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NOMENCLATURE

a : Radius of the sphere [m]

iy : Rosseland mean absorption coclficient §-|

B . Magnetic figld [Afn]

Ay . wlagnetic ficld strength [-]

b . Plate thickness [m]

Cfx . Local skin friction coefficient, Cfy = (3 /7ey* Te=o-]
Cr - Specific heat at constant presswre kJikg."C)

D : The electron displacement [m]

d Ty T/ T

I : Eleetric fetd [-]

F . The body foice per unit volume [ki.mis’]

s : Dimensionless stream function [f{x,#7)]

Ge . Pressure work parameter [kp.m/s’

Gr : Grashof Number [ g3(7, -1, )&’ /v 1

I » Acceleration duc Lo gravity [mfsz]

fi : Ihmensionless temperature function [7{x,q)]

J . Current density |kg/m’]

Jul + Toule eating paramcter { o 53, V{ﬂ'”JJ."'I;)C,. (f =T,
L s Referenee lengtl, (v 77 = Length scale

{ : Length of the plae [m)

M : Magnetic parameter / Hartmaan Number [ g 4,7 £ .-"( el ||
N . Viscous dissipation parameter | v3d/ J,-"' Lzr::'”[]’}, -0
My : Nusselt pumber. Mupy= - (@030, 20 |-)

P : Pressure {mfs’]

2 : Coupling paametee, p = (kef)(b ALY o[-

I



Pr : Prandtl Number [ 2C, /x, ][-]

2 : Heat generation pajameter [Q“LEJ.-'{_MCI.J.'"": 1]

o 1 Heat gencration coclicicnt [-]

gr . Radiative heat flux [wfmlj

g s Welocily veetor [eld [mfs]

r : Radial axis |m]

R : Reymolds number [LL /7 v]|-]

Rd : Radiation parameter | Rd = 4673 fk (¢, + o, ][]

T . Temperature ["K or *C]

Ty : Temperature at oulside surface of the plate |*K or °C|

e “Temperaturs of the flnd ["K or (7]

7: : Temperatre of the solid MK or °C)

i : Temperature at the wall [PK ar *C)

T : Fluwl asymptotic lemperature, Ambient fluid wempeatuee ('K or
"]

U, U : Reference veloeily [mds]

¥ : The transpirauon velocity [mfs]

¥ : Yelooiy components [infs]

u, v : Dimensienless velocity components [ -]

AY * Cartgsian cpordinales [m]

Ly : Dimensionless Cartesian coordinates [-]

ix



GREEK SYMBOLS

e * Thermal diffusivity {m?fs]
Fij . Co-elficient of thermal expansion [1/K]

Magnetie licld strength [-]

¥ : Cone apex half-angle|”]

s : Yeetor differential ﬂﬁDIﬁlﬂr [-]

g : Blectric permealnhity of the meadiuny -]

n : Dimensionless similarity variable | ™" (14 57| -]
K : Thermul conductivity {WAm. )]

ki K : Fluid and solid thermal conductivitics [-]

it : Dynamue viscosity [kg/{ms)]

He *Ihe magnetic permeability of the medium [-]

W : Kinematic of viscomity [mza"s]

T + Angle of the spheve[”]

& . Dimensionless temperature, Surface temperature -]
P : Density of Lhe Tluid [kgim?’]

Pe : Charge density [kem’ |

P : Density of the ambient ftuid [kg/m®]

o : Electric conductivity, Stephman-Boltzman constant | WAnm . 1K)
oo ' Ilectric conduction [-]

a; . Beattering co-clficient {-}

Tu : Shear sticss |-]

7 » Angular velocily [-]

@  The vizcous encrpy dissipalion leom -]

L . Stream function [mz.-‘s]
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Abstract

Numencal investigations on the sleady of two-dimensional magnerohydrodynamic
(MHD) natural convection tlow of an electrically conducting fiuid such as (i) along a
vertical flal plate and i) on a sphere are made with various [ow condinons Emphcit
linile dilference method 1 used as numerical tools. The govermmg squations are made
thmenzionless by using a new class of transformations, The dimensionless uguations me
then selved numcnically in the entire region starting from the lower part of the plate to
lhe downstream by means of the implicil Omite differcnce method with the Keller box
scheme  Introducing lhe suitable lransformations, similarity equations of lhe

momentem and energy equations are derived, The works depending on vanous flow

conditions are abstracled belowr

First, the effects of viscous dissipation and pressure sticss work on magnelo-
hydrodynamic free convection flow along a vertical flat plaic has been investipated.
Magnctohydrodymamic free convection flow and heat conduction duc o wall thickness
& arc considered in the imvestigation, Numerica] results for the velowty profiles,
temperature profiles, skin friction coefficient and the surface temperatuie distnbutions
arc shown both on graphs and in tabular form for dilferent values of the puramelers such
ag the Prandt] number Pr, the magnetic parameter 4, the viscous dissipation paiameler

A and the pressure work parameler Ge entering inlo the problem.

Second, the clfects of wviseous dissipation and pressure work ou the mapneto-
hydredynamic fice convection flow from the vertical flat plate with heal cenduction and
Joule-heating effect have been analyzed. The dimensionless skin friction co-cfficicnt.
the surface temperature distribution, the velocity distribubon and the tempurature profile
over the whole boundary layer ate shown gaplucally for didferent salues of the
parameters such asx the Prandtl number Pr, the magnetic parameter M, the viscous

dissipation paramcter &, the Joule-healing parameter Jw! and the pressurc work

parameter Ge.
Third, the effect of conduction and convection on magnetohydrodynamic  boundary

layer 1low has been studied numencally. The dimensioniess sk friction co-sfficient,

the surface temperature distnibution; the velocily and temperature profiles over the

*Xvl



whole boundary layer are displayed graphically for ditfferent values of the parameiers.

The skin-friction and surface wmperature distribotions are also obtawncd o prescnted

in tabular forms.

Fourth, we describe the pressure work and viscous dissipation ciloets wilh
magnetohydrodynamic natural convechon Mow over a sphere o pressnce of heat
generation, The natural convection laminar flow from a sphere immaersed in a viscous
incompressible optically thin fluid in the presence of heat yencration effect has been
mvesligated. Mere, the atlention is focused on the evolution of the shear stress 1w tomms
of local skin {riction and the rale of heat transfer in lwmms of local Nussell number,
velocity profilcs as well as temperature profiles foc some selected values of paramelers
set consisting of heat generation parameter , magnelic parameter 3. prossure work

paranieter e, viscous dissipation parameter & and the Prandll number 2.

Lastly, the comjugate stress work and magnetohydrodynamic effects on natwial
conveshion flow gver a sphere in pesence of heal generation and radition ale studicd.
Herg the cvolution of the surlace shear stress i terms of local skin foclon and the 1ate
of heat lransfer in terms of local Nusselt number, velocity distribution as well as
lemperature distribution [or a selection of parameters sct consisimy of heat gencration
parameter, magnetic parameter, the viscous dissipation parameter, the pressure wotk

parameter, the radiation parameter, the surface temperature parameter and alse the

Prandlt number Pr are focused.
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CHAPTER 1

1.1 Introduction

The problems ol free convection boundary laver Now over or on bodies of various
shapus have been discussed by many researchers, Natural convection heal wansfer
gamed considerable attention becuuse of its numerous applications 1n the ateas of
Energy conservabions conling of electrical and cleclronic companents, desian of solar
coflectors, heat exchangers and many others, The main duficulty 1n solving natoral
conveetion problems lies in the determination of the velocity field, which wrcally
influences the heat transfer process. Gebhart {1962) shown that the viscous dissipation
effcct plays an impodant 10le in natural convection fiow. With this understanding
Takhar and Soundalgekar(1580a) studied the effects of viscous and Joule heatmg on the
preblem posed by Sparrow and Cess [(1961a), (1961b}], using the series =xpansion
method of Gebharl (21962},

The study of the flow of electrically conducting fluid in presence of maguene Geld is
important from the technical point of view and such types of problems Lhave received
much —ateention  of many rescarches. The terms  magnetohydrodvnamics,
hydromagmetics. magmelogasdynamics and magneto-acrodvnamics, all refer Lo the
branch of fluid dynamics that deals wath the motion of electrically conducting fluids in
presence of electne and magnetic fields. The interaction of 2 mapuetic feid and the
moving ¢lectnic charge camicd by a flowing Nuid induces a foree, which lends o OPHsG
the fluid velocity which is very small so that the magnetic force proportional to the
magmtude of the longitudinal velocity and acling in the opposite direction is also very
small. Consequenily, the influence of the magnetic ficld on the bowndary layer is
exered only threugh induced forces wathin the boundary layer itself, wirth no additional
effccls ansing from the free stream pressure gradiont. In this work, fmplicit finie
difference method has been adapted to obtain the solution for the ransient MIID

incomnpressible flow along & vertical Mat plate with heat conduction and MHD natural

conveelion [low over a sphere,
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1.2 Present problems

There are many natural convection probiems in the branches of MHD fields such as
vertical flat plate, inclined flat plate, porous flat plate, cylindrical cross section. circular
cong, permeable circular conc and over a sphere. The followings two basic problems for
dilferent configuration arc constdered,
1. Conjugate cifects of stress work. and heat gencration on Magnetohydrodynamic
free convection flow along a vertical flat plaie with Joule heating and heat
conduclion. The Hlow configuration and the coordinates system are shown in

Fieure 1.1

. T
Magnetic and Toule heating clfocts A interface tdapnctie and Jfoule heating elicels
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Figurel.l: Physical configuration and coordinate syslem

Steady two dimensional laminar free convection boundary laver flow of o viscous
incompressible Muid along one side of a semi-infinite vertical flat plate of thickness &
insulated on the edzes with temperature T, where Uhand Vare the velocity components
along the X and Y axis respectively, T is the wemperature of the Muid in Lhe boundary
layer, Ty is the temperatwe of the plate in the boundary taver, & is tlie aceeleration due
o gravity, b is vertical flat plate of thickness, & is the thermal conductivity of Muid, &, is

the thermal conductivity of the salid body. TLX0) is the unknown temperatur,
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L. Comjugale cflects of stress work and magnetohydrodynamic natural convection

flow aver a sphere in the presence of heat pencration and radiation

Magznetic offeet Mapnctic effeet

e —— —_—

T ————
T‘.‘-"

Fadiutin ool

Badiation eTect

§) X

Figorel.2; Physical model and coordinate sysiem

Natural convection boundary layer flow over a sphere of an clectrically conducting and
steady two-dimensional viscous incompressible fluid n presence of stieng magnetic
field and heat generation is considered. I is assumed that the surlace temperature of the
sphere is ¥, Where T, > ¥, T, (s the ambient temperature of the fluid. Here o s the
radivs of sphere, # is the radial distance from the symmebical axis to the surface of the
sphere, g is the acceleration duc to gravity, T is the local temperalure, X is the angle

of the sphere.

1.3 Literature review with MHD Oows

Free conseclion flow is often encountered in cooling of nuclear reactors ar in the study
of the structure of stars and plancts. Along with the fee convection flow the
phenomenon of the boundary layer {low of an electrically conducting Muid to a
vertically flat plate in the presence of Joule-heating, magnotic ficld and beat generation
are also very comman, because of their applications in nuckar engineering in

connection with the coeling of reactors.

Magnetohydrodynamics is that branch of continuum mechanics that deals with the
[lrw of electrically conducting fluids in eleetrie and magnetic Ticlds. Probably the
largest advance towards such phenomena comes from the field of astroplysics. [ has

long boen suspected that most of the matter in the universe is in the plasima or highly
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lonized gaseous state, and much of the basic knowledge in the arca of clectromagnetic

{luid dynamics evolved from these studies Many natuial phenomena and engincering
problems are susceptible to MHD analysis. Jt is useful In astrophysics. Geophysicisis
encounter MI1D phenomena in the wieractions of conducting Nuid and magnetic Gelds
that a1 present in and around heavenly bodics. Engincers employ MHD principles in
the design of heat exchanyrers, pumps and flow metees, in space veluele propulsion,

control and rc-entry, in creating novel power generating systems, and in developing

confinement schemes for controlled fusion.

The most impormant applicalion of MHD is in the generation of clectrical power with
the flow of an electrically conductng fuid through a tansverse mapnctic feld,
Recently, cxpenments with ionized pascs have Dbeen performed with the hope of
producing power of a large scalc in stationary plants with large magnetic ficlds.
Cryogenic and supceconducting magnets are requiced 1o produce thess very large

magnetic figlds. Generution of MHD power on a smafler scale 15 of interest for space

applications.

To convert the heat eneigy into clectneity, several inlermcediate transforrnations arc
necessary, Each of thesc steps means a loss of energy. Lhis naturally limits the overall
efficiency, reliabihity and compactness of the conversion process. Methods of direct
conversion to cncriry are now increasingly receiving atlention. OF these, the fuel cell
converls the chemical cnergy of fuel directly nuto cleclnwal encrgy, fusion enespy
utilizes the energy released when two hvdrogen nucle fuse into a heavier one, and
thermo-clectnieal power genelation uses a thermocouple, Mapnetohydidynamic power

reneriation is another important new process thut 1s receiving woirldwide attention.

Hall current problems

The principles of marnetohydrodynamics could be utilized in a mactical way to pump
liquid metals in pipes. The imminence of hypersonic and space flight to stinulale great
imteresl i this field was pointed out by Hammann {1937}, The cement trend [or the
applwation of magnetoflmddynamics 15 towards a strong magnetic ficld (so that the
wnfluenee of clectromagnetic fores 15 noticcable) and towards a low density of gas (such
as 1n space Mhght and 1o nuclear fusen rescarch), Under this condition the Iall cunent

and 1en shp becomie unpottant. The luslory of Hall ellecl begins m 1879 when Edwin
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H. Hall discovered that a small transverse voliage appeared across a cuneni-carying
thin metal strip 10 an applicd magnetic field. Until that time, cleetrical measwrements
provided only the carmier density-mobility product and the separation of these owo
important physical quantities had to rely on other difficult measurements, The discovery
of the Hall ¢ffcet removed this difficulty. Development of the lechnique has sinee led o
& mahire and practical tool, which today is uscd routincly for testing the eleetrical

properties and quality of almest ail of the semiconductor materials wsed by industry

The imporance of the all cffects is underscored by the need to determine accurately
cammer density, clectncal resistivity, and the molity of cartics in semiconductors. The
Hall effect provides a relatively simple method for doing this. Because of its simplicity,
low cost, and fast tumaround time, it 1s an indispensable characterization technique 1o
the semiconductor industry and in research laboratories. In a recent industrial survey, it
15 listed as one of the most-commanly used characterization (wols. Furihermoes, twao
recent Nobel piizes (1985, 1998) are based upon thie Hail effect. Effcel of Hall curpent
on the hydromagnetic free convection flow for various shape have been investi gated by

Pop (1971), Hossain ef of. [(1987), (1958)] and Jha {1991),

The equation of ¢lectric curment density may be derived feom the diffusion velocities of
the charge particles [Hughes & Young (1966), Cramer & Pai (1974), Pat (1962) and
Sherchil (19653]. The major forces on the charged particles arc cleclromagnstic Torees,
If we cansider only the clectromepnetic forces, we may ablain the eencralized Olim's
faw. However, the deduction from the diffusion velocities of charped particles 15 more

complicated thun the generalized Ohm's law, When we apply clectric field £, there will

be an electric current in the direction of £ If the magnetic field & is perpendicular

to £, there will be an clectromaymetic force f A B which is pempendicular to both B
andE. We have a new component of electric current densiby in Lhe direction
perpendicular to both £ and B which are known as Hall current, discovered by ITall
Furthermore, the masses of ions and elechons are different For lhe same
eleclromaymetic foice, the motion of jons is different from that of the ¢lectrons. Usually
the diffusion velocity of cleclrons is much Jarger than that of ions From the magneto
fluid dynumics approximations, we may consider that the electron current density is

determined mainly by the diffusion velozity of the electrons in plasma. However, wlicu
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the electromagnetic force {s very Targe (such as in a very strong magnckic Lield), the
diflusion veloaity of iens may not be negligible, A steady bwvo- dimensional MHD free
conveehion and mass iransfer [low with Hall cunent, viscous dissipation and Joule
heating of an electneally conducting viscous incompressible fluid pase wn infinite
vertical porous plate with wall temperabire and concentration was studied numerically
by Saitar and Malcque (2000).

Yertical flat Vate problems

The problem of free convection with variable properties about an isothermal verlical
plate was anulysized indepoendently by Van Drest {195 1}, Spartow (1956) and Spamow
and Gregg [(1936), {1958)]. The effects of magnetic ficld on the free convection heat
transter huve been studicd by Sparrow and Cess (1961a). Pools (19617 mvusligated the
laminar natural convection flow in magnctohydredynanues. The laminar nalural
convection boundary layer on a horjzontal circular disk was analyzed by Zakerullah and
Ackroyd (1979) taking account of properly variation in the Quid. Alam {I1925) n his
Ph.D. thesis stdied the effects of Joule heating on the unstcady MITD free convection
and mass transfer flow with Hall cument of an elecincslly conducting  viscous
incompressible fluid past in accelerated 1nfinite vertical porous plate with Lime
dependent wall temperature and concentration, Unsteady frec convection interaction
with thermal radiation in a boundary layer flow past a verticai poraus plate has boen
studied by Sadar ¢t ol (1996). Zakenllah and Maleque (1996) investigated the laminar
combined convective flow about a vertical inchined surface, The steady magneio-
hydrodynamic bowsndary layer flow duc to an infinite disk totating with a uniform
angufar velocity in the presence of an axial magnetic feld was investizated by Hassan
and Hazem (1997}, They neglected the induced magnelic field but considered the Hall
current and accordingly solved the steady slate cquations numerically using the finite

difference approximation

On studying the hiterature of laminar boundary laver natural convection [ows, it is
obscrved that a little altention has becn paid to include both viscous dissipation and
pressurc work effects in coergy equation. In conventional analysis both effects arc
generaily ignoved. In view of the above points, it appears to be inevilable thar we
consider the [luid to be of vanable properties and that the necessary statc and transport

properiics be cxamined with some caie. In the present investipation the fuids stucdwd
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arc taken to be cither a thermally and calorically perfect gas undergoing small changes
in lemperature and pressure. Steady and transient free convection of an clectrically
conducting Twd from a vermical plate in the presence of magnetic field has been sindied
by Gupta (1961). Braun ef el {1961} investipaled the frec convection similarity Nows
about two-dimensienal and awisymraelne with closed lower ends Usually wn the
discussion and analysis of natural convection Mows, pressure and viscous stress work
effects are gencrally 1gnored. However, the influence and importance of viscous slross
work effects in laminar Dows have been cxamined by Gebhart (1962) and Gebhart and
Mellendorf (1969). In bolh of the investigations, special flows over semi-infinite fial
surfaces parallel to the direction of body forcc were considered. Geblart {1962)
considered flows generated by the plate surface temperatures, which vary as powers of
£ (the distance along the plate surface from the leading edge). Cramer (1963)
investigated the several magnetohydrodynamic free convection solutions. Thermal
conwvection in magnetohydrodynamics has been studied by Sing ef of, (1963}, Gebhart
and Mollendorf (1969 considered [lows geneiated by plate surface tempetatures, which
vary exponentially iné. Here the cffects of pressurc and viscous stiess work are
retained in {he energy equation. Lock cf ef (1968) investigated the laminur free
convection from a downward projecting fin. Nanda ef of. (1970) studicd the
hydromagnetic free convection for high and low Frandtl numbers. Kuiken (19740)
studied the problem of magnetohydrodynamic free convection in a steong crossflow.
Zakerullah {1972) considered the pressure work and wviscous work ternns Tor the axi-
symmeine natural convection fows. Compressible and Incompressible flows of various
shapes have been studicd by [Chen et al, (1956), Hanzen (1964), Loyd ef al. (1970),
Clarke (1973), Chao ef af, (1983), Nicolas ef of. (1993) and Ganzarlli e al. (1995)].
Ackroyd {1974) discussed the effects ol both viscous and pressure stress work in nameal
convection flow on [lat plate surface. Magneto-hydrodynamic fiee convestion aboul a
semi-infinite verucal plate in a strong cross-ficld has been studicd by Wilks (1576)
Chida ¢t al. (1976) investigated the effect on conjugate heat transfer by vectonal
himensional analysis. Many cxpenmenlat and theorctical works on combined effects of
magneto-hydrodynamic (MHD) free and forced convection boundary layer flow are
done bat only a fow works considered the conjupate poblem Miyamoto er al (1980)
studied the effeet of axial heat conduction in a vertical [at plate on frec convestion heit

transfer. Takhar and Scundalgekar {19204) studied the effects of viscous and Joule
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heating on the preblem posed by Sparrow and Cess (1961), using the serics gxpansion
mcthod of Gebhart (1962). Momentum Transfer in Boundary Layers has been discussed
by Cebeci & Bradshow (1977). Chen e af. (1977} studied the effeet of mixed
convection in the boundary layer flow on a horizontal plate, Takhar and Soundalgekar
(1980b) studied the dissipation effects on MIID free convection flow past a senti-
infinte vertical plate. A tansformation of the boundary layer equations for free
convechion past a vertical flat plate with arbitrary blowing and wall temperature
variations has been discussed by Vedhanayagam ef al. (19807, Joshi and Gebhart {1981}
shown that the cllect of pressure stress waork and viscous dissipation 1n some natural
convection [lows Curle (1981} investigated the development and separation of a
[aminar boundary faycer Mow with an exponentially mereasing pressure gradieni. Yafai
(1981} studicd the boundary and inertia cffects on flow and heat teansfer in porous
media. Raptis and Kaloussias  {1982) have investigated (he problem ol
magnefohydrodynamic free convection Mow and mass tramsfor through a [aTGUs
medivm bounded by an infinite vertical porous plaic with constant heal fiux Teat and
mass transfer for natural convection in a porous medium studied by Bejan ¢f al. (1985).
November ¢t wf. (1987) studicd the natural convection in a rectangular enclosure heated
from below and cooled along one surface. Poesi and Lupo (1988} investizated the
coupling of conduction with laminar convection along & Tlat plate. Kumard er @/, {1990)
studied the elfect of natural convection in porous media above a ncar honzonta) uniform
heat flux surface. Moteover, Hossain of af. [(1990), (1997}, (1998)] discussed the bath
forced and free conveetion boundary layer flow of an clectrically conducting fheid a
presence of magnetic feld. Hossain (1992) analyzed the viscous and Joule hecuting
effecls on MHD free convection flow with variable plate tempeiature, WViguavelu and
Hadjinolaue (1993) studied the heat transfer characteristics in the laminar bouudary
layer of a viscous flwmd over a stretching sheet with viscous dissipation or [rctional
heating and inicmal heat gencration. Unsteady hydromagnetic froe convection flow
with Hall current mass transfer and variable suction through a porous medium near an
mfinite veriical porous plate with constant heat flux has been studied by Sattar {199,
Pop of al. (1995) investigated the conjugate fres convection on a vertical surfuce in
porous medium, The cffect of temperature dependent viscosity on the [ree convective
laminar boundary layer past a vertical isothermal flat plate has been discussed b
Kafoussius e of. (1995). Heat and mass transfor flow with thermol diffusion has been

ciscussed by Alam (1995}, Numerical studied of various Mows have becn investgated
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by [Nachhtsheim and Swigerd, (1965), Kelier ¢ al. {{1971), (1972)}, Keiler (1978
Soundalgekar et al. {{1980), (1981)}, Shiralkar (1982, Cebeci and Bradshow [1984],
Kafoussius ef al. (1988), Chiam (1998) and Al-Khawaa e al. {1999)]. Moreover,
Hossam ef af. [(1990), {1994), (1996), (1997b}, (1998}, {1999)] discussed both forced
and free convection boundary layer flow of an electrically conducting Ouid prescrec
of magnetic feld. Velusamy ef af. {1998) investigated the laminar natural convection in
atl enclosure formed by non-isotherm walls, MHD free comveciion flow of visco-clastic
fiuid past an infinite porous plate was investigated by Chowdhury and lslam (2000).
Numerical solution of MHD [tee comvection and mass wansfer flow will Hall cCurrent,
viscous dissipation and Joule heating have been investiguted by Sattar e af {20007,
Alse the effects of the conjugale conduction-natural convection heat nansicr along a
thin vertical plate with non-uniform heat generation have been studicd by Mendez and
Trevino (2000). Elbashbeshy (2000) alse discussed the elfect of free convection flow
with variable viscosity and thermal diffusivity along a vertical plate m the presenee of
magnetic field, Alam er of, (2001) studied the unabytical selution of the free convection
and mass transfoe Qow with thermal diffusion. Khan (2002) investigated the conjugate
¢llect of conduction and convection with natur] convection [ow from a vertical {lat
plale and in an inclined square cavity. Ramadan et al. (2003) studied the eilcct of
hydromagnetic free conveetion of a particulate suspension from a permeabic melined
plate with heat absorption for non-uniform particle-phase densiry. El-Amm {2003)
studied combined effect of viscous dissipation and Joule heating on MHD forced
conveelion over a non isothermal honzonlal cvlinder embedded in a fAuid sateeated
porous medium, Finite difference analysis of unsteady natural convection MIT [low
past an inclined plate with vanable smiface heat and mass flux has been investiguted by
Giansan ef af (2004). Mollz ef af. (2004) also discusscd the problemt of natural
convection flow along a vertical wawy surface with uniform surlace lemperamre 1n
presence of hcat generation / absorplion. Shariful (2004) in his M. Thil. thesis
mvestipated  the  Thermal-Diffusion  and  dulfusion  thermo  offccts on
magmetohydrodynamics heat and mass transfer. Tiects of viscous dissipaton and Joule
heating on magnetohydrodynamic hiemenz [low of micropolar fluid have been
investigated by El-Amin er af (2005). Umavathi ¢r af. (2005} studied magneto-
hydrodynamic mixed convection ju a verlical channgl, Alam ef af. (2000) mvestipaicd
the effect of pressure stress work and viscous dissipation in natural conveclion tlow

along a vertical [lat plate with heat conduction, Combined eflect of viscous dissipation
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and foule heating on the coupling ol conduction and free convection along a vertical flat

plale have been studied by Alim et af, (2007).

Over a sphere, cylinder and cone problems

Theoretical studies on laminar free conveotion flow on axisymmetric bodies have
recoived wider atiention, especially in casc of non-uniform surface temperatune and
surface heat flux distnbutions Merk and Piins (1954) developed the peneral relations
for similar solutions on isothcrmal axisymmelnic forms and showed that for the ow
past a vertical cone has such a selution. Braun ef al. {1961} contributed Nes comvection
similsnly flows aboul two-dimensional and axisymmetric badics with closed lower end
for which similar solubons exist, and used an intcgral method to provide heat translor
results for these and the cone over a wide range of Prandt! number. In the above
investigation, the awthors obfained the 1esulls by numerical intopration of the
differential cquations for fluid having Prandtl number §.72, The similarity solulions for
ftee convection from the wvertical cone have been exhausted by Hering and Grosh
{1962). They showed that the similarity solutions to the boundary layer equations [or a
cone exist when the wall temperature distribution 15 a power function of distance alomg
a cone ray. [n their paper they presented results for an isothermal surface as well as o a
surface maintained at 4 temperature varying linearty with the distance measured from
the apex of the cone for Mandtl number 0.7, Hering and Grosh (1962) studied the effeet
of laminar frce convection from a non-isothermal cone Hering (1965} also investigated
the laminar [ree convection ftom a non-tsothermal cone at low Prandtl aumbers, Foy
(1974} has mvestigated the [iee convection over a slender verlical cone at high Prandt]
numbgers. Laminar free convection from a vertical cone with uniform surface heat fAux
and blowing and suction have been studied by Lin [(1976), {1988)] and Merkin [(1972),
(1975)). Steady statc heat mansfer within porous medium with ternperaturc-dependent
heat generation has been investigated by Moalem (1976). On the other land, Lhe
analyws of mixed forced and frec convestion around a sphere was discussed by Chen
and Muceglu {1977). Na and Chion (1979a) studied the effect of slenderncss on the
nahiral convection flow over a slender fruslum of a cone, The problem of natural
convection ow over a frustum of a cone withoul ransveise curvature effect (j.¢., large
cone angles when the boundary layer thickness is small compared wilh the loca! radius
of the cone) has been treated in the literature, even though the pioblem for a full cone

has been comsidered quite extensively by Sparrow and Guinle (1968), Lin {1974),
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Ruiken {1968} and Oosthuizen and Donaldson {1972). Cheng (1982) studied the elfects
of mixed convection about a honzentat cylinder and a sphete in a fleid-saturated Porous
miedium. Latter, Na and Chicu (19790} studicd the laminar natural convection MNow over
a frustum of a cone. In the above investigations the wall iomperalure as webl as the wall
heat flux were considered constant. On the other hand, Alamgir (1979) investizated the
overal] heat transfer in laminar natural convection flow from vertical cones by using the
integral method, Natural cenvection from a sémi mfinile plaic inclined at a sall anple
at the horizontal in saturated porous medium has been smdicd by Ingham er al. (1985).
Huang and Chen (1987} investiyated the laminar free convection from a sphere with
blawing and suction. Morcover, Hossain ef of. [{1997a), (1998a}] discussed hoth furced
and {rce convection boundary layer flow of an elcetrically conducung (i in presence
of magnetic ficld. Jha {1991) investipated MHD unsteady mixed convection flow
through a potous medium. Maleque {1996) stuched the similarity solutions of combmed
forced and free convection laminar boundary layer flows in curvilinear co-ordinates.
Natural convection flow of a viscous fluid about a truncaled conc with temperature
dependent viscosity and thermal conductivity have been investigated by Hossam et af.
(Z2000). Amongst them are Huang and Chen {1987), Nazar e of, [{2002a), (20020},
considered the free conmvection boundary laver on an isothermal sphere and on anm
isothermal horizontal circular evlinder in a micropelar fluid. The non-uniform surfaee
temperature and non-uniform surface heat flux over a free convection from a verlical
permeabls circular core have been investigated by Hossain and Paul [(2001a], (2001h)]

Natural convection flow of a viscous incompressible fluid in a rectanpular porous
medium cavity heated from below has been studied by Hossain e of, (2003). Hossain o
al. (2004} investigated conjugate ettect of heat and mass transfizr 1 nalural convection
tlows from an isolhermal sphere with chemical 1eaction. Very tecently, Hossam of al.
{2004} studied the conjugate ¢ilect of heat and mass transfer in natural convection fow
Irom an isothermal sphere for temperature dependent thennal conductivity and radiation
uifect respectively, Molla et «f (20035) studicd the effects of magnetohydrodynamic
natural convection flow on a sphere in  presence of lcat  peneration.
Magnetohydrodynamic natural convection flow on a sphere with uniform heat [lux
presence of heat generation has been mvestigated by Molla ef af, (2006). Pressure wark
effect on natural convection flow from a vertical cireular cone with suction and non-
uniform surfuce temperature have beon discussed by Alim er al. (2006). Viscous

dissipation efftets on MHD natural convection flow along o sphere has heen
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invesbgated by Alam e ef. (2006) Alam ef al. (2007 siudhed the free convection {ron
a veriical permeable circular cone with pressure work and non-umlorm surace
temperature, Alam et af. (2007 studicd the viscous dissipation effects on MELD natural

conveetion flow over a sphere in the presence of heat poneration.

From above discussions, it is found that various magetohydiodynamics prablems of
vertical flat plate, cylinder, sphere and cireular cone have been mvestigated for velocily

and lemperatwe disiribution, skin friction cocfficient as well as local heat wansfer

coetticient.
1.4 Objective of the present work

A steady two dimensional MHI3 Jaminar free convection Now with viscous dissipation
and Joule heating together with the boundary conditions based on cenduction and
conveeton from a verlical flat plate will be investigated. In addition ta that the strens
work effects on MHD steady natural convection flow in the presence of heat generation
and radiation over a sphere will be considered. Solutions wili be obtained and anabyzed
in terms of skin-Mmction coefficicnts and the local rate of heat transfor. the surface
iwmperamare  distnbution, velocify and temperature profiles for different values of
relevant physical parameters like the magnetic patameter or Hartmann Number 3, the
Joule heating parameter Jul, the dissipation parameter N, the pressure work parameter

(e, and also the heat generation parameter @ will be discussed including the radiation

parameter Ad.,

1.5 Tmporiance of the present study

The problems of free convecton boundary layer Mlow over or an hodics of various
shapes hive been discussed by many mathernaticians, versed engincers and researchers.
talural convection heat transfer gained considerable attention because of 1ts numerous
applications in the areas of energy conservations cooling of electrical and clectrome
components, design of solar uollﬂ;-,cturs, heat exchangeis and many ofhers, Many natuial
phenemena and engineering problems are susceptible to MITD analysis. 1t is useful in
astrophysics. Guophysicisls encounter MHD phenomena 1 the interactions of
conducting fluid and magnetic felds that are present in and around heavenly bodies.
The mast important application of MHD 1510 the generation of clectrical power with the

flow of an electrically conducting fluid through & lransversc magnetic field. Recently,



Chapter -1, fntroduction, present prablems, e atin ¢ review, Objective, Imoartane o, gutline 13

cxpeniments with wmized pases have been performed with the hope of m cducing powey
of a large scale in slationary plants with larpe magnctic fields. Cryopeme and
superconducting magnets are 1equired (o produce these very large magnetic 1iclds.

Gencration of MMD power on a smaller scale is of interest for space applications.

1.6 Outline of the thesis
In Chapter one, published works regardg heat conduwction, MHD flow, viscous

dissipation, pressure work, heat eneration and radiation ure summarized.

In chapter tae governing equations of the flows are included and also the implicit finite

diffcrence with Keller-Box scheme is discussed elaboralely,

In chapler three, locally similar solution of the sleady stiess work effects on natural
convection flow along a vertical flat plate in presence of magnetic field with heal
conduction 15 discussed. ‘The results of the numcrical solution are then proscnted
graphically i the form of velocity and tempeiature profiles, as well as skin [Fiction
cocfficient and swface tomperature. The skin friction coefficien! and  surface

temperature arg also displayed in labies showing the etfecls of varivus parameters on

them,

In chapter four, the viscous dissipation and the pressure effects on two dimensional
viscous incompressible and electrically conducting fluids from a verues! flat plate in
presence of lransverse magml:nc ficld and Joule heating with heat conduction have been
discussed. The cffects of various parameters on the veloeity and lemperatuee Nelds as
well as on the skin fnetion coefficient and surface temperature have been nvestizated.
The skin friction coefficient and the surfuce temperaturc are also displuyed in tables

whose are depicted in Appendix

In chapter five, the mvestigations concenied with the conjugate cffccts ol stress work
and heat generation on magnelohydrodynamics free convection flow along a vertical
flat plate with Joule heating and heat conduction are carried out The resulty of the
numcrical solution are then presented graphically in the form of selocily and
termperature profites, as well as skin friction and surface temperature, The skin friction

and surface temperature are displayed in tables showing the effccts of various
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parameters such as the magnetic parametee M, the Joule hoating parameler Juf, the
Prandtl number Pr, the viscous dissipation parameter &, the pressurc work parameter
Ge and the heat pencration parameter () on them. The numerical twbles are also

dispiayed in Appendix C.

In chapter six, Lhe description of the pressure work and viscous dissipation elfeuls wilh
magnetohydrodynamc natural convestion flow on a sphere in presence of hedt
gemeration has been presented The evolution of the shear stress in lemma of local sk
friction and the rate of heat transfer in terms of Tocal Nusseft number, velocity profiics
as well as lemperature profiles for some sct of parameler consisting of heat genclation
parameier (2, magnetic parameter or Hadmann Number A, pressure waork patameter Ge,

viscous dissipation parameter & and the Prandlt number Pr uce explained.

The conjugate effects of stress work and magneto- hydrodvnamic natural conveclion
flow on a sphere 1n presence of heat gencration and radiation s been described in
chapler seven. Here, altenhion is focused on the evolulion of the surface shear stress m
termns of local skin friction and the rale of heat transfer in terms of local Nusselt number,
velocity distribution as well as temperature distribution for a set ol parameters
consisting of heal generation parameter, magnetic parameter or Hartmann Number,

pressure  work  parameter, dissipation parameter, radiation parameter, surface

temperature parameter and the Prandlt number,

Finally, a general discussion on all probicms dealt with is presented in chapter eiglt
with some concluding remarks References and ‘Lables relating to all chaplers are

displayed here,



CHAPTER 2

2.1 The Fundamental Electromagnetic Equations
Magnetohydrodynamic eguations are the ordimazy clecomagnetic and hydrodynamic

equabions modificd to teke account of the inlexaction bebween the motion of the lnd
and electromagnetic field. Formulation of cleclromagnetic theory in mathematical form
is known as Maxwell’s cquations. Muxwell’s basic cquations show the relation of basic
field quantities and Lheir products. Bul here we will always assume that all velocities are
small in comparson with the speed of light. Defore wiiting down the MHD cquations
wo should first of all know the ordinary eleciromagnetic equations and hydromapgnetic
equations Cramer & ', (1974).

First we give the electromagnetic equations.

Charge Continuatly: vi= o (2.1}
Current Conlinuily: v do, {2.2)
"
Magnetic field continuity: Y E=0 (2.3
Ampere’s Law: - D 2.4
P Vall p=J4+ @ 24
o
Faraday’s Law: . 8B (2.5}
Voall=-—
it
Constitutive cquations for D and L =gl and B = g B, (2.6)
I3:
Total current density flow: J= cr(E' 3§ A E)+ 2.4 (2.7

The above equations (2.1} to (2.7} are Maxwell’s cquations where D is the electron
displacement, & is the charge density, £ is the cleettic field, H is the magnetic field,
iy is the magnetic feld sirength, J is the curront density, Bﬁ/ﬁ! is e displacement
current density, £ is the electric penueability of the medium, (o 1 the magnetic
permcability of the medium, g is the velocity field and o 1s the electiic conductivity,

'The electromapnelic cquations as shown above are not usually applied in their present
[orm and requite inlerpretation and scveral assumptions to provide the set to be used n
WMHD. In MHD we consider o fluid that is grossly neutral. The charge densily 2 m

Maxwell’s equations musi then be intcrpreted, as an excess charge density, wlhich is
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generdly nol farge. 15 we distogard the exeess charge density then we must disiegad
the displacement current. Tn most prollems the displacoment current, the excess charge
density and the cument due to convection of the excess charge are small. Considering

this ellect the eleclromagnetic equations can be reduced to the following fom:

v.D=0 {2.8)
vJi=0 (2.9)
vi=0 (2.10}
VaBy=1 (2.11}
vai=.2 2.12)
of
D=¢E and B = FIN: R {2 13)
7=c(E+§ B (2.14)

W shall now suilably represent the equations of fAuid dynamics o take account of the

cleclromagnelic phenomena,

The continnity equation
The MHI continuity equation for viscous incompressible clecincally conductmg Muid

remains samc as thal ol usual continuity equation

V.g=0 (2.15)

The Navier-5tekes equation
The mation of the conducting [luid across the magnetic field geneiates electric cuirents,

which change the magnetic field and the action of the magnetic [icld un these current
gives rise lo mechanical forces, which moedify the flow of the fuid. Thus, the
fundamental equation of the magneio-uid combines the equations of the motion from

Muid mechanics with Maxwell’s equations from ¢lecrodynamics.

Then the Navier-stokes equation for a viscous incompressible Huid may be written in

the tollowing form:
oG Vg =-VP+uVG+F+Jx8 (2.16)

where, pis the Dwid density g 1s the viscosily and P is the pressure, The first lerm on the

right hand side of cgquabion (2.16) 1y Lhe pressure gradient, second term s the viscouas
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dissipation, third (e is the body force peor unit volume and last tonm is the’

electromagnetic force due to motion of the fuid.

The cnergy equation
The energy equation f{or a viscous wncompressible fuid is obtained by adding the

electromagnetic energy term into the classic pas dynamic energy cquation, This

cquation can be wrilten as
PC G- VI =V-(&FT)+(G V)P + 1T x Bl pug 217)

ilers, x is the thermai conductivity, Cp is the specific heat with constant pressure. The
left s1de of equation {2.17) represents the net energy ansfer due 1o mass transfer, the
first term on the right hand side 1epresents conductive heat tianster, second term the
pressure work tenn, the third term is Joule heating leon due to the resistance of the lud
{o the [ow of currenl and the lasl werm 18 the viscous cnergy dissipation m ihe luid duc

to the intemal Friction.
Where § = [U,V), UFand ¥ are the velocily comnponents along the X and Y axes
respectively, £ is ihe body force per unit volume which 1s delined as —pg, the lenns

J and § are respectively the curment density and magnetic induction vector and the
term JxB is the force on the Muid perhunit volume produced hy the interaction of the

currenl and magmetic field in the absence of excess charges, T is the lemperature of the

Muid in the boundary layer , g is the acceleration due to grawvity, x 18 the thermal

conductivity and O, is the specific heat at consmnt pressure and g 15 the viscosity of

the fluid. In lhe energy cquation the viscous dissipation, pressure work and Joule

heating terms are included.
Here A=y 8,, 4. being the magnetic permeability of the tluid, 8, is the uniforiiy
distnbuled {ransverse magnetic field of strength and V is the vector differential

operalor and is defined for two dimensional case as

v=i P ;2
gx  Toy

Where E; and fy are the unit vector along x and y axcs respeclively. When the external

cleetrie [icld 15 zero and the 1nduced electric ficld is negligible, the cunent density is

relaled io the velocity by Ohm'’s law as follows
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J = olijxB) (2.18)

Where o denoles the electric conductivity of the (wid. Under the cendition that the

magnetic Reynolds number is small, the induced magnetic ficld is negligible compared |

to applied field. This condition is well satisfied in terrestrial applications, cspecially in
{low velogity) froc convection flows. So wo can write

F=in, SN e3E)
Bringing lopether equations (2.18) and (2.19) the force per unit volume Jx& acting
along the x-axis kes the oo,

JxB= a8 u {2.20)
Under (he Boussinesq approximation, the vadation of g is taken into account only in
the term £ in cquation {2.16} and the vadation of & in the Inerlia toom s neglected.

We then can witte:

p=pfl-pr-1.)| (221)

Where £, and 7, are the density and temperature respectively for the ambient (hud, 7

18 the coelTicient of thenmal expansion,

We consider viscous dissipation, pressure work and Joule heating effecls on a steady
two-dimensional incompressible magnclohydrodynamic laminar [rec convechion
boundary layer flow. Using the cquaiions (2.18) (o (2.21) with respect to above
considerations inlo the basmiec equations (2.15) o (2.17), the steady two-dimensional,
laminar free convection boundary layer [low of viscous incompressible and cm-uducting
fluid through a unifermly disitibuted lransverse magnetic fleld of strength By take the

lollowing form:

ou_o¥ _ (2.22)
ax 8y
au U 8 o8} ' (2.23)
U—+V—= =4 1+ —- n
U£+V£ - E_BZT+EI]£UI+L au 2+I',HU§£ (2.24)
gx oY or* o C,\ar pCﬂ ay

Here U and ¥ are the velecity components associated with the direction of increasing
coordinates X and ¥, measured alony and normal to the verical plale, respeclively, Tis

the temperature of the Muid in the boundaty layer, g is the aceeleralion duc 1o gravity,

e
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Cp is the specilic heal al constant pressure, 7 ts the coctheient of thermal expansion |
and which is defined by A= 1/ T, & is the thermal conductivity, £ is the density ol the -

Muid, & is the clectric conductivity, T,

ol

is the temperature of the ambient fluid.

The boundary conditions arc

Y=V=0, T=r az ¥Y={

(2.25)
U0, T»T,at Yomw

2.2 Generul governing equations of the flow along a vertical flat plate

The steady two dimensional laminar free convection boundary layer Hlow of a viscous
incompressible and electrically conducting [uid along o side of a vertical Oal plate of
thickness *5” insulated on the edpges with temperature T maintained on the other side in
the prescnce of a uniformly distributed transverse magnetic field has been considered.

The flow conliguration and the coondinates system are shown in figure 2.1

Lipper /
— =0 o surlace  [5)H

—= T,

Lorser

:.url':icu\ r

Figure 2.1: Physical configuration and coordinate system

The mathematical statement of the basic conservation laws of mass, momentum and
energy for the steady viscous incompressible and clectrically conducting flow are given
by Crammer and Pic (1974)

V.5=0 (2.26)
p(GNYG=—Vp+ uViG+F+ T b @27
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pC (VY ={F.V)P=V.(sVI)+ (JXH)U+;¢¢+ {T 7.) (2 28)

Wihere § ={U/F), U/ and V atc the velocily componeats along the X and ¥ axis
respeelively, F s the body [orce per unit volume wlich 15 delined as —pg, ihe erms
Joand B are respectively the curment density and magnelic mduchon vector and the
term Jxf is the force on the fluid per unit volume produced by the interaction of the
currcol and magnetic Geld in the absence of excess charges, ! is the temperature of the

flmd in the boundary layver , g the aeeclerution due to gravity, « s the thermal

conductivity, C is the specilic heat at constant pressure and g is the viscosity of the

il
{Jwd, Jo the coergy cquation the viscous dissipation and pressure work lemms arg
included. The amount of heat peneraled or absortbed per unit velume 18 §, (T— Tﬂ), o

being a constant, wlich may take either positive or negative, The source term roprescits
the heal generation when Oy > 0 and the heat absorption when (% < ¢. Tn the energy

cqualion the viscous dissipation, pressure work and Joule heating terms are included.

Afler simplifying we have the followings

UL (2.29)
ax oy
=2 2
g 80U _dU Ig,.l"}'{?'—?:u]—gﬂ“ v (2.30)
g a¥ ﬁjr‘ P
- - 1
L8 0Tk FT V{E{}E_Tﬂ{f e 28, O r g 231

ax ar pe, v o 0r  pC ¥ e Tac
where {or exterior conditions we know, @ P/dX =—p g and p=g_, P is the

pressure. The appropriate houndary conditions (o be satished by the above equatians are

r=0 ¥=0 at =0
(=0, T-T, as V5w

{2.32)

‘The temperature and the heat Mux arc consdered conlinuous at the interface for the

coupled condilions and al the interface we must have

k a1, . of
- ={ - }1 =0
k &l ar (2.33)

Where &, and krare the thetmal conductivily of the solid and the fluid espectively.

The temperature Ti,in Lhe solid as given by A. Pozzi and M. Lupo (1988} is
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7, =r(X.0-{T —m’.m}g (2.34)
2

Where TLX, £ is the unknown lemperature st (e interface to be determmined ffom the

solutions of the cgustions.

We observe that the equations (2.29) - {2.31) together with the boundary conditions
(2.32} - {2.33) are non-linear partial dillcrential equations, In this chapler ihe solution of

fimie dufference method of these equations are discussed m detanis.

Traoslormalion of the governing equations
Fguations (2.29) — (2.31) may now be non-dimensionalized by using the following

dimensionless dependent and mdependent variables:

x:i,};:ﬂd]I*,U:E—d”zu,V=£ﬂrlr41’.' 9=j,"],ﬂ.m
7 L L L W=t (2.35)
|_.-l=”

L= N df =ﬁ{?;l _J"r;:-)

b

As the problem of natural convection, its parabolic character, has no characleristic
length, 1. has been defined in terms of v and g, which are the miinsic properties of the
systern. The reference lenpth along the ‘' dimection hag been modified by a factor & i
in order to eliminate this quantity from the dimensionless cquations and ke boundary

conditions

The magnetohydrodynamic field in the fluid is governed by the boundary layce
cquations, which in the non-dimcnsional form obtained by introducing the

dimensionless vanables desenibed in (2,35 may be wollcn as

fu B (2.36)
dx  y
z
uﬁ+v&+Mu=E+€ {2.37}
ﬂ‘r ay 5}11
: I +H(T,-T.)0 : {2.38)
(204,90 130\ O g (L+n-1)9
e 8y Pridy av (1, -T.)

Where M =o'/} / wif""* | the dimensionless magnetic parameter which is Kuown
Hartmann Number, Pr = pC, /x, , the Prandi number and N =v?d/Li¢ (T, -T.),
the dimensionless viscous dissipation parameter, Jul = o 8 vd'™* ‘,.'" oC, {i’}, —Tm} .15 the

Joule heatwg parameter and (3 L'/ uC d"* = (0 is the heat generation parameter,

R
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Also, (he pressure work parameterG, = gL/ C,. which is suggested by Gebhart
(1962).

At 250°K the values of Prandt] number are Pr = 0,722 for air Again for steam at FO0°K
Pr= 100, lor mercury al 250°C Pr = 3.0103, Tor water al 20°C, 60°C, 100°C und 300°C
the values of Piandtl number ape Pr = 7.02, Pr = 174, Pr = 302 and Pr = 1.01D

respectively.

Cvaluaiton of solution for M = 2 becomes tedious and hence neglected lor Af = 2. Wilh
the increase of M welomty profiles decrouse breause of (he retarding cflect of the
magmetic force and at some stage velocity profiles cannot bo evaluatod within the
boundary layer. Therefore the momentam boundary layer thickness becomes larger and
the separation of the boundary luyer will ocour carher. In the pressnl woik the vabues of
dimensionless parameter M = 0.1 lo 2.0 arc assumed which is comparable with Table-

Bs.

If the heat gencration parameter £ inereases, both the velocity and temperature profiles
ncrease. As () increases, the velociy gradient at the surface inorcascs wlich enhances
the [wd velocity Therefome the limiting values of @ between 0.00 10 0.60 arc taken 1o

cornprae with Table-[y,

The values of dimcnsionless viscous dissipation parameter A have been taken in the

range (.1 10 0.9 1 avcurdance witl table-By.

The values of dimensionless presswe work paranieler Ge are taken 1 0.1 1o 1.0 which

cotnparcd with Table-13;,.

Joule heating occurs when an clectnical curent s passed through a material and the
maicrial’s resistivity o the current cause’s heat peneration. When cumend fows in an
cleetrical conduclor such as wire, electrical energy is lost duc to the resislance of the
electrical conductor. This lost elecirical energy 6 converted into (hermal energy called -
Joule heating. This is because of the electiical power 1oss equalg the thermal cnicrgy., So
that [or thermal energy Joule heating parameler ohey the same nature of heat generation
parameter e for increasing values of Joule healing parameter both velocity and

lempeiature pefiles increase. The velocity geadicnt at the surface incrcases which
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accelerate the (uid velocily. For this icuson we canpot find the actual laminar oundary
layer., L herefore we lake the mimmum values of Joule heating paramcter that is less
than eme. In the present work the vaiues of non-dimensional purameler Jud are

considered (.2 to (0.9 wluch compared with Table-Byy.

Calculation of numerical values of magnetic and Joule heating purameders arc shown in

Table- T3 for water at 20MC.
Prandtl number is the ratio of kinematics viscosity to the thermal dilTusivity, Pr=v{ .

The rate at which the pressme docs work known as pressure work on one side of' &

surface in the fluid is the product of the piessure, the area of the surface and Lhe nomaal

compotenl of velocily.

In order to explain the ellect of viscous disstpation, woe shall firsi lake a grossly
simplified view Lhat the compressibiliry effect may be neglected and the properties such

as viscosily, thermal conductivity and specific heat ame constant.

Magnetohydrodynamic is that branch of continuum mechanics which deals with the
Now of clecncally conducting Muids with magnetic helds, The magnetc parameler 15

obtamed [rom the ratie of the magnetic foree o the inetia Torce.

When current flows in an electrical conducion such wite, electrical energy is lost due 1o
the resistance of e clecineal conductor, this lost electnical energy s converled nio

thermal cnergy called Joule heatiny,

Heat generation means heat is gencraled inlernally duc to Joule healing of clectrical
conductor or nlcmal heating of solid-stade clectroniv device.
The corresponding boundary conditions {2.32) - (2.34) take the following form:
u=v=ll,k @- I=p{d/dyat y=10 (2.39)
u—=0 =20 asy = w
Where I is the pressure and p is Lhe conjugate conduction paramefer given by
P = &rlr (L) 4", Here the caupling parmeter 'p' govenis the described problem. The
order of magnitude of *p* depends actually on A4 and & /a;, d¥? being the order of
unity. The term &/L attains values much greater than one because of L being small. In
case of air, & /& becomes very small when he verbieal plate is lughly conductive (e

x> > land for materials, such as glass O (x/x;) = 0.1, Thercfons, in dilfercnt cases 'g'
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is difforent but not always a small number.  In the present investigalion we have

considercd p = | which is accepled [or /L of O (a7/5,).

To solve the equations (2.37) — (2.38) subject 1o the boundary conditions (2.39), the
following tansformations were introduced for the Mow region starting fiom upstream o

downstieant.

wo= x"0+xY e, o= ey, 8 o= I+ xR (x ) (2.40)
Here 1 ois the dimensionless similarity variable and iy is the steam funclion which

salislics the egquation of continuity and ”=Z_W~V=—i and fi(x,m) iz the
y ix

dimensionless lemperatuee. Therefore,

_ By _ xﬂ-ﬁ{l_'_x}—:.flnl; 27 i+ )aus[af}
i

iy Ay
LT sl &'u N It —Li% 53f
— = (l+x -, —— =X (i+x) -,
ay &' oy’ B

v = _%{{-’_ — gt {l _[_l)—l.'zn{ [Sx+16 £xn)
x

Ell]x{l—l-x}
p{a+35x) a1 ayjr Du_ sy e 8°f nlax+5)o'y (2.41)
2{]1{] +x]| dip dx gk 20x(1+,r}o!;.'
(5x+6) 2/ | a¢ e @h B0 . e 820
P e S Bl | M i 3
+I{]x[l+x] & +x) ’ LT T’

) 5}1 aq ayi o
%=:\:“5(l+x}_”5{ -‘f[lﬁ??) +5h 17 [4+5x} ah}

3x Se(l+x) E_Zﬂx[1+x]8_:;

In view of cqualtions (2.40)-(2.41), cquations (2.37) and (2.38) becomwe

- ]G'I"ISI " G+45x 1 2% L I.':i‘f' 6_’{
+ - oML = {2.42)
S an? TToaeg? MU =R S0
1 16+ 05x 1 Lo
— i+ ' - "he Jul 251 T M5 )R x,
P eaan T Tiieny ) TR (L) 77+ Qa0+ ) )
1
N (2.43)

+Hf " -G x [1 T J'Js ”T”” ‘jj Ihl[:x ;r;} Eﬁ-—h’i}

X T,-71, cix S

In the above equations the primes denole differentiation with respect to g .

The boundary conditions (2.39) then lake the fellowing form
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2.2.1 Numerical Methods
The theoretical treatmient of Magnetohydrodynamies flows or any other flows both 1n

horizontal or incline plancs have so far been made mostly analytically, applying laplace
iransform and perutbation methods. In some cases asymptotic method has been
applicd. However, our sotulions would be based mainly on numerical methods. For this
purpose the shooting method of Nachtshiem-swigert iteration technique and [lnile
difference method ogether with Keller box Scbeme will be used for problems [or which
similarity solulions ol ordinary difTerential cqoations are sought. In order to obtuin noun-
similar solutions to partial differential equations, an implicit {injte-ditference method
has Leen applied. Since only one poblem of thas type has bccnlconsidered the above

Linite-difference method will be discussed in the respective chapicr.

Finiie Diflerence Method
To gel the selutions of the parabolic dilfcrential equations (2.42) and (2,43} along with

the boundary condition {2.44), we shall employ the maost practical, cllcienl and
accurate solution technigue, known as unplict Gode diflerence method together wath
Keller-box elimination technique which is well documented and widely used by Keller
(1978) and Cebeci(1284}) and 1ecently by Hossatn (1992).

To apply the aforcmentioned method, we first convert the equations (2.42) and {2.43}
and their boundary condition into the system of [irst order equations. For this purposce
we introduce new dependent vanables w(&n), v(Em)and p{Sniso that the transformed

moemsnium and cnerey cquations can be wollen as

f=u {2 46)
v (2.47)
g'=p (2.48)
, e 0 ~
v o+ fr— pzul - pjn-l-g:ﬁ{ﬂii—v—f-) {2.40)
o5 &8 .
1, 2 3 3
i + - pugt p VPt € pigut puit pog =§(ua—§—p% (2.50)
r -

T
Where x=¢&, =g and fdf =—=
T -T

1 s
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1 * ' .

1G4 5y Rk

v I r .'1 '
—=p,, =, M+ =, =, No=p,,
200+ 1) 23 A (L+x)"" = p, P 2

10{1 + x) 5(1+x}_
1A

S {4+ x) ™" = p, Gx =p].,er[%] td = p, Ox'"* 1+ 5] = p,,

and the boundary condilions arc

JEEO=0, w(E0)=0, p(£.01=— (0 +5 40+ 5" 2120

(2.51}
u(g,=)=0,g(g,0) =
We now consider the net rectangle on the (&, # ) plane shown in the figure 2.2 and
denote Lhe nel poinls by
o " =k
=0, = +k,, n=12,.. N
d &4 (2.5
o =0, 1, =r,rJ-_]+hj, F=0L2,..0
ken
B e e o I
it £ : 1‘]4
]
T)j-142 o ? - - - hJ
[
|
¥
TLI.' Pj PQ
Eh | E:‘n. 1 Erl
Figure 2.2, Net rectanzle for difference approximations [or the Box

scheme.

Here ‘7 and 7" are just sequence of numbers on the (£, #) plane, &, and #; are the
variahle mesh widths.

We approximate the quantities £, o, v, p at the points (£, 4 ) of the net by /), 7 V",
7y which we call net function . We alse employ the nolation g7 for the quantities

midway between net paints shown in figure (2.2) and for any net function as

¢H—|.'2 =%{§H +§-J!—|) {2“53}
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]
Hiaw = U4 0,0) (2.54)
=12 1 | _
¥, =;(g, +g, ) {2.35)
" ]' n H
g;-.,3=5(gf +gi,) (2.56)

The linite dilference approximations aceording to Box method to the three Mist oder
ordinary dilfcrential equations (2.46)-(2 48} are writlen for the mid pomt (¢, 4..) of
the scgment PiPzshown in the Hgure (2.2) and the finite diflerence aproximations 1o
the two first order difforental equations (2.49)-(2.507 are written for the mid point

(& fiai2) of the rectangle P PPy Py, This procedure yields,

+u
:Ei_] (f" Jllf-'l.ll | } I.d' _”“ — .l' 12 {2'5:{}
V‘.r_ +v
fz}’ (), s )=y = |2 I 2:3%)
- " ] T ﬂ':_ +P”
.'rF_,rl{gj “g;—l.}= P = Iz : {259}
" I n-l =l
1 Vo=V, ¥ —¥.4 w=l1r1 "= =
3¢ j P I =) {0 - (Y0 (e 00
’ I L n-l fﬂ ,J'NJ_J {260}
' n—| R o = Lz T -l
+g,;:|1f§ =-§J-|I.:111 fﬂ;-hz _'IIIA:—J”E—V,-H% ..’Uzk—’”}
1. pj I P _PJ'- a2 -1
P ( P Py ! )+ (,D):C?J‘,-:;E_(Pqug}; L2 ([7 )j—ln'.?
r f) .-'
1-1F1 -1/ -
+(Pf” ); 1 +(P7E”}; Yk +(.” u); :x: +(P-}g}1—::§ 2-61)

L " =|
_ Er-liz {ua.-q.-z g;—l:z _gJ—|fZ T f;—h'z - _:-L-'z
T g-li a-1iz2 ‘I.c” p_,-—l.'! ff,, )
MNow [rom the equalion (2.60) we gcl
" Ir l r=1 i

e Sy B
2 hJ 2 h} L 2=z 1 a-lr2

| I n FI

E{(Fz” ),. RRr );-::3}_"5{(!’3“},-”2 +1{ pir },.-uz}

] 1 A= (] -
+;‘{ &z g,u |.rz} oy é:_;-]‘:l:f'[“, 1 +“.u IJIJ(HJ-U;! ”;—ll.rz

l n .l|--
- MV Y e = )
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-( p, )J 2 )T |y + +g}’_‘,',, =1, {(u:}':q,z —{H)?_,..z{nr)':::,z}
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= b7 (V] VOB s+ @ [~ 102 Vi +a, Ji Y
— {3 )12 (e ):-uz +g:—|-':'. +ax, | ‘P’J;::.-z f 162 "’;—wz .:'r—_lla'l )
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'Sj_wz
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() )t E i T {V, w2 iz = V- |z_."r;': J=RT, (2.62)
R::llrz_ Lj-uz"‘ﬁ.r{(ﬁ)j::az {u T.:: ]
ati2
Where &, =§i

il

Again from the cquation (2.61) we get

wo_ a-l el
1 (pr F.'—1 ) + (p_f .IUJ-| ) + {}?]fp]j::f; ):, Ir:; ( )j::::j

27| & k,
2 =Lz n—=L13 w=lr2 u=-1rz
+(‘|'?51.£ );—III +{F1”§),-|-’3 +(pl'u); 1t2 +{p9g)_.'-l.-'i'
a m=1 n =42
_ pe-liz n=1i2 -'f,u—uz — & el f,--].rz T -z
T L R B X =1z k

R il
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. amlid L ‘ n=1¢ el "
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el ER a=1r2 3 A a—=LlF2 ] a-121 N

B {'H }r-lﬂ (] _),.—l.rz +{‘”“ };—Ifz {”- },._m * [F*}.'—n'z (”),-n'z +{F‘J ).,--l.-z (é{ }_f—hll

-1 =1 ]

L | =l b
+a'n(”,.=|f‘§;-lﬂ TH & T P";-uz iy T2t e

=l

= M_.'—I.I'I+rz.l| {{ 3?’},- w2 — () , m}’

M= o = 2D AU e~ )
n—ki2 a-1i2 -1 n—liZ n-1
{P?}r 172 [:”'q 142 (J‘U-‘],fvlfz (pz),.--uz +{f’6},-|rz (ul),r—u:
I =1 r=l'X a=l
‘r‘:“j 12 ],. 12 ‘”‘J L..m (g}_,...u;

S ) — P B+ 2, Y - [z -Gy,

F
=12 a=1'1 n
-1 ';'5}.1 I 2( ]_r i1 {FS}_.'—L'I {”]_;-1.'2

E

+ax, | (ng ), uz"’{Fs}H (2)

=1 1 . n {2.‘53}
'I'(f}u}j_”l g);_m + 4, {”_.- 1.'115_.-—”1 -“,.—ll.lzg_f—m)

;.{F; |r2f.- 2 =P vt = ‘:;"4;2

'H:‘u +a, {{fp}j:wz {HEJ”-:Q}
T = =M e {Up) ~ (i)} (2.64)
The boundary conditions become
=0 =0, g =—0+g ) HER(H g
uy =0, ¢, =0 {2.63) .
Il we assume f7'7, - ;." , ’." ,gi "7 1o be known for (05 j<./ | equations (2.57) to

{2.59) and (2.62} lo (2.63} [onn a system of 5.5 + 5 nonlinsar equations for the solutions
of the 5/ + 3 unknowns [_f{ VU, v ,gl._,j:r ), =0,12 4 These non-linear sysiems
of algehoie cquations arc (0 be hincanzed by Mewlon's quast-lhocartzation meihod. We
Jeline the terates [ J,", u":, v;‘,g;‘,p: 1.¢{=1012 ... .&¥ wih imitial values cqual Lo

those at lthe peovious x-slation ( which s usually the besl mnal avallalle ) . For the

higher iterates we set

J'r‘,[HU:ffr]""éf;[r] {2.66)

u[”'}' =ur":'+§u:{'} (2.67)
E.”I}‘Vf +§v(= (2.68)

gl =gt s gl (2.69}

pit=pY ey pl (2 70)
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Mow by substilwling the vighl hand sides of the above aqualiuns i piace of

Sl and g) omitting the tenms that are quadmalic i 8.7, S,
the equations (2,57 10 {2.59) and (2.62) 10 the [bllowing form:

{11 {ry 1 -:u:l
Ll MO e [

= H” + Ju"
fil fi it -

K A 1 X

1
2 [u[‘] +ur” + c‘Fu[” + Eu[‘] ]

2=l

A
f“}+.c5 Jlr'h] lfl} 1_3 MZE{ l:r:|+(5'ul-'] [lr +‘§M_ifl-rl}

Sf-518- (5u“l+a‘u“,) (n),
Where (1), = f, “] f['J+fa TR

Y
Sult ~sut - L (a'v“?' Svi=(r);

Gb v
{r, ), =u—u +hu}_|2

A,
S~ Sglh~L (8 p)+ 3 pl)=(r),
21

(rs },l P_lfnl m +h LBz

From figure 2.2, the following procedure viclds,

.lr L
-1 ."—I+uf
"FI!; (f f_,' I_:J u; I."I 2
L
h; ( i ; l) .-' l-"= 7
P, tr,
h [K _RJ' l} .I”‘r 1r %

Where {.P‘d) {'_} [':' +h}v£'}“2

Now equation (2,62} can be written in the following form

h"(v“ +5v[r:| m 61:[*} } "{(PJT-H: +.-:r”H{ﬁ}[£uz +§{fv}[;_}u;_}
{{Fz}_; a2 F ey {{” }”—]IIZ +5{”2J}.«?n2} (g )] Tt {{”)_.-]l.rz + [5‘(“}3’_]”1}

+§£T|.': _JE&_,I e b, Ud_li ' +5fj.«{r]u1}v::._|laz

it 10 -1 _ pn-l
—t, {vl 142 +5V -1 2]'.:(:.* R; 152

am:[ dg, . we get

(2.71)
(2.72)
@273
(2.74)
(2.75)

(2.76)

(2.77)

(2.78)

{2.79)

(L30)
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— -lIJ Ul-’] 1Ir” .'LI..II|_‘l}..lllrl-ll}-'-[‘\.'I':‘I:]”r-l-'z-l-‘r"}
{0 80T A + 300 g
(Y +a, H W+l 8 4], hotu)h ]
I x N 1 4 T i
_{F\}}-w; {E”]}:!m +'_E‘}|:u:|frr+§("}53| }'l'gt.-]l.f +E{5Hj]+ég‘,l_}|
el il (K ik i l' L1
qe, V_,-;,r;( :r.f: + - (ﬁf '+ 3 |}J_{.Vi_|-z +E{J"' ' {T” I}.-?r,_m R:’ I| N
= (50, 8V +(sy), SV 4s)), 8710 +(s), 8 £} +(s5), 5
(Z.81)
+(5,), Sl +(s;}, gt +(5), F gl +s); 04050, 0=(n ),
Where {5, ={:h:l +- ——--(Pi}" SNl fm —, f "_FIIJ.2 (2.82)
(1) 1
-l 1 112 i n—l
(s;);=(—1; ff“ 2@ S (2.83)
(), _((Pl_fi."z m_i_;a . 1-1 (2.34)
_le)nata -t (2.85)
(s2), === e, -
(mYinte, o (B
N i L2 SR B | R C ML 113
Cos);=( ) ) —— (2.86)
{Fz),-—m ta, {PJ) 112
{Sn }j =(= _"""'2—" L R —2 (2.87)
I:ST]J. =0.5 (1.88)
I:SE}; =05 (2.89)
{sy),=0 (2.90}
{($in}, =0 (2.91}
(rz} = ;I::flz_{h"l(v['r:] m )+({Pl}j l"’+an){.ﬁ'r)5|;—}l-'l }
+H{(ps )+ &, ) (1 ij —a,( ;‘iiiz VJ;::xz - 2 ,Tm) (2.92}

ta, {(stj-uz —|x1 g, |r2}
Here the coefficients (s, }; and [:.rm]'f which are zero in this case are included

here for generalization. Similarly by using the equations (2.71) 1o (2,75} we et

the equation (2.64) in the following form:
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—-h U?-ﬁ;J*ﬂp]“ IMJL@L1H Ky —(p,)

-1=t.f,,j{! r)i_. ‘2 I-[Ps}J :;:( :);_” (;J ]j ”;_(uz]:_“z 4_(;}5)::::;(”).;-“2
+(F¢);_uz(§),_,,3 +ex, (uhy,, g}_hl _ Hrl g

L S L S 2T

=Mt {U?’J S —g) 50 }

Th;' (P + & -~ ) e, UYL + (DY

{(F' : :Ji {P? ::::;— + }{(“g)i- TE 5(”5):,- uz}
+(J”) {( )Jla"'a( )u:c] (F ,.| l( )Jjuz""a );l::}
AR ORRLO RN E O AR

T, {( H_r 147 +r5“_.« uz)g_.u na _.' | {E_, T 'I":%'_,- uz)]
-, {(p.-' Lz +q3,.' uz}_ﬁr; a2, _|Ir2 (Jr, I 2+(¥J uz)] ,r |.rz

S g @0 v, }{(J@L_. D+ 5 BURY, + Y, J}
-z - (e) i e, }{tum:_m +%[¢=‘(ug}3 +a‘(wg);_:}}

O |G O R O T i [ R U R OO
(o), .H%{ff{rf}ﬁﬁ(u)’,--}} (e o+ o), o).
30k, o )}

(@r” +df . |})} s

+a, {( T [ P T P L (oA

....a'“{( _.' 'I."l

(f, },.' EPM"'[G); a'Pm +if; ); a‘f{‘}“’ﬂa) "hJ'rm +{'f5) '{'”m

(é:ﬂ +Op_r|))f,. uz{.f:l-lrz

Ml"‘ b | =

{n (2 93)
+{g), oull +{4;), c??g +(fH]j5g +{.fg]jc‘h»'JI +(Im};5vf ,-(rﬂx
1, 0, o 1
wmquFﬂl—LéL—ﬁlgth (2.94)
w=lt3

[ iy TEE 1 i
(L), ==+ @ff Ao S (2.95)
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T -

n-111
! 3 AT ]
{Iﬂ }_n' - % _I;'I] - ?ufl .l'uj.lr—:-'l (25‘]{1}
{Pl}j—:.l:i e i I a-l 2
(), = fﬁh S P (2.97)
(p }JI:-:IJIZ u(p )Jl: .Ilrl al‘f il h ] ol ]' r=
(), =——2 5 LA 0 (Y fPuL_:ﬁ S o (2.98)
(p-}}l.:::.:i “_(Jr'??)l::':ji +a {,l] IR .l n=1'2 ]' u=l
(ed, == 2 Pl T iPsL-uz 5% 80k (2.99)
a-lz r=lf2 a u_—'l."i 1
{E?)J =“{p4}r—ln' {;J? }J' T n erh 4 IL.IEJ':'I]ll.;r.-—'l.".. _ Eauu‘:r::'lz {E.IDD]
| ].:1 " —IHZ y .'|—I-:2- .I
(t), == (p.}0 (;?]f -1 “:”L {1 ¢)2-1 2 _Eau“;::fz (2 101}
(.}, = (p, )i v (2.102)
(), ==(p,) 5 v (2.103)
r 1 - L " ] bl J=
( ) -T |.:'2 P "r!_,.l (PJ =P, }"I‘{{Pi).-:.fz "‘{In}(fp); 142 '{{P4 :{E (F?} .
n =2 1" =112 3 =Lt 2 "
+au}{”g)j-l ‘2 fr}s]‘. |.'2( );—I-l +(Pﬁ);—|rz(” )_,.-uz +{pﬂ);—|rz {M sz {2 1U4)
=2 u u ] )
+U}9}J-:r1(g}.' iz T F {”{fnz g; -Ll.lz -|.l 3 gfrjuz}
+a {pl:'} :—I:.. P_,l I.12 Jllr-_,li‘il.l:!]
The boundary conditions (2.65) beconte
F n=ﬂ.§”:ﬂ,ff Jr:§-1+g].ll4ll 1f5 1.4 an _»
P wh =0, 8 pf =S|-a W 1 P )" gt 105

duly=0.8g%=90

which express the requirement for the boundary conditions to remain durnng the

cralion proccss. Now the system of lincar cquations (2.71) - (2.80), (2.92), (2.93) and

(2.104) together with the boundary conditions (2 105) can be written in a block matx

form a coelficient matrix, which aie solved by modified ‘Keller Box’ methods

espectilly nlroduced by Koller (1978}
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2.3 General governing cquations of the flow over a sphere
Notual conveetion houndary laver flow en a sphere of an electrically conducting and

steady two-dimensional viscous incompressible fluid in presence of strong magnetic
ficld and heat goncration is considered. 1t is assumed that the surface temperature of the
sphere is T, Where T, = 1, T is the ambicnt temperatwe of the fluid. Under the usual

Boussinesq and boundary layer approsimalion, the basic cquations arc

2,106
2 )2 ()= @100
; X . - 2 (2107
UaL +V ?U =v ____EJ U +gplr-1.) sin[i]h—cr”ﬁ” &
ex ¥ ay- ¢ Iz
- o 1
UDT Viji: k jer 1o, + (SUJ (2.108)
ax Y  pe \ &Y' koY pC o aY -
LD (T )+ fﬂ . Op
ﬂ'-’-‘?;- . X
The boundary conditions Tor the cquations (2.107) to (2.108) are
U=F=0q0, T=T, ont =4
{2.10%)
£ —0, FT—=i, atYow
{2.100)

rX)=a sin [5-] wheie r = AX).
43

where, o is the radius of sphere, » s the radial distance (rom the symmetrical axis to
the surface of the sphere, g is the acceleration due o gravity, £ is the coefficient of
thermal expansion, £ is the magnetic field strength, C, is the specilic hcal al constant
pressure, To is the ambient temperature, 7, is the swiface twmperature, T is the Jocal
temperature and v is the kinemalic viscosity,

The amount of heal genvrated or absorized per unit volume is & (7= 1), s being a constant,
which may take either pasitive or negalive, The source term represents the heal gencration when
3s> 0 and the heat absorption when &y < 0, 7 15 the density, & 5 the electrical conduction and

Pris the Prandt] number,
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i

I

Figore 2.3: Physical model and coordinnte system

Thus radiation heat flux term is simplified by the Rosseland diffusion appreximation

[ Ozisik (1973)] and is given by
_ 4 8T

" 3a+o}or

where @, 15 the Rosseland mean absorplion co-efficient. e is the scattering co-e(ficicnt

4 (2111}

and o is the Stephman-Boltzman constant, g, is the radiative heat flux in the ¥
direction. In order 1o reduce the complexity of the problem and o provide a4 means of
comparison with tuture studies that will employ a more detsi] representation for the
radiative heal flux; we wiil consider the optically thick radiation limit. To transform the

above eguations into non-dimensional form, the following dimensionless variables are

introduced;
- . - 2112
x:i, _}«':G,’hjz, H:Ef?r% UjU:EGﬁV,g:T_IL | )
“ a v . T.L_Tw
am T _T 3
Igw___i'w?ﬁ=ﬂw_|=?;"_]= u' mjj{d:ﬂ’q— (2.113)
7. i i kla +a,) =

Where, G, = gfI(T, - Ta)a'* /v is the Grashof number and @ is the non-dimensional
temperature and &, is the surface temperature parameter.

Grashof number is a dimemsionless number in Quid dynamies, which appreximates the

ratio of the buoyancy [uree 1o the viscous torce acting on a [uid.
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Thus (.11 becomes #{x) = asiny (2.114}

Hsing the above values, the equations (2.100) 1o (2.108) wmhe the followmy fenn:

& d

—lri] A — ) =0

:11:( ) Ay () (2.115)
du i & o, fa

H— + '— = —Ffsa——""—nu (2.116)
2 b cy” pv(r'rflé

g 20, 8¢ :_L__Hi - i;cc._f(u{r:? ~1)aYy } }

dx dy  Prdy

- Gr _ @ ~ ”T“F_Jrg gha = & @& 4 (2.117)
' C, (1, =1, )\ D 7,1 C, pCh vGr ¥

Here, M = [crnﬂ;nz [ ovGr! I) is the magnetic parameter or llartmann number,

e =(!,'}",:,<:21,."r vpC,,Gr”l) is (he heat generation parameter. N = Grfa*C, (7, — 1.} is
the viscous dissipalion parameter and g @/Cr = Ce is pressure work parameter and
Rd =40i7 .’/ k(a, +o,) is the radiation parameter.

The values of dimensienless parameler Ad has been laken 0.0 1o 4.0 in accordance with
Table-Bs. Also it is considered the values of surface Wwmperature &, 0. to 1'2 are kken

to compare with ‘Tahle-13,.

Therelore momentum and encrgy cguations (2,1163 and (2.117) can be written as

8 d i 7k {2 L18)
w2 My Osing = rn_:;:
6x o cy
u'?—ﬁwag i—a-Hl ifed(n- 7, —1)4) }aﬂ
c T
+08+N & GJ > 40
o \T -7,
The boundary conditions associated with equations (2.109) become
u=v=0, §=laty=0
{2.120)

— b, #— 0 asy o

To solve equations (2.118) and (2.11%) subject Lo the boundary condiions

(2.120), we assume the following variables & and v where wiay) =
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3%
.Ti‘[.\'}j {x _\'}, e {x) s 3 pen-dunensional stecam enction, which is refated

Loy (212D)
ol v A ———
L 4_||' 1 {"l.

u=x{3f o), (Bufay)=xl@* 1137 ), (@l )= 0" £ [3") o
= {1+ xeosx/sinx) f(x, y)+ slor jox)], (wfon) = (&f jov)+ <o s fawtw)

Using the above transtormed values in cquations (2.118) and (2,119} and simplifying,
we have the following:

; . L dye
i 1he velocily components in the usual way ase = il

k ' ?) af &° '
solmee G ) G n -GS oo

iy .._y l\fj_]’ e B
L (1+4Rd{1+{ﬂ — Ny ]ﬁﬁ [1+—cau}f~—+@ﬂ (2,124}
Pr ﬁ'}y 3 gy Sinx &y
Y 2 -
+ N? % G e gL YL XY
&y T,-T, d \dpdx Iyix
The corresponding boundary conditions are
f—a"'r O,8=lal y=10
1.-'
f (2123}
50090 asy—oe

oy

It has been scen that for the lower slagnation point of the sphere e & = 0, cquations

(2.123) and {2.124) reduce to the following ordinary dilferential cquations:

+1’J—M£=ﬂ

i [E] s (2.126)

v’ v’ iy

})l;HH%Rd(H(E?W—I}Q)*}Qr] +2mr_ce[?_TmT +§}r‘fi+gﬁ=ﬂ (2.127)

- By

I 1

Along with the boundary conditions

j—ai—[i' ff=1lat p=0
& 4 (2.128)
—= 0,8 =0 Uy y—rw

&y
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In practical application, the physical quanlities of puneipal mtciesl are e heat ltanster

and 1he skin- (richon cocllicoend, which cin be wiatten in not- dunensional Form as

=1 =1

L sy < . O ”ﬁ‘:
Jh'r'HIT —mq“ ﬂ“d C’."" —TT". {2129}
ar
YWhere, g, = —k(—] andt = 'H[E] » & being the thermal conductivity of the
ay F=a Y Sy '

[uid. Using the variables (2.312), {2.113), we huve

AU
MNalsr !

=0

T, -T.) &8
= a3

a(?r'fli _';;;

2%, Gr¥iu)
et Gr ¥)

_ ,.m(frh r‘aerJ
= | —
a Gy "I“ka-l" o

_ (G_HJ
HEGJ_% I\a}- »=i

And 7, =pu

1=

Putling Lhe above values in equations {2.12%) with lhe boundary condibions (2.128), we
have

vy GG KT, -E}{E]
il k{Tw—Tm] GG.F'_I/; 5_}' =t

Nu:x =—(l+(4f3)£ff|9:)g?—(:n—ﬂj (Z.130) .

=3
(]

=y

T F4 T /12 i

And Cﬁ:(r =i (ﬁ] :xtb fJ
.l'r"!lll/I HIG?‘ XJ "-a-y =t i
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¥

o [T
R P ¢t

Now we will diseuss sclocily distribution as well as temperaiure disirtbution for a
selection of pammeler sots consisting of heat pencration puramcier 2, radiation
parameler Re, the surlace emperure parameter &,, the viscous dissipation parameter

M, the pressure work parameter Ge, magnelic parameler M and (he Prandlt number Pr.

2.3.1 Method of Selution
The numerical methods wsed is finite difference method logether with Kelle box

Schome (19710, To begin with, the partial differential Bgs (2.123)(2.124) arc {irst
converted into 4 sysltem of Orst onder dulferential cquations. Then these equations arc
expressed in Omile dilTerence forms by approximating the functions and their deovatives
in teris of the center difference. Denoting the mesh points in the (x,5)-plane by &, and
mowherei=1,2, .., Mandj=1,2,..., N cooil diflerence approximations are
made, such that ihose equahons mvolving x caplicilly are coentercd al (X, ) and

the remainder at (x; , 17.1n), where 7,_,, = (7, +#7,.,) ctc. The above central difference

approximations reduces the system of first order differential cquations lo a set of non-
lincar diffcrence cquations for the unknown al x, in lenns of their values al 1z, The
resuiling set of nonlinear diffeience equations are solved by vsing the Newtan's quasi-
linearization method. The Jacobian mainx has o block-tridiagenal structure and Lhe
difierence equations arc solved vy a block-matrix version of the Thomas algodthng
the details of the computational procedure have heen discussed further by in the book

by Cebecet and Bradshow (12684) and widely used by Hossain e af. (19948, 1997).



CHAPTER 3

CONJUGATE EFFECTS OF VISCOUS DISSIPATION AND
PRESSURE WORK ON MHD NATURAL CONVECTION FLOW
ALONG A VERTICAL FLAT PLATE WITH HEAT CONDUCTION

Natural convection heat transfer has gaincd considerable aticntion because of its
numergus applications in the areas of energy conscrvations; cooling of electrical and
clecironic components, design of solar collectors, heat cxchangers and many others, The
main ditficalty in solving natural convection problems lies in the determination of the
velocity ficld, which greatly influences the lheat transfer process. The viscous
dissipanon eflvet plays an tmpoctant role m natural convection in vanous devices which
are subjecicd o large deceleiation or which operate at high 1otational speeds and also in
strong gravitational field processes on laige scales {on large plancts) and in peological
processes, In order to explain the effect of viscous dissipation, we shall fisst take a
grossly simplificd vicw that the compressibility c[fecl may be neglectsd and the
properties such as viscosity, thermal conductivity and specific heat are conslant and
there consider the fiow between two paraliel flat plates one of which 18 statenary and
the other moving in ils own plane with a constant velocity U, The rate at which the
pressure docs work known as pressure work on one side of a flat susface in the flnd is
the product of the pressue, the arca of the surface and the normal component of
velocity. Thus rate of doinp work = Foree (duc to pressure) = velocity. Thus pressure

work = Tuff 6P/éx, where T is the temperature, u is the velocity, 15 (e coclfeiont of
thermal expanston and 8P/3x is the pressure gradient. The discussion and analysis of

" matural convection [iows, pressure and viscous stress work cilects are penerally ignored
but here we have considered the eflcels of viscous dissipation and pressurc work om a
MHD natural convection {low along a vertical [at plate with heat conduction,
Magnelohydrodynamics is that lnanch of continuum mechanics, which deals with the
[lew of electrically conducting {luids in a magnctic field. I is of imporance in
connechion with many enpgineering problems such as plusma confinement, liquid-metal
cocling of nuclear reactors, and clectromaguetic casting. Criginally, MHD included
only the study of sinetly incompressible {luid, but today the termunolesy 15 apphed o
the study of padtially ionized gases as well. Other names have been sugpested, such as

marnetelludmechanics. or magnetoaerodynamics, Magnetohydrodynamie cquations
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are the ordinary electromapgnehic and hydrodynamic equations modificd o take account
of the interaction belween the motion of the [luid and clectromagnetic field. Tn case ol
natmral convection fows, now a days, MHID} analysis 1s playing a vilal role, Tt is also
uselul in geophysics and astronomy. Geophysicists encounter MHD phenomena in Uee
interactions of conducting flwids and magnetic ficlds that are presenl in and around
heavenly bodies. Enginecers empley MHD principles in the design of heat cachangers,
pumps and [lowerets, in space vehicle propulsion, control and re-entey and 1o controlled

fusion.

In the present wark, we have investigated the viscous dissipation and pressure elfect on
the skin friction and the surface temperature distobution mn the entire region from up
stream o down stream of a viscous incompressible and clectrically conducting fluid
from a vertical flat plate in presence of magnetic field and heat conduction. The
{rans[ommed non-similar houndary layer equations geveming the flow lopether wilth the
bnunda}y conditions based on condnction and convection were solved numerically
using the Keller box (implicit finile difference) method along with Newton's
lincarization approximaton method, which described by Cebect and Dradshow (1984),
The eflects 1= of the Prandil number Pr the viscous dissipation parameter A, the
magnetic parameter M and pressute work parameter G, on the velocily and wmperature
lields as well as on the skin fricten and surface temperature have been studied. In the
following scotions detailed derivations of the governing cquations for the Mow and heat
transfer and the method of solutions along with the results and discussions arc
presented. Al the investigations for the fuid wilh low Prundt] number appropriates for

the liquid metals arc camed out.

1.1 Governing equalions of the Mow
The mathematical stalement of the basic conzervation laws of mass {2.26), momenhim

equation {2.27) and enerpy cquation {2.28) ignoring Joule heating and heal generalion
terms for the sicady wviscous incompressible and electrically conducting [lew afler

simplifying are given by



Chuopter-3, Confugate effects wfviscous dissipation and pressiee wark on M0 s of commveefion Lo

A
M~
1
1
r .
} I
2= interfacuy
B lipper | A 5
— 20 surlace : i St
—_— L A e ": kr g
T=Ty Jip5a
—.* L] I‘- ——r
e b
Lewver o PR
surface M. ﬁh‘l A0
| .y

D 1

Figure 3.1: Physical configuration amd coordinate system
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Using boundary conditions (2.32)-(2.33) and the transformation equation (2.35) in
equations (3.1) to {3.3), we have the following dimensionless equations
du v
=0 (3.4)
(0ooy
- ~
u@—vﬂ MH=EI-%+§ (3.5
X dy Sv
5 2 5 t+(T T, )8
20,30 130 s [T L)) 36
& &  Préy By (T, -71.)

Where M, N, Ge and Pr are defined carlier. Also their boundary conditions are same /e
(2.39). Subslituting {2.40) into equations (3.5) and (3.6) and afier simplifving, we get

the following transformed non-dimensional equations.

m m16+15x o 0+3x o 245 1110 ,of . Of
—— A 3 e e L
I aiten” Taeny! QR T e (fo=00) 6
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In the above cquanons the primes denote dillerentiztion with respect torn. The
boundary conditions (2.39) then take the following form

SEe= 0= 0 50 =— 0+ 3 + 2P 0 e

F(2,m0)=0, h'(x,0)=0 (3.9

The skin friction 7 and the surface temperature & at the surface in (he boundary layer

given by

T = {1, 0 (3.10)
g =l {Iﬂ:]’w Al x, M

3.2 Results and discussivn

Here we have investigated the problem of the sieady two dimensional laminar free
convection boundary layer flow of a viscous meompressibie and cleetrically conducting
fluid with pressure work along a side of a vertical flat plate of thickness “4° insulated on
the edges wilh lemperatare 7p maintained on the other side in the prescnce of a
uniformly disinbuted transverse wmagnetic Geld. Solutions ae obtained for the fuid
having Prandil number #r = 0,01, 0.10, 0.50, 0.72, 1.00 and for a wide range of the
values of the viscous dissipation parameter & = .20, 0.40, 0 60, 0.90 and the magnetic
parameter of Hartmann Number Af = 1.00, 1.30, 1.50, 1 70, 2 00 and also the pressure
work parameter Ge = 0.20, 0.40, 0.70, 0.90. If we know the valuus ol the functions " {x,
# B (x, i) and their derivatives for different values of the Priandt] number £r the
magnetic parameter o Harmann Number Af, the viseous dissipation palameter & and
the pressure work parameter Ge, we may caleulate the numerical values of the surface
temperature & (x, ) and the shear stress f"{x, 0) at the surface that are impertant from

the physical point of view,

Figure 3.2(a) and figurc 3.2(b} deal with the effect of the viscous dissipalion parameter
N (=0.20, 0.40, 0.60, 0.90) for different values of the controlling parameters Pr = 0,72,
M =080 and Ge = 0.50 on the velocily profiles f(x, ) and the temperature profiles A
{x, #). From LOgure 3.2{a), it i3 rovealed that the velocity proftles ™ {x, #) incrcasc

slightly wilh the increase of the viscous dissipation paramcler N that indicates the
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vistous dissipation accelerates the fuid motion slowly. From fgure 2 2(1), W is shown

that the temperature proliles & (x, #) increase for increasimg values of .

From figure 3.3{a) and Digure 3.3(b}, it is seen that both the velocity profiles f7(x, #) and
the temperature profiles /4 (x, #) increase wilh the increasing vaioes of the pressure work

parameter Ge(= 0.20, 0.40, 0.70, 0.90) with others controlling parameters Fr=10.72, M
=0.70, N = 0.60

Figura 3.4{a) and figure 3.4{b) rcpresent the velocity profiles f7 {x, 4) and temperalure
prefiles  F (x, #) for the different vakees of magnctic parameler or Hartmann Number
Af (=100, 1.30, 1.50, .74, 2.00) with other controlling parameters P =0 72, & = 0.30]
and Ge = 0.70 Trom figure 3.4(a), it ¢an be secn that the velocity prefiles deciease with
the increasing values of magnetic parameter. On the olher hand [om Geure 3.4 {0, 1t s
observed that the temperatuie profiles increase duc to the incrcase of magnetic

parameter or Hartmann Bumber A

Figure 3.5{a) depicts the velocity profiles for different values of the Prandtl numbear Pr (
=001, 0.10, 0 50, 0.72, 1.00 3 while the other controlling parameters acc = 1.00, ¥ =
Q.60 and Ge = 0.50. Comcspondimg distnbution of the tcmperalure profiles & (x, ) in
the fluids is shown in fipure 3.5(b). From fipgure 3.5(a}, it can be scen that 1f the Prandll
number increases, the velocity distribution decreases. On the olher hand, Fom [pure
3.5{b} it can be observed that the temperare profile decrcascs within the boundary

layer due (o inerease ol the Prandt! number £r,

From [igure 3.G6{a), 11 can bz observed that increase in the valuc of the viscous
dissipation parameter N lsads o mcrease the value of the skin Niction coeflicient £ "(x,
0). Apain figure 3.6{1) shows that the increaze the viscous dissipation parameter & leads
to increase the surface temperaure & (x, ). Similar results hold in the skin friction
cocfficient /"(x, 1) and the surface temperature distribution & (x, ) shown in figure
3.7(4) and figure 3.7(b} respectively for different values of the parameter such as (e (=

0.20, 0.40, 6.70, .90} and other controllmg parameter are fixed (Pr =072, M =0 70, N
= (LA0).

Farure 3.8 and heure 3.8(b) epresent {he results of the skan meuon cocllicient and
the surface temperature distribution 1espectively for ditferent values of magnetic
parameters o Harmmmann Number M (= 100, 1.30, 1.50, 1.70, 2.007 whoen the value of

the Prondtl numbers Pr = 0.72, the viscous dissipation paramelet & = 0.530 and the

¥
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pressure work parameler Ge = 0.70. Here 3t can be observed that the skin friction
coefficient S (x, 0) and the surface lemperature distributions & (x, §) both are decieasing

with Lhe Increasing values of M.

From figure 3.9(a), it is shown that the skin friction coetficient F "{x, 1) decreases
monotonicaily with the increase of the Prandt] number 2r (=0.01, 0.10, 0.50, 0 72, 1.0¢)
and from the figure 3.9(b}, the same result is observed on the surface temperaluie
distribution due to increase of the value of the Prandtl number when other valucs of Lhe

contralling paramelers are M = 1.00, M= 0.60 and Ge = 0.50.
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Figure 3.2(a): Variation of dimensionless velocity distribution /7 {x.5) against
dimensionless distance 5 for different values of viscous dissipation parameter ¥
with Pr=0.72, M=0.8and Ge =0 .5,
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Figure 3.2(b): Variation of dimensionless temperature distribution b {x, ) against
dimensionless distance # for different values of viscous dissipation purameter A

Pr=072,M=080 Ge=0.80

with Pr=10.72, M=0.8 and Ge =0 .5.
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Figure 3.3(a): Variation of dimensionless velocity distribution f7 (x, ) against

dimensionless distance # for diffcrent values of pressure work parameter Ge with
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Figure 3.3(b): Variation of dimensionless temperature distribution # (x, 5} apainst

dimensiontess distance # for different values of pressure work parameter Ge with
Pr=072, M=070and ¥ =10 .60,



Chapler-1, Confugare effects of vocons dissipation aud prosvre wark en AN maiveal comection

L

0a
M=200
- - - — M=170
S pu M= 1.50
Da' ;.-’““\ —-_———— M=1320
B A - - -~ M=100
’/:“-:\\‘
— 7 —_ M LY
= :ff:’ h‘:':\.\\
w |
az PFZU.TE.N‘=05D,GE‘-‘U.?U‘
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Figure 3.6(a): Variation of skin friction coclficicnr /7 "(x. 0) with dimensionless
distance x for different valucs of viscous dissipation paramcter ¥ with £r= (.72, M =

0.80 and Se =0 .50
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Figure 3.6(b): Vaniation of surface temperature & (x, 04 wilh dimensionless distance x
for different values of viscous dissipation parameter & with Pr = 0.72. A= 0.80 and

Cre =1 .30.
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Table-C) reprosents the values of the skin {tetion coclMicicnt and suiface temporaturg
for different values of magnetic parametcr or Harlmann Number M while i =072, ¥ =
0.50 and Ge = .70 which shown 1n Appendix C lere we found that the values of skin
fmetion coefficient decrcase al diffeeent poswnen of x fo maznetic paramcter or
Hartmann Number & =1 00, 1.5, 1.70, 2.00. The 1ate of the skin friciion cocllicient
docrcises by 19.33% as the magnenc parmmeler or Harmann Number A changes (tom
1.00 to 2,00 and a = L.60. Furthermore, it 15 seen (hut the numerical values of e
suiface temperature disinbubion deciease [or increasing values of nuynoue parameler or
Hartmann Nunber M. The rate of deciease of surface femperature distnbulion is 3 90%

at position x = 1,60 as the magmetic parameter changes fom 100 10 2.00

The values of skin fmchon and the surface temperature have been presented in Table-C,
for different valucs of Prundll number Pr while A =100, ¥ = .60 and Ge = 0.50 which
shown n Appendix C. NHere we obscrved that the values of skin Diction coefficient
decrease at dilterent position of x {or Prandtt number Pe=0 10, 0 72, 1.00. The rale of
the skin friction coefficient dececases by 31.83% uy the Prandtl number 77+ changes {rom
0100 lo 1.00 and x = 1.0409 Turthermone, it is seen that the numencal valoes ol the
surface temiperature dislnbutien deciease for increasing values of Prandtl number Pr.
The rate of decrease of surlace temperalure distribution is 10.91% at position v = 1.0409

a5 the Prandu nuwmber changes from 9100 to 1.00,

The values of the skin friction coefficient and surface temperalure for difTerent values of

viscous dissipation paramctel ¥ while Pr =072, M = 0.80 and Go = 0.50 are given in,

the Table-Cy which showed in Appendiz C, Heme the values of skin friclion coelficient
increases at diffelent position of x for viscous dissipation parameter & =020, 0 40, 0 60.
0.90. The rate of incrzase of the skin fricuon cocilicienl 15 15.01% as the viscous
dissipation parameter N changes from .20 te 0.90 and x = 4.0635, Furhermore, 115
seen that the numerical values of the swface temperature distribution mercase {or
ingreasiny values of visvous dissipation parameter ¥ The rite of mercase of surlace

lemperature distribution i 13.50% at position x = 4.0635 as the viscous dissipation

paramecter changes from 0,20 10 0,90,

The values of the shin [netion coclficient and smtace temperaiwe tor diffcient valuces of
pressure work parameter (e wlile Pr= 072, &M = 080 and N = 060 are entered in

Table-Cy which shown in Appendix C. Here the valucs of skin friction cocfticiont
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mereases at different posilion of x for pressure work paramcter Ge = 0,20, (.40, 0,70,
0.90. The rate of mcrcase of the skin fricton cocfficient is 2.20% as the pressure work
paramcter Ce changes from 0.20 1o 090 and x = 4.0635. Furthenmoie, it is scen that the
numencal values of the surface temperature disttibution mciease for increasing valucs
of pressur: work palametsr Ge. The rate of incicase of surlace tempernture distribution

15 12.94% at position + = 40635 as the messure work pursmeler changes from 0.20 to
1 40.

3.3 Conpclosions

Ihe effect of viscous dissipation parameter &, magnetic parameler or Hartmann Number
Af, the pressurc work parameter Ge and the Prandd number Pr oon the magnelo-
hydiodynanie natural conveclion boundary fayer How alone a vertical flat plafe has
been studied introducing a new class of wansfermations, The ransforned nan-similar
boundary layer cquations governing the [ow together with the boundury conditions
based on conduction and convection were solved numerically usmg the very efficient
impticit finite difference method together with Keller box scheme The coupled effect of
nitlural convection and conducltion required ihe (cmpelalure and the heat flux s
continuous at the imesface. . From the present investivation, the 1 ollowinyg conclusions

may be drawn:

Both the skin friciion coefficient and the welocity distribution ncesase [m

increasing values of the viscous dissipation parameter M and the pressure wenk

parameter re.

Increased vilues of the viscous dissipalion parameter & leads (o increase the

surface temperature distribution as well as the tempeiature distinbulion.

* Inercased values of the pressure work purameter (e leads to increase the surlace

temperature distribution as well as the temperature distribution.

* Tt hus bucn obscrved (hat the shin [netion coefficient, the surfice twmperature
distribution, the temperutire prafiles and the velocity distibulion decrease over

the whole boundary laver wath the increasc of the Prandil number /27

*  Forthe ctfect of magnetic parameter or Hartmann Number A4, the skin friction
coefficient, the surluce temperature disteibution and the velocity distribution

over the whole boundary layer decreases, but the temperature distribulion

tcreases.



CHAPTER 4

YISCOUS DISSIPATION AND PRESSURE WORK EFFECTS ON
MAGNKETOHYDRODYNAMIC FREE CONVECTION FLOW
ALONG A VERTICAL FLAT PLATE WITH JOULE HEATING
AND HEAT CONDUCTION

Free convection flow is often encouniered in cooling of nuckear reactows or in Lhe study
of the structure of swars and plancts. The study of wmperature and heat wansfer is of
greal imporlance fo the engineers because of jts almost universal oceurrence 11 many
branches of scicncs and enginecring, Heat transier analysis is nos! imporlant for the
proper sizing of fuel elements in the nuclear reactor cores to provent bumout, The
viscous dissipation effect plays an important role in natural conveclion in various
devices which ale subjecled to large deceleration or which operate at high rotstional
speeds and also w stiong gravitauonal field processes on larpe scales (on Jage planets)
and in geological processes. The discussion and analysis of natural convection flows,
pressure and viscous sleess work effects are renerally ignored but here the cffects of
viscous dissipation and pressure work on a MHD nutural cenvection Now along a
vertical flat plate with Jeule heating and heat conduction have been considcred. When
current flows m an electrical conductor such wire, clectrical encrey is lost due to the
resistance of the electrical conductor, this lost electrical encrgy 15 converted into thermal
cnergy called Joule heating, This s becﬂus;z the clectrical power loss cquals the heat
transfer. In electronies, and more broadly in physics, Joule heating or ohmic heating
refirs to the increase in tcmperature of a conductor 25 a resull of resistance 1o an
electrical current flowing through it.

In the present chapter, we shall mvestigate the viscous dissipation and pressure elfect on
the skin friction and the rate of heat transfer in the enlire region from upsiream to
downstream of a viscous incompressible and electrically conducting fluid from a
vertical flat plate in presence of transverse magnetic field. We have studied the effect of
the magnetic parameler M, the Prandtl number Pr, the viscous dissipution parameter N
and pressure work parameter Ge on the velocity and (cmperatwe fields as well as on the

sk friction and surface lemperature,
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4.1 Goverping equations of the flow
The mathematical statement of the basic conscrvation laws of mass {2.26), momentumn

equation (2.27) and encrgy equation (2.28) ignoiing heat generation termts [ur the steady

viscous incompressible and cleetrically conducting flow atter sumplifying are miven by
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Figure 4.1: Physical configuration and coordinate system

ou_dv _, (4.1)
ax v
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L N TP i) (42)
eX ay ay 2
ar r 5'T T Bl .
U—+Va—; e 'o—1+—v—[aU)2+ g Ungrcr ok (4 3)
oX ¥ g C.81° C, a8y <] O f=1 08
Using boundary conditions (2.32)-(2.33) and the transformanion equation {2.33) in
equations (4.1 Lo (4.3), we have the following dimensiontess COuations
Bt +E"C| 44
& &y (4.4}
:f%+v%+;‘me:$+ﬂ (4.5}
: . T+, -7, 68
”.aI_E}.F v@ — _1_?_?+1'l,‘|'{ _-S:E ]‘ +JI“|'(H2}+GE { ( ! 1 } } (4.'5')
gt & Pray By (7, -1}

Where M, N, Ge, Ju/ and Pr are defined earlier Also {heir oundary conditions are
same {.¢. (2.39). Substituting (2 40) into cquations (4.5) and (4 6) and after sunplifying,

we get the [ollowing wansfomied non-dimensional equations.
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In the above equations the pnmes denote differcatiation with respect tor7 .

(4.8)

The boundary conditions {2.39) then take the following form

JRD= e m=0,0 0= 1+ 7 4250 0" b 49
Fixy=0, h'(x,m)=0 {4

4.2 Results and discussion
The system of non-lincar urdinary differential cquations (4 7 and (4.8) toecther with

the boundary condition (4.9) have been solved numencally by employing imphcit finite
difference method  together with Keller-box  elimination technique. Numetical
computation are carried out for Prandll number £ = 0,01, 0.1, 0 50, ¢ 72, 1.00 and for
a widc range of the valucs of the viscous dissipation parameter & = 0 10, 0.30, 0.60,
.90, the magnetic parameler or Hatimann Nember A =0.10, $.30, 0.50, 0.70, (.90, the
Joule heating purameter Ju! = 0 20, 0.40, 0.70, 0.90 and also pressure work paiameier is
Ge = 0.20, 0.40, 060, 0.80. With the above-mentioned flow parameters the results ae
displayed in figures 4.2 to figures 4 171 for predicung velocity profiles, lemperature

profiles, skin friction and surface temperature cocfhicient

Figure 4.2{a}) and figure 4.2(b} display results for the velocity and tempeiatire profiles,
based on equations {4.17)-(4.18) with boundary conditions (4.1%), for dilferent small
values of viscous dissipatien parameter & (=0.90, 0.60, 0.30, 0.10) ploued against »7 at
Fr=072, M=0280, /il = 040 and Fe = 0.70. From figmne 4.2(2), 1115 seen that an
increase in the viscous dissipalion parameter A 15 associuted with a2 constderable
incease in velocily profiles but near the surface of the plate, the veloeity mercases and
bocome maximum and then decreases and finally approaches to zero asymplotically.
The maximum values of the velocity are 3735, 0.3671, 0.3609 and .356% for & =
0.90, 0.60, 0.30, 010 respactively which ocour at 7 = 1.3693 for al! maximum values.
Here we see that the velocity inereases by 4.68% as N increases from 0,10 to 0.90. A
sinnlar situation 15 also observed from figure 4.2(0) in the case of lemperamie fild,

Here it is seen that the local maximum wvalues of the wmperature profiles ate 0.9630,
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0.9416, 09216, .9031 for ¥ = (.90, 0.60, 8 30, 0.10 tespoctively and cach of wlich
occurs at the surlace. Thes the lemperature profiles incicase by 6.63% as ¥ wercases

from €10 to 0,90,

Figure 4.3(a) and figure 4.3(b} tepresent respectively the velocity and the temperature
profiles for dilferent valucs of the pressurc work parameter Ge [or particular values of
Pr, Jul, ¥ and 8. From figure 4.3(a). it iz observed (hat an increase m pressure work
parameter (re, 1§ associated with & considerable mercase in velocity profiles but near the
surface of the plate the velocity increases and become maximum and then decreaszes and
finally approaches to zcro asymptotically. The maximum salues of the velocity are
0.4416, 0.4261, 0.4110, 0.3963 for Ge = 0.80, 0.60, 0.40, 0.20 respectively and each of
which oceurs at f = 1.3693. Here we see that the velocity increases by 11.43% as Ge
increases from 0.2 to 0.80. However figure 4.3(b) shows the dwtnbution of the
temperature profiles against o for some values of the messure work parameter Ge
(=0.80, 0.60, 040, 0.20). Clearly it 18 scen that the temperature distribution incieases
owing to mercasing values of the pressure work parameter Ge and (he maximum is al
the adjacent to the plate wall. The Jocal maximum values of the iemporature profiles are
0.9630, 0.0414, 0.9216, 0.5031 for (Ge =0.80, 0.60, 0.40, (1.20} respeciively and each of
which attains at the surface. Thus the tempetature profiles increase by 6 63% as (Ge

increases from 0.20 0 0.80.

Figure 4.4(a} and figure 4.4(b) display results for the velocily and temperature profiles,
for diulferent small values of magnetic parameter of Hartmann Number Af = .10, 0,30,
0.50, 0.70, 0.90 plotied against 7 at Pr=0.72, N =040, i/ =0 50 and Ce =0 60 Tt s
seen from figure 4.4{a) that Lhe velocity profile is influenced considerably and decroases
when lhe value of magneue parameter Af increases. But near the surfice of the plale
velocity increases significantly and then decreases slowly and [inally approachcs to
zero. The maximum values of the velocily are (0.3522, 03830, 0.4156, 0.4596 and
0.5088 for M= 0.90, 0,70, Q.Sﬂ, 0.30, 0.10 respectively which occur at 4 = 13025 for
the first maximum value and 5 = 1.3693 for other maximum valucs, Here we sev el
the velocity decreases by 30.51% as M imcreases from 0.10 (o U.90. Also it has been
observed thal the temperature [ficld increascs [or incieasing salucs of magnetic
paramcler or Marmmann Number M in figure 4.4{b). Feore 1L s seen that the local
maximum values of the tempelature profiles are 0.9409, 0.9316, 0.9268, 0.9217 and
0.9146 for M = (.10, 0.30, 0.50, 0.70, 0.90 respectively and each of which aceurs at the
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surface. Thus the temperature profiles increase by 2.88% 48 M ncreases from ¢ 19 to
0.90.

Figure 4 5(a) and figure 4.5(b) deal with the effcet of the Joule heating parumeter Juf
(=0.20, 0.40, 0.70, 0.90) for different values of the controlling parameters 2r = .72, A
=040, N = 0.50 and Ge = 0.70 on the velocity profile /7 (x, ) and the lemperature
profile & {x, ). From figure 4.3(a), it is revealed that the velocily profile N AT}
inercases shghtly with the increase of the Joule heating parameter Juf which mdicates
that Joule heating parameter accelerates the fuid mouon Smalt inceement s shown

from figure 4.5(b) on the temperature profile i (x, ) for increasing valucs of Jul,

Figure 4.6 (a) depicts the velocity profiles for different values of the Prandil number Pr
(= 0.01, 0.10, 0.50, 0.72, 1.00) with the others controlling parameteis M = 0.50, N =
0.30, Ji/ = 0.40 and Ge = (.60. Comesponding distribution of lhe temperature profils 7
{x, ) in the fluids is shawn in Dgure 4.6(L) From figute 4.6{a), it can be scen that il the
Prandt] number increases the velooiy of the fluid decreases. On the other hand, from
[igure 4.6(b) it ts obscrved that the temperature profiles decrease within ihe boundary

layer duc to incrcase of the Prandil number £r

Numencal values of the skin metion coetficient £ *(x, ¢} and the surface empeiatare
& {x, 0) are depicted praphically in figare 4.7(a) and figure 4.7(b) respoctively aTd NSt
the axial distance x 1n the interval {8,16] for different values of the viscous dissipation
parameter & (=0.10, (140, 0.60, 0.90) for the fluid having Prandt! number 2r = 0.72. the
magnetic parameler M = .80, the Joule-heating paiameter Juf = 0,40 and the pressure
work parameter Ge = 0.70. It 1s seen [rom figure 4.7(a) thal the skin-fiiction £ “(x, )

increases when the viscous dissipation parameter, & increases. The same resutt Lolds

from figure 4 7(b) for surface temperature distribution 8 (x, 0) wlute & increases,

From figurc 4.8(a), it can be observed that increase in the value of the pressure work
paramieter Ge leads to inciease the value of skin friction cocfficient £ “(, 01 which is
usually expected. Again figue 4.8(h) shows that the increasc of the pressure woik

parameter Ge leads 1o increase the surface wempemture & (x, 0.

Figure 4.%a) and Ggure 4.9(b) llustrate the variation of skin-[Tiction £ "(x, 03 and surface
temperature distnbution & (x, 0) against x for different valucs of magnetic parameter or
Hartmann Number M {= .90, .70, 0.50, 0.30, 0.10). It is seen fiom tigure 4.9{u} that

the skin-friction /' *(x, 0) deereases when the magnetic parameter or Hartmann Numbet
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M ingrcascs. Tt is alse observed from fipure 4.9(b} that the surface tcmpci'muru

distnbulion £ {x, ) increases while M increcases.

The effect of Joule heating parameter Jid (=0.90, 0.70, 0.40, 0.20) on the skin-Iriction
coefficient f*(x, 0) and the sarface lemperature distribution & (x, 0) against x for Pr =
0.72, M = 040, N = (.30 and Ge = 0.70 is shown in Ggure 4.10¢a) and figure 4.10(b). Tt
is found thal the values of the skin-friction cocfficient 7 "G, 0) and the surface
temperatute distribution & (x, 0% both increase for increasing values of Joule lieati 1
parameter Ju!, Here it has been observed that the values of the skin-friction coefficient
S "(x, 0} increases by 95.73% and the surface temperature distribution £ (x, 0} increascs

by 97.26% while Jief increases frem 0.20 to 0,90,

In figure 4.11{a), the skin friction cocflicient £ *(x, 0} and figure 4.114L), the surface
lemperature @ {x, ) are shown graphically for different values of the Prandtl number Pr

(=0.01, 0.10, 0.50, 0.72, 1.00) when other values of the controlling pacamcters a1e A4 =
0.20, A= 10.20, Sul = 0.40 and Ge = 0.60,
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Figure 4.1{a): Varation of dimensionless velocily profiles /7 (a,m) agrainst
dimensionless distance 7 for different values of viscous dissipation parameler ¥
with Pr=0.72, M=0.80, Ge=0.70 and Jul = 0 .60,
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Figure 4.2(b): Varistion of dimensienless temperature profiles 4 {x,m against

dimensionless dislance » for different values of viscous dissipation paratneier &
with Pr=0.72, M= 080, e =0.70 and JSu! =0 .60,
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Figure 4.3(a}: Varlahon of dimensionless velocity peofiles S txn) apainst

dimensionless distance # for diffcrent values of pressurs work parameter Ge with
Pr=0.72, A =030, ¥ =030 and Ju/ = 0 .40. :

1

B {m)

Figure 4.3(b): Vanation of dimensionless temperature profiles i {x,%} against
dimenstonless distance # [or different values of pressure work patameler Ge with
FPr=0.72,M=050, N=0.30and Jul = ¢ 40.
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Figure 4.4(a): Varation of dimensionless velocity profiles 7% (1,4) against
dimensionless distance # for different values of magneue parameter or Harlmann
Number M with Pr=0 72, Ge = 0.50, N=0.60 and Jul =0 50
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Figurce 4.4(b}): Variation of dimensionicss temperature profiles & (x,n) against
dimensienless distance # for difterent values of magnelic punumeter or Martmiann
MNumber M with Pr=0.72, Ge =050, ¥=0.60 and S/ =0 50.
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Figure 4.5(a): Vanauon of dimensionless velocity profiles /7 (x,7) against
dimensienless distance » for different values of Joule licating parameter Juf with
Pr=072,Ge=070, =050 md & =0 40,
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Figure 4.5(h): Variation of dimensionless temperaiure profiles & {x. ) ananst
dimensionless distance # for different values of Joulc heating parameter Juf with
Pr=072 Ge=070, =050 and M =0 .40
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Figure 4.6(a): Vanauon of dimensionless velocity profiles /* (x, 1) apailst
dimensionless distance 7 for different values of Prandt] nuniber £ with Juf =
0.40, Ge = 0.60, ¥ = 0.30 and Af =0 .50,
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Figure 4.6(b}: Variation of dimcnsienless lemperature profiles 4 (e,5)
apainst dimensionless distance # for different values of Prandtl number £
with Jul =040, Ge=060, ¥ =030 and A =0 .50



Chapter-4, Viscous disnpatinn ard grevsare wark offiets an MU free cow oodon flow afows o )

frix)

i~
oy -
—
ra
-
Ln

Figure 4.7(a): Variation of skin friction coefficicnt f "(x. ) with
dimensionless distance x for different values of viscous dissipation parameter
Mwath Pr=0.72, A =080, 2/ =040 and Ge= 0 .70.
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Figure 4.7(b): Variation of surlace temperature & (x, [0 with dimensionless

distance x for different values of viscous dissipation patameter & with Pr =
0.72, M =080, ful = 0.40 and Ge =0 70.
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Figure 4.8(a): Veriation of skin friction coofficient f “(x, 0) wilh
dimensiontess dislance x for dufferent valucs of pressure work paramcter Ge
with Pr=0.72, M = 0.50, Jul = 0.40 and /¥ = 0,38
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Figure 4.8(h): Variation of surface tcmperature & (x, 0} with dimcasionless
dislance x for dufferent values of pressure work parameter Ge with Pr = .72,
M=10 50, suf= 040 and & = 0.30.
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Figurc 4.9{a): Variabon of skin friction coefficicnt F a0 with
dimensionless distance x for different values of magnetic parameter or
Hartmann Number M with Pr=0.72, Ge = 0,50, Jid =040 and =0 30
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Figure 4.9(b): Vanation of surface temperature @ fx, 0) with dimensionless
distance x for different vatues of magnetic parameter or Hartmann Number A
with Pr=072, Ge =050, Jul = 0.40 and N = (.30,
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Figure 4.10(a): Vadation of skin friction coefficicnt f “(x, 0) with
dimensianless distance x [or different valucs of JToule heating parsmcter Jul
wilh Pr=072, Ge=0.70, M =040 and ¥ = (.50,
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Figure 4.10(b): Variation of surface temperature 7 {x, ) with dimensionless
distance x for different values of Joule heating parameter Jid with P = 0.72,
(e =070, M =040 and & = 0.50,
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Figure 4.11(a}: Variation of skin fnetion coeffigiemt £ *(x, () wilth dimensionless
distance x for different values of Prandt] number Pr with i = 0.40, Ge=0.60, Af =
(.50 and ¥ = {.50.
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Figure 4.11(b): Variation of surface temperature @ (x, 03 with dimensionlcss
distance x tor dillerent values of Prandtl number Pr with Jud = .40, Ge =0 G0, A=
0.50 and &= 0,50,
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The values of the skin {riction cocfficient and surfuce temperalure disteibation [or
difTerent values ol Prandt number #r white M =05, ¥ = 0.4, Jul = 0.4 und Ge = 0.6 ure
entered m Table-Cs which is showed in Appendix C. Here 1L i3 observed that the values
of skin fnction cocflicient decrease at different position of x for Prandl) number Pr
=1.00, 0.72, 0 30, 0.10. The ratc of skin friction coefficient decreases by 16.430% as the
Prandt] number Pr changes from .10 10 1.00 and © = 4.0635, Furthermare, 1L 1s secn
that the numerical values of the surface temperature distribunon decrcase for ncicasing
values of Prandtl number Pr. This sugposts that (he interface of the plale having
thickness “5" remains heated moee in the lower Fiandil number (uid than that of the
higher Prandtl number luid and the rate of deciease of surface temperafuie distnibution

15 .633% at position x = 4,0635 as the Prandtl number changes from 0,10 1o © 00,

The valucs of the skin friction cocfficient and surface lemyperature lor ditferent values of
pressurc work parameter Ge while M = 0.50, ¥ = 0.30, Jid = (.40 and Pr = 0.72 are
entered in Table-Cy that is showed in Appendix C. Here it (s concluded thal the valucs
of skin friclion coefficient inercase at different position of x for pressure woik
parameter Ge =0.20, .40, 0.60, 0.80. The rate of the skin Diction coefficient INcreascs
by 83.0815% as the pressure work parameter Ge changes from (120 1o ¢ 80 und x =
4.0635. Furthcrmore, it is seen that the numerical values of fhe sulfice temperatuce
distribution increase for increasing valucs of pressure work parumeter Ge. The rate of
merease of surface temperature distribution is 62.2983% at position x = 4 0635 as the

pressure work parameter Ge changes from 0,20 to 6 80,

The values of the skin friction coefTicient and surface lemperature for dilferent values of
viscous dissipation parametcr A while M = (.80, Ge =070, Ju! =040 and Pr=0.72 a1¢
depicted 1n Table-C; which is showed in Appendix C. Helg we (ind that the values of
skin frichon coefticient increase at different position of x lor viscous dissipation
parameter & =0.10, 4.30, 0.60, 0.90. The rate of the skin friction coefficient mcreascs by
22.3172% as the viscous dissipation paramcter N changes from 0,10 10 0.90 and x =
4.0635. Furthermore, 11 15 seen that the numterical values of the surface temiperature
distribution increase for increasing values of viscous dissipation parameter A The rate
of increase of surface wmperawre distribution 18 22.5327% at posithon x = 4.0635 as the

pressule work parameter changes from 0,10 to 090,

The values of the skin friction coctficient and surface temperature Jor ditlerent values of

Joule heating parameter J1d while ¥ = 0.50, Ge = 0.70, M = ¢.40 and 2r = 0.72 illustrate
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that the valucs ol skin friction cocfficient increase at different position of x for Joule
heating parameter Jw! =0.20, 0.40, 0.70, 0.90 as scen from Tabic-Cp which 15 shown
Appendix in C. The tate of the skin friclion coefficient increases by 43.1684% as he
Joule heating parameter Ju! changes from 0,10 to 0.90 and x = 3.134¢. Farthermore. it is
observed lhat the numerical values of the surface lemperature distribution incrcase lor
increasing values of Joule heating parameter Jif. The ratc of incrcase of surface

temperature distribution iy 34.4605% at posiion ¥ = 301340 as the Joule healing

parameter chanpes from 0 13 w 0.90

4.3 Conclusions

From the present investigation, the fellowing conciusions may be drawn;

* Bolh the skin [riction coefficient and the velocity profile increase for increasing

values of the viscous dissipalion parameter N, e pressure works paramcter (ie

and the Joule heating parameter Jud.

* Increased values of the viscous dissipation paramcter & leads to increase the

surface temperature distribution as well as the (emperatwe distribution.

o Increased values of the pressure work parameter Ge leads to increase the surlace

temperature disiribution as well as the temperature distribution.

o Increased values the Joule healing parameter Jid leads to inciease the surface

temnperature distribution as well as the temperature distnbulion.

« It has been obscrved that the skin friction cocfficient, the surface temperature
distnbution, the temperalure profile and the velocity profile decrease over the

whole boundary layer with the increase of (he Prandt] number Pr.,

¢ The effeet of magnetic parameter or Harimann Number M s to decreasc the skin
frietion cocfficient, the surfuce temperature distribution and the velocity
distribution over the whole boundary layer decrease, but ieverse case happens [or

temperature distnibutions.

-



CHAPTER S

CONJUGATE EFFECTS OF STRESS WORK AND HEAT
GENERATION ON MAGNETOHYDRODYNAMIC FREE
CONVECTION FLOW ALONG A VERTICAL FLAT PLATE WITH
JOULE HEATING AND HEAT CONDUCTION

The most important application of MHD 15 in the gencration of clectrical power with the
Mow of an electrically conducting flnd through a transverse megnens Neld. In case of
natural comvection flows, now a day, MHD analysis is playine a vital role. Ii iy also
uselul in geophysics and astronomy. Geophysicists encounter MHD phenomena in the
intcractions of conducting fluids and magnetic felds that arc present in and around
heavenly bodies Engincers employ MHD principles in the desi gn of heat exchangers,
pumps and flowerets, in space vehicle propulsion, controt and re-cntry and in controlled
fusion. Heat is gencrated internally due to Ioule heating of electocal conductor or

internal heating of solid-state electronic duevice.

The present investigation is concerned wilh the effects of heal generation on the skin
friction and Lhe surface temperaturs disteibution in the entire region from up stream to
down stream ol a viscous incompressible and electrically conducting fluid [rom a
vertical flat plate in presence of magnetie Geld, The transformed non-similar boundary
layer cquations goveming the flow lopether with the boundary conditions based on
conduction und convecton wers solved numerically using the Keller box (unplicit finige
difference) method along with Newton's lincarizalion approximation method, which
was descnbed by Cebern and Bradshow (1984). The effeot of the nagnelic parameter
M, the Joule healing parameter Jud, the Prandtl number #r the viscous dissipation
parameter BV, the pressurc work parameter Ge and the heat gencration paramcter O on
the velocity and temperature felds as well as on the skin Foction and surlice

temperalure have been studied. In the following scetivns detailed dernvalions of the

governing equations for the low are discussed.

5.1 Governing equations of the flow
Ihe steady two dimensional laminar {ree convection boundary laver Now of a viscous

incompressible and electrically conducting fluid along a side of a vertica! flat plate of

thickness ‘5" insulated on the edges with temperature 75 mainlined on the other side in
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the presence of & unmiformby disiributed transverse magnctic ficld has been considened.

The configuration of the probicm are given below:

N
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Figure 5.1: Physical confipuration and coodinate system

The mathematical statement of the basic conservalion laws of mass {2.26), momentum
equation (2.27) and encrgy cquation {2.28) with Joule heating and heat generation torms
for the steady viscous incompressible and clectrically conducting Now after simplifying

are gven by

U g¥F
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Using boundary conditions (2.32)-(2 32} and the transformation equation (2 35%in

cquations (5 1) to {3.3), we have the following dimensionless equations

.
a@+‘;—v={} (5.4)
x By
2
w =L (5.5)
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where M, N, Ge and Pr are defined carhier, Also their boundary conditions are samc f.e.

(2.0}

+N( gf- Y+ Jul (111)+G¢
gy

{2.39) Substituting {2.40) inlo equations {5.5) and (5.6) and after simplifving, we et

the following transformed non-dinensional cquanons.
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In the above equations the primes denote dilferentiation with respect to
The boundary conditions (2.39) then take the following form
Sl 0= 1 0p=0A 000 =~ (4 )V 23 1w )1 fe oy 5.9)
Sllgeek=0 0(x,a)=0 )

5.2 Results and discussion

Here we have investipated the preblem of (he sleady mvo dimensional laminar free
convection bowndary layer [iow of a viscous incompresaible and clecmically conductng
fuid with stress work alony a side of a vertical flat plale of thickness 5’ insulated on
the edges with temperature 7, miainlained en the other side in the presence of a
umformly disiributed transverse magnetic ficld and heat gencration. Solutions are
obtained for the fluid having Prandtl number Pr=0.10, 0 30, 0.72. 1.00, 1.74 and for a
wide range of the values of the viscous dissipation parameier N = 0.20, 0.40, 0.60. .80,
the pressure work parameter is Ge = (.10, 0.30, 0.60, .90, the Joule heating parameter
Jud =030, 0,50, 070, 0.90, the magnetic parmeter A = .10, 0.30, 0.59, 0.7¢, 1.00 and
the heat generation parameter & = 4.70, 0.50, 0.30, 0.10. We apain used another Joule-
heating parameter Juf, If we know the valucs of the functions £ (x, my B (x4 and ther
derivatives for different values of the Prandt] nwmber £ and the magnetic parameter or
Hartmann Number M, we may calculate the numerical values of the surfuce lemperature

A (x, 0 and the skin fiiction coclficient f "{x, 0} at Lhe surface thal arc important from

the physical point of view,

Tigure 5.2{a) and figure 3.2(b) display tesuits for the velocity and tempealire profiles,
based on equations (3.16)-(5.17) wilh boundary conditions (5,183, for different smatl
valugs of viscous dissipation parameter ¥ (=0.80, 0.60, 0.40, 0.20) rlotted agamsat o7 at
FPr=1.00,M=0.60, ful =0.007, Ge =020 and ¢ = 0.50. From figure 5.2{a), it is seen
lhat an ncrease in the visvous dissipation parametcrlﬁ, 1§ associated with a considerable
mcrease in velocily profiles but near the surface of the plate the velocily ncreases and

become maximum and then decreases and fmally apmoaches o zeto asymptadically.
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The maximuem valucs of the velagity are 0.6E32, 0.6750, 0.6651 and N.6338 o & =

0.80, 0.60, (.40, 0.20 respectively which oceur at » = 1.31752 for the fsl and 2™
maximum values and 7 = 1.2379 the last two maximom valucs. Hore we see that the
velocity increases by 4.48% as N increases from 0.20 to 0.80, which is very neghgible
From figurc 5.2({b), it is also obscrved that a similar siluaton arises in the casc of
temperature. Here it is scen that the local maxinum values of the temperature profiles
arc 1.6658, 1.5922, 1.5235, 1 4593 for ¥ = 0.80, (.00, 0.40, (.20 respectively and cach

of which occurs at the surface. Thus the tempeiature prafiles merease by 14.15% ay M

inereases from 0.2 10 0.80.

Figure 5.3(a) and figure 5.3(b) represent, respectively, the vilocity and the teiperature
profiles for dilfcrent values of the pressure work parameter Ge for particular valugs of
Pr, Jul, ¥, M and Q. Here it is found from figure 5.3(a), that the velocity dustribution
increases slightly as the pressure work parameter Ge (=0 90. 0.60, 0.30, 0.10) increases
ina region 7= [0, 6.5], but near the surface of the plate, velocity increases and become
maxiunum and then decreases and finally approaces to zelo The maximuwm values of the
velocity are 1.0268, 0.5947, (,7680, 0.6854 for Ge = 0.90, 0.60, 0 30, 0.10 1espectively
and each al'which occurs at = 0.9981 for fitst maaumum value, 7= 1.1144 for second
maximum value and # = 1,1752 for the third and fourth maximum valucs, Here we
feund that the velocily increases by 49.81% as Ge increases [rom O 10 to 0,90, However
hgure 5.3(b) shows (he distiibution of the temperature profiles against » for some
values of the pressure work parameter Ge (=0.90, 0.60, 0.30, 0.10) Clearly il 15 seen
that the temperature disiribution increases owing to increusing values of the pressure
work paramcter Ge and maxunum is at the adjpcent of the plate wall The lucal
maximum values of the temperature profiles are 2.8603, 2.2725, 1.8171, 1.5737 for Ge
=0.90, 0.60, 0.30, 0.10 1espectively and each of which altains at the surface. Thus the

temperature profiles incrcase by 81.76% as Ge increcases from (.10 1o ©.90.

Figure 5.4(a} and figure 5.4{b) represent, respeclively, the velocity and the temperature
profiles for different values of the Joule heating parameter Ju! for particular values of
the Prandtl number Pr =1.00, the magnetic paramcler M = 0.60, the dissipation
parameter ¥ = 0.006, the pressure work parameter Ge = 0.70 and the heat gencration
parameter ) = 0.20. From figure 5.4{a}), it 15 obscrved that an increase wm the Joule
heating parameter Ji!, is associated with a considerable increase in velocity profiles but

near the surface of the plate the velocity increases and become manimum and then

{



Chapter-5, Confugae offrcty of strees wark aeed el gevarattienn o MU froe comver Heaw flove alane 80

decieases and finally approaches to-zero asymplotically. The maximum values of the
velocily are §.7909, (.7620, 0.7337, 0.7060 for Jul = (.90, 0.70, (.50, 0.30 respectively
and each of which occurs al ;7 = 1,1752, Here it is scen that the velocily mereases by
12.03% as Jul increases from 0.30 to 0.90, However figure 5.4{b) shows the distribution
of the temperature profiles against 77 for some values of the Joul heating patameter Jied
(=090, 0,70, 0.50, 0.30). Clearly 1t is seen that the lemperatiio: disiribution increases
owing Lo increasing values of the Joule heating parameter Ju! and thie maximum s at the
adjacenl of the plate wall. The local maximum vatues of the lemperantee prohles are
1 7602, 1.6886, 1.6164, 1.5456 for Jud = (190, 0.70, 0.30, .30 eespectively and vach of

which attains at the surfuce Thus the temperature profiles increasc by 13.98% as Jul

increases from G.30 o 0 90,

Figure 5.5(a} and figure 5.5(b) display results for tho velooily and tewspennture profiles,
for different small values of magnetic patameter or Hartmann Number A7 (=0.10, 0.30,
.30, 0.70, 1 00) plotted against 5 at Pr=1.00, ¥ =0 60, Jul = 0.20, Ge = 0.30 and g=
¢.40. It i5 seen from figure 5.5(a) that the velocity profile 1s miiuenced consideraly |y
and decreases when the value of magnetic parameter or Huttmann Number M incieases,
But ncar the swiface of the plate velocity incrcascs significantly and then decreases
slowly and finally approaches 1o zero. The maximum values of the velocily are 0.6233,
0.6661, 06986, 0.7348 and 0.7750 for M = 1.00, 0.70, 0.50, 0.30, .10 respectively
which occur al 5 = 1.1752 for all maximum values. Here it is seen (hat the velocity
decreases by 19.55% as M increases from 0.1 to 1.00. Also, i has been ohserved that
the wemperature field increases for increasing valucs ol magnetic parameter or Harlmann
Number M in Dgure 5.5(b). Here it is seen that the local maximum valugs of the
lemperature profiles are 1.6278, 16101, 1.6009, 1.5942, 1.50G6 for 5 = 1 00, .70,
0.50, 0.30, Q.10 respectively and each of which occurs al the surfage. Thus the

temperalure profiles increase by 2.34% as M increascs [fom .10 to 1.00.

Figure 3.6(a) to figure 5.6(b) display results [or the velogily and temperature profiles,
for different small values of heat penerution parameler £ (= 0,10, 0.30, 0.50, 0.70}
plalled against 7at Pr=1.00, M =050, N =0.10, St/ = 0.005 and Ge = 0 01. 1t & scen
from figure 5.6(a} that the velocity profile is influenced considerably and increases
when the valug of heat generation parameter { increases. Dut near the surface of the
plate, velocity increascs symuficantly and then decreascs slowly and finally approaches

to zero, The maximum values of the velacity are 0.7343, 0.6661, 0.6193, 0.5172 and
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0.4297 for {2 = 0.70, 0.50, 0.30, .10 respectively which occur at 7 = 1.3025 for |7
maximuin value and 77 = 1.3693 for all others {nar{imum valugs, Here 1t is seen that the
velocity increases by 70.89% as ¢ increascs from 0.10 to 0.70. Also fizuce 5.6(b), 1 has
been observed that when value of heat gencration pamincter (¢ incicases, Lhe
temperaire distribution also mereases significantly. Here it 15 observed that the local
maximum values of the lemperaiure profiles are 1.4146, 1.2072, 1.0503, 0.9336 winle 0
= 0.70, 0.50, 0.30, 0.10 respectively and each of which occwis at the surface. Thus the

temperature profiles increase by 51.52% as (0 increases from 0.10 1w 0.70

Numerical valucs of the velocity gradient /£*(x. 0} and the surlace lemperature 74 a, 4
are depicted graphically in figure 5.7{a) and fgure 5 7(b) respectively against the axal
distance x in the interval {,12] for diffcrent values of the viscous dissipation parameler
N (=0.20, 0.40, 0.60, 0.80) for the fluid with other controlling purameters It is scen
from figure 5.7(a) that the 5k111—1l"ricti0n cocllicient /" (x, 0) mereases when the viscous
dissipation parameter, & inctcases. The same result holds in Ogare 570} for surlace

temperature distribution #{ x, 0) while ¥ increases.

From fgure 5.8(a), il can be observed that increase i the value of the pressure work
parameter Ge leads to increase the value of the skin friction coelficient / “(x, 0) which is

usually expected. Again figure 5.8(b) shows that the inciease of the pressure work

parameter Ge leads to increase the surlace tempemiure &1 x, 0.

Figare 5.9(a) and figure 5.9(b} illustrate the vanalion of skin-fricnon coeflicient S,
and surlace tempeiature @ { x, @) distribuiion ugainst x for dilferont values of Joule
heating parameter Juf (= 0.90, 0.70, 0.50, 0.30). It is seen from figure 5.%) that the
skin-friction coelficient /' “(x, 0) increases when the Joule heating parameter. Juf
increases. It is also observed in figure 5.9%(b) that the surluce temperature & 1. 0)

distribution increases while Juf increases.

The cffect of mapnetic parameter of Hartmann Number 34 (=1.00, 0.70, 0.5, 0.30,
0.10) on the skin-friction coelficent £ "(x, 01 and the surfuce lemperature disuibution
2{ x, 0 against x for Pr=1.00, ¥ = 0.60, Jul = 0.20, Ge = 0.30 and {J = { 40 is shown
in figures 5.10¢a) - 5.10(b}. It is found that the values of the skin-fHction coefficicnt
J"(x, 0} and the surface temperamrc distnbution & (x, 0 bolh decrease for nereasing
values of magnetic paramster or Hartmann Number M. Alse, it is olbsceved that the

values of the skin-friction coefficient / *(x, 0} decrease by 95.73% and the sarface
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temperature distribution & { x, () decrcase by 97.26% while M increases fiom 0,10 1o
1.G0.

In figure 5.11{a), the shear stress coefficient f“(x, ) and figure 5.11(Y), the surface
temperature §{ x, ) are shown graphically for different values of the Prandti number Pr
(=0.10, 0.50,0.72, 1.00, 1.74} when other values of the contrelling paameter (M = 0.50,
N =030, Jul = 0.005, Ge = 0.20 and O = 0.50). Fuve values 0.10, 0.50, 0.72, 1.00, 1.74

are taken for Pr, the Prandt] number, 0.72 represents air. 1.00 corresponds 1o clectiolyte
solutions such as salt waler, 0,10, 0.50 and 1.74 have been used theoreticaily. Here, it 15

found that the skin friction and the surface temperature both decrease for mmoreasing

values ol Prandtls number.

Thgure 5.12{a) to figure 5.12{b) illusirale the vaviation of skin-fiiction cocfficient T,
0) and surface temperature distribution @ (1, x) against x [or different valucs of heat
generation parameter (2 (=0.70, 0.50, 0,30, 0.10). It is seen from fipure 3.12(a) that the
skin-fricion coefficient £ "(x, ) incrcases when the hieat peneration parametcr, {
increases. 1t is also observed in fipurs 5.12(b) that the surface temperature distribution
& ( x, 0) increases while (0 increases. Also, it is obscrved that the valucs of the skin-
[nction coefficient /™ (x, () increase by 52.86% and the surface remperatere distribution

&{ x, 3} increase by 45.04% while { increases from 0.10 1o 0.70.



Chapter-3, Conpugate effects of strets work aud fear generannn an MITD free camvecin floa e 83

05
M= .30
- —— = M=34E0
- ———-— N=D04{
- ———— H=D20
06
E
il
0al-

Fr=10M=06,Jul=04007
Ge=02 Q=105

.2

Ll
Figure 5.2(a}: Variation of dimensionless velacity profiles £ {x,#) against

dimensionless distance 7 for different values of viscous dissipation parameter ¥
with Pr=1.00, M = 0.60, Ge=0.20, sl =0 .60 and = (.50,
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Figurc 5.2(b): Varation of dimcnsionless temperature profiles h (x,#) against

dimensionless distance 7 for different valucs of viscous dissipation parameter N
with Pr=1.00, M = 0.60, Ge = 0.20, il = ¢ .60 and O = 0.50.
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Figure 5.3(a): Variation of dimensionless velocity profiles £ {x, 7)) against
timensioniess dislance # for different values of pessure work parameter Ge with
Pr=100, M=0.60, N=040, Jul =0 002 and 2 = 0 60.
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Figure 5.3(b}: Variation of dimensionless temperature profiles & {x, ) aguinst
dimensionless dislance 7 for diffcrent values of presswe work patametey (i
with Pr=1.00, M = 0.60, ¥ =040, ful =0 002 and = 0 0.
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Figure S.4(a): Variation of dimensionless velocity profiles f* (x,1) against
dimengsionless distance 57 for different values of Joule heuting parameler Juf wilh
Pr=1.00, M=1060, N=0.006, Ge=0.70and & =0.20.
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Figure 5.4(b): Variation of dimensionless temperature profiles 4 (x,7) arainst
dimensionless dislance 1 for different values of Joule heating paiameter Jid with
Fr=1.00, M =060, N=0.006, Ge=0.70 and J = 0.20,
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Figure 5.5(a): Variation of dimensionless velocity profiles /7 ) against
dimensionicss dislance 1 for different values of magnenic parameter or Hartivam
Number M with Pr=1.00, Jul =0 20, ¥=0.60, Ge =0 .30 and (=040,
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Figure 5.5(b): Variation of dimensionless lemperature profiles & {(x, 1 against
dimensionless distance 7 [or different valucs of magnetic parameter or Hartmaumm
Number M with Pr=1.00, Jui = 0.20, N = 0.60, Ge =0 .30 and { = 0.40.
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Figure 5.6{a): Variaion of dimensionless temperaturc profiles & (x,77) against
dimensienless distance #n for dilferent values of heat reneration purameter 2
with Pr=1.00. =050, N=0.10. Ge = ¢ .01 and Juf = 0.005,
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Figure 5.0(b): Vanation of dimensionless temperature profiles & {x,7) azainst
dimensionless distance 7 for different values of heat pencrikion patamuler )
with Pr= .00, M =050 N=0.10, Ge=0.01 and Jd = 0.005.



Cheapiee-5, Confugate offecny of sirese work ang ot et dton e A feee conveenor flov wiong 93

40 W i, LT
- —— = D
- _ N_, 20 Pr=1.0 M =0.6, Jul = 0.007,
T o NEDEY e 3.Q=05
[ e N =040 e ‘
2= ———= N=02]
24
— i Vi
pat s
k""": - - d
16 -
- - -
- - -~ -
i -7 _,-""-I
- - E
g '-_ - - - _,_,_..""”"H.
: @ Tl
ﬂ L L I L 1 I. L J H L L L ‘ 1 1 1 L] I Ll 1 H
i] 4 ] B 10 12
x

Figure 5.7(a): Vanation of skin friction cocfficient £ *(x, 0] with dimensionless
distance x for different values of viscous dissipation paramecter ¥ with Pr= 1.0,
M =060, Jul = 0.007, Ge =0 .20 and Q =1.50.
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Figure 5.7(b): Variation of surface lemporature ¢ (x, 0} with dimensionless
distance x for dulerent valucs of viscous dissipation paramater & with £r= 1.00,
M =060, Jid =0.007, Ge=0 20 and 3 = (.50,
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Figure 5.8(a): Vanation of skin friction coeilicient £ “(x, 0) with dimensionless
distance « for dufferent values of pressure work parameter Ge with Pr = 1.00, M=
0.60, Juf =0.002, N=0 40 and 0 = 0.60.
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Figure 5.8(b): Varlauon of surface temperabire & (x, 0 with dimensionlcss
distance x for different values of pressure woik parameter Ge with 2r = 1.00, M =
0.60, Sul = 0.002, N =0 40 and 0 = 0.60,
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Figure 5.9(a): Vanation of skin friction coelficient /"(x, 0) with dimensionless
distance x for different values of Joule heating parameter Jid wilh Pr=1.00. M =
0.60, Ge = 0,70, N=0.006 and O = { 20.
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Figorce 5.9(b): Variation of surface temperature & (x, 0) with dimensionless
distance x for different valucs of Joule heating parameter Jul with #r = 1.00, M =
0.60, Ge=0.70, ¥ =0.006 and @ = 0.20.
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Figure 5.10¢a): Vanation of skin friction coefficient /™(x, 0} with dimensionless
distance x for different values of magmetic parameter or Hurtmann Number M
with Pr=1.00, ¥ =0.60. Ge =030, Jul = 0.20 and { = 0.40.
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Figure 5,10(0): Vanation of sutlace femperature & (x, 0) with dimensionless
distance x for different values of magnetic parameter or Hurtmann Number A
with Pr=1.00, N =0.60, Ge=0.30, Jul = 0.20 and { = 0.40.
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Figure 5.11(a): Vanation of skin friction coefticient (x, () with dijnensionless

dislance v for diffcrent values of Prandtt number Pr with 46 = (20, AN =0.30, Ge
= 0.20, Juf = 0.005 and @ = 0,50,
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Figure 5.11(h): Vanation of surface temperature & (x, 0} with dimensionless
distance x for dilferent values of Prandil number Prwith A = 0,50, & = 0.30. Ge
=020, ful =0 005 and O = 0.50.
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Figure 5.12(a): Variation of skin friction coefTicient / “{x, 0} with dinensionless
distance x for dilferent values of heat generation pacamoter € with 3 = (4 50, =
0.10, Ge =0.01, Jul = 0.005 and Pr = 1.00.
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Figure 5.12(b): Variation of surface temperaruce 9 (x, 0) with dimensionless
distance x for difterent values of heal generation parameter € with M= 0,30, ¥ =
0.10, Ge=0.01, Suf = 0.005 and Pr=1.00,
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The values of the skin friction coclficient and surface lemperature distribution Tor
different values of heal generation @ while A = 0,50, ¥ = I Jid = G005, G = 0.01
and Pr = 1.00 arc entered in Table-Cs that is shown in Appendix €. Here 11 is found that
the values of skin fricton decrease at dufferent position of » for hical generation
parameter {J = 0.10, .30, 0.50, 0.70. ‘The rate of the skin friction mereases by 89.08%
as the heat gencration paramcler (@ changes [rom 0.10 to 0.70 and x = 3.0049,
Furthermore, it is seen that the numerical values of the surface temperaturs distibution
increase for increasing values of heat peneiation parameter O Flie tale of increase of

surface temiperature distribution 15 61.07% at position x = 3.0049 us the heat gencration

parameter changes from 9.10 to 0,70,

Table-Cyg represents the skin tiction coefficient and surface tentporature for different
values of magnetic parameter or Hartmann Number M while Pr =100, & = .60, Juf =
1,20 and Ge = 0.30, 3 = 0.40 which is shown Appendix C. Hlere it is depicted that the
values ol skin friction coefficient decrcase at different position of a [or magnctic
parameter M =020, 0.4, 0.60, 1.00. The rate of the skin Triction cocfficiznt decreases
by 45.27% as the magnetic parameter or Hartmann Number 3 chanves from 0.20 1o
100 and » = 10.0179. Furthermore, it is seen that the numerical values of e surface
temperature distnbution decrease for increasing values of magnclic paameter or
Hartmann Number M. This suggests that the interface of the plate having thickness 4"
remains heated more w the Jower magnetic fluid than that of the higher mugmetic Tluid
and the rate of decreaze of surface temperature distribution is 23.77% al position 1 =

10.0179 as Lhe magnelic parameter or Harlmann Number M changes front 0.20 10 1 00

Table-Cyy depicts the values of the skin friction cocfficient and sutlace lemperature for
different values of Joule heating parameter Juf whilc Pr=1 00, ¥ = 0.006, Af = 0.60 and
Ge =070, O = 0.20 which is shown in Appendix C. Here it is found that the values of
skin friction cocfficient mcrease at diflerent position of x for Joule heating parameter
Sul = 0.30, 0.50, 0.70, 0.50. The rate of the skin Iriction cocMicienl incieases by 20.87%,
as the Joule heating paramcler Jid changes from 0030 to 090 and x = 3.0049.
Furthenmore, it i seen ihat the numerical values of the surface wmpeiatuie distobution
increase for increasing values of Joule heating parameler Sl The rale of meicase of
surface temperate distribution is 25.67% at position x = 3.0049 as the Joule heating

parameter Juf changes from 0.30 to 0.90.
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The valucs of the skin friction coefficient and surface temperature for different values of
pressure work parameter Ce while 2 =0.72, ¥ = 0.001, M = 0.50 and .Jul = 0.005, 0=
.50 atc depicted in Table-Cha which is shown in Appendix C. Here it is observed that
the values of skin [riction cocfficicnt increase at dilterent position af + lor pressure
work parameter Ge = 01,10, 0.30, 0.60, 090, The rute of the skin friction coefficient
increases by 109.67% as the pressure work parameter Ge changes fiom 0.10 w 0.90 and
x =1 3043, Furthermeore, it 18 seen that the numerical valucs of the swface temperiuie
distribution increase for inceeasing values of pressure work paramcter Ge The rate of
increasc of surface temperatwe disinbution is 136.99% at position x = 1.5095 asz the

pressure worlk paramecler Ge changes from (.10 to £.90.

5.3 Conclusions

From the present investigation, the following conclusions may be drawn:

+ The skin friction coefficient, the surface temperatwe, the selocity and the
lemperature profilus nerease for the increasing valuus of the viscous dissipation
parameter i,

L

The skin Irction coefficieni, the surface tempeiature, the selocity and the

lemperature profiles merease for the incieasing values of the pressure woik
paramcier (e,

The skin fnction coctficient, the surface temperature, ihe velocibe and the

lemperature profiles tncrease for the increasing values of the Joule heating
parameder Jul,

* The skin friction cocfficient, the surfuce temperaturc, the velocity and Lhe

temperatlure profiles incrcase for the inercasing valucs of (he heat gencration
parameter £

= [t has been observed that the skin friction cocflicient, the swrluce lempelatiire
distribution, the velocity profile decrrases over the whole bBoundary layer with the
increase of the Prandt] nuniber v But the temperature profile wncreases at some

dislance against 7 and then it stars to decrease over the whole boundary layer will
the ingrease of the Prandtl number Pr,

* The clfect of maghetic parumeter or Jlarimann Number A1 is to decrease the skin
fnetion coefficient, the surface (cmperature distnbution and the velocity

distibution over the whole boundsry layer, but reverse case happens [or
temperature disinbutions.
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CHAPTER &

VISCOUS DISSIPATION AND PRESSURE WORK EFFECTS ON
MAGNETOHYDRODYNAMIC NATURAL CONVECTION FLOW
OVER A SPHERE IN THE PRESENCE OF HEAT GENERATION

A study of the flow of clectncally conducling Muid in pesence of magnetic fizld 15
important from the technical point of view and such types of problems have reecived
much atiention by many researches. The specific problem selected for study is the [ow
and heat tiansfer w an eleetneally conductng Muid adjacent to the surlace. The surface
15 mainiined al a uniform temperlure ., that may either exceed the ambient
temperaure o of may be less then T When T > T an upward fow is estabhshed
along the surface due to free convection; while when T, < 7' there is a down fow. In
addinon a magnetic field of steenglh /& acts normal to the surfice. ‘The interaction of the
magmetic ficld and the moving electric charge carried by the Nowing fluid induces a
foree, which tends 1o oppose the uid metion so that the velocity is very small. The
magnctic force, which is proportional to the magnitude of the longitudinal velocity and
acts in e oppositc dircetion is also very small, Consequantly, the influence of the
magnetic [icld on the boundary layer is exerted only through induced forces within the

boundary layer itzelf, with no additional ¢flects arising from the fres sireum pressurc

pradient,

However, the study of heat generation or abserption in moving Mnds is imiportant
deahng with chemical reactions and those concemed with dissociating fluids. Possible
heat pemeration cffcels may alter the temperature distribution, Viyravelu and
Hadjinolaue {1993) studied the heat transfer choracteristics in the Lummar boundary
layer of a wiscous [wud over a lincurly stretching continuous surface with viscous

dissipation or frictional heating and micrnal beat gencration. in Uus study  they

considerd that the volumetne rate of heat gencration, g™ [wim™], should be ¢™ = Gyu{ -
Tl for T2 ¥, and cqual to zeto for T« Ta (g is the heal genelation / alrzorplion
constant. [Tossain ef al. {2004) also discussed the problem ol natural convection Dow
alonpg a vertical wavy surface with unifonn surface temperaturc in presence of heat

genetation £ absorption. To our best of knowledge, heal eneration eoffecl on
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magnetohydrodynamics free convection flow fiom an isothermal sphere has not yet

been studicd and the present wonk demonstrates the issue.

The present work considers the natural convection boundary Taver llow on a splcre of
an ¢lectrically conducting and steady viscous in compressible fluid in presence of strong
magmetic field, the pressure siress work and heat pencration. The govenung pariial
differential ¢quations are reduced 1o Tocally non-similar partial dilferential forms by
adopting appropriate transfonnations. The transformed boundary layer cqualions are
solved numerically using imphicit finite difference schume togetlier with the Keller box
technique, Here we have focuscd our attention on the evolulion of the surfuce shear
stress in lermis of local skin friclion and the rate of heat transfer in terns of local Nusselt
number, velociy dislnbution as well as temperatare disinbution for g seleclion of
parameter ety consisting of heat gencration parameter (3, viscous dizsipation parameter

N, the presswe work parameter Ge, the magneue parameter A and the Prand)] number
Pr.

6.1 Formulation of the problems

Natural convection boundary layer Now on a sphere of an clectrically conductinge and
steady two-dimensional viscous incompressible fwid in presence of strony magnetic
field and heat pencration is considered, Tt radiation etfeci is neglected. Then the basic

¢quations (2,106} to (2 108) can be writicn as

J 6.l
m-a—(rU)+—O-—(rV]=D (6.1)
oX 7} d

H z z (6.2}
u5344ﬂ@i=u§££+ﬁﬂﬁtJsmﬂf)—fii—u
8x ar Y- a o
. 2 .l !
v Lk 5T+?wzjﬂl+"[abj+-g'uxu) (6.3)
ax d¥  pC.8Y° pC, 3%x pC\dY 2C,
The boundary conditions for the equations {6 2) to {6.3) are
U=¥F=0 T=I on¥=0 (6.4}

U—s 0,7 T, at ¥ = (G 5)
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FiX)= o sin [i], whers r=#{X)
o

0

Figure 6.1: Physical model and coordinate sysiem

whete, symbols have their usual meanings, To transform e above equations wmlo non-

dimensional form the following dimensionless variables {2.112) are introduced:

A i, ¥ a Y & - T-T
x=" y=Gl = u=2G"y  v=2G Y, g L (6.7)
a a v v 1,-T,
Where Grand fare delined in chapler two.
Thus (6.6} becomes ~(a) =asinx (7.8

Using the above values, the equations {6.1) to {6.3) lake the followanyg fonmn:

2w+ ) =0

= 5 (6.9)
du  dhe 3u . adla’
ua+u-a—v_@—z+ﬂsmx— }’2’” (0.10]

ovisr
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a9
g0 88 1 & g, Gr ey
Y 8e . _ |_
Bx  dy  FPrdy a*C, [’F,,,—J!'m)\ﬂyj
a Fﬂ o _a (6.11)
LT" f ;G -ﬁ'cr VG:"r

where, M, (2, N and Ge are delined earlice. Therefoie momentum and encriny equations
(6.10) and (6.11) 1educes w

:f%:~+ I?% = %+Hamx—Ma {6.12)
& 56 1 9% Su i

,—F——+f'~ = S |u+ OF .13

u@’x Ey Préy [E{}’J E[Tw—fﬂ | }HQ (613}

The boundary conditions associated with {6.4} to (6.5} becomes

w=v=40 f=1lay=0
w0, o0 asy s w (6.14}

Now substiluling equations (2.12] and (2.122)) into cquations (6.12) and (6.13) subject
to the boundary conditions (6,143, after simplifyiny we have ihe followings:

3J_r+(1+ _x m}sx}/ v (‘IJ +—sinx- Maf [Ei—f-gﬂ-ﬂfj
v Sinx &' |y x &y’ Gy e O &' (6.15)

’ LIPR
—-—EI—E:J+L]+ il cnst,-"—E+Qﬂ+f‘u (—a—]

T

Pr &’

sinx dy L &
]
e[ oY (¥ 26 5o (619
L-T ay dy o gy &y

The corresponding boundary conditions are

r=L g, 0210 y=0

ay
;f—nrﬂ 80 asy—ro (6.17)
_]_}

The skan fnction coefficicnt and the heat wansler coefficient, which can be writlen in

non- dimensiwonal form as

[
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£ o

A Cp = xL d {} (6.18)
ay -t

Nu, = -[EJ (6 19)
By md

Now veloeity distribution as well as temperature distribution Tor a sclection of
parameter sets consisting of hicat generation parameter, MHD paramuter, and the Prandlt

number at dilferent position of x {= 0, /6, n/4,-- ----11f2) witl be studiced.

6.2 Results and Discussion
Solutions are obtained for the fiuid having Prandtl number Pr (= 1.00. 174, 2.00, 3.00),

viscous dissipation paramcter & (= 0.10, .20, 0.50. 0,70, 10, pressure work
parameter Ge (= 0,10, 0.40, 0.70, (.90) ugainst » ol any position of x and for a wide
range of values of magnetic parameter A with the hoal eneration parameter O (= 0.440,
0.50, 0.60). Alsa the results for the skin frction cocicient and the rate of hieul transfer
have been obtained for fluids havi ng Prandtl number Pr (= [.00. 1 74, 2.00 3.00), the
heat gencration parameter 2 (= 0.60, (.40, 0.200, the magnetic parameter or Hartmann
rurnber M (= 100, 0.80, 0.60, 0.40} and pressure work paramecter Ge (= 0.10, 0.40,
0,70, 0.90% at differcnt position of x for a wide vange of valucs of magnutic paameter M

with the heat gencration parameter (2 = 0.40, 0 50, 0.60,

The eftects ol magnetic parameter or Hartmann number M [or Pr = 072, 0=2.00 M=
0.90 and Cre = 0.50 on the velocity profiles and wmperahue proliles are shown in
figures 6.2{a) to 6.2(b}. Figure 6.2(a} and figure 6.2(b) represent respectively the effects
of magnetic parameter 3 on the velocity and wmperature profiles. From these figures, 11
15 secn that the veloouty profiles decrease with the increasmg values of &F and the

temperahire profiles increase with the increasing values of A

From figure 6 3{a) 1l 12 observed that veloeity distibution increascs as the valucs of
viscous dissipation parameter & incrcase in the repion y £ [00 12] but near the surface af
the sphere, velocity increases significantly and then decreases slowly aml Onally
approaches to zero. The maximum values of the velocity are recorded to be 0.45450,
(51282, 0.53527, 0.55384 and 0.56949 for ¥ = 010, 0.30, 0.50, 4,70 and 100
respectively which occur at y = 1 23788 for first, second and third maximum valucs, v =
1.30254 for fourth and fifth maximum values. Hete it is observed that the veloeity

increases by 17.54 % as ¥ increases from 0,10 (01,00 From Geure 6.3(h). il is seen tlat
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when the values of viscous dissipition parameter & iffreases in the region ye [0, 12],

the lemperatuec distnbution also increases, Jt is obscrved that the muximum temperature

has been found at the surface on the sphere.

From figure 6.4(a) it depicts that the velocity distribution increases slightly as Lhe
pressure work paramcicr Ge increases in the region y& [0, 9] but near the surface of the
sphere, velocity mercases and becomes manumum and then decrcases and at  certain
point velocily profiles coineide and finaily approaches 1o zero. The maximum values ol
the velocity are recordad to be 043056, 0.44332, 0.47589 and 0 53463 for Ge = 0 10,
0.40, & 70 and 0.90 respectively which cccur al y = 1 17520 For first, secand and third
maximum valucs and at p = 1.23788 for last maximum values, Here we see that the
velocity increases by 24 17 % as Ge increases from 0.10 to 0.90, From figuie 6.4(b), 1t
1s seen that when the valucs of pressure work parameter Ge increases in fhc TCEION }'e
[0, 9], the temperature distribution also increases. But near the suclace of the sphere

temperature profiles are maximum and then decreases away fiom the surface and finally

take asymptotic value,

Trom figure 6.5{a) it {s illustrated that velocity distribution increases as the valucs of
heat generation 2 increase in the region ve [0, £]. The changes of velooily profiles in
the y direction reveals the typical velocity profile [or natural canvecton boundary laver
Now that is the velocity is zero ut the boundary surface then the velocity increases 1o the
peak value as y increases and Minally the velocity approaches to 7ero {the asymplolig
valug). The maximum values of the velocity are 0.47717, 0.52815 und (.54807 Tor (=
.20, 0.30 and 0.60 respectively which occur at y = 1.17520 for first maximum value
and y = 1.123788 for second and (urd maximum values. Here it 15 observed that the
velocity increase by 14.86 % as ( increases from O 10 10 0.60. From figure 6.5(b), it is
seen that when the values of heat generation parameter ) increases i the region ve [0,
8], the temperature distribution also increases. But near the suclace of the sphore

lemperature profiles are maximum und then decreases away (Tom the surfuce and finally

lake asympiotic valug,

Figure 6.6(a) and fgure 6.6() indicate the effects of the Prandtl number Pr with Af =
0.50, @ = 0.60, ¥ = 040 and Ge = 0.30 on the velocity profiles and the lemperature
profiles. From figure 6.6{4) it is observed that the increasing valucs of Prandt] number

Fr lcad to decrease Lhe velocity profiles. The maximum values of the velacity arc
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recorded to be 0.52815, 0.42524, 0.38592 and 036155 fur #r = 1.00, 1.74, 2 00 and
2.00 respeclively which ocour at p = 1.2378% for [irst maxinum ralue and y = 099306
for second, third and fowth maximum values. Here it is depwled that the velocity
decreases Iy 31.54 % as Pr incieases frem | 00 to 3.00. Again [rom fimwe 6.0(b) 1L 15
observed that the tcmperatwe profiles decrease with the inereasing values of Prandtl
number Fr. But near the surface of the sphere temperatuie profiles ate maximum and

then decicases away from the surface and finaily take asyinptotic value,

The clfects of magnetic parameter or Hartmann number 4 for Pr = 0 T2, 0=200N=
0.9% and Ge = (.50 on the local skin friction coefficient ¢ woand lecal heat transter
coefficient My are shown in figure 6.7(a) to ficure 6.7(b). From figwie 6 Ta) and ficure
6.7(b) it is evident ihat the increasing valucs of magnetie parameler M leads 1o decrease

both the skin friction co-efficient Cre and the local heat transfer co-cficient My,

Figure 6.8(u) and figure 6.8(b), represent the effects for differcnt values of pressure
work parameter Ge for the magnelic parameter M =1.00, Leat gencration paramcier J =
0.40, viscous dissipation paramcter & = 0.50 and Prandt) number Pr = 0.72 on the
reduced local skin friction coeflicient Cpr and local rate of heal transter Auy. The skin

friction coefficient Cyx and heat transfer cocfficient Muy increase with the Inereasing

values of pressure work paramcter (e

IFigum:, 6.9(a) and Ogure 6.9(b) show that both skin fniction coclfcient Cre and heat
transfer coeflicient Muy decrease for increasing values of Prandt] number /% while heat
generation paramcter {2 = 0.60, magnetic parameter A = 0.50, pressure work parameler
(e = 0.30 and viscous dissipation parameter & = 0.40. The values of skin Miction
coefficicnt Cor and Nusselt nwmber Muy are recorded to be 0.33987, 0.334806, 0.32018.
0.31108 and 0.27366, 0.25235, 0.15165, 0.02378 for 7 =1.00, 1.74, 2,00, 3.00
respectively which oceur at the sume point x = 0.38397. Here, it is observed that at v =
0.38397, the skin fricuon coefficient decreases by 5.47% and Nusselt number Moy
decieascs by $1.31% as the Prandt] number Pr changes from 1,00 Lo 3.00

From figure 6.10{a) and figure 6.10(b), it is seen that for different valucs ol heat
generation parameter  while the mapmetic parameter A =100, pressure work
parameter (e = 0.10, viscous dissipation parameter & = 0.40 and Prandtl number 2+ =
.72 an the reduced local skin friction cozfficient Caand Jocal rate of heot transter A,
The skin friction coeficient Cy increases and the heat nansfer cocficient Mg decrcuses

with the increasing values of heat generation parameter .
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Figure 6.2(a}: Vadation of dumensionless vilocily profiles /7 (x, v) auainst
dimensionless distanec y for different values of magnetic parameler or Hadmann
number M with Pe= 072, ¥ =090, Ge = 0.50 and =200,
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Figure 6.2(b): Variation of dimensionless temperature profiles & (x, 3} szainst
dimcnsionless distance ¥ for different valucs of magnelic parameler o
Hartmann number Af willl Pr = 0.72, ¥= 0.90, Ge =0.50 and =200
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Figure 6.3{a): Variation of dimensionless velocity profites /7 {x, y} against
dimensionless distance y [or different values of viscous dissipation paramele

Nwith Pr=0.72, M = 1.00, Ge = 0.30 and = 0.50.
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Figure 6.3(b): Vanation of dimensionless temperature profiles @ (x, »)
against dimensionless distance y for dilferent values of viscous dissipation

parameter ¥ with Pr = 0.72, A7 = 1.00, Ge = 0.30 and (J = 0.50.
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Figure 6.4(a): Variation of dimensionless velocity profiles /% (x, 1) against
dimensionless distance y for different valucs of pressure work parameter Ge
with Pr=0.72, M = 1.00, ¥ =0.50 and {7 = 0.44.

Figure 6.4(b): Variation of dimensionless temperature profiles 8 (1, )
apainst dimensiontess distance p for different values of pressure work
patameter Ge with Pr=0.72, M =100, ¥=0.50 and § = 0.40.



Chapterd, oo dissipatie aud gressire wark effec v an ML mano el ¢ el i over o 106

(L8]

Q.5

04

IV

Q3

&2

LR

&

Figure 6.5(a}: Variation of dimcensionless vilocity profiles 7 (x, ) against
dimensionless distance y for differcnt values of heat generation parameter
with Pr=0.72, M = 1.00, N = 0.40 and Ge = 0.10,
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Figure 6.5(b): Yariation of dimensionless temperature profiles @ {x, ¥)
against dimensionless distance y for different values of leat generation
parameter 2 with Pr=0.72, M = 1.00, ¥ = 0.40 and Ge = 0.10.
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Figure 6.6(a): Variation of dimensionless velocity profiles /* (v, ) against
dimensionless distance y for different valucs of Prandtl number 2 wilh Q=
0,60, M=0.350, ¥=040 and Ge = (.30,
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Figure 6.6(b}: Vanation of dimensionless temperature profiles 8 {x, y} against
dimensionless distance y for different values of Prandtl number Pr wilh =
0.60, M =050, N=0.40 and Ge = 0.30.
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Figure 6.7(a): Varation of skin friction coefficicnt, Cgp with dimensionless
distance x for different values of magnetic parameter o1 Harlmamn number A7
with CF=2.00, ¥ =090, Ge =050 and Pr=0.72,
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Figure 6.8(a): Variation of skin friction coe[licient, Cor with dimensionless
distance x for different values of pressure work purameter Ge with =044,
N=050,M=1.00and Pr=072.

0.6
B Se=0490
Ge =070
o5k T .. Ge =040

A Pr=072,M=100, Q=040 N

03 Tl
— - o -
}..-: - -
Tt e - -
T e e T - - ..
02} e T e - .
i T "'"-.__-‘-I-‘- ~—. ™~ =
o T ]
C bl
':l L H L ' 1 - 1 1 1 L : 1 H | Ll . 1 1 1 L} . H L
a 0.3 0.5 0.5 1.2 .5

X

Figure 6.8(b): Variation of local Nussclt number, Ny, with dimensionless
distance x for different values of pressure waork parameicr Ge with (= 0.40,
N=030,M=100and Pr=072.
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Figure 6.9(a}: Varation of skin friction coellicient, Co with ditnensionless
distance x for dilferent values of Prandtl number 2r with 4F = 0, 50, & =0.40,
Ge =030 and 2 =0.60.
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Figure 6.9%b): Varnaton of loca)l Nusselt number, My, with dimensioniess
distance x for different values of Prandt] number Pr witl M = 050, N =040
{7z =0.30 and 2 =0 60.
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Figure 6.10(a): Variation of skin frction cacflwient, Cg with dimenstonlass
distance x for different values of heat generation paramcter Q with A7 = 1.00,
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Figure 6.10{b}: Vunation of local Nusselt number, Mu, with dunensionless
distance x for different values of heat generation parameter € with M = 1.0,

N=040, Ge=0.10and £Pr=0.72.
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The values of the local skin friction coefficient Cy and local Nusselt nymber Ny for
different values of magnctic parameter or Harmann number AF while Pr = N7z, 0=
2.00, ¥ =0.90 and Ge = 0.50 arc given in Table-C; which 1s showu in Appendix C,
Here we sce that the values of local skin friction coeflicient (’p decrease ar different
position of x for magmetic parameter A = 0,40, 0.60, 080, 1.00. The mle of the local
skin friction ceefficient Ciy decrcases by 14.72% as the magnetic patameter A changes
from 0.400 to 1,00 and x = .80285 Funthermore, it is scen that the numerical values of
the lecal Nussclt number Nuy decregse us magnclic parameter or Hartmann number A
ncrease. The rate of decrease of (he Tocal Nusselt nomber Ny 15 9.64% at position x =

0.80285 as the magnetic parameter M changes from .40 (o 1.00

The values of the logal skin friction coefficicnt Cpe and Togal Nusselt number My for
(iflerent values of viscous dissipabon parameter N while Pr = 072, M = 0.90. Ge =
0,30 and (2 = 2.00 are recorded in Table-Cyq which is shown in Appendix C. Here it iz
seen that the values of tocal skin friction coelficient Cy increase at different position of
x for viscous dissipution paramster & = 0,10, 0.50, 0.70. 1 00, The rale of the Jacal skin
fnction ceefficient Cp ncreases by 8.57% as the viscous dissipanon paramcter N
changes from 0,10 to §.00 and x = 1.04720 Furthetmore, it is scen that the numerical
values of the local Nusselt number Muy increase for mereasing valucs of wiscous
dissipation parameter &. The rate of increase of the local Nusselt number Ny 16 69.08%%

at position x = 1 04720 as the viscous dissipation parameler & changes from O 10 10
1.04.

The values of the local skin fetion coclficent Cre and local Wussell number My, for
diffcrent values of pressure work parameicr Ge while Pr=0.72, A =100, ¥ = ¢.50 and
{2 =0 40 are recorded in Table-C)5 which is shown in Appendix C. Here it is found that
the values of local skin friction coefficient Cpy increase at different position of x for
pressure work parameter Ge = .10, 0.40, 0.70, 0.90 The rate of the lacal skin friction
coufficient Cp increascs by 11.74% as the pressure work parameier Go changes from
0.1% to .90 and x = 1.30900. Furhermore, it is seen that the numerical values of the
local Nussclt number Ny increase for increasing valucs of pressure work parameter Ge.
The rate of increase of the loval Nusselt number Muy is 194.02% at pesition x = 1.30900

as the pressure work parameter Ge changes from 6.10 to 0.90.
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Numerical values of local heat tansler rate, My are calcalated [rom equatien {6.18) for

the sutface of the sphere from lowcer stagnation point to upper starnation poml. In order

to verify the accuracy of the present work, the valucs of non dimensional heat teansfer

parameter My for N = Ge = M = 0 = (.00 having Prandtl number £r = 0,70, 7.00 at

different position of x (in degree} arc compared with those reported by Nazar of af.

(2002} and Molla er &l (2004) as presenied in Table-C gz which is shown in Append .

The results are found (o be in ¢xcellent agreement.

6.3 Conclusions

From the present problem the following conclusions may be drawn:

Significant ellects of heat generation parameter O und magnetic purameter M on
velocity and temperature profiles as well as on skin friction coclicient Cor and Lhe
rate of heat wansfer Muy have been found in this investigation but the clfects of

heat generation parameter {f and magnetic parameter or Hartmann number M on

rale of heat transfer is more significant

An inerease in the values of magnetic parameter or Harlmann number M lead to
decrease both the local skin friction cocflicient Ca and the local rate of heat

transfer &y The velocity profiles also decrcuse but the temperatuie proliles

inercase.

All the velocity profiles. lemperature profiles, the local skin friction coclficient Car
and the local rale of heat transfer My increuse si pniticantly when the values of

pressure work parameter Ge increase while =040, Pr =072, M = 100 and &
=0.50).

As viscous dissipation parameler & increascs, both the wvelocily and the

temperature profiles also increase significantly.

Increasing values of Prandtl number Pr lead to decrease the velocity profiles. the
temperature profiles, the local skin friction cocfTicient Cryand also the local rate of

heat transfer Muy.

Anjnctease in the valugs of heat geneiation parameter (2 teads Lo increase both llic
velocity profiles and the temperalure profiles, also lhe local skin friction
coefficient Cpy increases and the local rate of heal transfer Muy decreascs with the

mereasing values of heat penceation parameter.



CHAPTLER 7

CONJUGATE EFFECTS OF STRESS WORK AND
MAGNETOHYDRODYNAMIC NATURAL CONVECTION FLOW
OVER A SPHERE IN THE PRESENCE OF HEAT GENERATION

AND RADIATION

Radiation iy transformed in the form of clectromagnetic waves that direelly transpol
encrgry through space and this is the only process which brings 1 eht and heat to our
planct and earth from the sun which 15 millions of miles away from us Convection is
the transter of heal by the actual movement of the wammed matter fL cannot oceur 1
solids due to the panicics not being able to Mow frecly. The most common cause of
internal movement is a vadation in density duc to transfor of heat Free comsection is
the convection in which motion of the fluid ariscs solaly duc 1o the density aradicnls

that can be maintaincd in the flmd, for example hot air rising off the surface of o

radiatar,

The effeets ol radiation on free convection Mow are iniportunt in the conteat of space
technology and very litllc is known about the effTects of radiation on the boundary layer
llow of a radwting Muid past a body. The inclusion of a radiation eflects in the COeTiry
gquation, however, leads to a highly non-linear parlial differential equation. The
problem of free conveclion boundary layer over or on vanous shapes such as vertical
flat plate, cylinder, spheie ete have boen studied by many investizators and it has been a
very popular research topic for many years. [t is 1cadily recognized thal a wealth of
information is now available on convective heat and mass transfer for viscons

(Mewtonian} [uids

The goveming partal differential equations arc to deal with m the case of
incomapressible viscous Iuid such as continniny equation, momentum equation and
encrgy equation. The radiation energy cmitled by a body is transmiltted in the space in
the form of electromapnetic waves according to Maxwell’s classic clecuomapnetic
wave theory or in the fomm of discrete photons accerding to Planck's hvpothcsis, Both
concepts have been ulilized in the investigation of radiative-heat transfer, The enssion
ot absorption of radiation energy by a bhody is a bulk process: lhat is, radiation

oniginating from the mterior of the body is emitted through the surface,
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Vajravelu and Hadjinolauvo (1993) stuched the lmat‘];:'ansfcr chmacteristios w the laminar
boundary layer of a viscous flid over a lincarly sirfl;tching_ conlinuouns surface with
viscous dissipation or frichonal heating and internal heat gencration. In this study they
considered that the volumetric rate of heat generation ¢ [w/m™]. shouid he g =0 (T-

Te), for T2 ¥ and equal to zoro o1 1 < T,y Qg is the heat generalion / absorption

conslant,

The present work considers the natiral convection boundary fayer flow on a sphere of
an electrcally cotducting and steady viscous incompressible fluid w presence of slrong
magnetic field, cftfect of radiation, the pressure stess work and heat generation, Here we
have focused our attention on the evolution of the surface shear siress in terms of local
skin {rclion and the rate of heat tianstor in terms of Tocal Nusselt numbur, velocity
distibution as well as temperature distmbution for a selection of paramclers sef
consisting of heat yeneration paramcter O, the dissipalion parameler N, the pressurc
work patameter Ge, the magmetic parameter or Hartmann mwmber Af, the radiation

parameter A, the surface temperatuce 2, and the Prandt] number £r,

1.1 Formulation of the problem
The goveming equations of the flow under (he usual Bouszinesg and boendary layer

approximations are,

a a3 (7.1}
—{rU)+—(r¥)=0
EX( ) 5}’( )
r N ! (7.2}
Ua—L ¥ ﬂ‘ ”——G {f+§ﬁ(T—Tm) Sin(ij——nﬂrnﬁ“ U
aX ay ay a J7) ]
or 9T _ & *T 1 ég v (sUY
UtV e (7.3)
@X 5}’ pec, \8Y° kaY pC,. ay ’
pC,, SX
The boundary conditions for the equations (7.2} 1o (7.3 are
U=V=0 T=T on¥Y=0
(7.4}

U=, T=T, at¥-ow
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7.5
F(X) =2 sin (i} where » = #{ X, (7.5)
i

Figure 7.1; Physical model and coordinate svstom

whare, all symbols represent theiy usual meanings. To transform the above cyuations

into non-dimensional form, the following dimensionless variables [(2.112), (2.113)] arc

mtroduced.
‘Thus (7.5) becomes #(x) = asiny (76

Substituting equations (2,112} and (2,113} into the cquations (7.1) to (7.3} and after

stmplifying we luave the following equations

&

——luj+— rv) =0

o)+ ) (7.7)
a a ) F1
L ﬁi = Ei;u?smx— o “ap {(1.8)
O ay iy favele

a6 8¢ i &8 4 l}aﬂ
——t V— me—— =R+ {7 -1 il
e Us 'ﬂyHJFS U+t }9)35}*}

. LY . .
o - He |82, & @ (7.9)
a CP(TZP_TW) cy r.-T, C, PCs v %

where, M, @, N, Ge, 6, and Rd are defined carlier. Therefore momentum and encroy
cquations {7.8) and (7.9 can he writlen as
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. . (7100
uﬂ—u + va—zwm Ehmx—-a—f-

s Gy ay

224,06 13 {1+iﬁ:.:f(1+(a:?w—1):9}‘}E
dr & Priy 3 ay

(7.11)
\
(5 T
+ Q0+ N — ‘1 —Ge — - i
By ,-T,
The boundary conditions associated wilh cquations (7.4) beeame
Hn=v={, f=laty=0 -
HW— 0, &= 0 a5y = (7.12}

Now substituting equations (2.121 and (2.123}) into cquations (7. 1 and {7.11) subject to
the boundary conditions (7.12), aficr simplifying then we have the followings

uicuax]f P F) e &[T &S (7.13)
" ging B BPJ X oy B i B By ; ‘

k|

mf+(

(4 2 x ad
——| I+ —RA(1+(7 -1 I+ ——cosx | —+ 00
Prc.g»[l +3 (1+(8, -1’ ]ay} [ +— con]fay+Q (714)

S

-1 2 - -
N & { —GJ—-—T“ + i"—-x ai?—ﬂ—?_ﬁi
dy LTW -7, oy gy dx Oy dx

The coresponding boundary conditions arc

(713)
0,0 =0 asy—w

In practical application, the physical quantities of principal intcrest are the heal mansfer

and the skin- friction coefficient, which can be written in non- dimensional form as

6GrA KT -T (a0
Nu, =—— ¥ = | =
k(6,-T,) aGr e N ),

o Nu = [l+{4;’3}iidﬂlf,)i§%ﬂ (7.16)
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Now we will discuss velocity disinbution as well as temperature distribution for a
sclection of parameter sets consisting of heal gencration parameter ). rudiation
parameter Rd, the surface temperature parameter &, the viscous dissipation parameter

¥, the pressure work parameter Ge, magnetic sarameter A and the Prandlt number 2r.
L P

7.2: Results and Niscussion

The effect of sness work and magnetohydiodvpamic natwal convection flow on a
sphere in presence of heat peneration parameter and radiation paramgler has been
investigated. The problem considered here involves a number ol parametors on the busis
of which a wide range of numcncal results have been derived. QF these resulis, a small
seclion 15 pesenied here for brevity. The numerical results of velocity and temperature
profiles and also for local skin [rictions as well as local heat transfer coctficient ae
shown in figures 7.2 to figures 7.13 for various values of purumeters enierimg into the
probilem,

Figure 7.2(2) and fgpure 7.2(k) display the effcels of the velovity and temperalure
profiles, based on equations (7.13) and (7.14) wilh boundary condilions (7.13%), Tor
different small values of pressure work parameter Ge {=-010, 0.10. 0.30, & 50} plotied
agumst ) at x = n/¢ having Pr = 0.72, Rd = 1.00, &, = LI, M=050, N=010and 0=
0.40.

From figure 7.2(a), it is seen that the velocity profile is influenced considerably when
the value of pressure work parameter Ge increases, But near the surface of the sphere
velogity increases significantly and droreases slowly and finally approaches lo zers, The
maximum values of the velocity are 0.36546, 0.39176, 042331 and 0.46132 for e {=
-0.10, 0.10, 0.30, 0.50) respectively which occur al y = 1.17520 for [irst maximum
value, p = 1.23788 for sccond and third muximum values and at v = 1.30254 for lust
maximum value. Here it 15 observed that the velocity wercuse by 26 23% as Ge
increases from -0.10 10 0.50. Also from Ggure 7 2(b), it has been observed thal when the
value of pressure work parameter Ge incieases, the lemperature profiles also increases
significantly. The temperatercs are 0.68225, 0.73077, 0.75949 and 0.86191 for Ge = -

0.10, 0.10, 0.30, 0.50 at y = 1.05539 which indicates 1hat the lemperalire increase by
26.33% at that point,
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Fipure 73 {a) and figure 7.3(b} deal with the cflect of the magnelic parametes or
Hanmann number M (=0.1, 0.4, 0.6, (.8, 1.0} with ather controlling purameleis #r =
0.72, Rd = 200, &, = 1.10, 0 = 0.03, ¥ = 030 and G. = (.50 on the velocity and
lemperatuic profiles. From figure 7.3(a), it is revealed that the velosity profile 1ctards
with the increase of the magnetic parameter M that indicales that magnetic parameter
deereases the fuid motion. But 1t is observed (hat the temperatuce profiles mcrease with

the merease of magnetic parameter A4 that is evident from figurc 7.3 (b).

Figure 7.4(a) depicts the velocity profile for different values of the Prandtl number £
(=0.30,3.72, 1 00, 1.74) with parameters Ref = 2.00, ¢, = LID,M =050, 0=030 n=
020 and 7, = .40, Comesponding distrnibution of the temperalurs profile 5 shown in
figure 7.4 {b). From figure 7.4{a), it can be scen that if the Prandil number incecases, the
velocity of the flud decreases. On the other hand, fiom fipure 7.4(h) we obscrve that the

temperature profile decreases within the boundary layer due to merease of the Prandil
number Fr,

Fipure 7.5 (a3 and figure 7.5(b} illustrate the effect of the heal generation piramete) O (=
0.0, 0.20, 0.40, 0.50) with paramelers Pr = (72, Bd = LA, =11, =030 N=
0.1% and Ge = 0.50 on the velocity profile and the temperature profiie. From fpun:
7.5(a}, it is revealed that the velocity profile increases with the increase of (e heat
gencration parameler (F that indicates that heat generation parameter accelerates the
fluid motion, Small increment is shown from figwe 7.5(b) on the temperature profile [or
increasing valucs of ).

From figure 7.6(a}, it may be concluded that the radiation heat increases the velacity
field in the region y@ [0, 12]. The changes of velooily profiles in the J direction reveals
the typioal velocity profile fon natural convection boundary layer Tlow i.e. the velocit ¥ Lb
zero at the boundary of wall then it increases and reaches to the peak value as ¥
increases and finally the velocily approaches to zero (the asymptotic valuc). The
maximum values of the velocity are 0.40934, 044132, 0.47876, 0.50425, 0.52296 for
R = 0.00, 1.00, 2.00, 3.00, 4.00 respectively and which oceurs aL y = 123788 [or first
and second maximum values, al y = 1.36929 for third and fowrth maximum values and ¥
= 1.43822 for last maximum value. Tlere we sce that the veloaty i11c:1'ehnses by 27705
as Rd incieases from {00 to 4 §0. In figure 7.6(b) it is ¢leatly scen that the lemperale:
distribution increases owing to increase of the values of the radiation paiamete K¢ and

maximum iz at the wall,
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Figme 7.7(a) shows the clfects of the velocity profile for dillerenl values of the surfce
temperature parameter £, = 0.00, 0.40, 0.60, 0.80, 1.00, 1.20 while the other controlling
parametets Rd = 1.00, Pr= 072, @ = (.30, M = 0.50, N = 0.20 and Ge = 0.50.
Corresponding distribution of the temperature profile is shown in figme 7.7(1). From
fTigure 7.7{a), it 15 seen that it the surface temperalure parameter mercases, the velogiy
of the flwid ulso increases. On the other hand, it is observed that the temperaiun: profile
incteases withn the boundary laver due to increase of the surface temperaiulge

parameter 8, whicliis evident from figure 7.7(b).

Numeneal values of the local skin frichion coefficient Cr and the local rale of heat
transfer cocilicient Muy are depicted graphically in fignre 7.8(a) and figure 7.8(b)
respectively against the axial distunce y for different values of the pressure wark
parameler Cre (= -0010, 0,30, .30, 0.50) for (he Auid haviag Prandt] number Pr =0 72
and other fixed parameters. From figure 7.8{a) und figure 7.8{1), 1L is seen thar an
merease in the value of the pressure work parameter Ge leads to increase the local skimn

friction cocllcient Corand the local rate of heat transfer coefficient My,

The variation of the reduced local skin friction coefficient Coe and local rale of heat
transfer My for different valucs of magnetic parameter M (= 0.10 0.40, 6 60, 0.50, 1.00)
with x are illusirated in figure 7.9(a) and figure 7.9(b) both for Pr=0.72, &4 = 2.00, ()=
6.03, & = 1.10, ¥ = .30 and Ge = 0.50. From figure 7.%4) and 11'1gure T, ks
observed that both local skin [iclion coefficient Cpr and local rate of heat nanster
coeflicient Nuy decrease slightly as the values of mapgnctic parameter or Hactmann
number 3¢ ncreases at diffcrent position of x {in radian). Thus we can say that the

magnetic field 16 limiled to retardation though in presence of heat gencration parameter

2. '

Variations of the local skin [notion coefficient Crrand local rate of heat transfer Ny for
differenl values of Prandtl number Pr {=0.50, 0 72, 1.00, 1.74} with ather {ixed values
of conteolling parameters are shown in the figure 7.1%a) and Ngure 7.10KLY. From
tigare 7.100a) and figure 7.10{b) it is seen that as the Prandtl number Pr increascs, the
local skin friction ¢ocfficient decreascs and heat transfer cocfiicienl wmereases but the
tale of increase 1n the heat transfer coefficient is higher than that of the skin friction
cocfficicnt. So, the effect of Prandt]l number #r on heat transler coeflicient is more than

the effect of Pron local skin friction cocfficient.

o
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Figure 7.11{a) and fgme 7.11(1) llustrate the variation of local skin friction coclficient
Cix and the rate of local heat transfer Nuy against x for different valecs of leal
generation parameter { (= 0.00, ¢.20, .40, 0.50) as obtained by solving numerically
equations (7.13) and (7.14) where Pr=1072, 0 =11, M =050, Rd = 1.00, ¥ = 0.10
and Ge = 050, Il i seen from figure 7.11{a) thal the skin fitction cocfGcient Ca is
infuenced considerably and increases when the valucs of heat genciation parameter
tnercase at different position of x (in radian) with other controlling parameters. Tigun

7.11(b} indicatcs that the rate of local of heal trunsfer Ny docrcases OWing 1o mo1case

m values of heat generation parameter Q with other fixed parameters

The effect for different values of radiation parameter Bd (= 0.00, 1.00, 2.00, 3.00, 4.00,
the local skin friction cocllicient Crr and local rate heat of wansfer coeflicicnt A, are
shown in the figure 7.12(a} and fpure 7 12{b) winle Prandt nembor 2 — (.72,
magmetic parameler A = 0350, heal geneiation parameter ¢} = .40, dissipation
parameter ¥ = 0.40, pressure work parameter Ge = 0.60 and surface temperaturc

parameler &, = 1.1. Here, it is scen thal as the radiation parameter Rd incieases both the

iocal skin fniction cocfficient and local rate of heat transfer coefficient increase

From fhigure 7.13(2) and figare 7.13(b), ili can also casily be seen that an merease in the
surface temperatuee parameter &, lcads 1o increase the local skin friction cocflicient Cox
and the local rate of heat transfce cosfficient My slightly while Prandd number Pr =
072, hcat generation parameter J = 0,30, magnetue parameter AF = (.50, viscous
dissipation purameter N = 0 20, pessure wark parameter e = .50 and radmtion-

conduction parameter Ad =1.00. Also il is cbserved that at any position of x, the local
skin friction coeflficient Ciy and the local Nussell number Nuy increase as &, increases
from 0.00 to 1.2. This phenomenon can easily be understood from the fact thal when the
surface temperature parameter £, increases, the temperature of the fluid riscs and the

thickness of the velocity boundary layer crows i.c. the thermal houndary layer Decomes
thinner than the velocily boundary layer. Therefore the skin friclion coctliciont. Cry aned

the local Nusselt number Nuy ate increased,
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Figure 7.2({a): Varatien of dimensionless velocity profiles /{1, v} against
dimensionless distance y for diffcrent values of pressure work parameter Ge
with #r=0.72. M =050, N=0.10, Rd = 1.00, 8, = 1.10 and O = 0.40,
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Figurc 7.2(b): Variation of dimensionless twmperature mofiles & (x, 37) amainst
dimensionless dislance y for different values of pressure workl parameler Ge
vith Pr=072, M=0350, ¥=0.10, Rd=1.00, 3, = 1. 10 and 9 = (1.40.
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Figure 7.3(b): Variation of dimensionless temperature profiles & {x, )} against
dimensionless distance y for different valdes of magnetic parameter or Hartmann
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Figure 7.4(b}: Varaton of dimensionless cmpeiatare profiles @ (x, 30
against dimensionless dislance w for different values of Prandtl number Pr

wilh M =030, N= 020, Ge =040, Rd=2.00, &, = 1.10 and =030



Chepter-8, Stress work and MAED frec couver ton fow over a spleee o presens ¢ froat LN L e 123

¢ 5 T
J.F

Figure 7.5{a): Vanation of dimcnsionless velocity profiles /7 (x, 3} aguinst

dimensionless dislance y for different values of heat generation parameter ¢ with

M=030,N=010,Ge =050, Rd=1.00, 8.= 1.10 and Pr=10.72.
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Figure 7.5(b): Vanation of dimensionless temperature profles 8 {x, 3 against
dimensionless distance y for ditferent values of heat gencration parameter {3 with
M=050,N=0.10, Ge =050, R = 1.00, &, = 1.10 and Pr=0.72.
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Figure 7.7(a): Variation of dimensionless velocity profiles 7 {x, }} against
dimensionless distance y for different values of surface temperature parameter
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Figure 7.8(b): Vanation of local Nusselt number, ¥u, with dunensionless
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Figure 7.12(b): Variation of local Nusscll number, Nu, with dimensionless
distance « for dillerent valucs of radiation parameter Re with Pr = 0.72. N =
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Figure 7.13(b): Variation of local Nusselt number, Mu, with dimensionless

distance x for different valucs of surface temperature parameter &, willh Pr =
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The values of the local skin friclion coefficiont Crr and Inocal Nusselt number Nuy [or
dilferent vaiucs of radiation parameter d whilc Pr = 0 72, f.=1.1, =03, Q=040
M=0.40 and Ge = (1.60 are presented in Table-C 5 which is showed in Appendia O
Here we see that the values of local skin friction cocilicient Cor merease at differcnt
positon of x for radiation parameter Rd =1.00, 2.00, 3.00, 4.00. The rate af the local
skin fmction coefficient Crr increases by 6.76% as the radiation paramcter Rd changes
from 1 00 to 4.00 and x = 0.8028. Furthermore. it is seen that the numerical values of
the local Nusselt number Nuy inercase for increasing values of radiauon parameter R¢/,
The rate of increase of the local Nusselt number Nuy is 56.49% at position x = 0 3028 as
the radiztion parameter Ref changes from 1.00 1o 4.00.
The values of the skin friction coefficient and local Nussclt numbser for different valucs
of heat gencration parameter O while Pr=10.72, 8, = 1.1, Rd = 1.0, M = 0.5, N =020
and G = 0.50 are entercd in Table-Cyg which 15 shown in Appeadin C. Here we obscrve
that the valucs of skin friction cocfficient Cpy decrease at different position of x for heat
genelation parameter O =0.00, .20, 0.40. The rate of the shin f{Hction coctlicient
ncreases by 2.98% as the heat generation parameler £ changes from 0,10 to 1,00 and ©
= 0.80283. Furthennere, it is scon that the numerieal values of the local Nusselt number
Migy decreuwse for increasing values of heat gencration parameter (. The rate of decrease
of local Nusselt number is 62.66% at posilion x = 0.80283 as the heat cencration
parameter O changes from (.00 to 0.40.
The valucs of the focal skin [Hiction coefficicnt and local Nussclt number for differcat
- values of surface temperature parameter &, while £+ = 0.72, Cr=030, Kd =100, M=
0.40, =020 and Ge = 0.50 are recorded in Table-Cy winieh is showed in Appendix €
Here 1l is depicted that the values of skin friction cocMicient Cp- increase al dilferent
positien of x for of surface temiperature parameter £, =0.40, 0.80, | 00, 1 20, The rate of
Lthe skin friction coefficient increuses by B.94% as surface temperature parameter 3,
changes from 0,40 1o 1.20 and x = 1.30900. Furthermore, i1 15 seen that the numenical
. values of the local Nusselt number Muy ncrease for increasing values of surface
temperature patameter &, The rate of increase of local Nusselt number 13 103.56%) at
position x = 1,30900 as the surface temperature parameicr 8, changes from 0.40 to 1.20.
In Table-Cao, the valucs of the skin friclion cocfficient and local Nusselt number for
different values of pressare work purameter Ge while Pr = .72, (J=0.40, Rd = 1 00, O,

= 110, M =050 and ¥ = 0.30 arc depicted which is shown in Appendix C. It 1s

£
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concluded that the values of skin friction coclTicient incicase at dilfferent position of x
for the presswre wark parameter Ge = - .10, 0.10, 9.20, 0 30. The ratc of the skin
friction coefficient increases by 16.93% as presswie work parameter Ge changes [tom -
0.10 to 0.50 and x = 1 30900, Furthcrmoere, it is seen that the numerical values of the
local Nusselt number My decrease for increasing values of pressurc work parameter
Ge The rate of decrease of local Nusselt number is 98.62% at position x = 1.30900 as
the pressure work parameter Ge changes from - 0,10 tw 0,50,

Mumerical values of Tocal heat transfer rale, Nuy are caloulated from equation (10,19}
for the surface of the sphere from lower stagnation poinl 1o upper stagnation poimni,
MNumerical values of Nuy are entered in Table-C3; that is showed in Appendix . In
order to verify the accuracy of the present work, the valucs of non dimensional heat
transfer parameter Muy for N= Ge=A = 0 = Rd = £, = 0.00 having Prandt] number
Fr=0.70, 7.00 at different position of x {in degree} arc compared with thosc reported by

Nazar et af (2002) and Molla ¢f o/ (2004) as presented in Tuble-Cay L he 1esuits arc

found to be in excellent agrecmenl,

7.3 Conclusions

I'rom the present investigation, the following conclusions may be drawn,

* Increase in the values of pressure work parameter Ge leads to increase the velocity
profile, the temperature profile, the local skin friction cocilicient Cx hut the local
rate of heat transfer Nu; decrcases with the incrcase of pressure work paramciler

Geowhile 9=0.40,8,=11, M=0.50, Rd=1 00 and Pr=0 72

* ‘Lhe velocity profile, the skin Iriction cooffivient Cpy and local eate of heat transter
Nuy, all arc decreasing for incrcasing values of magnetic parameter or Hartimano
number M, but the temperature profile increase with the increase of magnetic

parameier M.

+ Significant eflects of heat generation parameter Q on velocity and temperature
profijes as well as on local skin friction cocfficient and the rate of heat Lransfer
have been found in this investigation but the effect of heul pencration parameter (2
on rate of heat transfor is more sipnificant. Aw ingrease in the values of hea
generation parameler @ Jeads to bolh the velocity and the lemperalure profiles

increase. The local skin [Hetion coetficient Cpor mercases at different position of v,
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but the lacal tate of heat transfer Muy decrcases #t difloient posiiior of x for Pr

=072, Uy = 1.1, M= 0.50, Rd = 1.00, Gz =10 50.

The increased valucs of radiation parameter R4 leads to increase the velocity
profile, the temperature profile, the tocal skin friction coefficicnt oy and the tocal

rale of heat transfer My while Cr=040,0, =11, =050, Ge=060 und Pr =
072,

All the velocily profiles, temperature profiles, the locul skin Niction coclhcicnt Cox

and the local rate of heat transfer My increase sipnificantly when the values of

surface temperature parameterd, = 1.1, incieases while $ = (0 30, Af = 0.50, Rd =
1.00, Ge = 0,50 and Pr=0.72,

Increasing values of Prandil number Pr leads to decrease the veloeily profiles, The
temperature profiles, the local skin friction cocflicient Ca but the local rate of heat
transfer My increases with the increase of Prandt] number Pr while (=030, &, =
1.1, Rd =200, M =050, Ge=0.40 and Pr =072,

"y,



CHAPTER §

Conclusions
The problems of frec convection boundary layer flow over or on bodies of various

shapes have been discussed by many mathematicians, versed engincers and tesearchers.
Many natural phenomena and engmeering problems are susceptible to MHDY analysis.
Natural convection heut transfer gained considerable atention because of its numecrous
applications in the areas of energy conservalions coclng of clectrical and clectronic
compenents, design of solar collectors, heat cxchangers, pumps and flow meters and
many others. Magnetohydrodynamics 1s that branch of continuum mechanics that deals
with the flow of clectrically conducting fluids in electre and magnetic fields, Probably
the laigest advance towards such phenomena comes fior the field of astrophysics, [t
has leng been suspected thut most of the matter in the unjverse 15 in the plasma ar
highly ienized gascous swmte, and much of the basic knowledge m the area of
electiomagneue fluid dynamics evolved [rom (hese studice. The most im [portant
application of MHD is in the gencration of clectrical power wilh the flow of an

elecincalty conducting fluid through a transverse magmehc ficld,

Tni the present dissertation, the solutions of two dimensional sleady MHD convective
flow of viscous incompressible fiwid due to & verdcal flat plaltc with heat conduction,
over 4 sphere and on a circulur cone with the effects of magnetic {icld, heat pencraton,
Toule healing, radiation, surlface temperature, viscous dissipation and presswre work
have been examined separately. The flow problem with all these phenomena wouethe,
mfect results in a very complicated siructure physically as well as mathemanically. We
have, however, taken into account relatively simpler strucural [omms of the above-
metihioned flows In view of (his, the effcels of viscous dissipation and pressure stress
work on magneto hydrodynamics fiee convection fow along a vertical Nl plate with
heat conduction taken inw account in chapter 3, we have considered the stress work
effee! on magnelo-hydredynamic (MHD} free convection fow trom the vertical [at
plate with Joule-heating and Leat conduction in chapler 4. Conjugate cffcet of stress
work and heat generation on MHD free convection flow along a vertical flat plate with
Joule heating and heat conduction is considered in chapter 5. We described the pressure
wark and viscous dissipation effects with miagnetohydrodynamic nalural convection

flow over a sphere in the presence of heat gencration in chapier 6. The conjugate stress
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work and magnelohydrodynamic effects on nalural convection Now over a sphere in the
presence of heat generation and radiation arc stndied 1o chapler 7
We applied the implicit finite difference method torether with Keller-box selieme
chapter 3, chapler 4, chapter S, chapter 6 and chapter 7,

The resuils obtained for each of the models have been discussed and analyzed in the
respective sections. However, an overall discussion on the works are presented below n
baef:

There is significant effeet of the pressure waork parameter Ge on the velocuy profiles
and temperalure profiles as seen in chapter 3, chapter 4, chapter 5, chapter 6 and chapter
7. In most of the cases, #'s Tound thal the incroase of the maugnitude of Ge is
propertional to the increase of the velocity and tempeorture profiles, Also, the pressures
work parameter Ge leads to increase the skin friction coefficicat as well as the surface
temperahure observed in chaplers 3-5. In chapter 6, the local skin [Hetion cocllcient Cor
increases and the rate of heat ransfer Muy decreases sigmlicantly when the valucs of
pressure work parameter Ge increascs while 0=0.40, Pr=0.72, 3/ = 1.00 and ¥ =050,
Again in chapter 7, as the pressure work parameter Ge increases, the local skin friction
coetficient also increases but the local rate of heat transfer cocflicienl decreases wluch
means that the radiation parameter dominates the Nussclls number
The effeet of viscous dissipation parameter N on the veloeily profiles and temperature
profilcs are displayced i chapter 3, chaprer 4, chapter 5 and chapter 6, In these chapters,
itis clearly observed that for increased values of viscous dissipation parameter N lead to
incieasc the velocity profiles as well as temperature profiles. Also in chapier 3, chapter
4 and chapter 5, 1t is seen thal the skin friction and surfuce temperature distribution
increase for increasing values of viscous dissipation paramcier N,

For the ¢ffect of magnetic parameter M in chapter 3, chapler 4 and chapler S, it is
depicted that the skin fiiction coelficient, the surface temperatne distnbution and the
velocity distribution over the whole boundury layer decrease, but the lempeiatire
thstribution sncreases. Agam in chapter 6 and chapter 7, it is secen that the velocaty
profiles, the skin friction coelficient Cgy and local rate of heat transfer My, atl are
decreasing for increasing vatues of magnetic parameler A7 bul the lemperature profiles

ncrease with the merease of magnetic parameier M.

In chapter 5, it 15 scen that the skin fHetion cocfficient, the surlace lcmperatuee, the
velocity and the temperature profiles all are inereasing for the increasing values of the

heat generation parameter (1. Furher, significant effeels of heat gencraton palamercr !
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on velocity and temperature profiles as well as on local skin friction coefficient and the
rate of heal ltansfer have heen found in chapler 6 and chapler 8 but the effect of bt
gencration parameter 2 on rale of heat transfer is more significant. An mercasc in the
values of heal generation paratneter (2 leads to hoth the velucily and the temperature
profiles to increase, the lacal skin feiclion coeffizient Ciy increases, but the local rate of
heat transfer Nuy decreases at different position of x for Pr=0.72, &, = 1.1, M = 0.50,
Rid=1.00, Ge=0.50.

The skin {riction coefficien, the surface temperature, the velocity and the temperature

profiles all are increasing for the increasing values of the Joule beating parameter Jie!

desenbed in chapter 4 and chapter 5

The ctfcet of radiation parameter Ref leads to increase the velocity profiles. the
temperature profiles, the local skin friction coclhicient Car and the local rate of heat
transfer Nuy while Q=0.40, &, = 1.1, M = .50, Ge = 0.60 and Pr =072 as displayed in
chapter 7,

In chapter 7, all the velocity profiles, temperature profiles, the Jocal shin [riction
coclficient Cy and the local rate of heat bansfer Nuy morcase significantly whun the
values of surface tcmperature parameterd, = 1.1, increases while £ = 0.30, M =050,

Rd =100, Ge=10.50 and Pr=0.72.

There is marked cffect of the Prandtls number Pr on the velocity profiles, temperature
profiles, the skin friction and the surface femiperature as seen in chapter 3, chapter 4 and
chapler 5. Tni rnost of the cases, it has been observed that the skin {tiction coefficient, the
surface temperature distribution, the emperature profiles and the velocity profiies
degrease over the whole boundary fayer with the mcrease of the Prandd number Pr.
Increasing values of Prandtls nember Pr lcad o decreasc the velooiy profiles, the
temperature profites, the skin friction coefficient and the tate of heat transfer coefficicnt

as ilustrated in chaplers 6-7

Sinece we could nol obtain experimental resulis of the models we conswdercd,
comparisan of our resulls could not be made with cxpenmental resulis. llowever, we
have made some contparisons of our results with theeretical results of Nazar and Chen
(2002), Motla e wl. (2004} in chapter 6 which is shown wn Appendix C (Lable-Cyq), by
Mazar and Chen (2002), Molla et ol {2004} 1n chapter 7 which is shown in Appendia C
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{Table-Ca;). These comparisons show good apreements between our results und of those

mentioncd above and hence an cncouragement for our works.

It1s evident from Table-Cy that the skin friction coelficient and the surface temperature
for duferent values of viscous dissipation parameter N obtained from Table-Cy and

Table-C; are in excellent agreement which is shown 1o appendix C.

Similarly from chapier 5, it is conctuded thal the heat generation parameter dominates
the pressure work parameler, viscous dissipation parameter, Joule heating parsmetcr and
also Prandtls number, For the same values of pressure work parameter Goe = 0,60, the
skin friction and the surace lemperature in Tabie-Cq und Table-(;; against x = 0.7090
are 0.6251 and 0.7810, 1.3160 and 1.5961 respectively. The varatwon of the skin
friction coefficient and surface temperature al x = © 7090 in chapter 4 and chapler 3
oueurred only for heal generation paramcicr. Therefore, it is ¢learly illustrated that the
huat generation parumcter dominates the pressure work parameter. Also, all other cases

such as viscous dissipalion parameter, Joule licating paramcter and Prandils number

analysis cun be shown in a similar way.
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Possible Future Works

L}
o

The effects of stress work on magnetohydrodynamics(MHD) free convection

flow along a vertical flat plate with temperature-dependent viscasity.

Comjugate effecls of pressure work and viscous dissipation on mugnelo-
hydrodynamics(MHD) free convection flow slong a vertical flat plate with heat

condustion and temperuture-dependent viscosity.

Conjugate etfects of pressure work and viscous dissipation on muagnelo-
hydrodynamics{M1ID) free convestion flow along a verlical fat plate with heat

conduction and lemperature-dependent thermal conductivity.

The stress work cffects on the magnetohydrodynamic (MHD) free convection
fow along o vertical flat piate wilh Joule-heating and heat conduction in the

presence of lemperature-dependent thermal conductivity.

Conjugatc ctiects of stress work and Foule-heating on the magnetelydrodynamic
(MHD) [ree convection flow along a vertical flat plate with heat generation ad

heat conduction m the presence of lewperature-dependent thermal conductivily.

Conjugate  elfects of stress  work  and  heat  peuneration oo the
magnetolydrodynamic (MHD) free convechon flow along a vertical flat plaie
with Joule-heating and heat conduction m the presence of lemperature-

dependent viscosity.

The pressure work and viscous dissipation ¢llecls on magnetohvdrodynamic
natural convection [low over a sphere in the presence of heat generationand

temperature-dependent viscosity.

The pressure work and viscous dissipation effects on magnetohydrodynamic

nawral convection flow over a sphere in the presence of heat generation and

temperalure-dependent thermal conductivity.
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The comjugate effects of stress work and magmelohydrodynamic natural
convection [low over a sphete in the presence of heat seneration and radiation

wilh temperature-dependent theomal conduchivity,

The conjugale clfcets of stress work and magnciohydrodynamic natural
convection Mow over a sphere in the mesence of lical reneration and radiation

with temperature-dependont viscosity.

The stiess work effects of laminar frec convection rom a verlical permeable

circular cone mainlained at non-uniform surlace temperature.

The siress work effecls of laminar free convection from a vertical permicable

circular cone maintained ot unifonn surface wmperators.
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Numerical Melhad
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Vol 123 No |
Tab]E—Hu
Watcr Magmetic ficld | Electrical - Magnetic Joule heating
sirength, B, Conductivity, parameier, A parameter, Sl
a(Sim*)
0°C 3205 0.05 100 2% 107
20°C 4533 £.05 2.00 4x107
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Appendix C
List of Tables

Table-Cy: Skin friction cocfficient and surlace temperature for ditterent values

of magnetic paramoter 3 againsi x with other controlbing pacameters =072,
N=(50 and Ge =0.70,

M=110 M=145 M=17 M=210

X 0) 000 M ® S w0 B0 01 O 0
0.00 0.0154 02044 0.0134 02044 0.0154 02044 0.015d4 0204
0.10 03291 0.6634 03137 0.6504 03198 06504 03703 06449
0.20 03967 07092 03768 0.6907 03621 06907 0.3597 06474
0.30 04421 07287 04134 07273 03989 0.7273 03865 07168
0.40 04757 07516 04413 0.7450 04271 0.7459 0.4045 0 7186
0.50 (L5017 0.76539 04614 0.7660 0.448% 0.7669 0.4224 0 7542
0.70 05397 07983 04901 07830 04779 0.7380 0.4568 07789
0.90 ©.5702 (.8128 0.5160 0.8072 04987 0.8072 0.4753 0.7950
100 93837 08213 0.5265 0.8182 0.5115 0.8182 04857 0.2039
1.20 06068 0.8312 0.5480 08287 0.5238%8 0.8287 0.4967 0.8165
140 (L6262 (L8456 05595 0.8465 0.5304 0.8465 (15110 08208
160 0.6437 08629 0.56835 08488 0.5485 0.848% 0.5193 0.8293
1.0 (.6585 0.8697 0.5803 0.8554 0.5579 0.8554 0.5253 0.8343
2.00 0.6722 0.8775 0.5912 0.864% 0.56848 08648 0.5362 0.8469

Table-C;: Skin friction and surface temperature for different values of
Prandt] number Pr against x with other controtling paramcters M = 1.00, &
=0.60 and Ge =0 57,
Pr=10110 Pr=072 Pr=1.00

x S0 8x0 0 8B F ) 8(x,0)
0.0060  0.0313 03796  0.0154 02044 00137 01373
01102 05707 (7305 03795 QG300 03505 0.6074
03130 07801 (0.8163 0.5356 0.7006 {4974 EEOE
07090 09946 08797 07067 07685 0.6601  G.7495
i.0409 11186 08874 08131 0.8063 0.7626  0.7906
20369 1.3927  (.0477 1.0725 09103 10167 00037
31343 1.6297 {1.0458 1.3332 1.0271 L 2786 1.0345
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Table-Cy: Skin fetion coefficient and surface temperature disinibution for different
values of viscous dissipation parameter ¥ against x with other contioll ing paramelers 3
=080, Ge=050, Pr=0.72,

N=10.20 N =040 N=0.60 N =) %}
x Fin® 8(.0) 0] 6000 £ 0) 000 %00 i)
0.0000 00154 02044 00154 02044 0.0154 02044 (00054 0.2044
03150 04572 0.7086 04598 0.7128 04624 0.7172 04664  0.7239
07090 0.5557 07630 0.5617 07711 05678 0.7795 05773 07927
L0409 0.6048 07854 0.6135 0.7964  0.6225 (0.8078  0.6367 0.8259
20369 0.6930 08294 07092 08472 0.7264 05663 0.7544  0.8uM0
31340 07300 08566 0.7735  0.8804  0.7991  0.9069  0.8423  0.0525
4.0035 07841 08720 08132 0.9003  0.8456 09325 (05018  0.9857
49876 08108 0.8848 0.8450 0.9171 0.883% 09546 095327 1.0212
61118 0.836% 0.8973  0.8770 05340 09236 09776 1.0000  1.00604
71132 03562 09072 0.9012 0.9475  0.9544 09963  1.0546  1.091%
9.1512  0.8876 09216 (0.941% 09687 10080 1.0277 11390 ¥ 1503
10.1191 0.8999 09275 00582 09775 1.0304  1.0412 1178 1.1773

Table-Cy: Skin fction coelficient and surface temperature distribubion for diflerent
values of pressure work parameter Ge apamst x with other controllng paramctors A =
O 80, N=0.60 and Pr=0.72,

Go=020 (re =040 Ge =070 Ge =10.90
X [0 00 ) 800 [ 0) 060 0] 8hay
0.0000  0.0154 02044 0.0134 02044 00154 02043 00154 02044
3150 04603 07111 04612 07135 046351 0.7201  0.4692  0.7269
L7090 05680 0.7720 05679 07750 0.5774  (.78R%1 0 5872 08018
1.040D0 06276 0B014  0.6255 08040 06397 0.8220 0.6547 (.8414
2.036% 07574 0.8709 0.7446  0.8691 07738 00020 0.806]  (.939]
3.1340  0.8756  0.9343  0.8430 09229 0.R911 09733 0.9464  1.0334
40635 0.9743 09879 0.917%  0.9640 0.9845  1.0315  1.0639  1.1157
49870 L0781 L0464 0.9906 10054 L0786 10928 11874 1.2065
61118 12181 11273 1.0808 1.0SB0 12001 1.1744 13538 1.3343
711320 13602 12121 L1656 L1090 13186 12572 13233 14710
20512 17166 14313 1.3562 12273 L6036 1.4643  1.9567 1.83432
10.1191 19251 1.5647 1.4646 12041  1.766] 1.5884 22180 2.0834
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Table-Cs: Skm friction coefficient and surface temperature distribution for different values
of Prandtl number Pr against x with other controlling parameters Ju/ = 0.4, M= 0.5, N'=

0.3, G =06,
Pr=010 FPr=0.50 Pr=072 Fr=1.00

A G0 060 0 B0 /e 0w im0l 0(m0)
L.0AG0 00313 03798 00177 02280 0155 02052 00137 01873
.1102  0.3324 07567 0.3907 0.6640 03557 G038 0.3208 06143
L2115 0.6310 07997 G471 0.7068 {4344 G.e011 0.4022 G.657TH
33150 0.6967  0.8240 0.5260 0.7332 0.4872 07084 0.4523 Rt
07090 8461 08906 (.6a02 0.7057 06131 07721 0.5748 2.7504
0.9015 08945 (.BRR6 (.7065 08123 0. 6601 07908 0.6183 07707
L0409 09252 08983 0.7364 0.8253 0,653 02044 o467 0. 7848
11907 09550 09078 07661 0.8382 0.7184 QELRD (6751 0.7990
14382 099958 00327 (8114 0. 5600 0. 7020 0.8402 O 7187 0.8217
L7182 1.0442 09371 (QE3586  087R0 08096 (O.8611  0.7647 (%440
2.03a89 10909 00615 (,9093 (.9033 O &G0 0.8864 8143 0.8702
24015 11402 0.9704 09848 0.9273 0.9136 09126 0.BOUT 05982
2.5346 1 15%% 0.9843 (0848 09380 0.9357 0.9235% 05897 0.9093
3.1340 1.2334 10715 1.0742 09802 1.025% 0.968% O R0 0.9576
40535 13476 §.149 12163 1.04%92 11708 1.0442 1 1261 1.0384

Table-Cq: Skin friction coelficient and surface lemperature disieibution [or different

values of pressure work parameler Ge against x with other controlling patameters Jid =
0.40, M= 0.50, A= 030, Pr=0.72

Cre = 0,20 Ga = 0.40 Cree = {3,040 e = U.HD_
x ffn0) 0G0y [0 00) [0 00 60 G0
00000 00154 02044 00154 02044 (L0154 02044 G.0154 f.2044
0.1102 03570 06363 03575 06371 0.3581  0.6378  0.31586 06386
03150 04827 0.7044 04858 0.7075 0.4889 0.7107 04920 07130
0.7090  0.6021 07618 06134 07712 0.6251 0.7510 0.6370 07912
1.0409  0.6666 0.7877 0.6875 0.8036 07095 0.8208 0.7326 0.891
20069  0.7963 0.8442  0.8582 (.8858 09283 0.0352 1.0065 0.9933
31340 0.8962 08871 1.0242 0968 11817 10775 1.3693 12179
40635 09064 09172 11692 1.0441 14365 12310 17693 1.4885
49876 L029G 09453 13265 L1307 1.743% 14200 232798 1 §63%
61118 11015 09783 1.5440 12563 22089 17506 30877 2.5114
71132 11633 10078 17689 13931 27258 21347 40127 3.3196
9.1512 12877 10669 23431 17668 41475 33045 6.6253  5.800%
10,1191 13479 L0965 26826 20034 S.0098 40014 82Ti%  7.7097
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Table-Cs: Skin friction cocfficient and surface lemperature distribution for dilferent

values of viscous dissipation paramcter N against x with other controlling paramcicrs
Jul = 040, M= 0.80, Ge=0.70, Pr=0(.72.

N=0.10 W =030 N=0.60 =090
x S50 00 S0 B0 0 O S0 B 0
0.0000  0.0§54 0.2044 00154 02044 0.0154 02044 00154 02044
0.3150 04594 0.7102 04621 0.7145 04661 07211 04701 0.7279
0.7690 0.5649 0.7694 0.5711 07778 05807 0.79i0  0.5006 0 8040
1.0409  0.6220  0.796% 0.6312 0.8085 0.6457 0.8270 0.6600 0 8469
20369  0.7417 0.8598  0.7605 0.8807 0.7911  0.9153  0.8749  (.5544
30340 0.8438  0.9130 08748 0.9449 09269  1.0002  0.9368  1.0OGGL
4.0633  0.9244 0.9550 0.9674 09978 10419 1.0745 L1307 1.1703
4.9876  1.0051 09987 1.0624 1.0542 L1640 11572 12897 12510
6.I118 11088 10559 L.I871 1.1304 13305 1.2745 1.5156  1.4740
70132 12094 10131 13107 1.2087 L5016 1.4006 1.7572  1.6%02
9.3512 14489 12514 1.6136 1.4068 1.0417 1.7441 241531 22900
PO 1191 15835 13317 L78R3 15262 22067 19645 28120 2.7106

Table-Cy: Skin friction coefficient and swrface temperature distribuhion for different
values of Joule heating parameter Ju! against x with other controlling paramclers N =
0.50, M =040, Ge = .70, Pr=0.72,

Jul =020 Jrl =040 Jul =070 Jud =090
X S O, SMd A0 el g (. 0y 00 &4 0
G.O000 00154 02044 00154 02044 0.0054 02044 0.0154  0.2044
03150 04955 07080 04977 (.7102 3009 0 TF136 05031 07158
07080  0.6296 09729 06378 07799 06505 §.7906  0.6591  0.792]
L.040% 07062 08059 07226 G.8181 07470 ¢ 8374 0.763%  (.8511
20360 0E7I8 QERTL 09294 0.921% 10112 QU820 10708 1.0277
31340 10371 0.9640 11483 1.0386  1.33%3 11802 14848  1.2962
40635 11657 10298 13472 1.1547  1.6%23 1.409%5 ] D4a2  1.6205
6FLIE 14685 L1990 19027 1.5133 27734 22499 34000 29406
L1132 16364 13001 22536 1.7633  3.5287 79104 4 5915 4.0196
91512 2.03%94 1.5586 31890 24995 S.G6719  s5.0504 7 Tl T.6ER3
101191 22671 1.7148  3.7618 2068545 70403 6.5874 08350 102765
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Table-Cy: Skin friction cocfTicient and surface terpeiamire distribution for diflerent
values of heat generation parameter {2 againsl x with other controlling parameters Pe =
0.72, Jul=10.005 M=0.350, ¥=040, Ge =0.01.
O=010 3= 0,30 C=10.50 =070

X Jrfxe 0y B0y [ Uix, 0y Ox,0 Fia, ) #0 M) W
0.0000 00155 §2052 00155 02052 0.0155 02052 00155 02052
03045 05083 0.7332 03801 0R126 06603 09106 0.7686  1.0238
07090 G64l6  0.7907 07502 O RE4T  0.8851  LOGRT 10400 1.1701
LGS 07067 08152 08356 09168 0.9982  [.0531  1.1981  1.2332
20360 0.8372 08814  1(M13 00773 12373 11381 15208 3559
3.004% 99169 08BES 11213 10131 13913  L.1HBI 17337 14311
40219 0.9794  (.5095 12093 10414  1.5169 12304 19101 1 4024
50387 1.029¢  0.9263 12811 1.0645  1.6211 12648  2.0543 1.5443
6.0502 10717 09405 13423 10844 17111 12949 21877  |.5003
T1132 L1100 0.9534 13989 11031 17955 1.3237  2.3101  1634%
B.OZ85 11385 09633 14430 11175  1.8621 13468 24078 16710
9.0500 L1698 09738 14888 1.1333  1.9320 13714 2.5100  1.7100
100179 11956 0.9826  1.5284 11468  1.0030  1.3523 26016 1.7451

Table-Cio: Skin friction cocfficient and surfuce lemperature distribution lor diilTerent

values of magnetic paramcter M against x with other controlling parameters Jif = (0 40,
=050, N=10.30, Ge = (.60,

M=10.20

M= 0.40 M = 0.60 W=10
X [ ®) 660 [0 ek [0 600 [ (n0) Ok

0.0000 00155 02052 00155 02052 00155 02052 00155 0.2057
03045  0.6125 08131 05950 08212 05791 0.8294 0.5512  0.8455
0.7090 08190 0.8991 0.7849 0.9089 07550 00190 0.7054  0.9397
10265  0.9324 00440 08862 0.9534 08466 09636 0.7320 0.0834
20369 11981 10512 11144 10543 1.0462 10608 0.0440 1.079%
30049 139852 11380 12772 11299 L1824 11292 1.0471 | 1412
4.0219  1.5862 12257 14232 12014 12998 11906 L4313 11923
50387 17644 1.3147  1.5557 1.2097  1.4027 124634 12013 1.2357
6.0502  1.9386 14069 1.6803 13368 14960 12957 12619  1.2739
B.0285 22841 16043 19144 14702 1.6635 13965 (3637 13397
9.0596 24716 17188  2.0353 15426 17461 14466 (4108 13707
10.0179 26528 1.8340 21484 16124 18212 1.4931 14519 1.308]
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Table-C);: Skin [metion cectlicient and surlace temperabure dislribution for diflerant

values of Joule heating parameter Juf apainst x with other controlling parameters #r =
1.00, ¢ =10.20, M =0.60, N =0 006, Ge =070,

Jul =130 Jul =050 Jirl = 0.70 Jul =090
oM B0 fMa 0G0 U 0) 0G0 S 0) DG 0)
0) )

0.0000 0.0137 0.1873 06137 01873 0.0137 01872 00137  0.1873
0.3045  0.6184 08871 006356 09064 0.6535 09270 0.672] 0.948%
47090 0.9614 11362 0.9990 1.1752  1.0387 12170 10805 1.2618
10265 1.2262 1.3369 12819 13037 13407 14549  1.4027  1.5208
20369 22289 21726 23386 23106 24962 24605 26417 26228
3.0049 35850 34674 3.8199 37397 40692 40360 43332 4.3575
4.0219  5.6664 57475 60662 62645 64006  6.8279  6.9402  7.4402
50387 B7656  9.6620  9.4141  10.6098 101026 11.6428 10.8319 12 7665

Fable-Cy;: Skin riction coclficient and surface temperature distobution {ar dilferent
villues of Pressuie work parameter Ge against x with othee controllnyg paramicters 2 =
0.72. Q=050, M=0.50, N=0001, Jul = 0.00%,

(re=0.10 e = 0.3 Ge = 0.60 (re=10.50

£ S0 Bl 0 O 0y B 00 M fd
0.0000 0.0137 01873 00137 01873 00137 0.1873 0.0137 01873
0.3045  0.7268 1.0423 07612 1.0892 08148 11646 0.8710 1.2463
0.7090 10346 12462 11412 13736 1.3160  1.5961 1.5102 1 8nle
L0265 1.2197 13671 13938  1.5723 17046 1.9542 2.0607 24435
1.5095 14641 15301 17794  0.8812 23520 2.5992 10697 3.6262
20369 L7075 16990 22090 223533 31848 35105 4.5136  5.5389
3.0040 21349 20143 20943 3.0931 52230 60620 8.6175  12.0634
3.2005 22212 20810 32940 32048 S7307 67711 9.7606  14.1307

Table-C\3: Skin friction coefficient and rate of heat transler apainst x for dhTerent values
of magnetic parameier M with other conttolling paramelers £ = 0,72, (2 = 2.00, N =090
and (e = 0.30).

A =040

A =60

M=

(.80

M= 100

X

Cor

Ny

C.';'.,‘
’

NIEX

Cor

Nuey-

v

M

(.004000
010472
0.20944
0.40143
0.30615
0.80283
1.01229
1.20425
1.30900
1.500%8
1.57080

000000
0.08795
017522
(33132
041318
62615
0754407
0.85072
0.89309
093406
(96930

102248
102141
1 01338
1.00768
(.99902
.96344
L9281%
0.88312
{56301
3.81068
(.78954

0.00000
{0.08340
0.16613
031395
139132
0.59178
071112
0.80021
(LE3050
LE9204
{.9053()

0.99028
0 98919
0098612
(97528
0.96651
0.93047
0.59478
0.55425
0.52887
0.77603
0.75471

WREELA
0.07933
{.15800
029842
(37181
0.36121]
0.67310
(75560
0.79161
{83500
{1.84593

0.96003
0.95893

000000 0.831eD
0.07569 0.93043

0.95582 013073
004485 {0.28455
093507 (35437

089452
0.56343

053401
62038

(0.82249 071638

{79645
{74355

0.74943
079206

0.72206 0.80142

£.02731
(91625
090730
(HR7053
(183415
¢ 79291
G 76711
(71350
(G192
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Table-Cyy: Skan friction coetficient and rate of heat transfer agaiust x for diffecent values
af viscous dissipation paramcler X with other controlling parameters Pr = 0.72, £ = 2.00,
M =090 and Ge = .50,
N=0.iD N=0.:50 N=070 N=1.00

X Coy Ny Civ MNuy Cov Ny Oy My
0.0000 600000 0.84401 0.00000 1.12528 0.00000 1.24688 0.00000 1.3594%
017453 016143 0.62483 0.17022 0.85247 (0.17328 09509) 0.17583 1.04193
(.34907 031993 061026 033730 0.83433 034335 §.93127 0.34839  1.02090
0.52360 047266 0.59539 04981% .81517 0.50708 0.91027 0.51449 0.99819
069813 061686 057701 0.64992 0.79122 066143 0.8%3390 067101 (.96959
0.87266 0.74982 0.55426 0.7895% 076142 0.80343 (.85106 0.81496 0.9339]
104720 D.BGHEGT 0.52667 091444 0.72523 0.92026 081114 0.94344 0 8005]
122173 097186 042388 102182 068218 103921 0.76364 1.08369 23887
139626 1.03612 045551 1.10922 063180 1.12769 0.70806 L.1430% (.77844
1.57080 1.11947 0.41114 117419 0.57358  1.19322 0.643%2 1.20008 0.70860

Table-Cys: Skin fricton coefficient and rate of heal transfer against x [or differenl valucs
of pressure work parameler Ge with other conlrnlling parameters £ = §.72, O =040 4=
1.00 and ' = (1.50 .
Ge =010 Ge=0.40 Ge =070 Go =090

x Cry Mgy (o My Coy My o My
0.000600  0.00000 021716 000000 024647 0.00000 033417 0.00000 0.53155
0.10472 0.09115 021652 0.00236 024576 0.09626 033326 0.10311 0.53036
0.20%44 018174 0.21467 0.18415 024377 015192 0.33083 0.20554 0.52608
0.50015 043071 0.20291 043635 023104 0.4545¢ 031535 0.45644 0.50540
0.80285 0.65895 018123 0.66737 020761 0.69455 0.28687 074224 0.46%57
1.01229 0.30133 0.15969 0.81133 018434 0.84355 0.25846 090015 0.42501
1.20428  0.01447 0.13516 0.92555 0.15783 0.96121 0.22615 1.0239] {38063
LIDZ00 0.96812 011977 097963 0.14123 101661 0.20586 1.0816% 0.35215
L30EKIE  1.04983 008765 1.06178 0.10659 110009 0.16353 L6761 0.20257
F.57080 107375 0.07467 108575 009260 1.12416 0.14643 119150 0.26843
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Table-Cy: Compansons of the present numerical mesults of M, {or lhe Prandl numbois Pr =
0.7, 7.0 without effect of the viscous disspation palamcter, magneatic parameter and heat
generation parameder with those obtained by Maolla et al. (2004) and Nuzar ef ol (20027

Pr=107 FPr="71}
xin MNazaretal  Mollaetal.  Tiesent Wazar et al Mollagtal,  Presemt

degree (2002) (2004) (2002) (2004)
0 (3.4578 0.4576 (31,4529 (.0505 {4352 09437
10 (.4565 (4564 G.4516 00572 00558 0od16
20 {.4533 0 4337 { 4485 {0,930 09442 0.0354
30 (.44 80 0.4479 {.dddd {.9107 {9383 (.0248%
40 {4405 04404 04347 09234 09231 09100
50 04308 0 £307 042582 00045 (30034 08000
0 0.4189 04158 04134 .58 {1 BT 0.5673
70 00,4044 0.4045 04012 D.HST16E {3 K50 08300
&0 {.387¢9 03877 {3836 {3168 {.R161 08050
a0 {.3684 0.3083 0,364 0.7774 () 7768 07675

Table-Cyy: Local skin friction coefficient and lazal Nusaelt number coefGeient for duferent
valucs of radiation parameter R against » with other controlling parameters Pr = .72,
&,=11,M=0.50, 0 =040, ¥=0.40. Ge = (.60,

Hef=1.00] Rd =200 Rel =300 R =400

x ey Ny Crr Ny Crr Niy (v Ny

0.0000 0.00000 033781 0.00000  0.49783 0.00000  0.62810  0.00000  0.74233
0.1047  0.08857  (.33664 0.09181 049630  0.0D391  0.62629 0.09539 0 74027
(.2094  0.17649  0.33341 0.i8293 049212 (18711 062130 0.19005 ¢ 73456
3141 0.26316 032807 027270 048522 027891 061307 0.28327  G.72516
04014 033398 022200 034601 047737 035384 0.60371 035935 0 71449
0.3061 041674 031277 043161 046543 044130 0.58947 044812 0 69822
0.6108 049652 030136 0.51403  (.4506% 0.52545 057089 0.53348 67813
07155 057273 028774 0.59264 043309 060563 055002 0.61478 O 65421
0.8628 0.63310 0.27467 0.65479 041621 0.66597 0.53080 0.67895 063125
0.9075 070129 0.25688 072483 039324  0.74026  0.50344 075111  0.60001
EO122 076432 0.23674 078933 0.36725 020384 047247 081741 O 36467
LUI70 082165 0.21416  0.84787  (.33814  0.86512 043741 087726 0 52513
1204 0.86472 019344 089159 031144 0.50932 (040603 002180  0.45888
13090 091030 0.16623 (93757 027639 0.95565 0.36423 0.96837 (.44]1317
1009 097505 0.10940 100193 020329  1.01993 027741 [.03260  0.34724
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Table-Cy: Local skin [iclion cecfficwenlt and local Wusscll number
coeflicicnt [or different values of heat gencration parameter () against a with
other controlling paramciers Pr=0.72, &, = 1.1, Rd = 1.0, M = 0.5, ¥ = 0.20
and Ge=10.5

£ =0.00 (=020 =040
X Crv My Cox Nty Cav Ny

B.00U00 0.00G00 037946 000000  ©.537605  §.00000 (.3378]
0.10472 0.08092 097566 008441 057510 Q08857 033604
0.20044 0L16121 077641 0.16819  0.57244  0.17649 (33341
0.40143 0.30478 076848 031812 056203 033398 (.32200
0.50615 38004 076206 039680  0.53541 041674 031277
(.302835 057560 073568 060183 052406 0633140 0.27467
1.0122% 0.69287 070955 072542 045291 0.76432  0.23674
1.20428 078121 067988 (.B1922 045745 056472 0.19344
1.30900 82002 0.66128 086141 043519 091030 0.16623
1 50098 D702 0.62256 92047 038874 097505 0.10940

Table-Cig: Skin fmelion coefficient and 1ate of heat teansier against x for different values of
surface temperalure parameter &, with other conteolling parameters,

8. = (.40 &, =080 &, = 1.00 g.=120}

x Cox Ny Co Ny Cor My Cry Mgy

L0000 Q00000 27945 0.00000 G.36957 000000 043920 0.00000 03572463
010472 008146 Q27880 008497 038872 005726 043823 0.08971  0.523353
0.20944 16236 027685 0.16923 036624 0.17390 043553 017877  0.52044
050615 038378 026446 039981 035121 041071 041833 042200 050071
080285 058427  0.24163 0.60804 032334 (.62422 038667 0.64106 0.46412
101225 070694 021897 073490 029564 075395 .35500 077378 (.32812
1 20428 080197 G1931% G.83260 026411 O.B5352 031917 (.87527 O ERTEE!
1.30900  0.84575 017703 0.87733 0.24432 080889 079660 0.92132 O 36090
150008 000951 014338 094174 020306 096378 0.24952 (98671 030671
1.57080 092699 012980 095905 (.18641 0.08106 0.23049 1.00392 (3 28479




Chaptar-8, Congliisrons, Pesahle farr o works, Rf,lrw-{_,,.,.cmr Appendin ](1_(:]

Tahle-Cap: Skin friction cocfficient and rule of heat trunsfer aeainsl v o diffeient valiues
of pressure work paramcte: Ge with other controdling palametes Pe= (172, 2 =0.40, M =
0.50, B = 1.00. &, =110 and N=0.50,

Ge = -0.10 Ge =010 Ge=10.30 Ge = 0).50

X Coe My 0 My Cor Ny £ My

(0.00000 0.00000 0.8710% 0.00000 065184 0.00000 046222 0.00000 0201306
0.10472 0.07937 0.87035 0.08255 068098 0.10074 046081 0.09096 0.20006
0.20944 015811 0.86827 0.16453 0.67853 017214 G.45824 0.18128 0.19647
G.30615 0.37262 (.55499 0.38799 0.66294 040628 0439354 0.42825 D.17155
0.80285 0.56405 (.63060 0.58307 0.63426 061670 0.40508 0.65116 0134122
1.01229 0.67850 0.80643 0.70832 0.60581 0.74390 037080 0.78680 0.08907
L20428  0.76447 0.77912 0.79924 057345 0.84083 037172 0.89104 0.0408]
L3000 0.80267 0.76200 0.833997 055315 0.88462 030717 0.93860 0.00049
150098 0.85507 0.72638 0.89638 051085 0.04638 025592 1.00666 -0528d

107080 0.86809 071201 0.91096 049176 0.96244 023521 1.02479 .-07844

Table-Cyy: Comparisons of the present numerical results of My, Tor the Prandl] sumbers
Pr=0.7,"7.0 without effect of the viscous dissipation parameter, magnelic parameter and

heat generation parameter with those obtamed by Molla et al, (2004} and Nazur er a«f
(2002

Pr=07 Fr=710
xin Naza et al Molla et Present Nazaetal Molla et al.  Present
degree  (2002) al. (2004 {2002) {2004)
1] 0.4576 4570 04493 {4593 {0542 09527
10 04565 4564 44589 .4572 9338 0.9487
20 04533 (.4532 {14470 (has0a {1 9492 (1.9413
0 0.4480 04474 4402 9397 09383 09283
403 04405 04404 4345 0.92349 0,023 0.9145
50 0.4308 0.4307 0.4264 0.9045 09034 08945
&0 04159 04158 0.4107 08801 08791 0.EG106
0 0.4044 0.4045 0.4002 IRIILN 08500 08401
B 0.3879 0.3877 0.3780 05168 05161 L3139

) 03684 {.3683 03613 07774 07768 0.7711

i
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Table-Cyy: Skin [mction coedficient and surface temperalure distribution tor dilterenl
values of viscous dissipation parameter ¥ against x in chapter-3 (Table-C-) and chapter-

4 (Table-Cy2) with other controlling parameters,

Chapler-3 Chapter-4
MN=0.60 N=090 N=0.60 N=0.90
; e 00,0 [ om0 Sia0 06,0 710 Ay, 0}
0.0000  0.0154 02044 00154 0.2044 00154 (L2044 00154 02044
03150 04624 07172 04664 0.7239 04661 07211 04701 07279
0.7090  0.5678  0.7795 05773 07927 05807 07910 05006 0.5049
1.0400  0.6225  0.8078 0.6367 08259 0.6457 (8270 0.6600 .8469
20360 07264 08663 0.7544  0.8980 07911 0.9153  0.8240  0.9544
31340 0.7991 09069 0.8423 09525 9269 L0002 09868 1.0661
40635 0.8436 09325 09018 Q9897 10419 10745 11307 1.1703
49876 08835 09346 0.9532  1.0232 11640 11572 12897 1.2919
61118 09236 09776 10090 10604 13305 12745  1.5156 14740
Z1132 09544 9363 10346 10918 15016 14006  1.7572  1.6%02
91312 10080 10277 11399 11303 1.9417 17440 24153 22900
11198 [.6304  1.6412  1I78Y 11773 22067 19645 2.8320 27106

x
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