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Abstract
In this thesis, the eITecL~of radiation on natura! convection now on a sphere in presence of

heat generation and the effects of radiation on magnctohydmdynamie (MHO) natural

convection now on a sphere in presence of heat generation have been investigated. "11le

physical problems are represented mathematically by different sets of governing equations

along with the corresponding boUlldary conditions. Using the appropriate transformation, the

governing equations containing the equations of continuity, momentum and energy are

transformed into a set of non-dimensional boundary layer equations along with the

corresponding boundary conditions, which are then solved numerically using finitc-

difference method together with the Keller box scheme. Here, the attention is focused on the

evaluation of the surface shear stress in terms of local skin friction, rate of heat transfer in

terms of local Nusselt number, velocity profiles as well as temperature profiles. The software

FORJRAN 90 is used to perlbnu computational job and the po~1;processing software

TECHPLOT has been used to w,-play the numerical results graphically. A selection of

parameters set is also considered for computation consisting of heat generation pummeter Q,

radiation parameter Rd, surface temperature parameter Bw, Prandtl number Pr and magnetic

parameter M. The results in tenus of local skin friction, local Nussclt number will he shown

in tabular fonus. Velocity profiles, temperature profiles. skin friction coefficient and rate of

heat transfer have been displayed graphically for variuus values of heat generation

parameteT, radiation parameter and surfllce temperature parameter sepurlltely and the Prandtl

number as well .
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Chapter 1

1.1 Introduction
The effects of radiation on free convection boundary layer over or on various shapes such as

vertical flat plate, cylinder, sphere etc, huve been studied by many inve~ligalors IlIld it ha.'i

been a very popular research topic for many years. It is readily recognized that u wealth of

information is now available on convoxuve heat and mass Inmsfer for viscous (Newtonian)

fluids. Radiation effects on free convection flow are important in the context of space

technolugy and processes involving high temperatures hut comparatively less infonmnion

about the effects of radiation on the boundary layer flow is available than convection and

conduction heat transfer from fluid past a body.

A study of the flow of electrically conducting fluid in presence of magnetic field is also

imporlanll'rom the technical poinl of view and such types of problems have received much

attention by many researchers. The specific problem selected lor study is the flow and heat

lransfer in an electrically conducting fluid adjacent to the surface. The interaction of the

magnetic field and the moving electric charge carried by the flowing fluid induces a force

which tcnds to opposc the fluid motion. And ncar the leading edge, the velocity is very small

so that the magnetic force which is proportional to the magnitude of the longitudinal velocity

and acl~ in the nppnsite direction is also very small. Consequently, the influence of thc

magnetic field on the boundary layer is exerted only through induced forces within the

bonndary layer itself without additional effects arising from the free stream pressure

gradient. Solid matter is generally excluded from magnetohydrodynamies effect, but it

should be realized that the sarnc principles will apply. Electrical conduction in melals and

the Hall effect are two examples.

The study 01"temperature and heal transfer is of great importance to the engineers because of

its almost universal occurrence in many branches of science and engineering. Although heat

transfer analysis is most important for the proper sizing of fuel elements in the nuclear

reactors cores to prevent burnout. The perfonnance of aircrnft also depends upon the case

with which the structure and engines can be cooled. The design of chemical plants is usually



done on the basis of heal trdTlsferanalysis and the analogous ma~s transfer processes. The

amount of energy tnlllsler as heat can be determined from energy-conservation consideration

(first law of thermodynamics). Energy transfer as beat will take place from the assembly

(body) witb the higher temperature, if these two arc permitted to interact through a

diathermal wall (second law of thermodynamics). The transfer and conversion of energy

from one form to another is the basis to all heat transfer process and hence, tltey arc

governed by the first as well as the second law of thermodynamics. Heat 1JllIlsfer is

commonly associated with fluid dynamics. The knowledge of temperature distribution is

essential in heat transfer studies because of the fact that the heat flow takes place only

wherever there is a temper,dure gradienl in a system. The heat flux which is defined as the

amount of heat lnlllsfer per unit area in per unil lime can be calculated from the physical

laws relating to the temperature gradient and the heat flux.

When a body is introduced into a fluid at different temperatures forms a source of

equilibrium disturbance due to the thermal interaction betwcen the body and the fluid. The

fluid elements near the body surface asswne the temperature of the body and then begin the

propagation of heat into the fluid and the variation of temperature is accompanied by density

variations. [n particular, if the density variation is caused by the non-uniformity of the

temperature is called convection. The convective mode of heat trdllSreris generally divided

into two ha~icprocesses. If the motion of the fluid arises from an external agent then the

process is termed forced convection. This type of fluid now is caused in general by a fan,

blower, the bursting of a tyre etc. Such problems are very frequently encountered in

technology where the heat transfers to or trom a body is often due to imposed flow of a fluid

of different temperature from that of the body. On the other hand, if no such externally

indnecd flow is provided and the flow arises from the effect of a density difference resulting

from temperature or concentration difference, in a body forced field such as the gravitational

Held, then the process is termed natural convection. Generally, the density difference gives

rise to buoyancy forces, which drive the flow. Buoyancy induced conveclive flow is of great

importance in many heat remov-<l1processes in engineering technology and has attracted the

attention of many researchers in the last few decades due to the fact that both science and

technology are being interested in passive energy storage systems, such as the cooling of

spenl fuel rods in nuclear power applications and the design of solar colleclors. In particular,

2
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Chapter 1: Introduction

it has been ascenained that free eonvection induced the thermal stress, which leads to critical

structural damage in the piping systems of nuclear reactors. The buoyant flow arising from

heat rejection to the atmosphere, heating of rooms, fires., and many other heat transfers

processes, both natural and artificial, are other examples of natural convection flows. Nazar

et al. (20028, 2002b) considered the free convection boundary layer flow on an isothexmal

horizontal circular cylinder and on an isothennal sphere. Yao (1983) has studied the problem

of natural convection flow along a vertical wavy surface. Also the problem of free

convection boundary layer on a vertical plate with prescribed surface heat tlux investigated

by Merkin and Mahmood (1990).

The governing partial differential equations are to deal with in the case of incompressible

viscous fluid such as continuity equation, momenttun equation and energy equation. The

radiation energy emitted by a body is transmitted in the space in the form of electromagnetic

waves according to Maxwell's classic electromagnetic wave theory or in the form of diseretc

photons according to Planck' s hypothesis. Both concepts have been utilized in the

investigation of radiative-heat transfer. The emission or absorption of radiation cncrgy by a

body is a bulk process; that is, radiation originating from the interior of the body is emitted

through the surface. Conversely, radiation incideut on the surface ol"a body penetrates to the

depths of thc medium where it is attenuated. When a large proportion of the incident

radiation is attenuated within a very short distance from the surface, we may speak of

radiation as being absorbed or emitted by the surface. For example, therrnal nwiation

incident On a metal surface is IIltenua1ed within a distance of a few angstroms, from the

surface; hence metals arc opaque to thermal radiation.

Magnetohydrodynamic (MHD) is the science, which deals with the motion of a highly

conducting fluid in presence of a magnetic field. The motion 01" thc conducting fluid across

the magnetic field generales electric currents which change the magnetic ficld and the action

of the magnetic field on these currerns give risc to mechanical forces, which modify the

nuid. It is possible to attain equilibrium in a conducting fluid if the current is parallel to the

magnetic field. For then, the magnetic furces vanish and the equilibrium of the gas is the

same as in the absence of magnetic fields are considered force free. But most liquids and

gases arc poor conductors of electricity. In the case when the conductor is either a liquid or a

gas, electromagnetic f"rces will he generated which may be of the same order of magnitude

3
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Chapter I: Introduction

as the hydmdynamieal and inertial forces. Thus the equations of motion as well as the other

forces will have to take thesc electromagnetic forces into account. The MHO was originally

applied to astrophysical and gcophysical problems, where it is still very important but more

recently to the problem of fusion power where the application is the creation and

containment of hot plasmas by electromagnetic forces. since material walls would be

destroyed. Astrophysical problems include solar structure, espcdally in the outer layers, the

solar wind bathing the earth and other planets, and interstellar magnetic fields. The primary

geophysical problem is planetary magnetism, produced by currents deep in the planet, a

problem that has not been solved to any degree of satisfaction. MHD free convcction flow of

visco.elastic fluid past an infinite porous plate was investigated by Chowdhury and Islam

(2000).Raptis and Kafousian (1982) have investigated thc problem of magnetohydrodynamic

free convection flow and mass transfer through a porous medium bounded by an infinite

vertical porous plate with constant heat flux. Moreover, Hosman and Ahmed (1990) and

Hos.~ianet at. (1997), discussed the both forced and free convection boundary layer flow of

an electrically conducting fluid in presence of magnetic field.

However, it is possible to make some gases very highly conducting hy ionizing them. For

inn;7ation to take dlett, the b'llSmust be very hot at temperature upwards of 5000 Uk or so.

Such ioniO'Cdgases are called plasmas. The material within a star of plasma is of very high

conductivity and it exists within a strong magnetic field.

The study of heat generation or absorption in moving fluids is imJXlrtantin problems dealing

with chemical reactions and those concerned with dissociating Iluids. Possible heat

generation effects may alter the temperature distribution; conscquently, the particle

deposition rate in nuelcar reactors, electronic chips and semiconductor waters. In fact, the

literature is replete with examples dealing with the heat tnmsfer in laminar flow of viscous

fluids. Vajravelu and Hadjinolaou (1993) studied the heat transfer char<lCter1sticsin the

laminar boundary layer of a viscous Iluid over a stretching sheet with viscous dissipation or

frictional heating and internal heat generation.

Many mathematicians, versed engineers and researchers have studied the Problems of free

convection boundary layer now over or on a various types of shapes. Amongst them are

Hossain ct aI (1996), Huang and Chen (1987), Merkin and Mahmood (1990), Nazar et aI

4



Chllpler I: Introdnction

(2002a, 2002b) and MoUaet al (2004). Huang and Chen (1987), Nazar et al (2002a, 2002h)

consider the free convection boundary layer an isothermal sphere and on an isothcnnal

horizontal circular cylinder both in a mk-TOpolarfluid. Mona et al (2004) have studied the

problem of natural convection flow along a vertical wavy surface with uniform surface

temperature in presence of hem generation or absorption. The problem of the free convection

bowulary layer on a vertical plate with prescribed surface heat flux wa~ srudied by Merkin

and Mahmood (1990). Also the etTectsof axial heat conduction in a vertical plate on free

convection heat transrer have studied hy Miyamoto et a1. (1980). On the other hand, the

coupling of conduction with laminar natuml eonvection-boundary layer flow along a flat

plate wa~investigated hy f>ozziand Lupo (1988).

A transformation of the boundary layer equations for naturnl convection flow past a vertical

plate v.ith an arbitrary blowing and wall temperature variations WdS studied by

Vedhanayagam et a1. (1980). The CIl1re of a heated isothermal horizontal surface with

transpiration was discussed in some detail first by Clarke and Riley ((1975, 1976), and then

recently hy Lin and Yu (l98B). Hossain and Takhar (t996) also discussed the same things

but with the tcmpcmturc dependent viscosity and thermal conductivity. Soundalgekar et al.

(1960) have studied mdiation effects on free convection flow of a ga~pa~ta semi-infinite llat

platc using the Cogley-Vinccnti-Giles equilibrium model Cogley et al(1968), later Hossain

and Takhar (1996) have analyzed the effects of radiation using the Rosseland dilTusion

appro:o;;imationwhich leads to non-similar solutions for free convection flow past a heated

vertical plate. Limitations of this approximation are discussed brieny in OLisik (1973).

A study of the flow of electrically conducting fluid in presence of magnetic field is also

important from the technical point of view and such types of problems have received much

attention by many researchers. Kuiken (1970) have studied the problem of

magnetohydrodynamie free convection in a strong cross field and also the effe\,1;of magnetic

field on free convection ht.:atInmsfer have studied by Sparrow and Cess (1961). Elbashbcshy

(2000) also discussed the effect of free convection flow with variable viscosity and thennal

ditTusivity along a vertical plate in the presence of magnetic field. But Hos~ain (1992)

introduced the viscous and joule heating effects on MHO free convection flow with variable

plate temperature. Also Hossain et at (1998) have investib'lltedthe heat transfer response of

MHD free convection flow along a vertical plate 10 surface temperature oscillation. Very

5
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Chapter t: Introduction

recentl} Ahmad and Zaidi (2004) investigated the magnetic effect on over back convection

through vertical stratum. Hossain ct a1. (1997) discussed the free convection boundary layer

flow of an electrically conducting fluid in presence of magnetic field. Taher ct al. (2004)

studied magnctohydrodynamie natural convection flow on a sphere. The effect of conjugate

natural convection flow on or from various heated shapes has been studied by Merkin and

Pop (1982), Vynnycky and Kimura (1982), Kimura et al (1998) and Yu and Lin (1982). Also

the problem of the conjugate condlK-"tionnatural convection heat transfer along a thin vertical

plate with non unifonn heat generation have studied by Mendez and Trevino (2000). Cheng

(1982) studied the mixed convection along a horizontal cylinder and along a sphere in a

saturated porous medium. Taher and Molla (2005) studied natural convection boundary layer

now on a sphere in pre,;enee of heal generation and then Molla et al. (2005) have studied

magnetohydrodynamic natural convection flow on a sphere in presence ofheut generation.

In the present work, the effects of radiation on free convection flow around a sphere in

presence of heat generation have been investigated. The n:su1tswere obtained for different

values of relevant physical parameters. The natural convection boundary layer flow on a

sphere of an electrically conducting and steady viscous incompressible fluid in presence of

strong magnetic field and heat generation with constant heat flux has been considered.

The governing partial differential equations are reduced to locally non-similar partial

dilli=ntial fonns by adopting appropriate transformations. The transformed boundary layer

equations are solved numerically using implicit finite difference method together with Keller

box scheme by Keller (1978) and latcr by Ccbeci and Bradshaw (1984). Here, the attention

is focused on the evolution of the surface shear stress in terms of local skin friction and the

rate of heat transfer in terms of local NlL~seltnumber, velocity profiles as well as

temper-4ture profiles for selected values of parameters consisting of heat generation

parameter Q. the magnetic pamrneterM, Prandd number Pr and the radiation parameter Rd.

In chapter 2, the e/Tects of r4diation on natural convection flow on a sphere have been

investigated in presence of heat generation. The non-dimcnsional boundary layer equations

are solved by using implicit finite di/Terence methods by Keller (1978), Cebcci and

Bradshaw (1984). The results in tcnns of local skin friction, local Nusselt number will be

shown in tahular forms. Velocity profiles, temperature profi1cs, skin friction coefficient and

6
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the rate of heat transfer have been displayed gnlphically for various values of heat generation

par&Jleter, radiation parameter and surface temperature parameter separately and the Prandtl

number as well. Some resull~ for skin friction coeffkieul and the rate of heat transfer for

different values beat generation parameter have presented in tabular form.

In chapter-3, the effects of radiation on magnctohydrodynamie natural convection flow on a

sphere have been investigated in presence of heat generation. Numerical results have been

shown in tenus of local skin friction, rate of heat transfer, velocity profiles as well as

temperature profiles for a selection of relevant physical parameters set are shown

graphically. Some resulL~ for skin friction coefficient and the rate of heat transfer for

different values magnetic parameter have presented in tabular form as well. Present

numerical results ha,'e been compared with the results of Nazar et Ill. (2002) and Huang and

Chen (1987).

7



Chapter 2

Effect of Radiation on Natural Convection Flow on a Sphere in
Presence of Heat Generation

2.1 Introduction
This chapter describes the dIed of radiation on natural convection flow on II sphere m

presence of heal generation. The natural convection laminar flow fTorn an isothermal sphere

immersed in IIviscous incompres.~ible optically thin fluid in the presence ofmdiation effects

has been investigated. The governing boundary layer equations are first transformed ;nlo II

non-dimensional form and the resulting nonlinear system of partial differential equations are

then solved numerically using IIvery efficient finite-difference method known as the Keller-

box scheme. Here we have focused our attention on the evolution of the shear stress in terms

of local skin friction and the rate of heat transfer in tenns of local Nussell number, velocity

profiles a..~weI! as temperature profiles for some selected values of parameter sets consisting

of heat generation parameter Q, radiation parameter Rd, surface temperature parameter ~

and the Prandlt number Pro

2.2 Formulation of the problem
Natural convection boundary layer flow on a sphere of rdllius a of a steady two dimensional

vi~ous incompressible fluid in presence of heat generation and radiation heal transfer has

been investigated. It is assumed that the surface lempenrture of the sphere. T.., is constant,
whereTo > T",. Here Too is the ambient tempen.ture of the fluid, T is the temperature ofthc

l1uid in the boundary layer, g is the acceleration due to gravity,r(x) is the radial distance

from the symmetrical axis to the surface of the sphere and(u,i,) are velocity components

along the (x.y)axes. The physical configuration considered is as shown in Fig.2.1:
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y

F~.2.l: Physical model and coordinate system

Under thc usual Boussinesq and boundary layer approximation, the equations for continuity,

momentum and energy take the following form:

" ,', 0" ['),uu,uuvU .,X
'-H-=U-+g"(T-7 )sm -ai itV itV' f' 00 a

With the boundary conditions

U=i>=O T=T at y'=O. "
u -jo 0, T -jo T", as y -jo ""

9

(2.1)

(2.2)

(2.3)

(2.4)
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Chapter 2; ERect o[radiation on naluml convection flow on a 'phere in presence o[heat generation

where r(X)=asin( ~) (2.5)

r(X) is the radial distance from the centre to the surface of the sphere, p is the density, k is

the thcnnal conductivity,p is the coellicient of lhermui expansion, II is the reference

kinematic viscosity(v ""IJIp) ,IJ is the viscosity of the fluid, Cp is the specific heat due to

oonstant pressure and q, is the radiative heat flux in the y direction. In order to reduce the

complexity of the problem and to provide a means of comparison with future studies that

will employ a more detail representation for the radiative hcat flux, we will consider the

optically thick radiation limit. Thus radiation hcat flux term is simplified by the Rosseland

diffusion approximation [Ozisik (1973)] and is given by

4a aT"q =-~-----, 3(0-, +a,) ry (2.6)

In Equation (2.6) Qr is the Rosseland mean absorption oo-efficient, 0, is the scattering 00-

efficient and 0-is the Stephan-Rolt7.Inan constant.

Now introduce the tbllowing non-dimensionui variables:

"Co _,,.v=_,ri'{, ,
"

(2.7)

(2.8)

(2.9)B~,=T""
Tro

where Gr

Ll=B _l=T"'_l=T",-T", lId= 40-1;;;
ro 'T", T'D k(a+asl

is the Grashofnumber, 0 is the non-dimensionaJ temperature function, B...is thc

surface temperature parameter and Rd is the radiation parameter.

Substituting (2.7), (2.8) and (2.9) into Equations (2.1), (2.2) and (2.3) leads to the following

non-dimensional equations

a a
ax(ru)+ 0'(rv); 0

Du all D2u .
"-H-=--+8slllXax 0' 0'2

10
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80 8e I 8 [{ 4 '"l')aB]"-H-~-- 1+-Rd(1+(e,-lp - +QB
ax By PrBy 3 • By

where Pr = ucP is the Prandtl number and Q = Q.a'
k j1 <:/ir'(,

parameter.

With the boundary conditions (2.4) become

u=v=O, 0=1 at y=O
U~O, O~O as y~~

(2.t2)

is the heat generation

(2.13)

To solve Equations (2.11) and (2.12) with the help offollowing variables

where lII;s the stream function defrned by

Then

18", I 8 , 8f
u = -;:By = -; By (rrf) = xf , where f' = By

18'1'" 18 . I , rtf eosx ojv =---=---("I"}) = --(rf +rr'f +rr-)= -/ --.-x/ -x-
YOX rax Y ax smx ax

v ~ -= (-f - c~s"xf -x if )xf' = -41" _ c~sx,,'j]"" _x2 rOf
oy smx ax smx ax

11
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F..quation (2.11) becomes

'f,af' f" ,IT" eosx 'jj' 'j-'Of -.-I~ n', -+x -x}} ---, -, -=A} +vsmxax siux ax
a'f (I J "f a. [iIf)'~+ !+--xcosx I--+-smx- -
~J sinx ~' x ~

(2.16)

Equation (2.12) becomes

,80 ( co," ilfJ" I a l( 4 'Jao)if -+ -I --.-if -,- -=-- l+-Rd{l+(O~-1)6') - +(!tIox SIllX ax oy P, ~ 3 oy
I a l( 4 'Jao)-- 1+-Rd(I+(8w-l)f.I) -

Pr ~ 3 oy
+(I+~cosxJfae +QO=x[Of ao _ 06'a/]

Sill x ~r 0' ox Oy ox

Along with boundary conditions

(2.17)

f=f'=O, 0=1
f' ---t 0, 6'---t 0 as

at y=O
y~oo (2.18)

where primes denote differentiation of the function with respect to y.

It can be seen that ncar the lower stagnation point of the sphere i.e. x '" 0, Equations (2.16)

and (2.17) reduce lo the following ordinary differential equations:

,

), [{I+~Rd(1 + (Ow-1)9)' }0'J + 2/0' + QO = 0

Subject to the boundary condilions

f(O) = !,(O)= 0, 0(0)=1
(' ---t 0, 0 ---t 0 as Y -j><;O

(2.J9)

(2.20)

(2.2\)

In practical applications, the physical quantities of principle interest arc the shearing strcs~

' .• and the rute of heal transfer in terms of the skin-friction coefficients [ft and Nusselt

number Nux respectively, which can be written as

12
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aGr-)I, Gr-}~a'
Nil = (q +q );~ and C, = (, )'0

o k(T -1)' 'y-' ') ~ ,..w ~ P~loo

where ,~=p("). and q, =-k(aTJ, , q, isthcconductionheatflux.
0' ._" 0' ,,=0

(2.22)

(2.23)

Using the F.quations (2.8).(2.15) and the boundary condition (2.21) into (2.22) and (2.23),we

gct

Cr, =x/'(x,O)

Nu, ={1+~RdO~)O'(x.O)
(2.24)

(2.25)

The value~ or the velocity and temperature distribution are calculated respectively from the

following relation~:

8fU=X-, B=B(x,y),0,

2.3 Results and discussion

(2.26)

Here we have investigated the effect of radiation on natural convectilln Ilow on a sphere in

presence of heal generation. Solutions are oblained for fluids having Prandtl number Pr =

0.72 (air) and for some test values or Pr = 2.0, 3.0 and 4.0 against y for a wide range of

values of radiation parameter Rd, surface temperature parameter Owand heat generation

parameter Q. We have considered the valuc~ of heat gt:Tlenltion parameter Q = 0.2, 0.3, 0,5

and 0.6 with radiation parameter Rd=LO, Prandtl number Pr = 0.72 and surface temperature

parameter Ow= L 1. The ValUC8of radiation parameter Rd =1.0, 1.5, 2.0, 2.5 and 3.0 have

been taken while Q - 0.5, Pr = 0.72 and Ow= 1.1. Different values of surface.temperature

parameter Ow= 0.1, 0.4, 0,8,1.3 and 1.6 are considered while Q ~ 0.4, Pr = 0.72 and Rd

=1.0. Numerical value~ or local rate of heal tran~rer are calculated in tenns of Nu~se11

number Nu for the surface or the sphere from lower ~tagnatj,m point to upper stagnation

point. The effeet for different values of heat generation parameter Q on local 8kin friction

coefficient Cj and the local Nusselt number Nu, as well as velocity and temperature profiles

13



Chapter 2: Effect of radiation on natural convection flow on a sphere in presence of heat generation

with the Prandtl number Pr ~ 0.72, radiation parameter Rd =1.0 and surface temperature

parameter Ow= 1.1.

Figures 2.1-2.2 display results for the velocity and temperature prufiles, for different values

of heat generation parameter Q with Prandtl number Pr = 0.72, radiation pammeter RJ =1.0

and surface temperature parameter Ow = 1.1. It has been seen from Fib'Ures 2.1 and 2.2 that as

the heat generation parameter Q increases, the velocity and the temperature profiles increase.

The changes of velocity profiles in the y direction reveals the typical velocity profile for

natural convection boundary layer now, i.e., the velocity is zero at the houndary wall then

the vc10city increases to the peak value as y increases and finally the velocity approaches to

zero (the asymptotic value).The maximum values of velocity arc recorded to be 0.47717,

0.49274,0.52815 and 0.54807 for Q=0.2, 0.3, 0.5 and 0.6 resJXXtively which occur at the

same point y = 1.23788. Here, it is observed thaI al y = 1.23788, thc vc10city increases by

12.839% a~ the heat generation parametcr Q changes from 0.2 to 0.6. The changes of

temperature profiles in the y direction also shows the typical temperature profile for natural

convection boundary layer flow that is the value of temperature profile is 1.0 (one) at the

houndary wall then the temperature profile decreases gradually along y direction to the

asymptotic value.

"[be effect for diffcrent values of radiation parameter Rd the velocity and temperature

profiles in case ofPrandtl number Pr = 0.72, heat generation parameter Q = 0.5 and surfuce

temperature parameter Ow = 1.1 are shown in Figures 2.3 and 2.4. Here. radiation parameter

Rd increases, the vc10eity profile increases and the temperature profile increases slightly

such that there exists a local maximum of the velocity wilhin the boundary layer, hut

velocity increases ncar the surface ofthc sphere and then temperature decreases slowly and

finally approaches to zero.

The effect of different valnes of surface temperature parametcrOw, the velocily and

temperature profiles while P"mdtl numher Pr ~ 0.72, heat generation parameter Q = 0.4 and

radiation pardtTleler Rd =1.0 are sho1M1in Figures 2.5 and 2.6. Here, as surface temperature

p&"4meter Owincrea'les, the velocity profile increases and the temperJture profile ;n<."fCases

snch that there exists a local ffiIIXimum of the velocity within the boundary layer, but

velocity increases near the surface of the sphere and then temperature decreases slowly and

14



Chapter 2: Effect of radiation on natum)convection flow on a sphere in presence of heat generation

finally approaches to zero. However, in Figures 2.7 and 2.8, it is sho'Ml that when the

Prandtl number Fr increases with Ow= 1.1, Rd =1.0 and Q = 0.5, both the velocity and

temperature profiles decrease.

Figures 2.9-2.10 show that skin friction coefficient Cf increases and heat lnmsfer wefficienl

Nu decreases respectively for increasing values of heat generation pannneter Q. in case of

Prandtl number Pr = 0.72, radiation parameter Rd =1.0 and surface temperature parameler

Ow= 1.1. The values of skin friction coefficient Cf and Nusselt number Nu are recorded to be

1.10630, 1.13520, 1.19701, 1.23286 and 0.46402, 0.28301, 0.06937. -0.08860 for Q=O.2,

0.3,0.5, 0.6 respectively which occur at the same point x = 1.57080. Here, it is observcd that

at x = ) .57080, the skin friction inl-TeaSesby 10.265% and Nusselt nwnber Nu decreases by

119.094% as the heat generation parameter Q changes from 0.2 to 0.6. It is observed from

the figure 2.9 that the skin friction incl"e".u>esgrodually from zero value at lower stagnation

point along the x direction and from Figure 2.10, it reveals that the ralc of heat transfer

decreases along the x direction from lower stagnation point 10 the upstream.

The elTeet of different values of radiation parameter Rd on the skin friction coefficient and

the Incal rate ofhcat transfer while Prandtl nwnber Pr = 0.72, he-dtgeneration parameter Q =

0.5 and surface temperature parameter 0...= 1.1 are sho'Ml in the figures 2.11- 2.12, Here, a~

the radiation parameter Rd increases, both the skin mction coefficient and heat transfer

coefficient increase.

From Figure8 2.13 - 2.14, it can also casily be seen that an increase in the surface

temper<lture parameter Owleads to increase in the local skin friction coefficient Cf and the

local rate of heat transfer Nu wnile Prandtl number Pr = 0.72, heat genemtion parameter Q =

0.4 and radiation parameter Rd =1.0. It is also observed that at any position of x, the skin

friction coefficient Cj and the local Nusselt nwnber Nu increase as B.. increases from 0.1 to

1.6. This phenomenon can easily be understood from the fact that when the surface

temperature parameter Owincreases, the temperature of the fluid rises and the thickness of

the velocity boundary layer grows, i.e., the thermal boundary layer becomes thinner than the

velocity boundary layer. Therefore the skin friction coefficient Cf and the local Nusselt

number Nu increase.

15
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The variation of the local skin friction coefficient Lj and local mtc of heat transfer Nu for

different values ofPrandtl nwnber Pr for B."= 1.1, Rd=1.0 and Q = 0.5 are shown in Figures

2.15 and 2.16. We can observe from tbese figures that as the Prandtl numbeJ: Pr increases.

both the skin friction coefficient and rale of heat transfer decrease but the rate ofincrem;e in

the rate of heat transfer are higher than that of the skin friction coefficient. So, the e!Tect of

Prandtl number Pr on the rate of heat transfer is more than that of the effect of Prandtl

number Pr on skin friction coefficient.

Numerical values of skin friction coellicient Cj and nile of heat tran.~fer Nu are calculated

from equations (2.24) and (2.25) fOf the surface of the sphere from lower stagnation point at

x = 0" to x = 90". Numerical values of Cf and Nu afe depicted in Table 2.1.

Table 2. 1: Skin friction coefficient and rate of heat transfer against x for dilTerent values
of heat generation parameter Q with other controlling parameters Pr = 0.72, Rd = 1.0, Ow
=1.1.

- 0.2 , 0.3 - 0.5 0.6, C N. C N, C N. C N.
0.00000 O.O(lOOO 0.656ftO 0.00000 0.55338 0.00000 032045 0,00000 0.18834
0.10472 0.0%08 0.65592 0.09811 0.55243 0.10269 031932 0.10529 0.18709
0.20944 0.19153 0.65342 0.19557 0.54972 0.20474 0.31609 0.20993 0.18354
0,31416 0.28571 0.64931 0.29177 0.54526 (1.30551 (131076 03IJ29 0.17767
0.40143 036280 0.644<>4 0.37053 0.54019 038806 030471 039798 0.17100
0.50615 0.45310 0.63752 0.4-6282 0.53247 0.48487 0.29548 0.49736 0.16083
0.61087 0.54043 0.62875 0.552t2 0.52295 0.57866 0.28409 0.59369 0.14828
0.71558 0.62421 0.61828 0.63785 0.51158 0.66882 0.27050 0.68637 0.13329
0.ft0285 ll.69090 0.6ll824 (1.70614 0.50ll69 0.74075 (1.25745 0.76038 0.11891
0.90757 0.76668 0.59459 0.78381 0.48586 0.82274 ll.23%9 0.84481 0.09932
1.01229 0.83734 0.57914 0.85631 0.46907 0.89946 0.21957 0.92394 0.07712
1.20428 0.95180 0.54599 0.97402 0.43303 1.02460 ll.17633 1.05331 0.02941
1.57080 1.1063ll 0.46402 1.IJ3% 0.34388 1.19701 0.06937 1.23286 -0.08860
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Figure 2.1: Velocity profiles for different values of Q with
Fr = 0.12, Rd ~ 1.0 and Ow~ l.l
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Figure 2.2: Temperature profiles for different values of Q with
Pr = 0.72, Rd =1.0 and 0,. = 1.1
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Figure 2.4: Temperature profiles for different values Rdwith
Pr = 0.72, Ow=1.1 and Q=0.5
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Figure 2.5: Velocity profiles for different values of Owwith
Pr"'" 0.72, Rd "'"1.0 and Q=0.4
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Irigure 2.6: Temperature profiles for dilTerenl values of e..,
with Pr = 0.72, Rd =1.0 and Q~O.4
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Figure 2.7: Velocity profiles for dilTerenl values of Pr with
Rd=l.O, Ow=1-1 and Q=0.5
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Figure 2.8: Temperature profiles for different values of Pr
with Rd =1.0, B..=1.I, and Q=O.5
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Figure 2.9: Skin-friction coefficient for different values of Q
with Pr = 0.72, Rd =1.0, and Ow=1.1
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Figure 2.10: Rate ofhcat transfer for different values of Q
with Pr = 0.72, Rd =1.0, Ow~ 1.1
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Figure 2.11: Skin-friction coefficient for different values of Rd
with Pr = 0.72, 0.. =l.l and Q=O.5
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Figure 2.12: Rate of heat transfer for different values or Rd
with Pr = 0.72, B" =1.1 and Q=0.5
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Figure 2.13: Skin-friction coefficient for different values of Ow
with Pr = 0.72, Rd =1.0 and Q~0.4
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Figure 2.14: Rate of beat transfer for differenl values or e.,
with Pr = 0.72, Rd=1.0 and Q~O.4
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Figure 2.15: Skin-friction coefficient for different values of Pr
with Rd =1.0, 0,. =1.1 and Q=O.5
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Figun: 2.16: Rate of heat tra.nsfer for different values of Pr
with Rd~1.0,0,. =1.1 and Q=O.5
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2.4 Conclusion
The effect of radiation on natural convection flow on a sphere in presence of heat generation

has boon investigated for diner-ent values of relevant physical parameters including Prandtl

number Pr. and surface temperature VdIarneterOw.

The governing boundary layer equations of motion arc transformed into a non-dimensional

form and the resulting non-linear systems of partial differential equations are reduced to

local non-similarity boundary layer equations, which arc solved numerically by using

implicit finite difference method together with the Kcller-box scheme. From the present

investigation, following conclusions may be drawn:

• Significant effects of heat generation parameter Q on velocity and temperature profiles

as well a~ On skin friction and the rate of heat transfer have been found in this

investigation but the effect of heat generation parameter Q on rate of heat transfer is

more significant. An increase in the values of heat generation parameter Q leads to

increase both the velocity and the temperature profiles, Ihe local skin lndion

coefficient Cf increases at different position ofy but the local rate of heat transfer Nu

decrea~esat different position ofx for Pr =0.72.

• The increase in the values of radiation parameter Rd Icads to increase in the vclocity

profile, the temperature profilc, the local skin friction coefficient C{and the local rate

of heat transter Nu .

• AI! the velocity profile, temperature profile, the local skin friction cocfficient eland

the local rate of heat transfer Nu increase significantly when the values of surface

temperature parameter Ow increase.

• The increase in Prandtl number Pr leads to dccrca~c in all the velocity profile, the

temperature profile, the local skin friction coefficient Cf and the local rate of heat

transfer Nu.
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Chapter 3

Effect of Radiation on Magnetohydrodynamic Natural Convection
Flow on a Sphere in Presence of Heat Generation

3.1 Introduction
In this chapter, the description of the efieet of radiation on magnetohydrodynamic (MHD)
natural convection flow on a sphere in presence of heat generlltion has been focused. The

governing boundary layer equations are first transformed into a non-dimensional fonn and

the resulting nonlinear system of partial differential equations are then solved numerically

using a very efficient finite.dilTerence method known as the Keller-box scheme. Here the

attention has given on the evolution of the surface shear stress in terms of local skin friction

and the rate ofhra! transfer in terms of local Nusselt number, velocity distribution as well as

temperature distribution for a selection of parameter sets consisting of heal genemtion

parameter, magnctohydrodynamic (MHD) parameter and the Praudlt number.

3.2 Formulation of the problem
A steady two-dimensional magnetohy<lrodynarnic(MHD) lUlturaiconvection boun<larylayer

flow from an isothermal sphere of radius a, which is immersed in a viscous and

incompressible optically dense fluid with heal generation and radiation heat loss is

considered. It is assumed that the surface temperature of thc spherc,T•• is constant,

whereT. > Tro• Here T~ is the ambient temperature of the fluid, T is the temperature of the

fluid in the boun<larylayer, g is [he acceleration due to gravity,r(x) is the radial distance

from the symmetrical axis to the surface of the sphere and(ll, f» are velocity components

along the (x,p)axes. The physical configuration considered is as shown in Fig. 3.1:
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Fig. 3.1: Physical model and coordinate system

Under the above lL'lsumptiOIL'l,the governing equations for ste-,,<lytwo-dimensional larninar

boundary layer flow problem under consideration can be written a~

~ (rG)+ ~ (ro)=O

" ~. a" [')""GU .uu U . x /YOI-'" ""-H-=v-+"p(T-T \..m - ---"ax ry ry'''' ~"a p

With the boundary conditiolL'l

ii=v=O T=T at y"=O, .
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where r(i)=aSin(:) (3.5)

rei) is the radiul distance from the centre to the surface of the sphere, g is the acceleration

due to gravity, p is the density, k is the thennal conductivity, p is the coefficient ofthennal
expllll.'>ion,flo is the strength of magnctic field, Uo is the electrical conduction, v is the

reference kinematic viscosity, fJ is the viscosity of the fluid, Cp is the specific heat due to

constant pressure.

The abovc eqlllltions are further non-dimensionaliscd using the new variables:

a -I'
i' = -Gr I,v,

v
x=i, y=GrY.[Y), u=::Gr-Jiu,

" " v
0= T-T~. Gr=gP(T•.~1Ja'

T~-Toc lJ

T T T -1'
(I =~ ~=O _]=---'!.-_]= W oc Rd=
• To,' W T~ 1'~' k(a+u,,)

where Gr is the Grashof number, 8 is the non-dimensional temperature function,

(3.6)

(3.7)

(3.8)

constant temperature at the surface ,Ow is thc surfacc temperaturc paramcter and Rd is thc

radiation-conduction parameter.

The Hluiation heat flux is in the following Conn

4<:r aI"
q'=-](a,+u,) i'lY (3.9)

where a, is the Rosselund mean ubsorption co-efficient, cr, is the scattering eo-cffieient and

(J is the Stcphan-Boltzman constant

Substituting (3.6), (3.7) and (3.8) into E<J:uations(3.1), (3.2) and (3.3) leuds to the following

non-dimensional equations

~(ru)+~(rv)=Oax By
2 ,,2 ,iJu au iJ u . rr~p" a-

v-+<>-" --+ 8sm x-----v
ax i).' <'Y' pvGr y,
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(3.11)

•



C~aptcr ), Effect of radiation on MHD natuml convection now on a sphere in presence of heat generatioo

80 DB I a [1 4 (( "'"laB]"-H-~-- I+-Rdl+ Ow-I,.,} - +QB
ax ay Pray 3 ay

(3.12)

where "'Pr = _P is the Prandt! number and
k

is the heat gencration

parameter.

With the boundary conditions (3.4) become

U=1J=o, B=l at y=O
U -lo O. B ...• ° as y -lo <1J

To solve Equations (3.1 \) and (3.12) with the help offollowing variables

- '1,=xr(x)j(x,y\ B=B(x,y~ r(x)=sinx

where 'fI is the strcam funetion defined by

I a.v I a.v
U=--, D=---

ray rax

u=~8'1' =~~(xd)=xf', where1'=af
ray ray ay

au=xu/' +1', au=xf", D'~=xf"
at at ay ay
au u[' Df'

uax ""xf'(x ax +f') = xlI' ax +xf'l
lo'fl Ie . I , Gf eosx t!fv=---=---{xrj) =--(rl +xr'j +xr-)=-I --.-xi -x-
rat rax r Ox SITIX ax

D au"'(-1- e~sxxl-x 01)xf" '"-xU' _ e~sxx'if" _ x'r Jf
oy SITIX ax SITIX ax

Equation (3.11) becomes

(3.l3)

(3.14)

(3.15)

~ o'fl ~(~ iJ'fI) _.!. a'l' 2(~iJ'I' }=~(.!.0'1') +8sinx _ 0'0/30' a' ~ 0'1'
r Dyax r Dy r DxDy r 0' ay' r 0' puGr,lf r iJy

1 B a I BIB B I 0 D' I a . uo/lr/a' 1 B
~-~r(XI:f)-ax(;-0' (xif)-;-a~ (xif)-ay(;-0' (xd"))=-,,-'(;-0' (xrj))+8sm_~--p-,,-O-,'-/1 ;-0' (xif)

xo!2(xGf)_.!.2(xif)2(xJf)=~(xaj)+8sinx _ "-o/l,,'a' xGf
0' ax Dy r ax 0' try try' iJy pvGrJI2 By
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fif( a'i or] OJ 1 a o'f fi'l (;./1o'a' at._ .--+-- -(x-+ I+ . xf-(asinx))x-'l =X-, +Bsinx --~~,-,'-
0' <1:1:0'0' ex aSlllX Bx 0Y 0' pGr1 0'

where rex) '" sun, p '" pu

._aI(._,_'/_+_af)_I._fif_+I + ~ xf_a (asinx))x-if_.~=x_a'_~+Bsinx __"~op~o~'"_'<_aI
0' Bxay 0' Bx aSlnx Bx ay ay pGrl12 ay

where rex) = sinx, p = pu

D'f +(l+_'_xeosxJ/o'f +Qsinx-('f)' _MiIf =x(atolf _xora'f] (3.16)
oy' ~inx Bi x Dy By ByOxBy ox ay'

, ,
where M = o-o/1;a is the MHO parameter.

pGrl/2

Equation (3.12) becomes

,fiO ( 00'" a/lOO 1 fi j( 4 'J'OI.f-+ -f--,-xf-x- -~-- 1+-Rd(l+(B.-l)6') - +QO
ax SlnX Bx ay Pray 3 0'

1 fij( 4 'Jaol ( • J ao {aIOO fiOfJf)-- l+-Rd(l+(Ow~l)6') - + l+-,-coM f-+Q8= -----
Pr By 3 0' SHU" 0' ay ex ay ax

Along with boundary conditioIlE

(3.17)

1=/,=0, 61=1
/'-to, 8-tO as (3.18)

where primes denote differentiation of the function with respect to y.

it can be seen that near the lower stagnation point of the sphere, i.e., x '" 0, Equations (3.16)

and (3.17) reduce to the following ordinary differential equation~:

f"' +2ff" - j" +O-M(' =0

,

;r [{I + ~Rd(l +(0. -1)0)' }a'] + 2 fa' +Qa= 0
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Subject to the boundary conditions

/,-+0, 0-+0 as y-+ro
(3.21)

In practicRi applications, the physicRi quantities of principle interest are the shearing

stress"tw' the rate heat transfer and the rate of species concentration transfer in terms of the

skin-friction coefficients Cf< and Nusse1t number Nux, which can be written in non-

dimensional form as

aGr-Y. -Y. 'Nu = q~and C = Gr a T
w

(3.22)
I k(Tw -U Ix f.lV

where, q. = -k( :: J. and r w = f.l(: J _ ,qw is the heat flux at the surface and k being
'Y "~o ".I' ,--"

the thcrmal conductivity of the fluid.

Using the new variables (3.7), we have

q.=_k[a(T",+B(T~-T",»)] "
8(aGr y. y Y.'

~d

Pulling the above values in Equations (3.22), we have
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(3.23)

md

",lt12{) , sinceu=x8j~litv y=O itv

(3.24)

We discuss velocity distribution as wellns temperature profiles for a selection of parameter

sets consisting of heat generation parameter, MHD parameter, and the Prandlt number at

different position ofx.

3.3 Results and discussion
In this context we have investigated analytically the effect of radiation on

IIl4,'Iletohydrodynamic natural COnvection now On a sphere in presence of heal generation.

Solutions are obtained for nulds having Prandtl number Pr = 0.72 (air) and for some values

of Pr = 1.00, 1.74 and 2.50 against y for a wide rangc of values of radiation paramcter Rd,

surface temperature parameter Ow,heat generation parameter Q and magnetic parameter M.

We have considered the values of heat generation parameter Q ~ 0.2, 0.3, 0.5 and 0.6 with
radiation parameter Rd=1.0, Prandtl number Pr = 0.72 and surface temperature parameter Ow

= 1.1 and magnetic parameter M=O.1. The values of radiation parameter Rd =1.0, 1.2, 1.5

and 2.0 have been taken in case of Q = 0.2, Pr = 0.72, ~ = 1.1 and magnetic parameter

AI=O.I. The dilTerent values of surface tempenlture parameter 8w= 0.4, 1.1, 1.4 and 1.6 arc

considered with Q ~ 0.2, Pr = 0.72 and Rd =1.Oand MoO.I. Different values of magnetic

parameter Af=O.I. 0.3, 0.5 and 0.7 have been taken in casc of Q ~ 0.2, Pr = 0.72, 8w= 1.1
and Rd =1.0. Nwnencal values of local rate of heat transfer are calculated in terms of

Nusselt number Nu for the surface of the sphere from lower stagnation point to upper
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stagnation point. The effect for different values of heat generation parameter Q and magnetic
parwtleter M on local skin friction coefficient Cj-and the local Nusselt number Nu, as well as

wlocity and temperature profi1es with the Prandtl number Pr = 0.72, radiation parameter Rd

=1.0 and surface temperature pw:;trneler Ow = 1.1, are also observed.

Figures 3.1-3.2 display results for the velocity and temperature profiles, for different values

of heat generation parameter Q wbile Prandtl number Pr = 0.72, radiation parameter Rd=I.O

surface temperature parameter Ow= 1.1 and magnetic parwtle1er M=O.l. It bas been seen

from Figures 3.1 and 3.2 that as the heat generation parameter Q increases, the velocity and

the temperature profiles increase. The changes of velocity profiles in the y direction reveals

the typical velocity profile for natural convection boundary layer 110"1, i.e., tbe velocity is

zero at the boundary wall then the velocity increases to tbe peak value as y increases and

finally thc velocity approaches to zero (the asymptotic value). The changes of temperarure

profiles in the y direction also ~hows the typical temperature profiles for natural eonvection

boundary layer flow that is the value of temperature profiles is 1.0 (one) at tbe boundary wall

then the temperature profile decreases gradually along y direction to the asymptotic value.

The variation of the velocity and temperature proliles for <lilTerent values or radiation

parameter Rd in ease of surface tempendure panlmeter Ow= 1.1, Prandtl number Pr = 0.72,

heat generation panuneter Q = 0.2 and magnetic parameter M=O.l are shown in Figures 3.3

and 3.4. Here, as the radiation parameter Rd increases, both the velocity and the temperature

profiles incrcasc slightly such that thcre exists a local maximum of the velocity within the

boundary layer. but velocity increases near tbe surface of the spbere and tben temperature

deereases slowly and finally approaches to zero.

Thc effect for different valtlC.'l of surface temperature pw:;trneterB"" tbe velocity and

temperature profiles with Prandtl number Pr = 0.72, heat generation parameter Q = 0.2,

radiation parameter Rd =1.0 and magnetic parameter M=O.l are shown in Figures 3.5 and

3.6. Here, as the surJace temperature parameter Ow increases, the velocity and the

tempentture profiles increase slightly such that there exists a local maxinrum of the velocity

within the boundary layer, but velocity increltSes near the surface of the sphere and then

temperature decreases slowly and finally approaches 10 zem. However, in Figures 3.7 und

3Jl. It has been shown that when the Prandtl number Pr" 0.72, 1.00, 1.74 and 2.50 increases
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with Ow= 1.1, Rd =1.0, Q = 0.5 and M=O.l, both the velocity lllld tempenlture profiles

decrease.

Figures 3.9 display results for the velo,",ity profiles for different values of magnetic

parameter M with Pnmdtl number Pr = 0.72, nlillation parameter Rd =1.0, heat generation

parameter Q = 0.2 and surface tcmperature parameter B..= 1.1. It has been seen from Figure

3.9 that as the magnetic parameter M increao;es, the velocity profiles decreas", upto the

position of y = 3.34 after that position velocity profJJes increase with the increa'>C of

magnetic parameter. It is also observed from Figure 3.9 that the ehllllges of velocity profiles

in the y direction reveals the typical velocity profile for natural convection boundary layer

now, i.c., the velocity is zero at the boundary waH then the velocity increases to the peak

value as y inerea~es and finally the velocity approaches to zero (the asymptotic value) but we

see from this figure and its magnified portion all the velocity profiles meet tOb>etherat the

position of y = 3.34 and cross the side. This is because of the velocity profiles having lower

peak values for higher values of magnetic parameter tend to decrease complUlltively slower

along y direction than velocity profiles with higher peak values for lower values of magnetic

parameter. Figure 3.10 display results for the temperature profiles, for different values of

magnetic parameter M while Prandtl nwnber Pr = 0.72, radiation parameter Rd =1.0, heal

generation parameter Q = 0.2 and surfw::e temperature parameter Ow = 1.1. The maximum

values ofvelocity are recorded to be 0.46181,0.43333, 0.40700 and 0.38293 for M=O.I, 0.3,

U.S and 0.7 respectively which occur at the same point y = 1.237118.Here, it is observed that

at y = J .23788, the velocity decreases by 20.077% as the magnetic panlmeler M changes

from 0.1 to 0.7. The changes of temperature profiles in the y direction al30 shows the typical

velocity profile for natunl1 convection boundary layer flow that is the value of temperature

profile is 1.0 (one) at the boundary wall then the temper-<lture profile decreases b'Tllduaily

along y direction to the asymptotic value.

From Figure 3.11 wc obscrved that tbc skin friction coefficient Gjincreases ~ignificantly as

the heat generation parametcr Q increases. TIJismellllS that for increa~ing the heat generation

effect, the fluid tempemture also increases. In this case surfw::c temperature is less than fluid

temperature and thaI is the skin friction coefficient increases. Fib'llre 3.12 show that heat

transfer coefficient Nil decrea..es for increa~ing values of heat gt'l1enltion p<tr<lTlleterQ with
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Prandtl number Pr = 0.72, radiation parameter Rd =1.0, surlilee temperature parameter Ow=

1.1 and magnetic parameter M=Q.I. [t is observed from Figure 3.1] that the skin friction

increases gradually from zero value at lower stagnation point along the x direction and from

Figure 3.12, it reveals that the rate of heat transfer decreases along the x direction from

lower stagnation point to the downstream.

lbe effect for diITerentvalues of nwialion parametcr Rd, the skin friction coefficicnt and

heat transfer cocfficient while Prandtl number Pr = 0.72, heat generation parameter Q = 0.2,

surface temperature parameter (J~= 1.1 and magnetic parameter M~O.I are shown in Figotes

3.13- 3.14. Here, as the radiation parameter Rd increases, both the skin friction coefficient

and heat transfer coefficient increase.

From Figures 3.15 - 3.16, it can also casily be seen that an increase in the surface

temperaturc parameter Owleads to increase in the local skin friction coefficient Cr and the
local rate of heat transfcr Nu slightly while Prandtl number Pr = 0.72, heat generation

parameter Q = 0.2, radialion parameter Rd =1.0 and magnetic parameter M=O.l. It is a[so

observed that at any position of x, the skin mction coeflicient Cf and the local Nusselt

nwnber Nu increase as Owincreases from 0.8 to 1.6. ]bis phenomenon can easily be

understood from the fact that whcn the surface temperature parametcr Owincreases, thc

temperature of the fluid rises and the thickness oftbe velocity boundary layer grows, i.e., the

thcrmal boundary laycr becomes thinner than the velocity boundary layer. Therefore the skin

friction coefficient Cjand the local Nusselt number Nu increases.

The variation of the local skin friction coefficient Cj and local rate of heat transfer Nu for

different values ofl'randtl number Pr while(Jw~ 1.1, Rd ~I.O, Q ~ 0.2 and M=O.I are shown

in Figures 3.17 and 3.18. We can observe from these ligures that as the Pnmdtl number Pr

increases, the skin friction coefficient decreases and rate of heat transfer increases but the

rate of inl-TeaSein the heat transfer coefficient is higher than that of thc skin friction

coefficient so, the effect ofPrandtlnumber Pr on heat transfer coefficient is more than the at

of the effecl of Pr on skin mction coeflicient.

Fib'Ures3.19-3.20 show that skin friction coefficient Cj and heat transfer coefficient Nu

dC\..Teasefor increasing values of magnetic parameter M wbile heal generation parameter
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Q-O.2,.Prandtl number Pr = 0.72, radiation parameter Rd =1.0 and surfacc temperature

pammetcr 0., = 1.1. The values of skin fridion coefficient Cf and Nussdt numbcr Nil. are

recorded to be 1.06755, 0.99745, 0.93565, 0.88141 and 0.44468, 0.40643, 0.36999, 0.33515

for M=0.1. 0.3, 0.5 0.7 respectively wbich occur at the same point x = 1.57080. Here, it

observed tbat at x = 1.57080, the skin friction decreases by 17.437% and Nussclt number Nil.

decreases by 24.631 % as the magnetic parameter M changes from 0.1 to 0.7. It is observed

from Figure 3.19 that the skin friction decreases gradually from zero value at lower

stagnation poim along the x direction and from Figure 3.20, it reveals that the rate of heat

transfer decreases along the x direction from lower stagnation point to the downstream.

Numerical valucs of rate of heat transfer Nil. and skin friction coefficient Cj are calculated

from Equations (3.23) ami (3.24) for the surface of the sphere from lower slab'Ilation point at

x = 0" to x = 90". Numerical values ofCj and Nu arc shown in Table 3.1.

Table 3.1: Skin friction coefficient and rate of heat transfer against x for dilTerenl values of

magnetic parameter M with other controlling parameters Pr = 0.72, Rd = 1.0,~ =1.l.and

Q= 0.2.

lIFO.l },F 0.3 1.10= 0,5 M-0.7, C N" C N" C N" C N"
0.00000 0.00000 0.64019 0.00000 0.60741 0.00000 0.57605 o.oonoo 0.54594
0.1U472 0.09349 0.h3929 0.08872 0.60647 0.08441 0.51510 0.08055 0.54498
0.20944 0.18633 0.63676 0.17679 0.60387 0.16819 0.57244 0.16U47 0.54225
0.31416 0.27792 0.63259 0.26362 0.59958 0.25073 0.56803 0.23915 0.53774
0.40143 0.35285 0.62785 0.33458 0.59470 0.31812 0.56303 0.30335 0.53262
0.50615 0.44055 0.62063 0,41752 0.58728 0.39680 0.55541 0.37822 0.52483
0.61087 0.52528 0.61172 0.49751 0.57812 0.47254 0.54602 0.45017 0.51521
0,71558 0.60646 0.60110 0.57395 0.56719 0.54476 0.53481 0.51864 0.50374
0.80285 0.67098 0.59092 0.63454 0.55672 0.60185 0.52406 0.57263 0,49274
0.90757 0.74418 0.57707 0.70303 0.54247 0.66617 0.50945 0.63329 0,47778
1.01229 0.81224 0.56140 0.76640 0.52635 0.72542 0.49291 0.68893 0,46086
1.20428 0.921% 0.52777 0.86762 0.49178 0.81922 0.45745 0.77630 0,42458
1.57080 1.06755 0.44468 0.99745 0.40643 0.93565 0.36999 0.88141 0.33515
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Figure 3.1: Velocity profiles for different values or Q
in case of Pr = 0.72, Rd =1.0, Ow= l.l and M.= 0.1
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Figure 3.2; Temperature profiles for different values of Q
in case of Pr = 0.72, Rd =1.0, 0...-= 1.1 and M.= 0.1
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Figure 3.3: Velocity profiles for different values of Rd
in case nf Pr = 0.72, 0.. =1.1, Q=0.2 and.M= 0.1
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Figure 3.5: Velocity profiles for different values of Ow
in case of P, = 0,72, Rd =\'0, Q=O.2 and M= 0.1
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Figure 3.6: Temperature profiles for different values of 8.".
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Figure 3.7: Velocity profIles for different values of Pr
in case of Rd =1.0, Ow~1.1 ,Q=0.2 and M~ 0.1
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Figure 3.11: Skin-frictioll coefficient for different values of Q
in case of Pr = 0.72, Rd =1.0, Ow= 1.l and M.= 0.1
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Figure 2.13: Skin-friction ooeflkient for different values of Rd
in ca:;e of Pr=O.72, 0.. =l.J ,Q=O.2and M= 0.1
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Figure 3.15: Skin-friction coefficient for different values of Ow
in case of Pr = 0.72, Rd=1.0, Q=0.2 and.M=-OJ
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in ca~eof Pr = 0.72, Rd=I.O, Q=0.2 andM= 0.1
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Figure 3.17: Skin-friction coeflicient for <lillerent values of Pr in
case of Rd =\'0, Ow=1.1, Q=O.2 and M= 0.1
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3.4 Comparison of the results

Figure 3.21 depicts the comparisons of the present numerical results of the Nusselt number

Nu with those obtained by Nazar et aI. (2002) and Huang and Chen (1987), Here, the

radiation, heat generation and magnetic effects are ignored (i.e" Rd =0.0, Q=O,Oand M =0,0)

and PTandtlnumbers P, = 0 7 and 7.0 are chosen. r studied well the results and it helped me

to take firm decision that thc present,results agreed well with the solutions of Nazar et aL

(2002) andHuang and Chen (1987) in the absence of suction and blowing

'r • Nazare! aI
- - -- Huang and Chen

Pfesent
~

r Pr=7.0- - - - - - - -f- - - - -
~

Pr = 0.7-r - - - -
~

. , , , . , , , . , ,

...",
~ 1.0
•
.1i
E 0.8,
Z

"Ql 0.6
~Z,.

" 20 30 40 50 60
X in degree

90 90

Figure 3.21: Comparisous of the present numerical results of
Nusselt number Nil for the Prandtl numbers PI' = 0.7. 7.0 with
those obtained by Nazar et al. (2002) and Huang and Chen (1987).
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Figure 3 22 shows the comparisons of the present numerical results of the skin friction

coefficients eft with those obtained by Taber and Molla (2005) for different values of heat

generation parameter which are Q = 2.0, 1,5 and 1.0, Here, the radiation and the magnetic

effects are ignored (i.e, Rd =0.0 and M =0.0) and Prandtl numbers Pr = 0,7 have been

chosen. The comparison shows fairly good agreement between the present results and the

results of Taber and Molla (2005),

"""X"

,.,
• T"her and Molla

Present
_ 3.0,
() Q=2.0 •••••-- " • • •C
.~
IE
" Q= 1.5

8
C Q= 1.0
0 "~0.C-C "~"' ,.,

Figure 3.22: Comparisons of the present nnmerical results of Skin
friction coefficient (ft for the heat generation parameter Q = 2.0,
1.5 lind 1.0 with tbose obtained by Taber and Molla (2005).
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3.5 Conclusion
The effect of radiation on natural convection flow on a sphere in presence of heat generation

has been investigated for different values of relevant physical parameters including the

magnetic parameter M. The governing boundary layer equations of motion are transformed

into a non-dimensional fonn and the resulting non-linear systems of partial differential

equations are reduced to local non-similarity boundary layer equations, whieh are solved

numerically by using implicit finite difference method together with the Keller-box scbeme.

From the present investigation the following conclusions may be drawn:

• Significant effects of heat gener<ltion parameter Q and magnetic parameter M on

velocity and temperature profiles as well as on skin friction coefficient Gj-and the r"te

of heat transfer Nu have been found in this investigation hut the eOht of heat

generation parameter Q and magnetic parameter M on rate of heat transfer is more

significant. An increase in the values of heat generation parameter Q leads to both the

velocity and the temperature profiles increase, the local skin friction coefficient Cj

increases at ditferent position of y but the local rate of heat transfer Nu decreases at

different position ofx for Pr =0.72.

• Alllhe velocity profile, temperature profile., the local skin friction coefficient Cfand the

local rate of heat transfer Nu increase significantly when the values of radiation

parameter Rd increases.

• As surface temperarure parameter Owincreases, both the velocity and the temperature

profile increaw and also tbe local skin friction coefficient Cfand the local rate of heat

t:raru;ferNu increase significantly.

• For increa~ing values of Prandtl number Pr leads to decrease the velocity profile, the

temperature profile and the local skin friction coefficient Cj hut the local rate of heat

transter Nu increases.

• An increase in the values ofMleads to decrease the velocity profiles but to inlo-reasethe

temperarure profiles and also both the local skin friction coefficient Cjand the local rate

of heat transfer Nil decrease.
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3.6 Extension of this work

1n this work, we con.~idered constant viscosity and thermal conductivity but they are

functions of temperature.

• If we consider thc viscosity and thermal conductivity as the function of temperature

then we can extend our problem.

• Also taking the non-o.miform surface temperature, the problem can be extended,
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Appendix

Implicit Finite Difference Method
To get the solutions of the transformed governing equations with the corresponding

boundary conditions, we employed implicit finite difJerence method together with Keller-

box elimination technique which is well documented and widely used by Keller and Cebeci

(1971) and re<:cntlyby Hossain et al. (1990, 1992, 1996. 1997, 1998).

A brief discussion on the development of algorithm on the method of implicit finite

difference method together with Keller - box elimination scheme is given below comridering

the following Equations (Al-A2).

r +(1+~COSX)ff' -([')' + sin x B-Mf' eo irlf' -Bf r)
smx x"'~ ill: ax

"od

_1 O' +(I+~coSXlflJ'= j f' 80 _if e.)
pr SIllX '<l ax Ox

(Al)

(Al)

To apply the aforementioned method, we first convert Equations (Al).(A2) inlo the

following system of Iirst order equations with dependent variables u (~, "), v (;, "), p (4 'I),
andg (;, 17)as

f'=u,u'=v, g=(}, and (J'=p

v' + p,ft- p,u' + p,g- P.u= ~[uau- iJj v)0; a~

1. [Bg 'IJ-P +pjp=!;u--p-
Pr l as as

wherc

x sinxx - ~ ,PI - 1+-.-cosx ,P2= 1, P3 ~ ~- _PI= M
SIllX X

(A3)

(A4)

(AS)

(A6)
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The corresponding bOlmdary conditions are

u(q, co) = 0, g (q, co) = 0

We now consider the net rectangle on the (<,'; ,,) plane and denote the net point by

(A7)

J = 1,2,,,,J

,gn-l + kn, n = 1,2, ... .N (AS)

.- -
~ A

- .
D

'li-l D

1;"_1

"C

Figure AI: Net re\,iangle lor difterence approximations for the Box scheme
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Here 'n' and T lifejust sequence ofnurnbers on the «(, 1/) plane, kn and hjarc the variable

mesh widths.

We approximate the quantities if, u, v,p) at the points «(' . 1/;)of the net by if]. iii. v"j ,jI'j)
which we call net function. We also employ the notation gnj for the quantities midway

berniecn nct points sho\\min Figure (Al) and for any net function as

(A9)

"j_IIZ = !(",- '7,-1) (AW)

.-11" _ 1 ( n 0_' ) (All)g, - "2 gj + g,

0 _ 1 ( • + • )grll2 - "2 gj gj_l (AI2)

Now we write the difference equations thllt are to approximate Equations (A3) - (A4) by

considering one mesh rectangle for the mid point {(', '1j-m) to obtain

h,
(AD)

o 0
Uj-Uj_i

h,
o

- V,_112

•- Prl12

(A14)

(A15)
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Similarly Equations (A5) -(A6) are approximate by centcring about the mid point ( :.11], 1f)-

112). Centering the Equations (A9) about the jXIiDt«('-/12, '1) without specifying '1 to obtain

the algebraic equations. The difference approximation to Equations (A5)-(A6) become

(AI6)

(A17)

[
1 ]'"M"-l '" Pc p' + p,fp

(A18)

(A19)
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The corresponding boundary conditions (A7) become

Jo" =0, u; =0, g; =1
u~=O,g~=O

(AlO)

f"-1 ..-1 "-I "-I n-l) -0123 1MAX .h"" "_I 1Ifwea'lSUJl1c( I ,u) ,v
j

,gj ,p} ,1-", , , WIt InllllUYaues

cqual to those at the proviso.x stations" For higher iterates we get

f}'+I) = fl(') +0 ~(,) (AlIa)

u\j+\) =U{I) +ou(') (A2lb), , ,
v{"!) "'v{,) +ov{1l (A2Ic), , ,
(,+ll =gi') +og(d (Alld)gJ J J

(0+1)=p\') +0p{l) (A2Ie)PJ j j

We then insert the right side of the expression (A2l) in place off,n, •u, . V;and

Equations (A16)-(A21) dropping the terms that are quadratic in of: ,0u~,ov; and 0p~"

This procedure yields the following linear system of algebraic equations:

6ft') - of(') - ~ (Ou(1) + OUU) )~(, )
J J-l 2 J j-I 1 J
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( )
50 (,) ( ) 50 {d ( ) 50 (i) ( ) ••••J,) ( ) ,.,{,) _( )+ S. J"U",+ .~, jog} + S. j"g,_I+ 8. J'¥j + SlOJ'1-'r'- r, J

(t,)JJ pj<1 +(/1)' a pj~,+(t,) J" fj'l +(/4), Jf)~1+(t')j au;d

+(t,) J JU;'~,+(/,) j J gj') +(1,) j Ii g\'~L=(r,) j

( ) -fe"~ f(i) h (i)rj J - j-l - ) + ,;UI_I/2

('J =R"-I _Jh-I( (,)- (.) «,,)' (',{') , )'j ,-1" l' VJ ",_1 + a, J' J-111 +a, U ,HI> - P,gJ-i

( )
' ([(') .-1 j ,-, (1) )+P. Pv J_1I2-a J-lI2I'J-II2- 1-II2"J-'I>
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Thns the coefficients of momentum equation are

()
_a](,)an_,
, -v --I'3'-2i2,-II'

( ) '".I. I '" - a,uJ-'

() p[ ,<),,) (",) ["'[' 'f"']]8, J'" • a,vv )_~-a, U !J-~+a I';-~ ,-2. -I'r~ r~
, , 'l"

() p['<)'" ("" ["'1' 'f"']]s. j =- < U,V" j_~ -u, U }l-~+a I'J-~ J-~~1'1-~J-~

1 , " "

Again the "oeIliL.;ents of energy equation are

(,) = _1 h-' +5.-f.(i) _~ f""'
"P,'2/2J-

1I2
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(A28d)
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(A28f)

(A28g)

(A28h)

(A28i)

(A28j)

(A29a)
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1 h-' a, r('l a j-n_'(t,),,,,--p r1+2" '-'-"2 r'll,

(, ) _ -~u(') _a u'-'',- 2 j-' 2 j_ll>

The boundary condition (A7) becomes

tJf. "'0, flu" = 0,08,= 1

au I=0, 00,=()

(A29b)

(A2%)

(A29d)

(A2ge)

(A29t)

(A29g)

(A29h)

(A29i)

(A29j)

(A30)

which just express the requiremcrrl for the boundary conditions tu remain during the iteration

process. Now the system of linear Equations (A27) and (A28) together with the bOWldary
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conditions (A29) can be written in matrix or vector fonn, wherc the coefficient matrix has a

block tri-diagonal structure. The whole procedure, namely reduction to first order followed

by central difference approximations. Newton's quasi-linearization method and the block

Thomas algorithm, is well known as the Keller- box method.
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