation method (SRM)
and the results showed that an increase in Eckert number of the fluid actually increase
the velocity and temperature profiles of the fluid flow. Nageeb et. al. [25] investigated
heat and mass transfer in an unsteady MHD nanofluid boundary layer fluid flow due
to a stretching surface by using the spectral relaxation method and they reported that
the temperature and concentration profiles increase as the nanoparticle volume fraction
values increases and thermophoresis parameter whereas the reverse trend was observed

for the concentration profile with increase in the values of Brownian motion parameter.

The features of fluid flow, radiative heat and viscous fluid flow mass transfer over a per-
meable sheet stretching exponentially with Hall currents when there are heat generation
and initial order chemical changing were studied by Mahaboobjan et. al. [16] using
Runge-Kutta-Fehlberg scheme. They found that the radiation parameter and magnetic
field produce thicker thermal boundary layers. Unsteady MHD boundary sheet stream
with the dissemination of chemically reacting species experiencing initial order chemical
response over a porous extending sheet with force or blowing and also with a power-law
difference in wall concentration was explored by Bhattacharyya et. al. [7] by means of the
quasi-linearization method. They found that the increase in magnetic parameter causes
a decrease in velocity and an increase in concentration. Islam et. al. [13] investigated
unsteady heat transmission of sticky incompressible boundary sheet fluid flow through an
absorbent plate with the induced magnetic field by means of the explicit finite difference

technique.

Ullah et. al. [38] investigated the problem of unsteady MHD assorted convection slip fluid

flow of Casson fluid over non-linearly extending sheet embedded in a permeable medium

© University of Venda
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with chemical reaction, thermal radiation, heat source/sink and convective boundary con-
ditions by using Keller-box method and they found that fluid velocity rises with increase
in radiation parameter in the event of supporting fluid flow and it is contrary in the event
of opposing fluid while radiation parameter has no effect on fluid velocity in the forced
convection. Radiation and chemical response impacts on MHD thermosolutal nanofluid
flow over a vertical plate in a holey medium were explored by Sulochana and Kishor
[36] using bvp4c Matlab package and their results indicated that an increase in chemical

response parameter improves the mass transmission rate.

10
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Chapter 3

Problem Formulation

In this chapter, the partial differential equations of continuity, conservation of momentum,

energy, and species concentration are derived.

3.1 Derivation of equations

We also outline the system of partial differential equations for the study. A similar system

by Anderson [6] is given in the next subsection.

3.1.1 Derivation of Continuity equation

We model a volume V' circumscribed by a surface S that is fixed in space. The mass

inside was assumed by fV pdv, so the degree of diminution of mass in

_ 0 _ ap -
- _ - _ - 1
V=-r /V pdV /V rav, (3.1)

if a mass is conserved, equation (3.1) must equivalent to the total rate of mass flux out
of V. The rate of external mass flux across any trivial element dS of S is pdS where
the degree of dS is identical to the component’s area and we take dS along the external

standard. Integrate over the whole surface we get the following: flux mass rate out of,

11

© University of Venda



@

University of Venda
Creating Future Leaders

V5bﬁwzéy@Wm. (3.2)

We applied Green’s method to change to a volume integral. The integral V(pv) on the

R.H.S is expressed in Cartesian coordinates X = (z,y),V = (u,v) as

vwwq:ag”+agW (3.3)

for mass to be conserved all over, equation (3.1) and (3.2) must be equal for any volume

V' and so we get the following continuity equation:

LAV (pV) =0. (3.4)

Note that for an incompressible fluid % = 0 always, so that the continuity equation for
this fluid model reduces to VV = 0 where V = ui + vj and p is a constant, which is in

Cartesian coordinates is:

_ Ju Ov
YV =gt = (3.5)

3.1.2 Derivation of Momentum equation

We consider a volume V confined by a material surface S that moves with the fluid
flow, continuously containing identical material elements. Momentum is fv dVpv, so:

Momentum change rate

d _ _ DV

Note that the mass pdV of each material component is invariant. This must be equal to

the net force on the element. In fact, there are two different kinds of forces that act on

12
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any fluid, which are long oscillated outward body forces and short oscillated molecular
forces. We introduce the stress tensor (7), which is defined so the force applied per unit
range transversely a surface element dS = nds (by the side fluid to which n points on
the fluid on the other side) is f = 7n.

Total force (body force + surface force)

= /Udeng /STdS = /vdV(pg+vr). (3.7)

With reference to Newton’s second law, equation (3.6) and (3.7) must be equal for any

V', so considering the Cauchy equation given as follows:

V
— = V. 3.8
P Dt pg+ VT (3.8)
Momentum, x:
Du N 0 n 0
. T 5 Tax 5 Tzy,
e =P oy oy ™

Momentum, y:

Dv 0 0
,OE = pgy + a—xTym + a—yTyy.

where 7;; is the force per unit area in the ¢ direction across a plane with a standard
in the j direction. Gradients in the tension tensor are required for there to be a net
force on any component(consistent with the surface integral of 77 equating to a capacity

integral of V7). It is possible to demonstrate that the tension tensor is symmetric, that is,
Toy = Tya- (3.9)
The surface stress 7 on any component arises after a mixture of pressure p and viscous

friction p, as given by the constitutive relations:

)
Tew = —p 4+ AV + 2%—1;, (3.10)

13
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0
Tyy = —P + AV + 2u8—z, (3.11)

(2 2) o
where p and A in equation (3.10), (3.11) and (3.12) represents the coefficients of dynamic
and mass viscosity, respectively. In this work, we are very interested in equation (3.12)
because our problem is two Dimensional.

We know that for incompressible fluid flow, Vo = 0 as shown in (3.5). Then the consti-

tutive interactions reduce to,

ov;  0v;
Tij = —Pdij + p ((%' + &U]) : (3.13)
7 7

In this case, we use the notation v = (vy,v2), X = (21, z3) and define the Kronecker delta
symbol §;; = 1if i = j and 6;; = 0 if ¢ # 7.

Momentum, x:

Du op *u 0%
— = - = — 4+ — . 14
Pt — P9 o T (8372 * 8y2) (3:-14)
Momentum, y:
Dv op v 0™
— = - = — 4+ = . 3.15

Now we are going to use equation (3.10) because our problem is defined along the x—axis

which is taken along the sheet in the vertically upward direction.

Du Op Pu 0%u
PE—PQm—a‘FM(w‘i‘a—yQ)- (3.16)

From material derivative we know that:

Du  Ou ou du ou
2T 0 Vyu= S 1
joT. at—i—(v V)u 8t+u8x+vay (3.17)
Now substituting equation (3.17) into (3.16) we get the following equation,
ou ou  Ou op *u  0*u
TSl 0| = pg, — 2L Ll 3.18
p[@t +u0x+08y] Pg 8:E+M<0x2+8y2) (3.18)

14
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Based on our problem the y component viscosity is high 3 >> 1 and the x component

viscosity is very small equation (3.18) reduces to,

Ox 2<<17

ou ou  Ou op 0*u

— tUu— tv—| = pg, — — — 3.19

{8t u@x—H}@y] P9r = r Ty (3.19)
Since pressure gradient is neglected then g” = 0. Now equation (3.19) becomes:

ou ou ou 0%u
{ } = pg (3.20)

Since g, is the only body force which is gravity, then we set g, = ¢ equation (3.20) is
reduced to,

Ju  Ou  Ou 0?u
— —| = 21
{(%Jru& +vay} ngrua2 (3.21)

For an ordinary convection problem, it is often assumed that the fluid is incompressible
apart from the first term on the right-hand side of equation (3.21), this referred to as the
Boussinesq hypothesis. The mass of a mixture is a function of temperature and species

concentration. It can be expressed as a Tylor series near the neighbourhood of a reference

point (T, Cy, Oy, ......Cx) as shown by Naveed et al[25].

p=p+ ST (T-T)+> op (o xe) ER— (3.22)

We assume that T = T, and C = C..

Therefore,

dp
or

p—p=—(T-T. )+a—(C’ Cx)- (3.23)

oC
We know that p = p, therefore, p — p = 0 if p — p. Therefore, equation (3.23) becomes,

_op
T

dp
(T —T. )+%(C Cuo). (3.24)

Substituting equation (3.24) into equation (3.21) on the right hand side we get the fol-

lowing,
op op 0*u
T-T, — —_—
p=3 | (T =T+ J5(C~ )| +ai s
15
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Introducing the magnetic field intensity B(t) which is moving downward, into the

above equation

ou  Ou  Ou dp 8 82u )
du o ToT TU_ B 2
ot +“ax+“ay} Iap T = Te) + 955 (€ = C) + g5 —oB (D (3.25)

Dividing both side by fluid density (p) we get,

ou ou 8u_ op . B @ . B
E—i—u%—l—va—y [(aT).p}(T TOO)—l—g[(aO).p}(C Cx)

LM 0*u  oB*(t)u
p Oy? p

. (3.26)

where p is density at the reference point, Sy = [(8p ) p] is the coefficient of thermal
expansion, and o = [(g—g) = p} is the composition coefficient of volume expansion. We

let £ = v, Therefore equation (3.26) becomes,

9, 9, 0 82 B2(t
A VA - u—l—gﬁT(T T)—i—gﬁc(C’—C’oo)—U—()u.

2
ot ox y (9 2 P (3:27)

3.1.3 Derivation of Energy equation

The energy equation is derived based on the physical law that the energy change rate
in material particle = rate that energy is established by heat and work transmissions by
that element, and at this instance the net rate of work done by pressure in the z-direction

is given by

{up — (up n %@)] dy = ag;p ) ddy. (3.28)

In the same way, the net rate of work done by the shear tensions in the z-direction is,

given by,

(i 20 ] — 200, o

By bearing in mind all the surface force, the work done on the moving fluid element due

to these forces is merely,

16
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{_ oup  OuTyy N outy,

5 pe o ] dxdy. (3.30)

Let us turn our attention to the degree at which heat receives energy. By assuming that
the mass of the moving fluid element is pdxdy, we obtain, the rate that energy is received
by heat which is given by pgdxdy

By considering z-direction, the net heat is reassigned into the fluid element by thermal

conduction is,

04
ox

o oi ],
{qm — (¢e + %dx)} dy = dxdy. (3.31)

Now taking into account the heat transfer in y-direction, we obtain the following,

Heating of the fluid element by

94z | 9qy
<8x + (%U) dxdy.

The rate at which energy is received by heat is given by equation (3.31) the following

equation,

. (0dx  Ody
Pq (835 + Gy) dxdy. (3.32)

Heat transmission in the x and y directions in relation to the local temperature by current

conduction, is given respectively by.

. 0T
G =K% (3.33)
i — _ xor
Qy - 8y’

where K™ is the thermal conductivity. Hence, by substituting equation (3.33) into (3.32)

we obtain the following,

8. 9T, o (. T
17
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and to obtain the rate of work which is transferred by a particle we say,

D v?

pﬁ(e + E)da:dy, (3.35)

D v? 0 oT 0 O  Oup Ovp Ourx
et Dy =pi+ (K Sy Ly 2P 3.36
th(e+ 2) pQ+8x( +8x)+8y( 8y) ox Jy + ox ( )

Ouryx  Ovrpy  Outyy i

oy + Ox oy et

From equation (3.36) setting % = 0 implies that
De  0Ope B

Since the fluid flow is unsteady and e = C,T for a callorically perfect gas (C, constant

specific heat) we obtain the following using material derivative,

De

"Dt ~ Y or

L or  or  oT
V (pC,T0) = Cyp {& +uos +U8y1 :

(3.38)

Now by substituting equation (3.38) into (3.36) we get the following,

or or or 0 orT 0 or Ou Ov
z it 2y L () o (L
Cop * 1 pq+8a:( 8x>+8y( 83/) p(8x+8y>

ou  Ov\’ ou o\ 2
— 2 [ (=) + [ =— .
+)\(8x+8y) +2pu (ax) +<8y)] (3.39)

Since the fluid flow occurs in the y— direction, and is fixed in the x— direction,
8% (K*g—g) = A (g—;‘)Q = 0 and also

24 [(2—3)2 + (g—Zﬂ : (3.40)

is neglected because of slip effects on the wall which implies that,

or  oT  oT 02T ou\?
L u gt =i+ K== a [ =) . 41
C’pp{at +uax+vay} pq + 8y2+ (8y) (3.41)

18
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Since the unsteady fluid flow starts at ¢ = 0 then pg = 0, (3.41) reduces to

2 2
orT orT OT] o°T (8u) (3.42)

Cop |l = +u—+v—| =K"—= + N[ —
PP [ ot ox dy 0y? dy
Adding radiative heat flux term and heat source effects on the temperature in equation,

we obtain,

or  oTr  oT 0T ou\’> Oq,
Cpp {E +U% +Ua—y} =K 8_yQ + A (a—y> - By + Qo(T — Tiv), (3.43)

Now by dividing equation (3.43) by C,p we get the following

or T 9T  K* 0T X ,0u, 1 dg. Qo
U— F V- = ~

ot Ox dy  Cpp Oy? " Cpp(8_y> N Cpp Oy " Cpp

(T —Tw),  (3.44)

Setting CK—; =« and Cip = v, then
p p

or T 9T 8T ou\® 1 8¢ Qo

3.1.4 Derivation of Species concentration equation

The integral conservation of mass species equation is,

Q/Pidv—k/pi(vrel.n)d/l:—/ JindA"’/mi'"dV

In the above equation, the surface integral may be transformed to volume integral by

applying, [, QndA = [, VQdV as follows,

/ pi(Vyet - n)dA = / V- piVruadV, (3.46)
A 1%
/ JindA = / V. J,dV. (3.47)
A 1%
19
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Substituting equation (3.45) and (3.46) into the integral conservation of mass species

/¢d / (/xb)V’

the whole left-hand side of the integral conservation of mass species equation is included

equation and considering

in a single volume integral that is,

Ip; .
/ ( LS VR TS v A m//’) dV = 0. (3.48)
v\ ot

The integrand must equal zero for equation (3.48) to be true regardless of the shape and

site of the control volume, that is,

Ip;
ot

+ VPi‘/;“el = _VJZ + mi/”. (349)

where 1 =1,2,3....... N

The first term on the left-hand side of the equation models the species mass increase rate
i per unit volume, and the second term captures the mass additions rate of the i** species
per unit volume by convection. The terms on the right-hand side are the net mass rate of
th species per unit volume by dissemination, and rate of creation of species ¢ by chemical

reaction. After defining the mass fraction of species i as

_ P
Wi = —,
p
equation (3.48) can be written as
a a -/
825 +VopVia|lwi+p BN Vial = =VJ;+m;". (350)
According to the continuity equation,
dp
VoV =0
i T VpVie =

the bracket on the left-hand side of equation (3.49) is zero. The second bracket on the
left-hand side is the substantial derivative of the mass fraction. Therefore, the conserva-

tion of species mass in terms of mass fraction becomes,

20
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Dwi
"Dt

= —V.J; +m" (3.51)

Assuming binary system of A and B, one can use Fick’s law in equation (3.50) to yield.

Dw .
pt = —pV(DapVia) + mis". (3.52)

Which is useful in determining the diffusion in dilute liquid solution at constant temper-
ature and pressure. Equation (3.51), with nis” = 0, is similar to energy equation with

no internal heat source and viscous dissipation,

DT
pCpD_t = V(I{IVT) + q/” + V‘/;nel, Trel-
and therefore it is used for analogy between heat and mass transfer analysis.
In the discussion to develop equation (3.48), the mass fraction and mass flux were used.

The species equation can also be developed in terms of molar concentration and molar

flux. By following a similar procedure, the species equation is,

oC;
ot

=~V i 4" (3.53)

where the molar flux relative to the stationary coordinate axes can be obtained.

N
Tfli” = pzf/ + JZ = W Z Tij/, —+ Jz
j=1
that is,
n" = c;V*+ J (3.54)

Substituting equation (3.53) into (3.52), we have

0 C;
ot

+ V(e V*) = =V JF + 0" (3.55)

21
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where the first term on the left-hand side is rate of increase of mole of the species j per
unite volume, and the second term is net rate of additions of mole of the i*" species per
unit volume by convection.The terms on the right-hand side are net rate of mole of *
species per unit volume by diffusion, and the molar rate of production of species i by
chemical reaction. for a binary system of components A and B with constant pressure,

equation (3.54) reduces to,

%—f + V- (cV*) =~V - (DV) +7". (3.56)

where c is the mixture molar concentration and V* is molar-averaged velocity. Equation
(3.55) can be applied to low density gases with constant temperature and pressure.

By considering left-hand side of equation (3.55) using material derivative.

oC  _
E + V.(C.V)
where V = (u,v)
oCc - oc  oCc  oC
9t +V.(eV) = e + u% + Ua—y, (3.57)
And also considering right-hand side of equation (3.55)
—eV - (DV) + ", (3.58)
where,
R = K(C — Cy) (3.59)
By substituting equation (3.58) into equation (3.57) we have
0*C  9*C
_DV2+ K(C—Cy)=-D |22 + 25 L k(o -0y, .
Vie+ K(C - Cy) {(%2 + 8y2] + K(C - Cx) (3.60)

22
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Since we are considering y—component the ?927? is neglected then

82C
Dy~ K(C = Cy). (3.61)

By combining equation (3.56) and (3.60) we have,

oc  aC  aC  _PC

W—i_u%—i_vﬁ_y_D&_y?_K(C_Ow)' (3.62)
3.2 Summary
Continuity equation
et =
Momentum equation
% + u% + vg—Z = Vgiylzb + 981 (T — T) + 9Bc (C — Cx) — UB;(t)u

Energy equation

or 9T 9T 9T ou\> 1 d¢ Qo
or _ oT  (ou Qo p_q
o Yor Ty T “op ”(ay) cpay oy T

Species concentration equation

oC oC oC 0*C
o e pl Y Ko~
5 +u8x + v 3y 05 (C—Cy)

The boundary conditions are,

Aty =0,
u=Uy(x,t),v="Vy(t), T =Ty(x,t),C = Cyp(z,t) (3.63)
As y — o0,
u—0,T — T, C — Cq (3.64)

The terms u and v in the above expression denote velocity components in the x and y

direction respectively, T" and T;n fty is the fluid temperature near the wall and the fluid

23
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temperature which is far away from the wall, C' and C;n fty are species concentration near
the surface and species concentration which is far from the surface, nu is the kinematic
thickness, g is the acceleration due to gravity, betar and betac are volumetric coefficient
of thermal expansion and volumetric coefficient of concentration expansion, sigma is the
electrical conductivity of the fluid, rho is the density of the fluid, alpha is the thermal
diffusivity, ¢, is the specific heat capacity, ¢, is the radiative heat flux, D is the mass
diffusivity of the species concentration, k is the chemical reaction and B is the transverse

magnetic field strong point.

24
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Chapter 4

Transformation Method

In this chapter, we are going to use a transformation method to transform partial differ-

ential equations into ordinary differential equations.

The governing partial differential equations (3.5), (3.27), (3.45) and (3.62) can be de-

creased to a set of ordinary differential equations on introducing the following similarity

variables [41],
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(4.2)

N () R R (1.3

(4.4)

4.1 Similarity Transformation

In this section we are going to use the above similarity variables to transform partial

differential equations of continuity, momentum, heat and concentration, respectively.
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4.1.1 Similarity transformation for continuity equation:

ou o0
or oy
a !

u=g——af(n)

ou 0 a
9 or <1 - cﬁf'“?))

a ! a " @_ a / @_ a /
Tl el g == )+ 0,5 o = ——f(n)

v=- (L“d)%f(n) - - (;ad)%f«mg—g - - (fct)%f'm) (e

Therefore:

ou Ov a a L\
%+8_y_1—ctf<n)_1—ctf(n)_0

Satisfies the continuity equation (3.5)
4.1.2 Similarity transformation for momentum equation:

ou  Ou  Ou  Ou oB3(t)
a +U£ +Ua—y = I/a—y2 —i—gﬁT(T — Too) +gBC(C — Coo) —

27
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1 a 3 a I _ac 1 n —ac 1 v(l—ct) ac
e v(1l — ct) v(l —ct) v(l—ct)? 22— u(l—ct)2 2 v(l —ct)?

21, v(l — ct)?
Therefore,
O _ e
ot 2(1—ct)
ou_ (O1-c)—a(—¢) ., . a . 0
g (—ap Wil g,
_ ac ’ a /" 1nc
TR A e BTG gy
Therefore,
@ = L f/( )+ CLC77 fl/( ) (4 9)
ot~ (L—cr T g — etV .
ou  a a NG e, )
T el g = )+ (0
Therefore,
ou a
or ~1—al (4.10)
(9u a ’ a , B a2 o
Uar ~ 1o atf M=l ) = g ) (4.11)
Ou_ a0
dy S 1l—ct dy
Therefore,
ou  a , a 3
8_y 11— Ctxf (n) (V(l — ct)> (4.12)
ou va \? a " a 3
Yoy T (1 - ct) a0 (y(1 - ct))

28
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Therefore,

ou a?

Ua—y = mxf”(n)f(n) (4.13)

?u 0 (o O a« a \?
o) " ll—cﬁf o (o) ]

. a " a @: a " a a
C1—ct 17 (y(l—ct)é) dy 1—ct 7 <V(1—ct)§) (u(l—ct) )

N

Therefore,
D?u a? ” v wdlx
8y2 - l/<1 _ Ct)2$f (77)7 Vayz - l/(l _ Ct)2f (77) (414)
82 2
Vo = a0 OTu = To) =T =T 9(Cy = Co) = C = O (415)
2
—(1 _acct)zl‘f/(n) + ﬁl‘f”(n) + (lf—Ct)Qxf/QOﬂ
2 2
e 000 = )+ 9T — T

O'BO BQ a
- x
pV1—cty/1—ctl—ct

Multiplying by % both side we get the following,

B? a la
n 1/ __0/_ /2__/__
e R

_ 2 . 2
= g + 9Bcp(Cw — Cx) d—ch) £ =0

a’rx x

f” + gﬁTe(Tw - Too)

a’x
We know that M = ‘7(%)2 and A = £ where M is the magnetic parameter and A is the
unsteady parameter.

1—ct)?

f/,/+f//f_Mf,_f/2_A(f,+%nf”)"—g/BTH(Tw_TOO)L( +

a?x?
1—ct)?
9Bcd(Cy — Coo)L% =0

1 L*v? 1
f/// + f//f o Mf/ . f/2 _ A(f’ + 577]@/’) + gﬂT(g(Tw — TOO)LEEW
(1—ct)?
L*v? 1
+9Bcd(Cuw — Coo>Lﬁ§W =0

(1—ct)?
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1 gBro(T, — Ts) V2
" "ne 12 / - " 3
I = MP = fR = A+ )+ e

950@5(011; - Ooo) V2
+ 2 L? U212 0

f///+f//f_Mf/_f/2_A(f/+%nf//)_‘_gGr;_'_qur*; :O

(UwL)Q (UwL)2
1 Gr Gr*
11 /i _M /_ /2—A / - 1 —
"+ f f'=f (f+2nf)+6ReL2+¢ReL2 0

f”’+f”f—Mf’—f’2—A(f’+%nf")+9)\+¢)\1=0

4.1.3 Similarity transformation for energy equation:

T, — Tw
oT 2bxc 0 2bxc 00 On
i — (0T, — T, Ty) = Ty —Tow)——=
ot (1—ct)30+6t (6(T = Too) + Tc) (1—ct)39+( v “)an ot
2bxc 1 nc
= T - T ! - =
Aoy’ T e~ T — 5
Therefore,
oT 2bxc 1 ne
=T g T, —T5)0 4.1
ot (1—ct)3 2(1 —ct)( w = Too) (4.16)
or o 0Ty — Two) + To)
oxr Ox ’
o,
or (1 —ct)?
Therefore,
aoT b
- = 4.1
Jr (11— ct)20 (.17
or  a , b _ abx ,
Yo T o T Gt (4.18)
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oT 0 9 B In a ? /
oT ,( va 3 a 2
Ua_y - _(Tw Too)e (1 . Ct) f <V<1 . Ct))
oT a /
Uoy 1o Lo = T)fY (4.19)

T _ 0 (or
dy2 Oy \ dy

VI

= o~ To)t” (V@ = ct)) 5 (u(1 = ct))% = (= Tt =y = gy T = T

0T ac
— = (T, — Tx,)0"
“ oy? ( ) v(l —ct)
T 1 0q.
e VR (4.20)
oy?  v(l —ct) pC, Oy
The radiative heat flux by using Rosseland approximation is written as,
4o* OT*
= ——— 4.21
q 3 0y (4.21)

where o* is the Stefen-Boltzman constant and k* is the absorption coefficient. 7% may
be linearly expanded in a Taylor’s series about T, to get

(T B T00)4

T -Tw)” J"(To) 4 F(To)

2

(T - TOO)S

Ty =T + (T — Too) f'(Tso) + 3

f'(To) +

T =T +4ATTS — ATo + 6T2 + 6T2(T° — 31T, — T2) + ... : (4.22)

and neglecting higher order terms beyond the first order degree in (T — T.), reduce to

the following,
T* = ATT? — 3T,
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160*T3 0T
= — x© 4.2
Since follows that,
9g, _ 160*T3 0T
oy  3k*  0y?
_L aq, _ 1 160*T§’o 0*T
pC, 0y pC, 3k* Oy?
ou\? a , a3’ a? 2 [ P12
(8_y) n (1 — ctl‘f v(l—ct) ) Cy(l— ct)3x (")
v [(Ou)? a’ 9
SR i S — - 4.24
pCyp (ay) pCy(1 — Ct)sm () ( )
Qo Qo Qo(1 — ct)
Ko )= 20, — e, Q= 4.25
(T 1) = (T, - T o (4.25)

where (@ is the local heat source/sink parameter. Make @)y the subject of the formula.

Therefore,

7pC'pa
S l—ct

Qo Q

Substituting (g into equation (4.25) then we get,

a
1—ct

Q(Tw - Too)e

or  oT  oT 9T 1aq,,+y(au)2 Qo
dy

o e v T ANG A
ot +u8x +U0y a8y2 pcy, Oy pcy pcp< )

1 nec , bx v , a ,
21— e~ T gy — 1 T T T 1) SO
ao
= ——— (T — Tx)0"
v(l— ct)( )
1 160*T3 a a’z? 9 a
— = Tw—Ts)0" + —— (f" ——Q(Ty — Tx)0
pC,  3k* wv(l-— ct)( 0"+ (1—ct)? (P + 1- ctQ( )
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a 1 160*T3 a

o T _ T /" o0 T _ T 1 T _ T /
v(l— ct)( w = Tec)? pCy,  3k* wv(l— ct)( w = Toc)t" + 1—c (Tw = To)0+
1 nc adx? 9
- Tw _ TOO 9/ 2
21—ct< ) +pC’p(1—ct)3 (")
ar 2bxc 1 nc
— =0 — ———(T,, — To)¢ 4.2
ot (1—ct)? 21—ct( ) (4.26)
orT abx
— = —0f 4.27
" 0x (1 —ct)? / (427)
or a ,
0*T ao "
aay2 = T (T — Two)0 (4.29)
1 0q, 1 160*T3 a
— = = Tw — Tno)0" 4.30
pC, Oy pCy,  3k* v(1-— ct)( ) (4.30)
v (u\’ a’z? 2
= 4.31
pCh (ay) pCp(1l — ct)? () (431
DTy = QT - T 4.32
p_C‘fp( _oo)_mQ(w_ oo) ( )
Multiply all equations from (4.26) to (4.32) by
v(l —ct)
ac(Ty, — Ts)
equation (4.26) becomes,
2bxc v(l—ct) 1 ne , v(l—ct) 2bxc 1 cv ,
= T, —T - _ gt
(1—ct)? ac(Ty —Ts) 21— ct( w = )0 ac(Ty — Too) (1 —ct)? 2"aa
2bzc 9 v(1 —ct) o 2bwe v (1—ct)?® 5CV g
1—ct)? _ S a(l—ct)2a br  Taa
ac | T | b T
T )2 0

where £ = A is the unsteady parameter and £ = Pr is the Prandtl number

Therefore we get,

1 1
2APTH — énAPTQ' = APr (20 - 51749') ,
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then equation (4.29) becomes,

oT abx
LT gy
0w (1—ct)? /
Multiplying equation (4.19) by %, then

abx 0 v(l—ect)  bx ng, 1
(1—ct)3" aa(Ty —Ts) (1—ct)2a * Ty —Ts

_ bz Zﬁf' 1

(1—ct)2a Tw+(1j’%)2—Too

br v ,(1—ct)> v

—0f =—0f = Prof
(1—ct)2af bx af réf
equation (4.28) becomes,
a , v(l—ct) ,
SR S 7 Sell? S
1— ct( w=Tec) 19 ac(Ty — Tso) rfo,

equation (4.29) becomes,

1 160*T2  a o v(l — ct)

(Ty — Two) = —Nro",

“pC, 3k v(1—ct) ac(Ty — Tso)
where Nr is the radiation parameter.
equation (4.30) becomes,
adx? T v(l—ct) _ a’x? 1 v Tk
pCy(1 — ct)3 ac(Ty —To) (1 —ct)?2Cp(Ty — Two) @
= u2—1 Pr(f")* = PrEc(f")’
Cp(Ty — Two)
equation (4.31) becomes,
a v(l —ct) v
Ty —T)0———F— = —Q0 = PrQb
1— ctQ( ) ac(Ty — Two) &Q re

Therefore, when combine all equations we get the following non-linear ordinary differen-

tial equation,

1
0" + Nro" + Prfo' — Prof' + PrEc(f")* + PrQ8 — APr (29 + 5779') 0,

(14 Nr)0" + Pr(f0 — f'0) + PrEc(f")* + PrQ6 — APr (29 + %w’) 0,

160*Too

i is the thermal radiation parameter.

where Nr =
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4.1.4 Similarity transformation for Species concentration:

oc  oCc  9C  _9*C C—Cy
g Ty =D T KC-Cx) o=

C—Cx =¢(Cy — Cx)

oC 2mex 0
o m@b‘ir It (¢(Cw — Cx) + Cwx)
2mcx 0¢ On

= m@bJr (Cw — Coo)a—na

_ 2mcx B 1 e
= G (Ce = Ol

)

oC _ 2mcx

nc /
ot (1—ct) (Cu = Coc)d (43

1
21 —ct

(b_

oC m

o (1—ct)?

¢

oC B a m amax

- 'If/ - (1—Ct>3¢f/

“or (I—ct) 7 (1—ct)? (4:34)

Il
&
Q
8
|Q>
©-
|Q3
3
Il
S
Q
g
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7 N
Q
~~
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Il
R
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—
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Q
N
N~
N =
2
|
Q
g
S

<
g
<
|
|
a
g
Q
g
L
VR
—
N
a =)
&
~_
SIS
~
N
=
[u—
| )
Q
~
S~—
~~
SIS

(Co—C)f 0 (4.35)
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DZ— = —(Cu = C)9'D (4.36)

K(C—-Cyx)=K(C,—Cx)o

R= K(td) is the local chemical reaction parameter

Make K the subject of the formula.

aR
1—ct

K =

K(C = C) = 77— R(Cu = )9

oC oC oC 0?C
I P - D - K
ot T ox v (9y 0y? (€= C)

2 1
%95_5126@( )¢+(am$) of _1— i (Gw = C) 6
a 1 a
oC 2mex 1 wve /
ot m¢ B ETct(C“’ ~ Gl (4.37)
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Ugo = 0 (4.38)
oC a ,
0?C a y
D o~ v —dl) (Cyw —Cx)d"D (4.40)
K(C' = Cx) = === R(Cy = )9 (4.41)

The purpose of the equations (4.37-4.41) is to combine all of them together to get the

species concentration.

Multiply all equations from (4.37) to (4.41) by %

equation (4.37) becomes,

2mex v(1 —ct) 1 wve v(1 —ct) 1 cv

(1— ct)3¢Da(Cw —Cy) 21— oG = Ol Da(Cyp — Cuo) 3"’

cv 1 ;o 1 r_ Y
=250 — onASed’ = 24Sco — SnAScd! = ASc(26 — Snd)

where, £ = A is the unsteady parameter and 5 = Sc is the Schmidt number

equation (4.37) becomes,

oC  amz ,  amzx , v(l—ct)
o = a—ap? T a=ap® Daic, =y
mx  nu 1 ,  mzr v 1 ,
T (1—-a)2 D (C,— om)¢f (1= ct)? D Co + 225 — Cm¢f
o oomx v (l—et)? ,
C (1—ct)2D mx of =Scof
equation (4.39) becomes,
a . v(l—ct) Vo, ,
A e s s B> LA A
equation (4.40) becomes,
a . " V(l — Ct) _an
v(1 — ct) (Co = Coo)9 DDa(C'w —Cy) ¢
37
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a v(1 —ct) Vo
RO, - Coo Ré = ScRo

Da(C, —Csx) D

Therefore, we combine (4.37 to 4.41) equations we get the following non-linear ordinary

differential equation,

¢ + Sc(fd — f'¢) — ASc <2¢ + %ms’) — KSch =0

Utilising the similar variables in equations (3.5), (3.27), (3.45) and (3.62) we derive the

following system of ordinary differential equations,

P = 2 A (S uf”) + A6+ Vo) =0 (142)
(1+ Nr)0" + Pr(f0' — f'0) + PrEc(f”)2 + PrQ6 — APr (26 + %779’) =0 (4.43)
¢" + Sc(fe' — f'¢) — ASe <2¢ + %mb’) — KScp=0 (4.44)

4.2 Similarity transformation for boundary conditions

Equation (3.63) and (3.64) are boundary conditions, now the transformed boundary con-
ditions are,

Case 1, At y = 0, where s = —~

Ve

Therefore, V,, = —/£%s

u="U, = 125/(0) = %5 ct—f’( )=1

1

U:Vw:_(liact)Qf = Vo= —/125/(0) :_\/1 = f(0) =

T:Twze(Tw—Too)—irT = Too + 725 ct)Q_e(T + 2 - T, )+Too s

=T +(1 ct)2 _9(1 )2 (1—bit)2 =0(0) =1

C:Cw:¢(Cw—Coo)+Coo:Coo+%:¢<Coo—l—(1f‘—£)2—000>+Coo

= Coo + ity = Peay = @oap =¢(0)=1
Therefore,

© University of Venda



cre:

@

University of Venda
ating Future Leaders

Case 2, At y — o0

u— 0= "(00) — 0= f'(c0) — 0

T —Te =0Ty —Ts)+Too — Too =0(Tyy —To) — 0=0(c0) — 0 (4.46)

Therefore,

f'(c0) — 0, 6f(c0) — 0, ¢(c0) — 0

where u and v are velocity components in x and y direction, U, is the stretching sheet
wall velocity, a, b, c and m are constants, f is the dimensionless stream function, 6 is the

dimensionless temperature and ¢ is the dimensionless species concentration.

39

© University of Venda



)
-]

=2 University of Venda

4.3 The important physical parameters

In this study, we have the following significant physical parameters, that is, the friction of
the skin CY, the local Nusselt number Nu, and the local Sherwood number Sh,.. From
the engineering frame of reference, the physical quantities of significance are the local
Skin-friction, the local Nusselt number and the local Sherwood number which are defined

in Mitiku et. al [20].

4.3.1 The Skin-friction

2T,
——— 4.4
Cr="15 (4.47)

where 7, is the surface shear stress, 7, = Tw = [
Y |y=0
Yy

0 ar on

ar a
11— ctf (0) v(l —ct)

Tw = [

We know that u,, = ;*%; therefore,

a

) (4.48)

Tw = Nuwf”(o)

Substituting equation (4.48) into equation (4.47) we get

Cy = (2uuwf”(0) ﬁ) = pus,

1
Cr = (2uuwf”(0) V(I“_ct)) o

—— = 1"(0) (4.49)
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4.3.2 The local Nusselt number:

Nug = ————— 4.50
U (T — Too) (4.50)
where g, is the wall heat flux, ¢, = ¢, = — kg_T
Y ly=0
—kbx on
w = ——0'(0)—
=Tz Vg,
—kbx a
w = 0'0), | ——— 4.51
4 (1 —ct)? ) v(1—ct) (4.51)
Substituting equation (4.51) into equation (4.50) we get
—kbx a
Nu, = 00), | —2 ) = k(T — T
ta (x(1 —a2? O\ oo ct)> ( )
—kbx a bx
Nu, = 74 Te — Ty
! ( A=y’ V(l—ct)> [ Ta—ar
—kbx a kbx
Nu, = (0 +
" (”7(1 —a2? O\ oo ct)) (1— ct)
—kbx a (1—ct)?
Nu, = o0’
" (x(l — ct)? (0) v(l— ct)> kbx
a
Nu, = —z0/
e 20 (0) v(1 —ct)
So we get
Nu,
2 — _9(0) (4.52)
X v(1—ct)
41

© University of Venda



3

O

6— University of Venda
® Creating Future Leaders

4.3.3 The local Sherwood number:

T4m
he =
Sha =5

—(Cw — ) (4.53)

where g, is the mass flux, ¢, = ¢, = —D% -

_ —Dmx ¢@
I =12’y

—Dmx a

qm = md(o) v —ct) (4.54)

Substituting equation (4.54) into equation (4.53) we get

Sh, = (x _?m‘” #'(0) ﬁ) = D(Cy — C)

So we get

———=—-¢(0) (4.55)
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Chapter 5

Method of the solution

In this chapter, we give the definition of a general overview of the implementation of the
SRM iterative scheme for the present non-linear coupled system of differential equations

and brief about how to test the convergence of Spectral Relaxation Method (SRM).

5.1 Boundary value problems

The Boundary Value Problems are a systems of ordinary differential equations which
have a solution and derivative values detailed at more than one point. Most frequently,
the solution and derivatives are specified at just two points (the boundary) defining
boundary value problems. Boundary Value Problems are complex to model, therefore,
it is crucial to transform them from partial to ordinary differential eqaution, then these
ordinary differential equations are solved numerically using techniques such as Runge-

Kutta, Matlab BVP method among others.

5.2 The SRM and implementation of SRM

The Spectral Relaxation Method (SRM) is a numerical and computer-based technique of
deciphering a variability of practical engineering problems that arises in different fields
such as, in heat transfer, fluid mechanics. It is recognized by developers and users as
one of the most powerful numerical analysis tools ever devised to analyze multifaceted

problems in engineering. The sophistication of the method is its accuracy, simplicity, and
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computability all make it extensively used a tool in the engineering modelling and design
process. It has been useful to a number of physical problems, where the governing differ-

ential equations are elucidated by transforming them into unassuming iteration schemes.

The SRM scheme simply involves rearranging the governing equations in a particular
order, starting with the one that has the least number of unknown functions. After we
employ the Gauss-Seidel method for purpose of decoupling the system. Regularly, the
Gauss-Seidel is used to decouple linear systems of algebraic equations. Then we linearise
the system without using Taylor expansions or any such method. All these three steps
break down the non-linear coupled system into a sequence of linear decoupled subsys-
tems that are easily solved. The following steps involved in developing the SRM iterative

scheme [22]:

5.3 Algorithm

1. Rewrite the equations in some chronological order, starting with the one that has the

least number of unknowns.

2. Starting with the first equation, determine the unknown variable with the highest order
in each equation. Replace these unknowns with some unique Z;; where ¢t = 1,2,3,.....m
and m is the total number of non-linear equations. This is such that the unknown asso-
ciated with the highest order in equations 1, 2,3, .....,m is marked as 71, Zs, Z3, ..., Zpn,

respectively.

3. For the first equation (i = 1), the linear terms in Z; are estimated at the present
iteration and hence they are discretized as Z ,4;. The other unknowns (Zs, Zs, ...., Z,,)
appearing in equation 1 are assumed to be computed in the previous iteration and hence
they are labelled as Z; , where7 = 2,3, ...... ,m. This facilitates decoupling of the equation.

On the same equation, we assume that the non-linear terms in Z; are pre-determined

44
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and so they are denoted by r(i.e.Z; ). This serves the purpose of linearizing without the

application of Taylor expansion or any other linearizing method.

4. On the second equation (i = 2) the linear terms in Zy are denoted by r + 1 since
they are evaluated at the current iteration. The recently computed solution of Z; in
equation 1 is used immediately here and hence each Z; must be subscripted as Zj ;.
This is how the scheme resembles the Gause Seidel method. The other unknown appear-
ing in equation Z are assumed to be computed from the previous iteration and hence
they are labelled as Z;,, where @ = 3,4, ....,m. We assume that the non-linear terms in
Zy are pre-determined and so they are discretised by 7(i.e.Zs,). This serves the purpose

of linearizing.

5. For i = 3, the linear terms of Z3 are denoted by r + 1 since they are evaluated
at the current iteration. The recently computed solutions of Z; and Z5 in equation 1 and
2, respectively are used immediately. As a result, Z; and Z, are denoted by r + 1. All
the other terms in Z3, Z4, ....., Z,, are assumed to be pre-determined and hence they are

discretised by 7.

6. We carry on this process in all the remaining equations. For the last equation,
t = m, the linear terms in 7, are discretised as Z,, ,1i. The non-linear terms in Z,, are
denoted by r. All the other terms (linear or non-linear) involving 7y, Zs, Zs, ...., Zy 41 are
discretised by r+ 1 since they are known from the previous equations. The same iterative

scheme is described by Motsa [21] as follows:

Consider a system of m non-linear ordinary differential equations with m unknown func-
tions

Zi(w)(i = 1,2,....,m) where w is the independent variable in the region [0,1]. We con-
struct the vector Z; whose elements are all the derivatives of the variable Z; with respect

to w. The vector is given as follows,
[H|Z;(w) = [2), 2}

i R IREEEN 3 Z:|7
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where Z? = Z;, Z? is the pth derivative of Z; with respect to w and Z['(i = 1,2, ...,m) is
the highest order derivative of the variable Z; in the system of equations.

Each Z; equation in the system can be written in the form,

"Ei [Zl,ZQ, ..... 7Zm] :]\/'Z [Zl,ZQ,,Zm]—FHZ(W),Z: 1,2, ...... ,m (51)

where £; and N; are linear and non-linear operators respectively. H(w) is a known
function in w. If we let r and r + 1 denote the previous and current iterations then each

N; can be linearised as follows,
Ni[Zy,Zy,y ... Z) = Ni (21, Zay ooy Ziy Ziiid s <oy i1 L] (5.2)

Applying the Gauss Seidel approach on the resultant non-linear system we develop the

SRM iterative scheme as follows,

£1 [Zl,r+1> Z2,ra ---- ) Zm—l,ra me] = Nl [Zl,ra Z2,7“7 """" 3 Zm,r] + Hl (U)),
£2 [Zl,r—l—l; ZQ,T+1> Z3,7" ----- ) Zm,r] = NQ [Zl,r—l—l; ZQ,T) ZS,T ------ ) Zm,r} + HQ(w)a
£3 [Zl,r—l-l; ZQ,T+27 Z3,r+17 Z4,r ----- ) Zm,r] = N3 [ZI,T+17 ZQ,r+17 Z3,7’ ------- ) Zm,T] + H3(W)7

£i [Zl,r+17 Zi,r+1> Zi+1’7. ..... y Zm,r] = Nz [Zi,rJrla Z277.+1, Zi,17r+1, Zi,r ....... y Zm,r] + I’IZ (w)(53)

Therefore, starting from the initial approximation Z; o, Z29, 23,0, ..., Zm,0 the SRM iter-
ative scheme (5.3) can be repeatedly solved until the desired level of accuracy is reached

for all the unknown (73, Za, ....... s Lm)-

The Spectral relaxation Method (SRM) is a proposed new algorithm for the solution
of boundary value problems of the form (4.32)-(4.36). The algorithm follows the idea of
the Gauss-Seidel method. Hence, an iteration scheme is developed by evaluating linear
terms in the current iteration level (denoted by r + 1) and all other terms (linear and
non-linear) in the previous iteration level (denoted by 7). The decoupled equation system

is solved using the Chebyshev pseudo spectral method (cite9, cite21). The basic thought
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behind the spectral collocation method is the first appearance of a differentiation matrix
D which is applied to approximate the differential coefficient of the unknown variables,

for instance, f(eta) at the collocation points is represented as the matrix vector product.

ZD,kak Df,l=01..,N (5.4)
k=0

where N + 1 is the number of collocation points (grid points),

2D
D=2 (5.5)
Moo

and

~url

f= [f(TO)v f(Tl)a f(TN)] (56)

Equation (5.4) is the vector function at the collocation points. Higher order derivatives

are obtained as powers of D, that is,

f9=D9Z, (5.7)

where ¢ is the order of the derivatives, eta;nfty is a finite length that is chosen to
be numerically large enough to approximate the conditions at infinity in the governing
problems and the stress tensor tau is a variable used to map the truncated interval [0, eta]

to the interval [—1, 1] on which the spectral method can be implemented.

5.3.1 Application of SRM

The application of spectral relaxation technique to (4.31)-(4.35), enhance the production
of following iteration method, first, we set f'(n) = g(n) and deduce the following iteration

scheme.

1 / 1 !
g +fg—Mg—QQ—A(9+§ng)+/\(9+N¢>:0 (5.8)

We set Ly be the terms of g derivatives and Ny be terms independent of g derivatives.

1
Ly=g"+ fg' — Mg— A(g + 5779') (5.9)

47

© University of Venda



7'
>

) (o

,
L

University of Venda
Creating Future Leaders

7
Lolvi1 = gp oy + f9rp1 — Mgryr — A(grir + §g7ln+1)

Ny|, = —g% + M0 + N¢)
Therefore,

Ly = Ny + Hy

Ui
Gr1 + fre1Gr — Mgria — Agrin — 597/«“ =g - M0, + No,)

g+ (fm - g) ghir — (M + A)gr1 = g2 — A0, + No,)

(1+ N,)0" + Pr(f0' — gb) + PrEc(g)> + PrQ6 — APr (29 v ge)

Ly = (14 Nr)" + Pr(f6/ = gb) + PrQ0 — APr (20 + 20')

N3 = —PrEc(g')?
H3 — O

L3|T+1 = (1 + NT)QZ—H + Pr(fr-i-le;—i-l - gv"-l-ler-i-l) + PTQQT-H

~APr (2,1 + ge;H)

Ns|, = _PTEC(9;+1)2
Therefore,
L3 == N3 + H3
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(14 Nr)o,,, + (fr+1 - Ag) Pro. ., 4+ (Q — gri1 + 2A) Pré, 1 = —PrEc(g.,,)*(5.23)

&'+ Se(f¢! — g0) — ASe (20 + 1) = RSco =0 (5.24)
14::&h+sdf¢ﬂ—g¢y—Asc(mﬁ+g¢)-—RSaﬁ (5.25)
N4 - 0, H4 - 0 (526)

L4’r+1 = ¢;~l+1 + SC(fr+1¢;~+l - gr+1¢r+1> — ASc <2¢r+1 + g¢;+1) - KSC(bTJrl (527)

Therefore,

Li=Ni+ H, (5.28)
¢r+1 + Sc(fr+1¢r+1 Gr41Pr11) — ASc (2¢r+1 + g¢;+1> — KScgry1 =0 (5.29)
G+ Scfri1dry — Scgry1drir — 2ASc i — ASng«H — KScgr11=0

¢r+1 (frJrl ) SC¢;+1 - (9r+1 +2A + K)Sc¢r+1 =0 (5-30)

So applying the spectral relaxation method on the resulting system of non-linear partial

differential equations gives the following linear ordinary differential equations,

gﬁf%Q—g)¢ﬂ—uw+Ame:ﬁ—A@—AN@ (5.31)

1 _'_ NT /! / !
(P—T)er-i-l <f7"+1 An) 0 r1 T (Q gr+1 t QA) Ory1 = _Ec(gr-i-l)2 (5'32)
Gy + <f7~+1 — ) Sc = (gra1 +2A + K)Schp1 =0 (5.33)

With the following boundary conditions,

fr—i—l(o) =5, g(O) - 17 ‘gr—i-l(o) - 17 ¢T‘+1(O) =1 at n= 0
(5.34)

gr+1(oo) = Oa 9T+1(OO) = O? ¢r+1(oo) =0 at n—oo
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5.3.2 Applying the Chebyshev pseudo-spectral method

Now we apply the chebyshev pseudo-spectral method on (5.31)-(5.34), we obtain the fol-

lowing,
An A Agg Gri1 B
0 A O b1 | = | B2
0 0 Ass Ori1 Bs
A11Gry1 + A2l + Aisdr = By
A219r4+1A220, 41 = B (5.35)
A31Gr41 + Assdrp1 = By
where

A1 = Dy + diag [fr1 — 2] D — (M + A),

A=Al
A3 = —ANI,
B pu
Lo (5.36)
Agy = (1 4+ Nr)Dsy + diag [P?" (frﬂ — Ag)} D — diag(Prg,) + (Q — 2A)Prl,
By = —PTEC(97/~+1)2
Aszz = Dy + diag [Sc (fr+1 — Ag)} D — diag(Scg,) — (24 + K)Scl,
B3 - 0
The boundary conditions are,
fra1(TN ) =
i1 (TN) =1,09,41(70) =0
9r+1(TN) =1, gr11(70) = (5.37)
1(7’ ) 1 T+1(TO) =0
Gr1(TN) =1, ¢p41(70) = 0

In equations (5.36)-(5.37), I is an identity matrix of size (N + 1) x (N + 1), and diag]] is
a diagonal matrix, all size (N + 1) x (N + 1) where N is the number of grid points, f, ¢

20
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and ¢ are the values of functions f, 6 and ¢, respectively, evaluated at the grid points.

Equation (5.36) represents the Spectral relaxation method (SRM) scheme.

To compute the initial guess we use the following boundary conditions,

f(0)=s, f(0)=1, 6(0)=1, ¢(0)=0, f[f'(c0)—=0, 6(c0)—=0, ¢(c0)—=0, n— o0

The initial guesses to start the SRM scheme for equations (5.31)-(5.33) are chosen as
functions that satisfy the boundary conditions. From physical considerations, the ve-
locity and temperature profiles for the boundary layer problem discussed in this work
decay exponentially at n = oco. For this reason, it is convenient to choose the following

exponential functions as an initial guess,
Oo(n) = Ae™" (5.38)
When 6(0) = 1, we get, A = 1, therefore,

bo(n) =" (5.39)

¢o(n) = Ae™" (5.40)

When ¢(0) = 1, we get, A = 1, therefore,

po(n) =e€" (5.41)
f=a+bn+ce™ (5.42)
fr=b—ce™ (5.43)
When f'(0) = 1, we get,
l=b—c
51
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c=—-1+0b
When f = s and n =0 we get,

s=a+b(0)+ce®

s=a+c
Substituting ¢ into (5.45) we get,
s=a—1+0b
Therefore,
a=s+1-b

Now substituting a and ¢ into (5.42) we get,

f=s+1-b+bn+(—1+0be"

=s+1—-b+byp—e "+be"
f n

When f' — oo, we get,

fi(o0) =b
b=20
Therefore,
f=s+1—¢e"

The initial guess are,

© University of Venda
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5.3.3 Test for convergence

To analyse the convergence of the iterative scheme we consider the error due to decoupling

th

(Eq) of the unknown functions for each (r + 1) iteration. Ej is basically the infinity

norm of the solutions of each unknown between two successive iterations. That is,
Ed = Max (“ Zl,r+1 - Zl,r-l— ”ooy ” ZZ,T‘-‘,—l - ZQ,’/‘ ||ooa ------ ) || Zm,r+1 - Zm,r ||oo) (551)

where Z;,i = 1,2,....., N where N is the total number of iteration. Then the iterative

scheme is said to be convergent if,
€1 > €y > e3> ... > ey (5.52)

This is to say that the iterative scheme is convergent if E,; is inversely proportional to

the number of iterations.
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Chapter 6

Discussion of Results

The unstable hydromagnetic chemically transmitting assorted convection MHD fluid flow
through a permeable stretching sheet embedded in a porous medium with thermal radi-

ation and heat source has been investigated exploiting the Spectral Relaxation Method

(SRM).

We start the discussion by outlining the result of the numerical calculations, the di-
mensionless velocity, temperature and species concentration distributions for the fluid
flow under consideration. Their behaviour has been discussed for variations in the mod-
elling parameters. The number of collocation point used in the SRM discretization is
N = 120 in all cases. In this study, an efficient numerical method called Spectral Re-
laxation Method (SRM) has been used to solve the transformed equations (4.44) - (4.46)
with the boundary conditions (4.45) and (4.46). In this study, we examined the effect
of governing parameters on the transient velocity profile, temperature profile as well as
the concentration profile. For purpose of discussing our results, the Spectral Relaxation
Method (SRM) approach has been applied for various values of fluid flow controlling
parameters, Pr = 0.71,5¢c = 0.62,A = 0.5, A = 0.5, K = 0.5,N = 0.5,s = 0.5, Ec =
0.25, Nr = 0.5, M = 0.5,Q) = 0.7 to obtain a clear insight into the physics of the prob-
lem. The numerical values of the local Skin friction, the local Nusselt number and the
local Sherwood number which are f”(0), —6'(0), —¢'(0), respectively are presented in tab-

ular form.

o4
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results presented here and those obtained using the Matlab bvp4c scheme.

In the table 6.1, we compared two different techniques which are SRM and bvp4c by
alternating the values of the unsteady parameter A. One discovers that the results are
satisfactory and acceptable, we also determined that the time for SRM is very less com-

pared to the bvp4dc scheme. We conclude that the SRM is the best technique due to its

accurate results, moreover, it is computationally efficient.

Table 6.1: Comparison of SRM and bvp4c with different values of A

SRM bvp4c
A | Tteration | Time(sec) | f”(0) Time(S) | f”(0)
111 0.03 1.44886391 | 318.78 1.44886391
319 0.02 1.98273229 | 91.38 1.98273229
> |7 0.02 2.38336537 | 107.87 2.38336537
TT 0.02 2.71996851 | 79.19 2.71996851

Table 6.2, shows the effects of various values of unsteady parameter on the local Skin
friction coefficient f”(0), local Nusselt number —¢’(0) and local Sherwood number —¢'(0)
are shown in Table 6.2. From Table 6.2, one notices that as unsteady parameter (A)

increase, the local Skin friction coefficient f”(0), local Nusselt number —#'(0) and local

Sherwood number —¢’(0) increase.

© University of Venda
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Table 6.2: Effect of the unsteady parameter A on the f”(0),
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A | Time(sec) | f"(0) —6'(0) -¢'(0)

0.5 | 0.03 1.25830852 | 0.75118722 | 1.38706369
0.8 | 0.03 1.37878360 | 0.92226582 | 1.50930767
1.0 | 0.03 1.44886391 | 1.01611382 | 1.58617363
1.5 1 0.05 1.60446209 | 1.21381891 | 1.76366480

—0'(0) and —¢'(0)

Table 6.3 gives account on the effect of the Prandtl number on the local Skin friction,
local Nusselt number, and the local Sherwood number. From Table 6.3, It is observed
that as the Prandtl number (Pr) increases the local Skin friction f”(0) local Nusselt

number —¢(0) increases while the local Sherwood number —¢'(0) decreases.

Table 6.3: Influence of the Prandtl number Pr on the f”(0), —6'(0) and —¢'(0)

Pr | Time(sec) | f”(0) —0'(0) -¢'(0)

0.7 | 0.04 1.25725486 | 0.74446149 | 1.38721761
0.9 | 0.04 1.27637057 | 0.87391231 | 1.38445335
1.5 ] 0.04 1.31717901 | 1.21807547 | 1.37880055

Table 6.4 Shows the effects of the Schmidt number Sc on the local Skin friction f”(0),
local Nusselt number —6'(0) and local Sherwood number —¢’(0). The Nusselt number
—0'(0) is decreased as the value of the Schmidt number Sc increases, while the local Skin

friction and local Sherwood number increases.

Table 6.4: Effects of the Schmidt number Sc on the f”(0),

Sc | Time(sec) | f7(0) —0'(0) -¢'(0)

0.6 | 0.04 1.25726519 | 0.75154091 | 1.36020806
1.0 | 0.05 1.27331127 | 0.74658585 | 1.85010898
2.0 | 0.06 1.29351655 | 0.74179923 | 2.84360906
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Table 6.5 shows the effects of the buoyancy parameter due to temperature A on the local
Skin friction, local Nusselt number and local Sherwood number. It can be seen that local
Skin friction f”(0) decreases as buoyancy parameter due to temperature (\) increases,

while local Nusselt number —6’(0) and the local Sherwood number —¢’(0) increases. In

—6'(0)

Table 6.5: Influence of the buoyancy parameter due to temperature A on the f”(0),

and —¢'(0)

A | Time(sec) | f”(0) —0'(0) -¢'(0)

0 0.06 1.63017956 | 0.65646340 | 2.80854083
0.7 ] 0.06 1.16919073 | 0.76658114 | 2.85564646
1 0.06 0.98977827 | 0.79821696 | 2.87235959

the table 6.6, it is shown the effects of the Eckert number Ec¢ on the local Skin friction,
local Nusselt number, and local Sherwood number. It is observed that as the Eckert
number Ec¢ increases the local Skin friction f”(0) and the local Nusselt number —¢'(0)

decreases while the local Sherwood number —¢’(0) increases.

Table 6.6: Effects of the Eckert number Ec on the f”(0), —6'(0) and —¢'(0)

Ec | Time(sec) | f”(0) —0'(0) -¢'(0)

1.0 | 0.08 1.28166844 | 0.57088983 | 2.84520464
3.0 | 0.08 1.25206894 | 0.14454105 | 2.84917178
3.5 1 0.07 1.24507190 | 0.04401958 | 2.85010588

Table 6.7, depicts the effect of magnetic parameter (M) on the local Skin friction f”(0),
local Nusselt number —#”(0) and the local Sherwood number —¢”(0). The rate of Nusselt
number —0”(0) and the rate of Sherwood number —¢”(0) on the surface as expected are
decreased as the magnetic parameter increases, while the rate of Skin friction f”(0)

increases as magnetic parameter increases.

o7
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Table 6.7: Effect of the magnetic parameter M on the f”(0), —6'(0) and —¢'(0)

M | Time(sec) | f"(0) —6'(0) -¢'(0)

0 0.03 1.03287771 | 0.79533811 | 1.40446386
0.5 | 0.03 1.25830852 | 0.75118722 | 1.38706369
2.5 10.02 1.93032658 | 0.63290654 | 1.34229646

In Table 6.8 we depict the effect of the local chemical reaction (K') on the local Skin fric-
tion f”(0), local Nusselt number —6(0), and local Sherwood number —¢”(0). We noticed
that both local Skin friction and local Sherwood number are decreased with increasing
values of the local chemical reaction (K) while the local Nusselt number increases as

chemical reaction increasing.

Table 6.8: Effect of the chemical reaction K on the f”(0), —¢'(0) and —¢'(0)

K | Time(sec) | f"(0) —0'(0) -¢'(0)

1.0 ] 0.04 1.26308341 | 0.74959222 | 1.51382159
0.7 1 0.03 1.26035350 | 0.75049005 | 1.43949971
0.0 | 0.03 1.25207613 | 0.75345012 | 1.24265618

Table 6.9 shows the effect of the local heat source (@) on the local Skin friction, local
Nusselt number, and local Sherwood number. We noticed that both local Skin friction
and local Nusselt number increases as the local heat source (Q)) increases, while the local

Sherwood number decreases as the local heat source (@) increases.

Table 6.9: Effect of the local heat source/sink @ on the f”(0), —6'(0) and —¢'(0)

Q | Time(sec) | f7(0) —6'(0) -¢'(0)

0.5 | 0.04 1.27170885 | 0.8297709 | 1.38504540
0.3 | 0.03 1.28210794 | 0.89703998 | 1.38351731
0.0 | 0.03 1.29442257 | 0.98742349 | 1.38175280

o8
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Table 6.10 shows the effect of the local suction/injection parameter (s) on the local Skin
friction, local Nusselt number, and local Sherwood number. It is observed that local
Skin friction f”(0), local Nusselt number —¢'(0) and local Sherwood number —¢'(0) are

increases as the local suction parameter (s) increases.

Table 6.10: Effect of the local suction/injection parameter s on the f”(0), —6'(0) and
—¢/'(0)

s | Time(sec) | f(0) —6'(0) -¢'(0)

1.0 | 0.6 1.54885777 | 0.86258012 | 1.55952883
3 0.3 3.16065571 | 1.46874149 | 2.41976386
3.5 (0.3 5.07369839 | 2.21317199 | 3.47438577

Figure 6.1, the effects of the buoyancy parameter due to temperature A on the velocity
profiles is shown in Fig 6.1. It is seen from this figure that the velocity profiles decrease
with an increase of buoyancy parameter A which demonstrating the usual fact that buoy-
ancy parameter A stabilizes the boundary layer growth. It is noticed that buoyancy

parameter has significant effects on the solutions.

—i-03
06|
b= 09

- =102

Figure 6.1: Effect of the buoyancy parameter due to temperature (\) on the velocity
profiles

Figure 6.2, shows the effects of magnetic parameter M on the velocity profiles. From

different values of magnetic parameter M the velocity profiles is presented in Figure 6.2.
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The magnetic parameter (M) is found to retard the velocity at all points. It is because
that application of transverse magnetic field will result in a resistive type force which is a
Lorentz force similar to drag force which tends to resist the fluid flow and thus dropping
its velocity. Thus increasing the magnetic parameter M reduces the boundary layer and

thereby reduces the velocity profiles.

Figure 6.2: Effect of the magnetic parameter (M) on the velocity profiles.

Figures 6.3, 6.4 and 6.5 describe the influence of unsteady parameter (A) on the veloc-
ity profile, temperature profile and species concentration, respectively. All these three
figures show the dimensionless velocity, dimensionless temperature, and dimensionless
species concentration for different values of the unsteady parameter (A). The velocity
profiles is presented in Figure 6.3, temperature profiles is presented in Figure 6.4 and
concentration is presented in Figure 6.5, respectively. The velocity profiles decreases as
unsteady parameter A increases. Increasing the unsteady parameter A effect the veloc-
ity boundary surface thickness to decrease. Increasing the value of unsteady parameter
A reduces the thermal boundary surface thickness thus reducing the fluid temperature

distribution.
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Figure 6.5: Effect of the unsteady parameter (A) on the species concentration.

61

© University of Venda



7'
>

) (o

=2 University of Venda

Figure 6.6, shows the influence of Prandtl number (Pr) on the temperature profile. For
the different values of the Prandtl number Pr, the temperature profiles are plotted in
Figure 6.6. The Prandtl number defines the ratio of momentum diffusivity to thermal
diffusivity. From Fig 6.6, it is observed that an increase in the Prandtl number decreases

temperature profiles.

—Pr=5
“““ Pr=10
r Pr=15{]
= =Pr=2

Figure 6.6: Effect of the Prandlt number (Pr) on the temperature profiles.

Figure 6.7, shows the dimensionless temperature profiles inside the boundary layer for
different values of the local heat source parameter (). It is observed that the temperature
in the boundary layer increases with increasing values of heat source parameter (). When
@ < 0 leads to the decreasing of the thermal boundary surface thickness, while this layer

enhances significantly with increase in local heat source parameter Q).

—0-0
“““ 0=01

0-03]
= =Q=08

10 12

Figure 6.7: Effect of the local heat source parameter (@) on the temperature profiles.
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Figure 6.8, The effect of the radiation parameter (Nr) on the temperature is described by
Figure 6.8. The rate of energy transport to the fluid increases by increasing the radiation
parameter. Therefore, the temperature of the fluid increases. On the other hand, the
increase of radiation parameter leads to overcoming the effect of the convective heat

transfer.

— =0
SNt

= =Nr=3

Figure 6.8: Effect of Radiation parameter (Nr) on the temperature profiles.

Figure 6.9, illustrates the concentration profiles for different values of Schmidt number
Sec. The Schmidt number Sc represents the ratio of the momentum to the mass diffusivity.
The Schmidt number, therefore, quantifies the relative effectiveness of momentum and
mass transport by diffusion in the concentration boundary layer. It is observed that as
the Schmidt number Sc¢ increases the concentration decreases. The reductions in the
concentration profiles are accompanied by simultaneous reductions in the concentration

boundary layer.
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Figure 6.9: Effect of Schmidt number (Sc) on species concentration.

The impact of the chemical reaction (K) on density is shown in Figure 6.10. For different
values of the chemical reaction parameter K, the density profiles presented in Figure 6.10.
It is obvious that influence of increasing values of chemical reaction K, the concentration

distribution across the boundary layer decreases.

—K=0
CK=02

k=04
- —K=05

Figure 6.10: Effect of Chemical reaction (K) on species concentration.

Figures 6.11, 6.12 and 6.13 show the effect of local suction parameter (s) on velocity, tem-
perature, and species concentration, respectively. These figures show the dimensionless
velocity, dimensionless temperature, and dimensionless species concentration for differ-
ent values of the local suction/injection parameter (s). The velocity, temperature, and
concentration profiles are significantly influenced by the local suction parameter s. On

the other hand, eliminating fluid from the fluid flow system through suction, as expected,
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significantly reduces the velocity profiles. It is seen that increasing the suction parameter

s decreases both temperature and concentration profiles.

—s=1

=37
= =s=4

Figure 6.11: Effect of the local suction parameter (s) on the velocity profiles.

—s=1
cs=2

s=3H
= —s=4

Figure 6.12: Effect of the local suction parameter (s) on the temperature profiles.
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Figure 6.13: Effect of the local suction parameter (s) on the species concentration.

Figures 6.1 to Figure 6.13 represent the velocity, temperature and concentration profiles.
The effects of different parameters were observed for velocity, temperature and concen-
tration profiles. We noticed that these parameters have significant effects on velocity,

temperature and concentration profiles.

Convergence
I I

6 8 10 12 14
Iterations

Figure 6.14: Logarithm of SRM decoupling error

The figure shows that the values of the system converge as the iterations increases.
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Chapter 7

Conclusion and Recommendations

In this study, we investigated the problem of unsteady hydromagnetic chemically reacting
mixed convection MHD fluid flow over a permeable stretching sheet embedded in a porous
medium with thermal radiation and heat source. We applied similarity transformation to
convert the governing partial differential equations into a system of ordinary differential
equations. The transformed ordinary differential equations are then solved numerically
by using Spectral Relaxation Method (SRM). The effect of all necessary parameters on
dimensionless velocity f'(n), temperature 6(n) and species concentration ¢(n) have been

presented in this study. We found that:

e The velocity profiles decreases as unsteady parameter A increases.

e Increasing the values of the magnetic parameter M decreases velocity of the fluid.
e Enhancement of the Prandlt number Pr decreases temperature.

e The temperature of the fluid decreases as the Unsteady parameter A increases.

e The temperature increases as the local heat source parameter () increases.

e Increasing the radiation parameter Nr increases temperature.

e Enhancement of the Chemical reaction K decreases species concentration.

e The concentration boundary layer is thicker than temperature boundary layer.

e An increase in the Prandtl number decreases temperature profiles.
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