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Abstract

In this thesis, the elfecls of radiation on natural convection flow on a spherc in presence of
heat generation and the cffcels of radiation on magnetohydrodynamic (MHD) natural
convechion (low on 2 sphere in presence of heat generation have been investigated. The
physical problems are represcnted mathematically by different scts of govemning equations
along wiih the corresponding boundary conditions. Using the appropriate transformation, the
governing equalions comaining the equations of continuity, momentum and encrpy are
transformed into a set of non-dimensional boundary layer cqnations along with the
comresponding boundary conditions, which are then solved numerically using finite-
diffcrence method together with the Keller box schame. Here, the atiention 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 numbser, velocity profiles as well as temperature profiles. The sofitware
FORTRAN %) is used to perform compulational job and the post processing software
TECHPLOT has been uwsed o display the numerncal results graphcally. A selection of
parameters set is also considered for compuiation consisting of beat generation parameter ¢,
radiation parameler Ad, surface temperature parameter 8, Prandti number Pr and magnetic
parameter A{. The results in terms of local skin friction, local Nussclt number will he shown
in tabuiar forms. Velocity pofiles, temperature profiles. skin friction cocficient and rate of
heat rransfer have becn displayed graphically lor various values of heat generation
paramneier, rachation parameler and surface temperature parameter separately and 1the Prandil

number as well.
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Chapter 1

1.1 In{roduction

The cffects of radiation on free convection boundary layer over or on vanous shapes such as
vertical fiat plate, cylinder, sphere ete, have been studied by many investigalors and it has
been a very popular research topic for many years. It is readily recognized that a weaith of
information is now availsble on convective heat und mass wunsfer for viscous (Newlonian)
fluids. Radiation eflects on free convection flow are mmportant in the conlext of space
lechnology and processes involving high temperatures but compararively less informarion
about the effects of radiation on the boundary layer flow is available than convecrion and

conduclion beat transfer from fluid past a body.

A study of the flow of electrically conducting [luid in presence of magnetic field is also
imporlant from the lechnical point ol view and such types of problems have received much
atlention by many reszarchers. The specific problem selected for study is the {low and heat
transfer in an electrically conducting fAuid adjacent to the surface. The interaction of the
magnetic field and the moving electric charge carried by the flowing flud induces a force
which tends to oppese the fluid motion. And near the leading edge, the velocity is very small
so that the magnetic foree which is proportional to the magnitude of the longitudinal velocity
and ncls in the opposile direction is also very small. Consequently, the influence of the
magnetic fieid on the boundary layer ts exerted only through induced forces within the
boundary layer ilself without additional cffects arising from the free stream pressure
gradient. Solid matier is genemaliy excluded from magnelohydrodynamics effect, but it
should be realized that the same principles will apply. Electricul comduction in melals and
the Hali effect are two examples.

The study ol lemperature and heat transfer is of great imponance to the engineers becanse of
its almost umiversal occurrence in many branches of science and enpinecring. Alhough heat
transfer analysis is most imporiant for the proper sizing of fuel elemenis in the nuclear
reaclors cores to prevent bumout. The performance of asrcrafi also depends upon the case

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



Chapter 1; Introduction

done on the basis of heal frans{er analysis and the analogous mass transfer processes. The
amount of energy transler as heat can he determined from energy-conservation consideration
(firsi law of thermodynamics). Energy transfer as heat will take place from he asscmbly
(body) with the higher tempcrature, if thesc two arc permiticd to interacl through a
diathermal wall (sccond taw of thermodynamtics). The transfer and conversion of cnergy
from onc form to another is the basis to all heat transfer proccss and hence, they arc
governcd by the first as well as the sccond law of thermodynamics. Heat transfer is
commonly associated with fuid dynamics. The knowledge of tempemture distribution is
easential in heat iranster studies becavse of the fact that the heat flow lakes place only
wherever there is a lemperature gradient in o system. The heat fux which is defined as the
arnount of heat tmmsfer per umt area Iin per unil ime can be calculated from the physical

laws relating 10 the temperaiure gradient and the heat flux.

When a body is introduced imto a fluid at different temperatures forms 2 source of
equilibrium disturbance due to the thermal interaction between the body and the fluid. The
fluid elements near the body surlace assume the temperature of the body and then begin the
propagation of heat into the fluid and the variation of temperature is accompanied by density
vanations, [n particular, if the densily vanation is caused by the non-uniformity of the
temperature is called convection. The convective mode of heat transter is generally divided
into two hasic processes. If the motion of the (iuld anses from an external agent (hen the
process is termed foreed convection. This type of Muid How 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 iransfers to or from 2 body is ofien due to imposed flow of a fluid
of dilferent temperoture from thal of the body. On the other hand, if no such externally
induced flow is provided and the flow arises from the effect of a density difference resulting
from temperature or concenlration difference, in a body forced field such as the pravitational
fieid, then the process is termed natural convection. Generally, the density difference gives
ris¢ Lo buoyancy forces, which drive the flow. Buoyancy induced conveclive flow is of preat
imporiance in many heat removal processes in engineering technology and has attracied the
attention of many researchers in the last few decades due to the fact that both science and
technology are being interested in passive cnerpy storage sysiems, such os the cooling of
spenl [uel rods in nuclear power applications and the design of selar collectors. In particular,
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it has been ascermained 1hat free convection indoced 1he thermal siress, which leads to critical
siructural damape in the piping systems of nuclear reactors. The buoyant flow arising from
heat rejection to Lthe aimosphere, heating of rocms, fires, and many other heat transfers
processes, both natural and artificial, are other examples of natural convection flows. Nazar
ct al. (20028, 2002b) considered the [ree convection boundary layer flow on an isothermal
horizontal circular cylinder and on an 1sothesmal spherz. Yoo {1983) has studied the probiem
of natural convection flow along a verlical wavy surface. Also the problem of free
convection boundary layer on v verlical plale with prescribed surfice heat flux investigated
by Merkin and Mahmocd {1990).

‘The governing partial differential equations are 1o deal with in the case of incompressible
viscous fluid such as continuily equation, momentun equation and energy equation. The
radialion energy emitted by & body 1s transmitlzd in the space in the form of electromagnetic
waves according to Maxwell's classic electromapnelic wave theory or in the form of discrete
phoions asceording o Planck's hypothesis. Both concepts have been utilized in the
investigation of radiative-heat tmansfer. The emission or absorpiion of radiation cnergy by a
body is a bulk process; Lhat is, radiation originating from the interior of the body is cmitied
through the surface. Conversely, radiation incident on the surfice of a body penetmales to Lhe
depths of the medium where it is attenuated, When a large proportion of the incident
radiation is aticnuated within a very shor distance from the surface, we may speak of
radiation as being absorbed or cmitled by the surface, For example, thermal radiation
incident on g metal surface is attenuwied within a tistance of a few anpsiroms, from the

surfacc; henee melals arc opaque to thermai radiation.

Mapnctohydrodynamic {MHD) is the sctence, winch deals with the motion of a highly
conducling fluid in presence of a magnetic field. The motion of the conducting Muid across
the magnctic field generates elecine currents which change the mapnetic ficld and the action
of the mugnetic feld on these currents pive risc to mechanical forces, which modify the
(lmd, Il 15 possible o atlain equilibrium in a conducting fluid if the current is parailel 10 the
magnetic field. For then, the magnetic forces vanish and the cquilibium of the gas is the
same as n lhe absence of apnetc fields are considered force frec. But mnst liquids and
gascs are poor conductors of electricity. In the case when the conductor is either a liquid or a

gas, electromagneliic forces will be peneraled which may be of the same order of magnitude

3



Chapter 1: Introduction

as the hydrodynamical and inertial forces. Thus the equations of motion as well as the other
forces will have to ke these ciectromagnetic forces into account. The MHD was originally
applied to astrophysical and gcophysical preblems, where it is stifl very important bt more
reccntly to the problem of fusion power where the application is the creation and
conm@inment of hot plasmas by clectromagnetic forces, since matcrial walls would be
destroyed. Aswophysical problems include solar structure, cspecially in the outer layers, the
solar wind bathing the earth and olher planets, and inlersteilar mapnctic ficlds. The primary
geophysical problem is planetary mapmetism, produced by cumrents deep in the planct, a
problemn that has not been solved to any degree of satisfaction. MHID) free eonvection fow of
visco-elastic fluid past an infinile porous plale was investigated by Chowdhury and Islam
(2000). Raptis and Kafousian {1982} have investigated the problem of magneiohydrodynamic
free couvection Aow and mass transfer lhrough a porous medium bounded by an infinite
vertica) porous plate with conslant heat flux. Moreover, Hossian and Ahmed (1990} and
Hossian et al, {1997), discussed the both forced and free convection boundary laver flow of
an eicctrically conducting fluid in presence of magnetic field.

However, il is possible o make some gases very highly conducting by ionizing them. For
ionization to take eflect, the gas must be very hot at temperature upwards of 5000 * k or so.
Such joni/ed gases are called plasmas. The material within a star of plasma is of very high
conductivity and il exisls within a sirong magmetic feld.

The study of heal generatiou or absorption in moving fluids is imporant in problemns dealing
with chemnical reaclions and those concerncd with dissocialing fluids. Possible heat
gencration cffects may alter ithe (empemture distribution; conscquently, the particle
deposition rate in nuclcar reaclors, electonic chips and semiconductor waters. in fact, the
literature is replete with examples dealing with the heat transfer in laminar flow of viscous
fluids. Vajravelu and Hadjinolapu (1993) studied the heat transfer characterislics in the
laminar boundary layer of a viscous fluid over a siretching sheet with viscous dissipation or

frictional hearing und inlernal heat generation.

Many mathemalicians, versed engineers and researchers have studied the Problems of free
convection boundary layer Mow over or on a8 various types of shapes. Amongst them are
Hossain et al (1996), Huang and Chen (1987), Merkin and Mahmood (19903, Nazar et al
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{2002a, 2002b) and Molia et al {2004). Huang and Chen (1987), Nazar &1 al (20024, 2002h)
consider the free convection boundary layer un isothermal sphere and on an isothermal
horizontal circular cylinder both in a micropolar Nwid. Mollz et al {(2004) have siudied the
problem of matural convection flow along a vertical wavy surface with uniform surface
temperature in presence of heal generation or absorplion. The problem of Lhe free convection
boundary layer on a verlical plate with prescribed surface hear flux was swudied by Merkin
and Mahmood (1990). Also the efTects of axial heatl conduction in a verlical plale on free
convection heat trunster have studied by Miyamoto et al. (1980). On the other hand, the
coupling ol vonduction with laminar natral convection- boundary layer Mow along a flal

plate was investigated by Pozzi and Lupo {1988).

A transformation of the boundary layer equations for matural convection (low past » verlical
plate with an arbitrary biowing and wall teinperature variations was studied by
Vedhanayagam et al. {(1980). The cuse of » heated isothermal horizontal surface with
transpiration was discussed n some dedail (irst by Clarke and Riiey ({1975, 1976), and then
recently by Lin and Yu {198R). Hossain and Takhar (1996} also discussed the same Lhings
but with the temperature dependent viscosity and thermal conductivity, Soundalgekar et al.
(1960) have studicd radiation cffeets on frec convection flow of a gas past a semi-inhinite (lat
plate using the Cogley-Vincenti-Ciiles equilibrium model Cogiey et al{1968), later Hossain
and Takhar {1996) bavc analyzed the cffects of radiation wsing the Rosseland dilfusion
approximation which leads tv non-simiiar solutions for free convection low past a heated

vertical plate. Limilations of this approximation are discussed briefly in Qzisik (1973).

A study of the NMow of clectrically cooducting Mnid in presence of magnenc field is also
imporani rom the technical pont of view and such types of problems have reccived much
atlention by many rescarchers. Kuiken ({1970) have stndied the problem of
magnetohydrodynamic free eonvection In a strong cross field ond also the effect of magnelic
ficld on free convection heat transfer have studied by Sparrow and Cess (1961). Cibashbeshy
(2000) also discusscd the effect of fiee convection Now with variable viscosity and thermal
dilfusivity along a venical plale in the prescnce of magnelic field. But Hossain (1992)
iniroduced the viscous and joule heating effects en MHD free convection flow with vanable
plate temperature. Also Hossain et al, (1998) have investigated the heat transfer response of
MHD free convection (low along a vertical plale to surface temperaure oscillation. Very

5
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Chapter 1: Introduction

recenily Ahmad and Zaidi (2004) investigated the magnetic effect on over back convection
throough vertical stratum. Hossain ct al. (1997) discussed the free convection boundary layer
flow of an clectrically conducting fluid in presence of mapnetic ficid. Taher ct al. (2004)
shidicd mapnctohydrodynamic natural convection flow on a sphere. The cffect of conjugate
natural convection flow on or from various heated shapes has been sudied by Merkin and
Pop (1982), Vynnycky and Kimura (1982), Kiinura et al (1998) and Yu and Lin (1982). Also
the problemn of the conjugate conduction natural convection heat mansfer along a thin vertical
plaic with non uniform heat generation have studied by Mendez and Trevino (2000%. Cheng
{1982) studied the mixed convection along a horizonlal cylinder and along a sphere in a
saturated porous medivm. Taher and Molla (2005} studied natural convection boundary layer
Mow on a sphere in presence of heat generation and then Molia et al. (2005) have studied

magnetohydrodynamic nataral convection flow on a sphere in presence of heat generation.

In the present work, Lhe effects of radiation on free convection flow around a sphere in
presence of hest gencration heve been investipated. The results wrere obtmined for different
values of relevant physical parameters. The natural eonveclion boundary layer [low on a
sphere of an electrically conduching and steady viscous incompressible fluid in presence of

strong magnetic field and heai generanon with consiant heat flux has been considered.

The povemning partial differenlial equations are reduced to locally non-similar partial
differential forms by adopting appropriate transformations. The transformed boundary layer
equations are solved numencally using implicit finite difference method together with Keller
box scheme by Keller {1978) and later by Cebeci and Bradshaw (1984). Here, the attention
is focused on the evolution of the surface shear siress in terms of local skin friction and the
rate of heat (ranafer in tcrms of local Nussell number, velocity profiles as well as
temperature profiles for selecled values of parameters consmsting of heat generation

paramcter (). the magnetic parameter 3, Prandil nuinber Pr and the radiation parameter Rd.

In chapter 2, the elfecis of radiation on natural convection fAow on a sphere have been
mvestigated in presence of heal generation. The non-dimensional boundary layer equations
are solved by nsing implicit {iniie difference methods by Keller {1978), Cebeci and
Braudshaw {1984). The results in terms of local skin fogtion, local Nusselt nrumber will be

shown in tabular forms. Velocity profiles, temperature profiles, skin friction coefTicient and
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the rule of heat transfer have been dispiayed graphically for various values of heat gencration
parameter, radianon patameter and surface lemperature parameter separately and the Prandtl
number as welt, Some results for skin friction coetlicient 2nd the rale of heat tansfer for

different values heat genevation parametet have presented in tabular form.

In chapter-3, the effects of radiation on magnetohydrodynamic natural convection ow on a
sphere have been investigated in presence of heat pencration. Mumerical results have been
shown in letms of local skin frction, rute of hent transfer, velocity profiles as weill as
temnperature profiles for a selection of relevant physical parameters set are shown
praphicaily. Some resulis for skin [Metion coelficient and the rate of heat wansfer for
different values magnetfic parameter have presenied m labular form ws well. Present
numencal resuits have been compared with the resulls of Nazar et al. (2002) and Huang and
Chen (1987).



Chapter 2

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

2.1 Introduction

This chapter describes the effeci of radiation on palural convection {low on a sphere in
presence of heat generation. The naiural esmvection laminar Now frum an isothermal sphere
immersed in a viscous incompressible optically thin fluid in the presence of radiation effecls
has been investigated. The govermng boundary layer equations are finsl transformed inlo a
pon-dimensional form and the resulting nonfinear syslem of partial differential equations are
then soived numernically wnng a very elTicient fmile-difference method known as the Keller-
box scheme. Here we have focuged our aziention on the evolunion of the shear siress in terms
of local skin Mmction and the rate of heat iransfer in lerms of local Nusselt number, velocity
rofiles as well as temperature profiles for some selected values of parameter sels consisling
of heal generation parameter (), radiation parameter Rd, surface temperaiure parameler &,
and the Prandlt number Pr.

2.2 Formulation of the problem

Natural convection boundary layer Now on a sphere ol radius & of a steady two Jdimensional
viscous incompressible flind in presence of heat generation and radiation heat transfer has
been investigated. 1t is assumed that the surface lemperature of the sphere, T, is constant,

whereY > 7T, . Here T, isthe amhient temperature of the fluid, T is the temperature of the
fluid in the boundary layer, g is the acceleration dne to gravity, #(£) is the radial distance
from the symmetrical axis to the surface of the sphere and{iZ,#) are velocity components

along the (SE. j') axes. The physical configuration considered is as shown in Fig.2.1:
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O

Fig.2.1: Physical model and coordinate system

Under the usual Boussinesq and boundaory layer approximation, he equations for continuity,

momentumn and energy lake the following form:

a4,. 4. .
+—(rz)=10

t,:.b.[t(l"-ﬁrJ a?(r ) (2.1)
7 T i (X

b=+ gB(T-T d

u&f+ﬂ " U:’:ti‘rz gA( ﬂ}sm(ﬂj (2.2)
BT 8T Kk (&T 1 A
W+ U— = [ -1""6%]"' < (T-7.) (2.3)

ox & pe dy kN pe,
With the boundary conditions

w=0=0T=T,6 at y=0

A . (2.4)
=0, T—>f, as yow
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where r{X)=a s.in[ E] (2.5}
o

r{x)is the mdial distance from the cenire i the surface of the sphere, p is the density, k is
the thermsl conductivity,f is the coellicient ol thermal expansion, » is lhe reference
kinematic viscosity (v = g/ p) , g is the viscosity of the fluid, (7, is the specific heat due to
constant pressure and ¢, is the radiative heat flux in the y direction. In order o reduce the

complexity of the prohlem and to provide 2 means of companison wilh future studies hat
will employ a more detai! represcnlation for the radiative heat flux, we will consider the

optically thick radiation iimit. Thus radiation heat flux term is simplificd by Lhe Rosscland

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

___ 4o a7
Ma, +a,) &

g, (2.6)

In Equation {2.6} &, is the Rosseland mean absorption co-fficient, o is the scaltenng co-

efficient and a is Lhe Stephan-Boltzman constant.

Now introduce Lhe following non-dimensional variables:

=2 y-—gh [i] w=2Gr"% v=SGr 2.7)
&l eI Ly ]
-1 e, -1 )a’

6= I Gr = b= 2.8
T -T. o (2.8)

f— 13
g, =D g 1D g letTe gy doTn 2.9)
T T . Ka+og)

where Gr is the Grashof number, ¢ is lhe non~dimensional temperature function, &, is the

surface temperature parameter and X< is the radialion parameter.

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

non-hmensional equatzons

%[Tﬂ) +%[rv) =0 (2.10}
du du 7t .

N—+7—=——+#fsinx {2.11)
d

10
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o6, .80 138 {+ Rd{1+0, _1)9)} L 08 {2.12)
&r é'y Pr@y iy
ve, oa . .
where Pr=—% is the Prandtl number and ()=--2-—— jg thc heat pencration
k pe (?r}é
"
parameter.

With the boundary conditions (2.4) become

u=v=90 #=1 at yp=0 213
>0, 030 s y—o>w (2.13)

To solve Equations {2.11) and (2.12) wilh Lhe belp of following vanables

w=xr{x){x,y) @=0{xy) rix)=sinx {2.14)

where /15 Lhe stream function defined by

u= ¥ v 2.15
o &y oroéx @.15)
Then

“:%%’:%%(ﬂ:ﬂ=rfﬂ where f’=§‘£

W =L )= f%"ﬂﬂfﬂ

”=_%%ﬁ=“——{ fJ———(f+xrf+xr—f}~— f_cmxf :a-i

.3_1{_ _ _CDS‘I _ i r__ r_EEIZ *r_IZ -rg
Doy = (f Gt X =l - T -

5N x

11
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Equatton (Z.11) becomes

t ;Ef: LI ,_CDSI 2 -r"IE -niz L] nx
xf r +xf7° - xff _sian Fi) I e " +@sin

4 1 i 2 2
i3‘—”;;+[i+_L:u:-:a:rs.:n:)fi:_’]~~-‘§—+ESEIIJ::—[EJ =x[g~£-{—x¢a£-a-{;] (2.16)
o smx vox oy oy dxdy i @y

Equation {2.12) becomes

00 f ooy o Ne9_ Lol 4 _pay |2
Afa+(f Sinx“j‘ xax]@, Pray{[HERd{H{H‘“ l}é‘))ay}+gﬁ

Li{[l . Rd{1+{8, —1)&}5]@}
dy

Pravl\ 3
(2.17}
+(1+_Lmsx)fﬁ+Qﬂ =X A28 90
S0 x oy v dx oy dx
Aleng with boundary conditions
=f'= ﬂ, g=1 t =0
s=t * (2.18)

=0, 020 as yow

where pnmes denote differentiation of the function with respect Lo y.

It can be scen that near the lower stagnation point of the sphere i.e. x = 0), Equarions (2.16)
and {2.17) reduce W the following iedinary difTerential equations:

I - +0=0 (2.19)

%Hz +%Rd{l +{8, -1}9}‘}&'} + 28"+ (6 =0 (2.20)
¥

Subjeet to the boundiry condilions

0)=r(0)=0, 8(0)=1

50, 850 35 yow (221

In practical applicaiipns, the physical quaniities of principle interest arc the shearing stress
tw and the rale ol heal transfer in terms of the skin-friction coefficients Cg  and Nusselt

aumber Nu, respeclively, which can be written as

12
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o Ha
aler Gr “a
Ny =2 ey, d ¢ = By {2.22)
He R(Tw -7, ](gc ":"r} j=o HI Iy HU, (= :l}“":'
o ar . .
where 7, =g —| and g =—% &) g, is the conduction heat flux. (2.23)
-t =0

Using the Equations {2.8}{2.15) and the boundary condition {2.21) ini (2.22) and (2.23},we

gel
C, = xf "(x.0) (2.24)
Nu_ = -(1 +%Rdﬂj ]9’(:.{1) (2.25)

The values of the veloeity and temperature distribution are calculated respectively from the

following relations:
= x?i, & =Bx, y) (2.26)
7

2.3 Results and discussion

Here we have investigated Lhe effect of radiation on natural convection [low on a sphere in
presence of heat generation. Solulions arg obluined for Mwds having Prandii number Pr =
0.72 (air) and for some lest values of Pr= 2.0, 3.0 and 4.0 againsl vy for a wide range of
values of radiation parameter Rd surface lemperature parameter 8, and heat gcncralion
parameter ). We have considered the values of heal generation parameler () = 0.2, 0.3, 0.5
and 0.6 with radiation parameter 4=1.0, Pmndtl number Pr = 10.72 and surface temperature
parameter £, = 1.1. The values of radiaton pammeter R4 =1.0, 1.5, 2.0, 2.5 and 3.0 have
been laken while () — (1.5, Pr = 0.72 and &, = 1.]1. Dilferent vaiues of surface temperature
parameter &, = 0.1, 0.4, 0.8, 1.3 and 1.6 are considered while 0 = 0.4, Pr = (.72 and Rd
=1.0. Numerical values of local rate of heal transler are caloulaled in lerms of Nusselt
number Nu for the surface ol the sphere from lower supnation point 10 upper slagnalion
point. The cffect for differcnt values of heat generation pararneter {? on local skin friction
coctficient C'y and the local Nusselt number Nu, as well as velocity and lemperature profiles

13
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with the Prandtl aumber Pr = (.72, radiation parameter Xd =1.0 and surfacc temperature
parameier A, = 1.1.

Figures 2.1-2.2 display results for the velocity and temperature profiles, for different values
of heat peneration parameter ( with Prandl number Pr = .72, rdiation parameler R =1.0
and surface lemperature parameter &, = 1.1. It has been seen from Figures 2.1 and 2.2 that as
the heat generation parameter (2 increases, the velocily and the temperature profiles increase.
The changes of velocity profiles in the ¥ direction reveais the lypical velocity profile for
natural convection boundary layer flow, i.e., the veloeity 18 zero at the boundary wall then
the vclocity increases to the peak value as y increases and finally the velocity approaches to
zero {the asymplotic value).The maximum values of velocity arc recorded to be 0.47717,
0.49274, 0.52815 und 0.54807 for (=0.2, 0.3, 0.5 and 0.6 respectively which occur at the
same point ¥ = 1.23788. Here, it is observcd that at y = 1.23788, the velocity increases by
12.839% as the heat generation paramcter {) changes from 0.2 to 0.6. The changes of
iemperature profiles in the y direction also shows the typical tempemture profile for natural
convection boundary layer flow that is the value of temperature profile is 1.0 {ong) al the
houndary wall then the lemperature prolile decreases gradually along v direction to the
asymptotic value.

The cffeet for different values of radiation parameter Rd the velocity and temperature
profiles in case of Prandil number Pr = (.72, heat generation parameter {2 = 0.5 and suriace
lemperature parameler 4, = 1.1 are shown in Figures 2.3 and 2.4, Here, radiation parameler
Rd increases, the velocity profile increases and the temperature profile increases slhightly
such that there exists a local maximum of the velocity within the boundary layer, but
velocity increases near the surface of ihe spherc and then temperature decreases slowly and

finally approaches to zero.

The cffcet of diffcrem values of surface tcmpermture parameterd,, the velocity and
ternperniure profles while Prandil number Pr = (.72, heat generation parameter (2 = 0.4 and
radiation parzmeler R4 =1.0 are shown in Figures 2.5 and 2.6, Here, as surlace lemperature
parameter H, ncreases, the velocity profile increases and the temperature profile increases
such that there exists a local maximum of the velocity within the boundary iaver, but

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

i4
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finally approaches to zeto. However, in Figures 2.7 and 2.8, it is shown thal when the
Prandt]l number £r increases with 6, = 1.1, Rd =1.0 and (2 = 0.5, both the velocity and
temperature proliles decrease.

Figurcs 2.9-2.10 show that skin friction: coefficient € increases and heat {ransfer coe{Ticient
Ny decreases respeclively for increasing values of heat generation parameter (). in casc of
Prandtl number Pr = (.72, radiation parameter R4 =1.0 and surface lemperalure parameter
&y = 1.1. The values of skin friction cocficient Cr and Nusselt number AMu are recorded 1o be
1.10630, 1,13520, 1.19701, 1.23286 and (.46402, 0.28301, 0.06937. -0.0886{} for (0.2,
0.3, 0.5, 0.6 respectively which occur at the same point x = 1.57080. Here, it is observed that
at x = 1.57080, the skin friction increases by 10.265% and Nusselt number Nu dcereases by
119.094% as the heat genemation parameler {? changes from 0.2 to 0.6. It is observed from
the figure 2.9 that the skin friction increases gradually from zero value at lower stagnation
point along lhe x direction and from Figure 2.10. 1l reveals that the mte of heat transfer

decreases along the x direction frum lower stagnation point 10 the upsiream.

The elfect of dilferent valncs of radialion parameter R on the skin friction coefficient and
ihe local ratc of heat transfer while Prandtl number Pr = 0.72, heat generation parameter () =
(.5 and surface temperature parameter &, = 1.1 are shown in Lhe fgures 2.11- 2,12, Here, as
the mdiation parameter Rd increases, both the skin friction coelficient and heat transfer

coelficient increase,

Irom Figures 2.13 - 2,14, it can also casily be scen that an increase in the surface
lemperature parameter &, leads to increase in the local skin friction cocfficient Crand the
local rate of heat transfer Nu while Prandtl number Pr = .72, heal generation parameter (J =
0.4 and radiation paramecter B4 =1.0. It is also observed that al any position of x, the skin
friction ecefficient Cyand lhe focal Nnsselt number &u increase as &, increases from (.1 to
i.6. This phenomenon can easily be undcrstood fom the fact that wben the surface
temperature parameler &, increases, the temperature of the flud 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 €y and the local Nusseit

number Nu mcrease.
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The variation of the local skin friction coeflicienl C; and local rate of heat transfer N for
different values of Prandil number Pr for &,=1.1, Rd=1.0 and = 0.5 are shown tn Figures

2.15 and 2.16. We can observe from these [igures that as the Prandtl number Pr increases,

both the skin friction coefficient and rale ol heatl trimsfer decreasc but the rate of increase in

the rate of heal transfer are higher than that of the skin friction coefficient. So, the elfect of
Prandtl number Pr on the rate of hear iransfer is roore than that of the effect of Prandil

number r on skin [mclion coetlicient.

Numenical values of akin friction coefficient Crand rale of heat transfer Nu are calculated

from equations {2.24) and {2.25) for the surface of the sphere from lower slagnation point at

x =0 o x = 90°. Numerical values of Cy and Nu are depicied in Table 2.1.

Tahle 2. 1: Skin fiction cocfTicient and rate of heat ranster against r {or different values
of heat generation parameter ¢ with other controlling parameters £r = 0.72, Rd = 1.0, &,

=1.1.

O=02

(=03

Q=05

X

O

Nu

Cr

Nu

Cr

Nu

0=056

C;

Nu

0.00000
0.10472
0.20%44
031418
0.40143
050615
0.61087
071558
0.ROZ285
0.50757
101229
1.20428
57080

0.00000
0.0%608
(.19153
(28571
0.36280
0.4531i0
0.54043
0.62421
0.602090
(.76668
0.83734
0.95180
1.106310

0.63680
0.65592
0.65342
0.64931
0.64464
0.63752
0.623875
0.61828
0.60824
.59439
0.57914
0.54599
0.46402

(.00000
0.09811
0.19357
0.29177
0.370513
046282
0.55212
0.63785
0.70614
0.78381
0.85631
{.97402
1.13354

055338
0.55243
0.54972
0.54526
0.5401%
(.53247
0.52295
051158
0.50069
0.48586
0.46907
0.43303
0.34388

0.00000
0.10269
020474
(30551
0.33806
0.43487
(.57866
(.66882
(.74075
0.82274
0.89946
1.02460
1.19701

0.32045
0.31932
031609
031076
0.30471
0.29548
0.2840%
0.27050
0.25745
0.23969
0.21957
17633
(06937

0.00000
010529
0.20993
031328
0.39793
0.49736
0.5936Y
0.68637
0.76058
1.3448]
.92394
105331
1.23286

0.18834
0.1870%
0.18354
0.17767
0. 17104
016043
0148238
013329
0.11891

009032
007712
(.02941

-1.08360
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Figure 2.1: Velocity profiles for different values ef {# with
Pr=072,Rd=1.0and d,=1.1

14

aa

13

)

Temperature profiles

0.2

aa
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Fipure 2.3: Velocity profiles for diflereni values of Rd with
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Figure 2.4: Temperature profiles for different values 4 wilh
Pr=0.72, A =11 and 0=0.5
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Figure 1.5: Velocity profiles for different values of &, with
Pr=072, Rd=1.0and Q=04
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Figure 2.6: Temperature profiles for different values of &,
with Pr=0.72, Rd=1.0 and =04
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Figure 2.7: Velocity profiles for different values of Pr with
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Figure 2.8: Temperature profiles for different values of Pr
with 84 =1.0, &, =1.1, and (J=0.5

20



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

12 il
Q=06 R
| — = = = (=05 - L
....... Q=ﬂ.3 - '_':.. -
| e - O=02 - 'f.:_.:‘:* -
P
-
-bE-r LR III‘,,J‘:-ﬁ‘;.-*'
o r "f,:;."‘
L L ==
£ s {:'}'f
g P
O i .JJ};:’-""
i

S sl £
E B &:-ﬁb
=
c -
= I *
7] iy

B ”“

G3p
o PR S R | PR SN T [N TR TR TS N R | L1 1 1
[+ .3 0.6 og 12 15
x

Figure 2.9: Skin-friction coefficient for different values ol {J
with Pr=10.72, Rd =1.0, and &, =1.1

1.2

Rate of heat transfer

Figure 2.10: Rate of heat Lransfer for different values of (0
with Pr=10.72, Rd =1.0, &, =1.1

21



Chapter 2: Effect of mdiation on naturai convection flow on a sphere i presence of heat generation

Skin friction coefficient

Rate of heat transfer

121 =4
A
== e

: Rd=30 LA
10} - — — — Rd=25% . ;_;‘_r:'

B ————em e RA=Z0 ;;,f;":';-’

—_——— Rd=15 P
——ere R=10 A

0B g

| Moo 1

ot
o

B s
a6 - J_--"

L 2%

e

04 |-
0.2 =
oo W

a 03 06 ag 12 15

X

Figure 2.11: Skin-Iriclion coefficient for different values of #7
with Pr=0.72, 6 =11 and 0=0.5

o4 o
02 f

T S SR SR SR R T S RS S ST |
Oluﬂ 0.3 0.6 08 1.2 1.5

Figure 2.12: Rate of heat transfer for different values ol’ Rd
with Pr=0.72, 8, =1.1 amd $=0.5

22



Chapter 2: ElTect of radjation on natural convection Mow on a sphere in presence of heat generation

1R
L 6.=16 -7 .-;_'_;;;
O B=1.3 L e
~ | 0 =03 - ,’f;““#ﬁ‘
ﬁ - T - - ﬂn=0‘4 -~ ,..-";‘"#-
B 08k _ o
B i - a=0.1 I
] [ o
8 i A
g o6l o
B - v
= /.f"f
c - ,f‘fﬁ'{
-2 - -
m U4 Mﬁ#"{
A
02 M-
nn-n-:f::||||i||r||.r|||||L|ll-]|
-n 1 04 06 [1%:] 1 12 14
X
Figurc 2.1}: Skin-friction coefficient for different values of &,
with Pr=10.72, Rd=1.0 and {=0.4
1.0
B
o
=
£
X
Q
=
T
']
Lo
1.l

Figure 2.14: Ratc of hear transter for different values ol &,
with P’r = .72, Rd=1.0 and Q=04

23



Chapter 2: Eflcet of radiation on natural conveetion flow on a sphere in presence ol heat generation

1.2 _— '_,.--""'.
| s
[ Pr=4,00 ]
v E = = P00 - ,_,.s:'."..'
e — Pr=2.00 -~ N
L e e
= [ —— — Pr=0.72 .-"/ "_:.j_ -
E B _‘,-"' I,a'..r‘
G 08¢t gy
| B ./
E | -!__zf f; -,
c o6 g
= -
ks s
i o e
= o
2 04 ,'f-"
T3] I_.f' g
i
B o
02 L
-~
u_.l..l...l...l.;,.l..ul
0 0.2 oe a4a 12 15
x

Figure 2.15: Skin-friction coefficient for different values of Pr
wilh R4 =1.0, & =1.1 and =0.5
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2.4 Conclusion

The efiect of radiation on notural convection flow on a sphere in presence of heat generation

has been investigated for dillerent valnes of relevant physical parameters including Prandtl

number Pr, and surface temperature parameter .

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

form and the nesulting non-linear systems of partial differcntial equations are reduced to

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

implicit finilc differcnce method logether with the Keller-box scheme. From the present

mvestigation, following conclusions may be dawn:

L]

Significant cfects of heat generation parameter O on velocity and temperalure profiles
as well as on skin friction and the rate of heat transfer have been found in this
invesligation bot the effect of heat generalion pammeter {? on tale of heat translker is
more sipgnificant. An increase in the values of heat generation parameter 9 leads o
increase both the velocily and ihe lemperatun: profiies, the local skin riclien

cocflicier ', increases at different posilion of y but the locel rate of heat wansfer Nu
decreases at different position of x for Pr=0.72.

The increase in the values of radiation parameler R4 leads to increase in ihe velocity
profile, the temperature profile, the local skin friction coelficient ¢ ¢ and the local rate

of hcat transfer M.

All the velocity profile, lemperature profile, the local skin friction coc(ficient C,and
the local rate of heat transfer Nu increase significantly when the values of surface
temperalure parameler &, increase.

The increase in Prandll number Pr leads to decrease in all the velocity profile, the
temperalure profile, the local skin friction coefficient C, and the local rate of hem

tranzicr N,
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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 ihis chapter, the description of the effect of radiation on magnetohydrodynamic (MHDY)

namral convection [low on a spherc in presence of heat generution has been focused. The
governing boundary layer equations are first ransformed into & non-dimensional form and
the resulting nonlinear system of partial diffcrential equations are then solved numenically
using a very efficient finite-difference method known as the Keller-box scheme. Here the
atleniion has given on the evolution of the surface shear stress in terms of local skin frction
and the rate of heat transfer in terms of local Nusselt number, velocity distribution as welt as
temperature distribution for a selection of parameter sets consisting of heal generation

parameter, magnctohydrodynamic (MI1D)) parameler and the Prandlt number.

3.2 Formulation of the problem

A sleady two-dimensional magnetohydrodynamic (MHD) natural convection boundary layer
flow from an isothcrmal sphere of madius g, which iz immersed in a viscous and
incompressible optically dense Muwid with heot peneration and redistion heml loss is
considered. It is assumecd that the surface temperature of the spherc,f, . is constant,
where T, > T . Here 7_ 15 the ambient temperuture of the fluid, T is the temperature of the
Muid in the boundary layer, g is the acceleration due to gravity, r(X) is the radial distance
from the symmeirical axis lo the surface of the sphere and (i, ) are velocity components

along the (Jf‘, j?') axes. The physical configuration considered is as shown in Fig. 3.1:
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Fig. M.1: Physical model and coordinate system

Under Lhe above assumptions, the goveming equations for steady two-dimensiconal laminar

boundary layer Aow probiem under conzideration can be written as

8y an O
—{ri}+—{rd)=0
ai{ru} ajr{m) G
NG T NEAWT
u&waj=uaj_,1+gﬂ{T—T¢)sm[EJ— “p*' 7 (3.2)
. 2
ﬁa{ma{h: u [aﬁf—ia‘{r}r Q. (7-7.) (3.3)
& G pe \d k&) pe,
With the boundary conditions
H=0=0T=T, at y=0
(3.4)

0,77 o5y o
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where r(%) = asin(f} {3.5)

#(£) is the radiul distance from the cenire to the surface of the sphere, g is the accelemiion
duc to gravity, pis the density, k is the thermal conductivity, #is the coeflicient of thermal
expansion, f is the strength of magnetic fHeld, o, is the glecirical conduction, v is the
reference kinematic viscosity, &4 is the viscosity of the fluid, C, is the specific heat due to
constant pressure,

The ahove equations are Farther non-dimensionalised using the new variables:

» - -1 -1
x=2, }'=Gr}£(£} w=2r "0, v=S0r4, (3.6
a a L I3
-7 T -1)a'
g=t 1o Gr < 2P : oJa (3.7)
I, -7, v
T T qoT?
0. =T a—g 1=t Lte gy A (3.8)
T, T, T, ka+a,)

where Gr is the Grashol number, # is the non-dimensional temgerature function, T, is the
conslani temperawure al the surface , 4, is the surface temperature parameicr and Rd is the

radiation-conduetion parameter.

The radiation heal flux 15 10 the followmyg form

4 817

=" 3a, +o,)} & 9

where 2, s the Rosselam] mezn absorption co-eflicient, o, is the seattering co-cfficient and

a is the Stephan-Bolizman constant.

Substituting (3.6}, (3.7) and (3.8) into Equations (3.1), (3.2) and (3.3) leads to the following

non-dimensional equations

%{m)+'§%{m}= 0 (3.10)
5 2 2

uﬁ+vE=a—?+Hsinx—w—”{:u (3.11)
dr &y puf}r”é
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80,20 _1 8 {1+ikd(1+(ﬂw—1)ﬂ)’}ﬁ +06 (3.12)
o & Prdy 3 ay
e 2 o’ .
where Pr=—"1is the Prandtl number and @=——2—— 1is ihe heat gencration
k He Gr%
r

parameler.
With the boundary conditions (3.4) beceme

v=0=0 ©&=1 a p=0

u—0, 820 as yow (3.13)

To solve Equations (3.11) and (3.12) with the help of following variables

g =xr{x)flx, ¥y} @=6(r,y) r{x)=sinx (3.14)

where i is Lhe stream funclion delined by

1 1

T%}’ t;:_:% (3.15)
1oy 12 . . =

—E_r@{xﬁ‘] ', where [ %

u_ L o B B w

—E;-xar+f, @J-xf, @)1~—xf

ue s L =t L
__lﬂ_wz___ _.1 ¥ _ﬂ &
v= o {fj [rj’+1rf+1"r )-— —f - If.‘;r
L CosX . Of . ow___pr_ FO5X ,,Ejf
°3 —— xar}xf ff " - xt fF -

Equation (3.11) becomes

1oy @ 1oy, 13y 3 Iail.rf ( w)+ﬁ'sm:r _a“ﬁ“ 1a¢;
rE?y ocrdy rodx ﬂyr@y Jyz r puGr“zra}’

12 enfd? _li" 28 16 ofa’ 10
@{ﬂ}‘] ( {Jﬂs"}} {ﬂs") ( (ff)] @( @J(ﬂﬂhﬂsmt }Grmr@(w’)
R g___ 2. az & _afd
@&( a} r o (Iﬁ)&’_( &y _ayz[ @_)"'E p”(w uz‘“ay
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+ 44— xf —(asina)r—==xr—=+&sinx —
xdy Oy ox 4 as.inxxfﬁ:r{ 2 o &’ p&r”z cy

where r(x)=sinx, y= pv
Ii[xaz_f+i}—(xg+f+ 1 #Li(ﬂSinx}]x%=Iﬂ+HSiﬂx _mfya xi

Igi(xaz—f‘*g]_(xg_ i 0 0", af : Tofly & 5f

vl Ay v asiny = &’ pGr ay
where #(x) =sinx, uy= pv

3 z ey 2 ar & a?
ﬂ+ T+ ‘1 rcos:c)fa—2+gsinx— g —Mi::r d f—xg——n{] (3.16)
ay’ sin x v ox é By & oy ik &y

22
where M =J”£ o 1?2 is the MHT) parameter.
HOr

Equation {3.12) becomes

xfEJr[ P P 1)5"5’ L a{(H:Rd(H(ﬂ ~1)8) ]':}+Qa

fix sin x &y Pray
18 4 _ Bl N L e L
Prﬂ {(I+3£d(l+(ﬁ I)H}Jay} (]+Sinxmbxjfay+gﬂ r[@ax ayax) 3.17)
Along with boundary conditions

F=1'=0, =1 at y=0

S o0 80 a5 yow (3.18)

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

It can be seen that near the lower stagmation point of the sphere, i.e., x = 0, Equations {3.16)
and (3.17} reduce to the following ordinary differential equations:

FrA2 - e O-M =0 (3.19)

%HH%RJ{I +{0, —1)5}*}9*} +2/8 +(8=0 (3.20)
r

30



Chapter 3: E(fect of radiation on MHD nalural convection flow on a sphere in presence of heat generation

Subject to the boundary conditions

£0)= r{o)=0, #0)=1
(3.21)
f =0 820 a5 y—ow>

In practical applicaiions, the physical quantities of principle interest are the shearing
stress 7, , the rate heat transfer and the rate of species concentration transfer in terms of the

skin-friction coefficiems Cg  and Nusselt number Nu. , which can be writlen in non-

dimensional form as

. K A
N, =2 4 end C, _orfa (3.22)
(T, -1, * v
ar i . .
where, g, = k| — andz, = u — | ¢, 18 the heat flux at the surface and & being
a}’ §=0 ay Fd1

the thermal conductivity of the Auid.

Using the new variables (3.7), we have

S atrﬂwm-m}] :_M[E]
. e

Halrr g ¥ alCsr T dy

and r, =y

"
Ly
& FZ] =;;UGF}£[6_H} _ MU (auJ
peit

s - -1 .
& aCr fl“y} G\ ot a?GrH dy
=t

Pultmg the above values in Equations (3.22), we have

aGr ¥ KT -T, }(aa] {aa}
Nﬂ'r = W — 7 B = —
kT, -T.) art \¥ ) ),
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- Nu_ = —[@} (3.23)

= _% 2
o G () (o0
) ay 1=l 6}' =0

52
. C, = ,{?ﬂ (3.24)

We discuss velocity distribution as well as lemperature profiles for a selection of paramcter
sets consisting of heat genemtion parameter, MHD parameter, and the Prand!t number at
differcnt position of 1.

3.3 Results and discussion

In this context we have investigaled analytically the effect of radiation on
magnetohydrodynamic natural convection flow on a sphere in presence ol heal generation.
Solutions are obtained for Muids having Prandtl number Pr = 0,72 (air) and for some values
of r=1.00, 1.74 and 2.50 against ¥ for 2 wide range of valucs of radiation parameter Rd
surface temoperature parameter &, heat generation parameter 0 and mapnetic parameler A
We have considered the values of heat peneration parameier ¢ = 0.2, 0.3, 0.5 and 0.6 wiih
radhation parameter Rd=1.0, Prandll number Pr = 0.72 and surface temperature parameter 8.
= 1.1 and magnetic parameter Af=0.1. The values of radialion parameler R =1.0, 1.2, 1.5
and 2.0 have been 1aken in case of 0 = 0.2, Pr = (.72, 8, = 1.1 and magnetic parameter
4=0.1. The dilTerent values ol surfzce temperature parameter &, = 0.4, 1.1, 1.4 and 1.6 arc
considered with ¢ = 0.2, #r = 0.72 and Rd =1.0and AM=0.1. DitTerenl values of magnetic
parameter M=0.1. (.3, 0.5 and 0.7 have been laken in casc of (2 = 0.2, Pr=0.72, .= 1.1
and Rd =i.0. Mumerical values of local mile of heat transfer are calculated in terms of
Nusselt number Nu for the surface of the sphere from lower stagnation poim to upper
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stagmation point. The cffect for different values of heat generation parameter () and magnctic
parameier M on local skin friction coefficient Cyand the local Nusselt number Nu, as well as
velocily and temperature profiles with the Prandil number Pr = (.72, radiation parameter Rd
=1.0 and surfacc temperature parameter &, = 1.1, are alse observed.

Figures 3.1-3.2 display results for Lhe velocity and temperature profiles, [or different values
of heal generation parameter (J while Prandtl number Pr=10.72, radiation parameter Ad =1.0
surface temperature parameler & = 1.1 and magnetic parameter A/=0.1. I bas been seen
from Figures 3.1 and 3.2 that as the heat generation parameter { increases, the velocity and
the temperature profiles increase. The changes of velocity profiles in the y dircetion reveals
the typical velocity profile for naturzl conveclion boundary layer flow, i.e., the velocity is
zero at the boundary wall then the velocily ncreases to the peak value 23 y increases and
finally the vclocity approaches to zero (ihe asymplotic value). The changes of temperature
profiles in Lhe ¥ direction also shows the iypical temperature profiles for natural convection
boundary layer flow that is the value of temperature profiles is 1.0 {(one} a1 the boundary wall
lhen the temperature profile decreases gradually along y dircetion to the asymptotic value.

The veriation of the velocity and {emperature profiles for difTerent values ol radiation
parameter Rd in case of surface lemperuturs parameter A, = 1.1, Prondtl number Pr = 0,72,
heal generarion parameter {0 = (1.2 and magnetic parameler M=0.1 are shown in Figures 3.3
and 3.4. Here, as the radialion parameter Rd increascs, both the velocity and (he lemperature
profiles increase slighly such that there exisis a local maximum of the velocity within the
boundary layer, but velocity increases near the surface of the sphere and then temperature

decreases slowly and finally approaches to zero.

The effect for different values of surface temperature parameterd,, the velocity and
lemperzture profiles with Prandil number Pr = (.72, heat peneration parameter (0 = 0.2,
. radialion parameler R4 =1.0 and magmetic -pammeter M=0.1 are shown in I'igures 3.5 and
3.6. Here, as ithe surlave lemperalure parameter €, increases, the velocity and the
temperature profiles increase slighlly such that there exists a locel maximmm of the velocity
within the boundary layer, but velocity mcreases nesr the surface ol the sphere and then
temperature decreases slowly and finally approaches 1o xero. However, in Figures 3.7 and

3.8. [t has been shown that when the Prandt number £r = 0.72, 1.00, 1.74 and 2.50 increases

33
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with &, = 1.1, Rd =1.0, = 0.5 and M=0.1, both the velocity and temperalure profiles

decrease.

Figures 3.9 display results for the velocily profiles for different values of magnetic
paramcter M with Prandil number Pr = 0.72, radiation paramcier Rd =1.0, heat generation
paramcter ( = (.2 and surfacc temperature parameter & = 1.1. It has been seen from Figure
3.9 that as (he magnetic parameter M increases, the velocity profiles decrease uplo the
position of v = 3.34 afler (hat position velocity profiles increase with the increase of
magnetic parameter. It is also chserved from Figure 3.9 that the changes of velocity profiles
in the v dircction reveals the typical velocity profile for natural convection boundary layer
flow, i.c., the velocity is zero at the boundary wall then the velocity increases to the peak
value as y increases and finally the velocity approaches to zero (the asymplotic valug) bul we
see from Lhis figure and its magnificd portion all the velocity profiles meet together al the
position of yy = 3.34 and cross the side. This is because of Lhe velocity profiles having lower
peak values for higher values of magnetic parameter 1end (o decrease comparatively slower
aleng v 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 parameier Af while Prandt] number Pr = 0.72, radiatton parameter B4 =1.0, heat
generation parameter 0 = (.2 and surface lemperature parameler &, = 1.1, The maximum
values of velocity are recorded to be 0.46181, 0.43333, 0.40700 and 0.38293 for M=01.1, (1.3,
1.5 and 0.7 respectively which occur at the same point y = 1.237R8. Here, it iz observed that
al ¥y = 1.23788, the velocity decreases hy 20.077% as the magnetic parameter M chanpes
from (.1 to 0.7. The changes of temperarure profiles in the ¥ direction also shows the typical
velocity protile for natural convection boundary iaver Aow thal is the value of temperature
pofile is 1.0 (one) al the bonndary wall then the iemperature profile decreases pradually
along y direction Lo Lthe asympiotic value.

From Figure 3.11 we ohserved that the skin friction coelMicient Cr mereases significuntly as
the heat generation parameter {2 increases. This means that for increasing the heat generation
efiecl, the fluid lemperature also increases. In this case surface temperature is less than fluid
iemperaiure and that s the skin friction coeMicient increases. Figure 3.12 show that heat

iransfer coefficient Nu decreases for increasing values of heal generation parameler  with
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Prand(l number Pr = 0.72, 1adiation parameter Rd =1.0, surfbce iemperaturc parameter & =
1.1 and magnetic parameter M=0.1. [t is observed from Figure 3.11 that the skin fnction
increases gradually from zero value at lower stagnatiom point along the x direction and from
Figure 3.12, it reveals thet the rate of heat iransfer decreases along the x direction from
lower stagnation point to the downsircam.

The effect for difTerent values of radialion parameter Rd, the skin friction coelficient and
heal transfer cocHicient while Prandil number Pr = (.72, heat generation parameter & = 0.2,

surface lemperature parameler £ = 1.1 and magnetic parameier A{=0.1 are shown in Figures

3.13- 3.14. Iere, as the radiation parameter Rd increases, both the skin friction cocHicient

and heat iansfer coefficient increase.

From Tigures 3.15 - 3.}6, it can also casily be scen that an increase in the surlace
iemperature parameler & leads 10 increase in the local skin friction coefficient C; and the
local rate of heat transfer Nw slightly while Prandl]l number Pr = 0.72, heal generation
parameier (¢ = 0.2, radiation parameter R4 =1.0 and magnetic parameter AM=0.1, ]t 15 also
obscrved that at any position of x, the skin friction coeflicient Cr and the local Nusseit
number Nu increase as £, increases from 0.8 o 1.6. This phenomenon can easily be
understood from the fact that when the surface iemperature pammeter &, increascs, the
iermperature of the {luid rises and the thickness of the velocity boundary layer grows, i.e., the
thermal boundary layer becomes thinner Lhan 1he velocity boundary layer. Therefore the skin

friction coefficient Cyand the local Nusselt number Nu increases.

The variahion of the local skin friction coefficient Cy and local rate of heat transier Nu lor
different values of Prandt! number Pr while @, = 1.1, Rd =10, = 0.2 and M=0.1 are shown
in Figures 3.17 and 3.18. We can observe from these figures that as the Prandtl number Pr
increases, the skin friction coeflicient decreases and rate of heat transfer increases but the
rale of increase in the heat munster coefficient is higher than that of the skin friction
coeHicient so0, the effect of Prandt] number Pr on heat tansfer coefficient is more than the at

of the eftect of Pr on skin faciion coellicient.

Figures 3.19-3.20 show that skin friction ceefficient C; and heat iransfer coefficient Nu

decrease for incrensing values of magnetic parameler M while heat peneration parameier
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{3—0.2, Prandtl number Pr = .72, radiation paramcter Rd =1.0 and surface temperature
parametcr &, = 1.1. The valucs of skin friction coefficicnt C; and Nusselt number N are
recorded to be 1.06755, 0.99745, 0.93565, 0.88141 and 0.44468, 0.40643, 0.36999, 0.33515
for A&=0.1. 0.3, 0.5 0.7 respectively which occur at the same pomt x = L.57080. Iere, it
observed that at x = 1.57080, the skin friction decreases by 17.437% and Nussclt number Ny
decreases by 24.631% as the magnetic parameter M changes from 0.1 Lo 0.7. It is observed
from Figure 3.19 that the skin friclion decreases pradually from zero value at lower
stngnation poimt along the x direction and from Figure 3.20, it reveals that the rate of beat
iransfer deereases along the x direction from lower slagnation point to the downstream.

Numerical valucs of rate of heat transfer N« and skin friction coefficient Cy are calculated
from Equations (3.23) and (3.24} for the surface of the sphere from lower stagnation point at

x = 0" to x = 90". Numerica! values of Cr and Nu are shown in Table 3.1.

Table 3. 1: Skin friction coefTicient and rate of heat fransfer apgainst x for different values ol

magnetic parameter A wilh other conlrolling parameters Pr=0.72, Bd=1.0,4,=1.1.and
Q2=0.2.

M=10.1 M=03 A=05 M=07

X (_:} Nu Clr Nu C,r’ Nu Cf Nu

0.00000 | 0.00000 | 0.64019 | 0.00000 | 0.60741 | 0.00000 | 0.57605 | 0.00000 | 054594
0.10472 | 0.09349 | 063929 | 0.08RB72 | 0.60647 | CLOB441 | 057510 LOBOS5 | 054403
20944 | 0.18633 | 0.63676 | 0.17670 | (.60387 | Q16819 | 0.57244 | 0.16047 | 0.54225
31416 | 027792 | 063259 | 0.26362 | (.59958 | LI50G73  0.56803 | 0.23915 | 053774
0.40143 | 0.35285 | 0.62785 | 033438 | 05970 | 031812 | 0.56303 | 030335 | 0.53262
0.50615 1 0.44055 | 0.62063 | 041752  0.58728 | 0.39680  0.55541 ] 037822 | 0.52453
0.61087 | 052528 | 061172 | 049751 | Q57812 | 047254 1054602 | 045017 § 0.5152)
071558 | 0.60646 | (.60110 | 057305 | (L5671% | 054476 | 053481 1 51864 | 050374
L.B0285 | 047098 | 059092 | 163454 | 0.55672 | DA0IRS | 0532406 | 0.57263 | 0.49274
090757 | 0.74418 | 0.57707 | 0.70303 | 0.54247 | 066617 | 0.50%45 1 (0.63329 | 0.47778
1.01229 | 0.81224 | 0.56140 | 0.76640 | 052635 | 0.72542 | 0.49261 | 0.68892 | 0.46086
120428 | 092196 | 0.52777 | 0.86762 | 0.49178 | 0.81922 ; 0.45745 | 0.77630 | 0.42458
1.57080 | 1.06755 | 0.44468 | 0.99745 | B40643 | 093565 | 036999 | 0.88141 | 0.33515
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Velocity profiles

Figure 3.1: Velocity profiles for different values ol ()
in case of Pr=0.72, Rd =1.0, 8 = 1.1 and M= 0.1
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Figure 3.2: Temperature profiles for different values of ¢
incase of Pr=0.72, Rd =10, 8,= 1.1 and M =10.1
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Figure 3.3: Velocity profiles for different values of R/
incase of Pr=072, &, =1.1, Q=02 and M=0.1
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Fignre 3.4: Temperature profilcs for different values Rd
incascof Pr=072, & =1.1 £=02 and A=10.1
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Figure 31.5: Vclocity profiles for different values of &,
incase of Pr=0.72, R4 =10, J=0.2 and M= 0.1
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Fipure 3.6: Temperature profiles for different values of &,
mease of Pr=0.72, Rd=1.0, =02 and A 0.1
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Figure M.7: Velocity profiles for different values of Pr
in case of Rd=1.0, & =1.1, O=0.2 and M=1{.1
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Figure 3.8: Temperature profiles for diflerent values of £r
incase of Rd =10, &,=1.1,(3=0.2 and A=10.1
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Velocity profiles

0 1 F 3 4 5 6 ? ] )

Figure 3.9: Velocily profiles for different values of M 1n case of
Rd=1.0, 6,=1.1, 0.2 and Pr=0.72
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3.4 Comparison of the results

Figure 3.21 depicts Lthe comparisons of the present numerical results of Lthe Nusselt number
Nu wilth those obtained by Nazar et al. {2002) and Huang and Chen (1987). Here, the
radiation, heat generation and magnetic effects are ignored (i.e., R =0.0, {=0.0 and Af =0.0)
and Prandtl numbers Pr = 0 7 and 7.0 are chosen. T studied well the results and it helped me
to take firm decision that the present results agreed well with the solutions of Nazar et al.
{2002) and Huang and Chen {1987) in the absence of suciion and blowing
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Figure 3.21: Comparisons of the present numerical results of
Nusselt number Nu for the Prandtl numbers Pr = 0.7, 7.0 with
those oblained 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
coefficiems Cx with those obtained by Taher end Moella (2005} for different values of heat
generation parameter which are ¢ = 2.0, 1.5 and 1.0, Here, the radiation and the magnetic
effects are ignored {ie, R =0.0 and A4 =0.0) and Prandtl numbers r = 0.7 have been
chosen. The comparison shows fairly good agreement between the present results and the
results of Taher and Molla {2005).

2.5
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Figure 3.22; Comparisons of the present numerical results of Skin
friction coefTicient Cs for the heat generation parameter () = 2.0,
1.5 and 1.0 with those obtained by Taher and Malla (2005).
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3.5 Conclusion

The effect of radistion on natural convection flow on a sphere in presence of heat generation
has been investigaled for diffcrent values of relevanl physical parameters including the
magnetic parameter M. The governing boundary layer equations of motion are transformed
into a non-dimensional form and the resulting non-linear systems of partial differcntial
equations are rednced to local non-similarity boundary layer equarions, which are solved
numerically by using implicit finite difference method iogether with the Keller-hox scheme.

l'rom the present investigation the following conclnsions may be drawn:

s Sipnificant effects of heat generation parameter ¢ and magnelic parameler A on
velocity and temperature profiles as well as on skin friction coefficient Crand ihe rate
of heal transfer ANu have been found in this investigation hut the effect ol heat
generation parameter () and magnetic parameter M on rate of heat transfer i3 more
significant. An increase in the values of hcat peneration parameter (J leads 1o boih the
velocity and lhe temperature profiles increase, the local skin friction coefficient £
mereases at ditTerent position of ¥ but the local rate of heat lransfer Nu deercases at
different position of x for Pr =0.72.

# All the velocity profile, temperature profile, the local skin friction coeMicient Crand the
local mie of heat tromsfer Nu increase sipnificantly when the values of radiation

paramcter R4 increases.

s Ag surface lemperaure paramcter 8, increases, both the velocity and the temperature
profile increase and also the tocal skin friction coefficient Cyand the local rale of heat

transfer My increase significantiy.

» For increasing valies of Prandt] number Pr leads to decrease the vetocity profile, the
temperature profile and the local skin friction coefficient Cy hut the local rate of heat

transter Nu increascs.

« Anincrease in the values of M leads to decrease the velocity profiles but w increase the
temperature profiles and also both the local skin friction coefficient Cyand the local rate

of heat transfer Mu decrease.
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3.6 Extension of this work

in this work, we considered constant viscosity end thermal conductivity but they are

functions of temperature,

» If we consider the viscosity and thermal conductivity as the funclion of wmperalure

then we can extend our problem.

s Also taking the non-umform surface temperature, the problem can be exlendexl,
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Appendix

1mplicit Finite Difference Method

To get the solutions of the transformed governing equations with the corresponding
boundary conditions, we employed implicit finite difference method together with Keller-
box elimination technique which is well documented and widely used by Keller and Cebeci
(1971) and recently by Hossain et al. {1990, 1992, 1996. 1997, 1998).

A boef discussion on the developmeni of algorithm on the method of implicit {inite
difference method together with Keller - box climination scheme is given below considering

the following Equations (A1-A2Z}

- x N 4 sinx "

f+(]+sinx-;u:-s.x]jf."r Y +——8—-Mf" = {f ] (AD)
and
,1_€'+(l+_icns:r]f€’ I(f aﬂ-— ] {A2)
DF sin X

To apply Lhe aforementioned method, we first convert Equalions {Al)-{A2) into the
following system of (irst order equations with dependent variables u (& 7)., v {S 7). p (& 7

and g (£ 77 as
Ff'=u,u'=v g=6 and @'=p (A3)
o

Vi o= ptt’ + Dy P = ‘f(”%_%] (Ad)

1, dg O

ald np s{ T pag] (A3)

where

T &= 05y, pr=1, ps~ ool p= M (A6)
51N X X
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The corresponding boundary conditions are

FE0)=0,u(E 0)=0andg(£ 0)=0

(A7)
(g ©)=0,g (5 0)=0
We now consider the net reclangle on the { £ 7) plane and denote the net point by
no=0, m;=n_+th, Jj=12..J
o, =& + k, n=12... N (AB)

k" -
“+ - - — — — _— _
B
T A i e
. :
S N SR
1 |
. ¥
lrll'1 D C
E-‘Tl-l F;n-l."l Ej‘

Figure Al: Net rectangle for difference approximations for the Box scheme
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Here ‘n’ and %" are just sequence of numbers on the (¢, ) plane, K, and #; are (he variabie
mesh widths.

We approximale the quantities (£ 4, v, p} a1 the points {", #, ) of (he net by (7. &, V%5 ps)
which we call net function ., We also employ the notatiom g'; for (he quantities midway
betwecn net poinls shown in Figure {Al) and for any net funciion as

gn-]."z - ]E(‘fn'i_ gzn-l } (ﬁg}

Tz = %(m— ’?J.—;) (Al(h
=112 1 " =l

g, ==zlg + g ) (All)

g:—-l.’z = %(g_ﬁn + g?—] } {A]Z}

Now we write the difference equations that are to approximate Equations (A3) - (A4) by
considering one mesh rectangle for the mid point (&%, g,.;7) 1o obtain

fﬂ - ﬂ_l n
e (A13)
I
o B SR (A14)
& =V,
I
n H
i "&jt _  » (A15)
h -2
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Similarly Equations (A5) -(A6) are approximate by centering about the mid point ( &y

42 } . Cenlering Lhe Equations {A9) about the point (&7 ) without specifying # to obtain

the aigebraic equations. The diffcrence approximation 1o Equations (A5)-(A6) become

—

o "

e e e R e

%("wﬂ + M""'): g“%{u“‘é[ﬁ" ;HH J_ P”—Z["{n;—fﬂ~ :1

n £

Where
L= {vr"' npv - Pg”l + - p4ur

¥ -1
= [v +p - put+ p3g+p4HT

and

M= [;—rﬂ'+ P..fi’]

n-i

M =[7,1; p'+ mfp]
(oY +oy (Y —e (o) +a(v " v )+ g’ - pu =R

E(v) ra(p) -alum'g" —ug™ + 7 p - o™ =T

wheTe

R = +[(ﬁ)n-| _(uz )rr—l:l
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-1 =-M"_' +[(@)n-l _(ug}n-l]

The correspanding boundary conditions (A7} become

Jo =0, uy =0, gf =1

(AZ0)
u, =0, g; =10

If we assume { 7, %}, 0,87, py " ), i=0,1,2,3, - -, IMAX with initial vatues

cqual to those al the proviso x stations. For higher iterales we gt

(e+l) _ fLiD ()
j:.+—fl. +§f; (Alla}
u;i’ﬂ} =ui_i} +5H_E,] (A2Th)
{r4]d _ _An} AN
v =Vl b {A2lc)
EﬁHn — gﬁ.} +8 gm (A21d)

LY

" =pl +6p, (A2le)

We then insert the right side of the expression (A21) in place of /', u7, vjand g7 in

Equations (A16)-(A21) dropping the terms that are quadratic in & f, .S« 'S v‘:, and & pj,.

This procedure yields the following linear system of algebraic cquations:
i

{7} ¢ {1} (o ) “J (] i [
SO+ f - i ,ru]_?{ +5u +ut 4 54, }

_ h _
S50 - FZJ- (Sul+ 5u'd )=(r}, (A22)

s=I

Su {z} ﬁu(il {{51,m+ 51,(:1 )= {?‘4} {A23)
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ﬁgm 5g{:} J' (ﬁg"]+§g{'}) {rs }J

(s,}; 51;“'-*-(52} §vtrji+(?q} (ﬁ'f”'-' +(5,}, 5ﬂ-. +{s55), 5”50

£(s), Ful+(s,), 88 +(5,), 647 +(5,), BV +(5,), Y

(1), 8P +(1,), 8 1 +(1,), 8 f+(,), 8 £+, 60"
+(fa}; Fu +("?J;£E +{f) JSE) _[’HL

=1

Where

¥ [
(r),= m -/ ¢ +h; ”U—Ifl
(74, ‘—'”JETl m +h "frr—juz

(rﬁ J.,«' _3?31 m +h Pj‘—}l.fz

(r), = f_1l.rz {h {Vm {:]' Ve { V) Ly ey (w’ }{:—}m _-pfig;_l}
)

t () -1 10
+ P (VY —a (S :—If? f"m"’; 12}

J_T::]xz th(ﬁ’{‘} Pﬂ)"‘at(ﬁ?]{-uz

r

)] [ 142 =i I
LN g;-uz"“?; w2 d T Pan

= H{HE}T—}M _ﬂ(u; v ¥ T
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(AZ5)

=(r, ),

(A26)

(A27a)

(A27b)

(AZ7c)

(A27d)

(A27¢)
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Thus the coelficients of momemum equation are

(31)_;=h_;l+ f{‘] _Jr—hfi _"z_p_?}

i o Py
(62, =7+ 2 7102 fr5, P gl

I {J & -1
(""1}; L _E "’:-uz
' S S
(53} Lyl e "’f-uz

272

_ '
(s5), uzu'

{ 9(,} ﬂ‘]

{8y} ‘-P[ |(ﬁ’){} az( )( +ﬂ{""r v

4=

'::Sa |i“|(ﬁ’}” "“2( ]‘

|-.|||—l

Pi

("’"9]; = 5

e

(5,5}, = P I;d vl

Again the coellicients of energy equation are

-l {i} n=1
), = 7 ﬁ > f_; ":‘1* 442

r

3

(A284)

{A28b)

{A28c)

(A28d)

(A28e)

(A28

(A28p)

(A28h)

(A281)

{AZ8))

(A29a)
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&

(), = rfr‘ SR e i (A29b)
t),= P+ P (A29¢)
{1y, = pj‘f %pj,‘:.'u (A29d)
(t),= —2 &+ £ (A29¢)
(), = —5 & +T & (A291)
1), =~ ~ s (A29g)
(t), = — '; uld — %u;’;‘,z (A29h)
{t;), =0 (A29i)
{he), =0 | {A29))

The boundary condition {A7) becomes
8, =0, =0, 38,= 1

(A30)
du, =0, a8 =0

which just express the requiremen for the boundary conditions 1o remain during the iteration
process. Now Lhe systern of linear Equations (A27) and {A28) together with the boundary
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conditions (A29) can be writlen in matrix or veclor form, where the coefficient matrix has a
block tri-diagonal structure, The whole procedure, namely reduction e first order followed
bry central difference approximations. Newton’s guasi-linearization method and the block
Thomas alporithm, is well known as the Keller- box method.
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