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Abstract

'the present dissenation deats ~yith thc problem of two.dimensional swady

Magnctohydrodynamic taminar frce convcctivc flow across a horizontal cylinder with

adiabatic surfaec, The goycrning equatiolls are transformcd to non-lincar ordinary

differential cquations by using the suitable substitution, Thcsc ~quations are then solved

numerically using implicit finite diiference method known as Keller box scheme,

The results are presented in temlS of local ,kin frktion, ,ur!:.ce tempelJtllre distribution.

the velocity profile and temperature prufile. Effects of the physical quantities for fluid

havinp. different Praneltl numbers hayc bcen studied for the ea.les of i,wthermal and

adiabatic pan of the, surface. The dimensionless skin friction cn-eftLcient, the surface

tcmperature distribution. the velocity distribution and the temperature profile o\'er the

"vhote boundary !a"'Cf are shown graphically by using the softwarc TECH PLOT I,)r

diffel'ent values (>f the magnetic Pill'ametel' kf Jnd the I'rJndtl number }'I", Conduction.

cOllvcction and Joule heating dfects on l\1af',nctohydrndYLlamic lI"w 1'0'" a ,emcal IJat

plate have also becn studied.
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Nomenclature

Cp Specific heu! at <:omtant pressure
c.. Local skin friction,
! Dimcnsionless stream function
h Dimensionless templCruture
g Acceleration due to gravity
k Thennal condllctivity or the tluid
p Fluid pressure

q" Surface heat flux
D. Diameter of the cylinder, '[ emperatLlfe in,the boundul}' layer

T" or T\1' Temperature at the surface
T, Temperamre of the ambient fluid

T" Plate tcmperature
b Plate thickne~s
d (Tb- L)! 1~
I Length of the plate
L Reference lenoth \":i,.' ji','1

b ,

P Coupling parameter

" Velocity component in the x-direction
, Velocity component in the y-direction

" Distance along the surface
y Distance normal to the surface

Bi! or Ho Applied magnetic field
R" Reynolds number
p, Prandtl llllmber
G, Grashof number
.vi Magnetic parameter
J Joule l1eating parameter
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Greek symbols

f3 Co-crJicient of thermal expansion
If Stream fundion
IJ Dimensionless similarity variable
p : Density of the fluid inside the boundary layer
,<I Viscosity oflhe fhlid
v Kincm(llic viscosity
K Thermal conductivity

K, Thermal conductivity of the ambient ~olid
"'I Thermal conductivity of the ambient fluid
o Dimensionless temperature
0" Electrical conductivity
r Skin friction

21f1 Angle formed by the adiabatic surface at the axis of the
cylinder.
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Chapter 1
Introduction

1.1 Overview

fluid dynami~, is one of the oldest hranehes of applied mathematics. It is also the branch

in which some of the mo<,t <;ignificant advances have been made during the last fifty

)'ear~, These advanccs have been motivated by exciting development in science and

technology and tacllitated hy growth of computer capabilities and developments of

sophi,tica(~d math~maticaltcehniqlles,

An importllnt cOlllribution !o the 1111iddynamics is the concept of boundary-layer

introduced by L. Pwndtl(1904). Th~ wncept of boundary layer is the consequence of the

fact that flows at high Reynolds numher:<:can be divided into two unequally spaced

regions. /\ vcry thin layer (called boundaT)'-lay~r) in the vicinity (or the object) in which

the viscous effcets dominate, must b~ wk~n into il~counl, ,md [or !h~ bulk of the flow

region, the vi<;eosity can be neglected and the flow corresponds to the inviscid out~r flow.

Although the boundary layer is v~ry thin. it pla)'s a \'~ry importalll role in th~ lluid

dynami~, BOllndar)'-la)'er theory has become an essential study nowadays in analyzing

the complex behaviors of rca! fluids, This concept can be utilized to simplify the Na,-ier-

Stokes' cquations to such an extent that the \'i,eous effects of flow parameters are

evaluated. and these are usuable in many practical problems viz. the drag on ships and

missiles. the efficiency of compressors and turbines in j et engines, the efl"ectheness of air

intakes ii)r ram and turhojet, and 8<i on.

1he threc distinct modcs of heat transfer, namely conduction. convcction and radiation

must be considered, In l'eality. the combined effects of these three modes of heat transfer

conlwltemperature di~tTibution in" medium.

•
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Conduction occur, if energy exchange takes place from the region of high temperature to

that Onll\\' temperature hy the kinetic motion or direct impact of molecules, as in the case

of J1uid at re~L andb} lhe drift of electron;:, as in the case of metals, The radiation energy

emiued hy a body i~ transmitted in the space in the form of electromagnetic waves.

Energy is emiUed from a material duc to its temperature level. being larger for a larger

kmperuture, and is thm transmitted to another surface, which may be vacuum 01' a

medium, which may abwrh, rellect Or transmit the radiation depending on the nature and

extent of the medium. Considerahle effort has been directed at the convective mode of

heat lI'ansfer. In this mode. relative motion of the !luid provide~ an atlditional mechanism

for enel'gy transfer, A slud) of conveclive heal lran'Jer involves the mechanism of

conduction and, sometimes. those of radial ion processe~ a, well. This makes lhe ~tudy 01

convective mode a very complicated one.

The convective mode ofheo.t transfer is divided into lwo basic proces,e, If the molion of

the fluid arises due to an external agent such as the extemally imposed flow of a fluid

over a heated object, the process is termed as forced convection. The fluid flow may be

the rcsLlltofa fan, a blowel', the wind or the motion of the heated object itself. lfthe heat

transfer to or from a body occurs due to an imposed flow of a fluid at a temperature

ditTerent from that of the body, problems offorced eon\'ection encounters in technology.

rr Ihe extern<illy induceJ llow l' prll\'ideJ ilnd llo\\'s urising naturally solely due tu Ihe

e fleet of the di flerenee~ in den~ity, call~ed by temperalure or concentmtlon di ITerences m

the hoJy foree field{sueh as gravitational field) then the,e type~ or flo", are called 'Ieee

convection' or 'natural convection' flows, l'he dcnsity differcnce causes buoyancy

elTecls and these effect, ,lCt ,IS 'dri\'ing forces' due to which the flow is generated, Hence

frce eonveclion ISthe proce<;s or heat transfer, "hich occurs due to mll\'ement of the fluid

particles by density ditferenees a~-"oeiateJ with temperalure Jll'krence In a lluiJ.

The motion of an electrically ennJucting IluiJ, like mercury, unJer a magnelic field, in

general. gi"es ri~e to indneed electric currents Dn which rncchamcal forces are exerted hy

the magnetic lield. On lhe other hand, the induced el~clflc ClllTentsalso produce induce

2
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mJgneti~ Jlelu. Thus thcrc i, a two-way interaction between the now lidd and the

magnetk Jidu, th" magnctic field cxcrts forcc on thc fluid by produ~ing induced cUlTents,

and thc induced currents change the original magnctic field. Thcrefore, the

hydromagnctic flows ( the 110w" of electrically conducting flnid, in thc prcscnce of a

magnetic field) are more complex than the ordinary hydrodynamic tlows. ;Vlathcmatically

al~n, the hydromagnetic equation> h<lve three non-linear lerrm while in hydrodynamic,

\\,e have nnly onc. Thc number of governing equations are abo increa~ed The ~llldy nf

hydromagnctic flows is called magnetohydlOdynamics (MHD),

T",'o developed hranchc, of physic" namely electromagnetk theory <lnd fhLld d}namlC~

interact to producc hydromagnctics and therefore the field of"hydromagne(ic, i.<,much

richer (han hnth thc parcnt branches.

I\lagnetohydrod ynam ics (;VIHlJ) is that branch of continuum mechani~s. which deab \\,ilh

the flow of electrically conducting fluids in elcctric and magnetic fields, Probably the

largest ad"unce (oward~ llndcrstanding of such phcnomena comes from the lield of

A,trophysics. Original I}, MHDine ludcd only the ,tudy of strictly incompressible fluid,

but tod,l} the terminology is applicd to study ionizcd gascs as well. Gthet' names have

been s"gg~,ted, ~u~h a.<,magnctotluid-mcehanics or magneto-aerodynamics, but original

nomenclature ha, per,istcd.

Man} nillural phenomena and engineering problcm, arc su,ceptible to MHlJ analysis. It

i~ u~eful in <lstrophyS1C'.(jcopby~icists cncountcr MHlJ phenomcna in thc intcractions of

conducting fluid, magnctic fields that are presented in and around hea\'enly bodies.

Engineers employ MHO principle~ in the design of heat ~xchang~p,. pump" and

l1o\\md~~, in ~pace \,ehiele propul<;10n. control and re-cntry_ in crcating novel powcr

generaling <;yslclll~,amI ln developing confincmcnt ~chcmes for controlled fLl,iol1.

3

I



1.2 Literature Review

)"1any researchers inve,tigated Ihe dIed' ol'MHO Iree and limoed convection now both

expcrimentally and Iheoretically b\lt l'ew works "ere devoted to adiabatic surfacc"

I,uciano[ 19] in 1983 investigated the lmninm ji:ee convection <lro\lnd horizonlal c}'Imd~r

The allthor considcrcd the cylinder surface partly isothermJ1 ami pJrtl}' adiabatic, Kuehn

and Gold~lein ll7J detcrmincd thc numerical solution ofthc Navier-Stokes"s equatians

on Iillninur nalmal conveetivc flow about a horizantal isothermal circular c\'linder.

Furouk and Guceri [I gJ invcstigated thc natural convection from a horizontal cylinder.

Merkin ll4J studicd frce eOJl\'eetion boundary layer flow on an isolhennal harizont"l

drcular cylinder. In all the aforcmentioned cases analyses established on free convection

hori~ont<llcylinder hascd on different conditions.

SpmTOwand Cess [41 Investigated the effect af a magnetic field on free convection he'lt

tmn"lh KlLlken II OJ studied MHO free convection in a strong cross-field. Hossain et, a!.

l22, 13] Invesligated MHO fareed and frce convection baundary IJyer flo\\' near the

leading edge, They also Investigatcd MHO forced and frcc convection boundary laycr

11,,,,, along a ,erllcal porous platc. Wilks (131 studied MHO frce convection about a

semi-infinile verllcal plate in a strong cross-flow. rhe authors analyscd the 1\1HDnatural

convecli()n flow oJ~oin \'ari(llL~Ileld~.

Free convection arollnd hllrizollial cylinder, has been eXI~nsi\'ely inv~sligilled, both

allal}ticolly ,md nlLlTI~riLally I.iule hil altenllon ha, so br heen pmd to other th~rlTIal

conditions of noticeable practical interest. as arc those relative to partly isothermal and

partly adiabatic (it takes no heat from the fluid or heat is not being transformed to this

p<lTl)cylinders.

Fr~e conveclion heal lI\lllsfer due to the simultaneous action af buoyancy and induced

m"gnetic forces is very important in some practical problems. The analysis is carried Ollt

li'f laminar Iree conv~dlve Il{m'acrn" a hO[l/()11lalcylinder wllh adi<lh<ll;csurJace It"

4
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found lh,,1 the Iree convcction hcal transfcr to liquid metals may be ,ignificillltl;' afre~led

by the pre,en~e of a magnctic field, but lhal olher fields experience \'ery small effects.

The literature on convection heat transfer is m"er helming and ever growing, In re~ent

years. with Ihe av"ilahilily of high-<;pccd and large-capacity digilal compnters, great

advances h~ve been m"de m the analy~is of very complicated heat lransfer problcms.

Thc specific problem selected lor stud} is the flow and heat tran<;fer in an cleelrically

conducting fluid adjacent to a horizonl~l cylmder whlch 1, i,othennal with an adiahatic

part.

-;

/"

Figure-); Geometry orlhe problem

The c(lnfigumtlOll is pictured in figure-I, where in particular. the adiahatlc ,eclor

corresponding to an angk 2tp is symmclric with respect to the vcrtical diameter, ",herea'>,

the length of the relJtive me is I. which could be reduced 10 zero in so rcsloring the fully

isothermal ';llllation

VI'e shall im-estiga1e lhe magneto-hydrodynamic bound"ry layer illm' resulling from the

nalurJI convection of a horizontal cylindel' with adiflbalic surface in an electrically

condncting iluid in the presence of the lnl1lsverse magnetic field.

5



The trard("ll1~d non simliar boundary la}er equall"n~ goverrllng lhe flow lr>gethet' \\1lh

the boundar} eonditioo~ ba,~d on free ~oll\ection were sol\'~d Ilumerically using ll,~

Kellcr bo.\ (implicit tinlL~differcnee) ~Iong with l\'~wton's lin~miwtinn approximation

mcthod in the cntire region starting Ii-omthe up~[r~alll of the cylinder to the dO\\in <,Iream

for some \'aluc' of lhe magnelic pmameter;\4 ilnd the Pranutl numhn FI', \,"c h'''e

<;[",Ii~dthe effect oCthe parametcrs ,H. PI' and 'I' 01]the vclocily and tempcmlllit fidd, a,

"ell us lin ll,~ ~kin fi-iction eliel1i~i~nt and the 'l'riJce rate orheat tran~lcr

Detailed dcnvalions of the gO\'~11lingequmion~ lor the flow;llld the mC11,,,dof solutions

along ,,',Ih Lheresults and d',~ll,sions arc pre,,~nled in the Jle~t dmptel's

1.30bjeclin.,

I he rr~sent work ha, the fol1(ming obieeti\"e~:

I. To ~tud\' the cii'eet~ 01. the physical qualllil;~s for fluid hm;ng different l'ralldll

number for the eas~~ (\f isothermal and adiabatic part of th~ sllrfae~, We <11"0

;:tLldO'(he dTed (\fthe magnetic fi"ld l\l1Ihese physical 'llLanlitles,

2. To ohlwn the solution <If th~ gO\'~ll1mg equation,. Th~r~ :Ire diftcrcnt l}pe, or

lllLm~rical tedlJliqll~ available d"p~ndillg on thc types "I problem to be s"I\'~J.

FiJ,i1t;dilr~r~nc~ m~lhod is on~ ofthc LJ\lportallllllethods hOlh for programming

and rapid convergencc. Here wc u,e lin; L~diD"erenee m~thoJ mod,li ed b\' J-io,saill

etal [22.23J

I (J lind lh~ I()~al o~m rri~tion. the surfacc rate 01"h~ill Iran,fer and th~ \'d,,~,I}

profile and temperature profile 1m th~ ah()v~ mentioned prohlem.

4 Th~ r~oults in tC'nns of ioeal skin friction. I()~al nJl~ of hem transfer. thc ,,<,Iocily

and lemperatun: rrolil~~ ure ~hl\\\'n graphically hy lLsmg Ihe sotlwnre

TLCI-IPLOT
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1.4 Application,

The 1110,( impOitant application or MHO", in the gcncration of electrical po\'v'er ",ith the

110w or an electrical conducting lll,id through a transverse magnetic field. Recently.

exp~Tlment, with ionizcd gases h,l\'e been perlllTlTledwith the hope ofprodueing power

lln u !urge scale in stationary plant> with large magndic f,dds. Gencration of ",n-lD

po"'er on a ,mailer scale i, of interest for spilce upplications_

The study of heat transfer is of great intere;l lD many branches of ,eience and

engineering. In de~igning heat exchangers such a, boiler~. ~ond~n~er~ and radiators etc,

heat trJnsf,;r unaly~is is cssential for sizing such equipment. For ~xample in the dcsign of

nuelear-reactor core~ a thorough heat tran,fcr analysis is importanl for proper ~i~jng of

fuel dement to pr~venl hurnout. In acrospace technology, heat transfer probkms are

crucial because of "'eighl limllallOn~ and safcty considerations, In heating and air

conditioning appli~~tions for buildmg~ a proper heat transfer analysis is necessary to

e,timate the amount of insulalion ne~<Jedto prevent cxeessivc hcat loses or gains.

In engineering, situations relJ!ed 1O"dmhatic surface describe about practical problem;

for example, in heelt tr~llsfer around metallic lubc, partially covered by sno\'v' or ice, or

around pipcs where an internal layer of depooil~d "i1t gr~atly decrca~c~ in ~ome areas of

cylinder,

7



Chapter 2

Magnetohydrodynamic laminar free convective

flow across a horizontal cylinder with adiabatic

surface.

In Iile follow.ing scc[ion~ <.klililed Jeri, alion, of the g"\'~rnillg equaLion, for the 11ow anel

the 1ll~1hud of solution" along with the r~,ult, and dis~lJ>sions arc pre'entcd,

2. t Governing equations of the flow:

The SI~nlJlg point of lh~ iIlW!}'sis is the ha<;i~~onsel'YatioL1 laws of ma<"Lmomentum and

~nergy, To ontain th~ '.n~themutical .\lalemem ofthc~l'laWS, we U1ili~~the well kn,,,,n

go\'erning CqUallOllo lor tree COJl\'cd,on which are adlkd tenils appropriate to the

magnetic ctTCCl,,-Characterizing the induced magnetic for~e by J'~we wrile Ihe boundary

layer "lJlmliOIlS governing the 110'" are:

IV!omentum:

Energ:) :

011 c'v-+-~O
i)x (;y

Gil all iJ'II, "., - r'J\ F,"~-,-1'-~"-:I:,,1l11-1}SIll- +~~ ~ ~,,,P. "ox (}V oy ,II p

aT ar (,'1'
" -H-=(1 --
ax i3y a'y

(2.1 )

(22)

(2.3 )

•

\\.ilh boundary conciitions:

U = \' = O. T = T" fol' isotb~nnal pan and ~I = 0 for adiabatic parI "1 y =0

'"
lL -e, 0, T -e, 1:" as y -+ c;I)

8

(2.4,,)

{24\'1

•



I

•

rigurc 2: I he co-ordinate ,;ys!crn

I.Jere II and \' are Lhe ,e lo~i t} componen( <; along lhe x and y di rcelion re~pccl1 veil' _T is the

lell1p~r,ilure "flh" l111iJin the houndary layer. g is the accekration clue to gravity. v is the

kinell1ali~ ,.iSC(N!y Dr (he lluid and ~ is th~ thermal expansion codficicnt. The plus and

llllllll, signs mlucheu lo (he hllOyaLlcy force gfJ(l'-l',,) in equation (2,2) apply to f10W clue

10he,lIlllg ;Ind cooling rc~rccli\'c1y. I'luid property variations have hccn considered 0nly

10 the extent of a density \'arialillll, v.hich pW\'l(ko ,I I:>UOYiJllCYlun;e. For the en~rgy

e'jUall()1l \\'f ncgkctcd the vis(olls diosipallUl1, ,mel [he J()ljle heallng term

The magnetic force F may. in the Jb,~nce of exces,> charge~_ he 'Hillen a~

\\h~re J (mel Ii arc rcsp~ctively tile current d~llsiLy and milgneLlC ;llUHclion \'ector,<,

Fllnh~l_ ",hell [he <,~ternal eicctric field is zero ilnd Lheinduced eleclric lield Ilcgli)!ibk.

the cltrr~nt Jc'nsi!)' is relatcd by Ohm's Jaw <I' 1"llt"", .

.I-a(Vx B} (2.6)

where <! denotes tile eleclrieul ~ondueli, ilY"r the tluid. Ncxt. undcr the condition that the

Jnilgnetic RCYL10ldsIlumber is Sillilll, [he illdLLcc-dmagnctic- fidel is Ilcgligible cOll1p~red

with th~ ~ppb~d fielel. I hi, c-onciilioll i, lNHllly ",ell <;ati,fied ill terrestrial applicalion,.

especially 50 in (1,,,,- velocity) free ~onve~li"n [lOW,\.SO,we c-an,\Tite

1l'~;,Fl(l 12,7)



Usin~ eqL1utions(2.4), (2,5) and (2,6) \\(e get the force component,

(2.8)

This term is inlroduced into the momentum equation (2,2),

rhe specification of the boundary condition, is nec~ssary to complete the statement of

th~ problem, At the sLlTlaee.the vcloeities ar~ zero to satisfy the no slip conditions. In

addition. temperature contmuity requires that t1uid and solid share the same temperature

for isothcrmal part of the cylinder and temperature gradient is zero for adiabatic part of

the cylinder. Far from the sLlTlace, the ,'eloeity approachcs zero and the temperature

approaches that of surrounding,. FOfllliilly, the~" ~"nditions were stated in cquation (2.4).

Ihing the equations (2.5) to (2.8) \\'llh re<'peet to our considerations into the ba,ic

eqUall"n~ (2 I) and (2.3) \VChave the followin~ lorm:

ou 81.'_+_00
2~ iJy

(2.9)

all au . r '1 m,B~ a'uMomentum: u-H-=J:gfJ(T-Tro)sm - ---H--,ax ay ,I<, p or (2,10)

Energy:
aT (';1' a'i'
"-H-oO--
ax uy iJ'y

(2.11)

The appropriate boundary conditions to be :;uti~lied by thc ahove equations arc:

f 'h I d iJT 01' d' b 'u = v = 0. T = Tw 0r150t crma part an - '" or il lil allcparlat
Cy

U --70, T --7T~ as y --7 tfO

2.2 Transformation of the governing equations:

y =0 (2.12a)

(2.12b)

Now we introdu~~ the j()llowing group of transformations of co-ordinates from (", J) to

(,;, 'I) eoordmate, system as
,, -

'I = '-Gr',
"

- ,<;=-
"

(2.13)

llere the ymiable 'l'S the Jree con,eetion similarity variahle:. On the other hand. S. whieh
is essentially a stretch~d x coordinate. is an Jnde~ 10Ihe relati ve imporlance "f the

10



magnetic forces. Next. new dependent variables/and 0 are defined as:

\'/(X.Y)= v;Gr' ,[(;,11)

l(n)-T
(1("1)= '. 0

C;.I 7~"-1~,

v,'here, the stream lunction \'/(X.Y) satisfies the mass conservation equilti('ll

au uv D'f UW-,-=0. U and v defined as u =-, v =
ex By a)' ex

Gr - g(I(T., - T,,) ,,-' is the Grashof number.
"'

U,mg lh~ aho,-c transformation in equ~liom (2.10) amI (2.11) we get the non-

dimen'lonal equatioJls of momentum and ~nerg:yequaL",n.' a<;

(2.14)

(2.15)

(2,16)

/"' +ff'" - f" + <;In; 0. , u(I'RJ ji = ~(f'ot' -f'l 0/]
1 C;.~" "I'- (-'~ ()~

vCr' p

(2.17)

•

~/.' +j8' ={t,' ~~-8,' ZJ
fie. F

whe"" Prandll number Pr = --,' =-
k a

And the boundary conditions in (2, 12) be~ome'

f'=W =0
, i} '/

0=1 (forisolhermal parr)alJd al 'I = 0

00 = (J (/iJr "diab"lic pari)
a'i '

'I I_.- = 0 and
0" as 1/ -+ "J

1J1-) ()

11

(21R)

(2.19u)

(2.1911)



••

2.3 The important dimensionless parameters related to the problem:

The governing equations of !he J1uid now arc discussed at the prcvious sections in this

chapter. These equations contain;1 number or~ariahle<; It is difficnlt to study the effect

or each variable on the proces>, Moreover the,e eqwtions arc nonlinear. There is no

general method to find the solution ofthe,e nonlinear equation<;. In order to hring out the

e,senliul features of flow, it is necessary 10 lind importanl dimen~iol1lcss parameters,

\vhich charucten/e thc flow, These parameters are \'ery u~elul m the analy<;is of

experimental resu!l~. Some non.dimensional parameters related to OUTpTOblem~ are,
discussed below;

Reynolds number Re

Reynolds number is the most imporwnt non-dimen<;ional parametcr of the fluid dynamics

of a viscous t1uid, It represents the ratiu uf the merlia force and the viscous force. It is

denoted by R,.

Inertia forcc
Viscous force

!\luss x Accelenltion
Shear olre~~x Cm,s sectional arca
Volume x Density" (Velocityltime)
She"r stre,," x ero" ,eclional area

_ Cross ;:cetional area x Linear dimension" Density x (Velocity-'time)
Shear stress" Cross ,eclional area

_pV'L' VL
=

IIVL ,
where. V,Lp and " denote the characteristic velocity. the characteristic length. the

•

den~ity and lhc coefficient of viscosity of tile fluid flow respectively, Here \' =1!.. is the
p

kinematics viscosity, Thi, re~\lll implieo thut \'iwou~ I'ore", are <luminant jor small

Reynolds numbers and inerti~ forces are dominanl 1"01' large Reynold" numhers. The

ReYllolds number \\'JS used a, the criterion to delemline the change from laminar 10

turbulent f10\V,

12



Prandtl number P,

Prandtl gave an important number known <ISPra~dll ~llmheL 'Ine Prandtl number is a

dimensionles> pilrameler of a eon\'Cetive ,yslem lhal ~harac!eri7.es the regime of

convection. It is the ratio of viscous foree to the thenllitl JiJr~e and is defined as follows:

The Prandtl

p = Viscousfor~e
r Thermal force
== Kincmatieviscosity

Thermal diffusi\'ity
pi p v

KipCl' a
number i, brge when thcrmal eonductivily is small and vi<;cosity is large.

and small when viscosity is small and th~rmal ~ondllclivity is large, for small value or v.

a thin region will be alTeeted by viscosity, which is k~own as boundary layer region, For

the ,m"ll ,alllt: of,,-/ pCp' a thin region wlll he ctfcctcd by heat conduction \\,hich i~

known as the thermal bound",y laycr. Prandtlnumbel' al,o gives the relative importance

01" viscous dissipation 10 the thermal dissipation. Thu, it repre~enls thc relative

importance of momentum and ~nergy lransport by the diffu,ion pr(l~e", Usually for

gJses Pr=I, the transfer of momentum a~d energy by the diffusion pro~e% i~

comparable. for oils, Prj) I, hencc thc momcntum diffusion tS mu~h greatcr than the

energy dlrl"usion; bm for liquid metals, Pr« 1 and the solution is reversed.

Grashof nnmber G,

J'he Gmshof number gi\,cs thc rclative importance

f"'~e~ "nd l~ deli"ecl as

of buovancy I{)l-ce10 the viscous~ .

-,,

, gjJr-'(T-7;,)
(ir ~ _,

"where g is Ihe acceleration due to gravity. L the ~hura~temtic length of the problem, j3

the coefficient of volume expansion, and " -7; is the exce_,>slempemtme of the fluid

over the reference tempemlure To' This number is of great lmportance and plays a

similar role in li-ee convcetion as docs the Reynold, number in forced convection, A

13 r. ,



crilical \'alue of thc Grashof number 1$ used to indicate transition frolll lmninilr to

turbulent now in free convection,

Magnetic Parameter M

The magnetic parmnel~r i~ ohlained from the ratio of the mag:ndic 10rc~ (0 the inertia

roree and is defined as

u R,; L111 = c_

pOJ
If this is 01-the order onc then the nwg:neL1crorce is important and the flow is to be

considered <u;hydromagnetic flo\\'. If it is \'ery much less than one, thcm the flo\\' can be

takcn as hydrodynamic. ror small \'alue of M. th~ motion is hardly affected by the

magnetic field and for large value of M, the motion is lilrgel} controlled hy the magnetic

ficld,

14



Chapter 3
Method of Solution

3.1 Finite difference method
To get !he solu(ions of the diflerential equations (2.17) and (2.\ g) along with the

boundary condilwo (2.19a) and (2.19b), we shall employ a most practic<lL an efficient

and accurate solUlion technique, kno\\TI u, implicit finite difference method lllgelher with
Keller-box elimination technique which is well dOCLlmcntcdand widely u>,,<.1by Keller

(1978) and Cebeci (1984) and recently by Hl\~~am(1992).

To app!}- the ali.lTememioncd method, 'h'e Jirs( c()n\'(~rtthe equatioll> (2. 17) and (2.18) into

tile following system of first order dll1erenliai equations with dependent variables

u(s_'I) , v(.;, JI) and p( S, IJ) along with the houndmy condilion (2. I 'fa) 'and (2.1%) as

1'=11

" = v

(1' = p

Equations (2, 17) und (2 1R) transform to

"'''here

sin; aa'1J;
P, =1. P,=1, p, =-,-""d!,, = -'-

vGr'p

(3.1)

(3.2)

(3.3)

(3.4)

(3,5)

(3.6)

\'
15 i I "'""
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The boundary conditions are:

/1="",0
e = i (ji)r i,lvlhamal part)and W 'I = 0

P = i}g '" ° (jar adiahalic pari)
a'i
ii/ I

u'" ury =Oand I as'I-4C1O

O~O

(3.7a)

(3.7b)

We now con~ider the net rectangle on the (s. 11)plane shown m the figure (3, I) illld

denote the net points by •
-" ",;"-I-<-kC; ~ ."

'I,. "'IIJ.,+h,

where

where
n=I'2,.,.Nj
i=I,2 .. ,J

(38)

Herc .n' and .j' fireJu~l ,equence of numbers 011the (i: . 'I j plane. k" and hJ are lhe

variahle mesh ,vidths,

k,

'"
p

o . h,

Figure 3.1: Net rectangle of the dilTeren~e approximation for the Box scheme.

16
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We approximate the quantities (f. u. v, p) at the pOlnts (f' , '11) of the net by(/,' .H'; v;,
p','l which we call net function We abo empl,,) the notation g ,: for the q\lanlitie~
mid",,,"}'between net points shown in !lgme (3.1) and for any net function as

}",_li' =.!.(.;n +.;"_1) (3.%)~ 2 .

1
1JI-lil ='2y'; -'1j_1) (3.%),

'=l(O"+o"-I)0-1.
(I, (3,9c)2' ,
0' =.!.(H "+f!" ) (3.9d))_1, 2 I )-,

Now we \vrire the dilTeren~e eqmllions that arc to approximate the three lirst order
ordinary difrerential equations (3,1)-(3.3) according to Dox method by con,idering one
mesh rectangle. We ~lart h) writing the finite difference approximalion "rthe allovc thrce
~'luation~ usi ng centml dill"er~nc~ quotients and average about the mid-point ( ~' , IJ H"" )

of the ~egment P LP2 shown in the jigur~ (3.1) and the finite difference approximation, to
the two fir,t ordeT dirferential equations (3.4)-(3,5) <lre wnlten for the mid point
(s"-~",TJ 1_\" ) of the rcctangle PIp,p]p 4, Thi~ pro~edurc yields.

[" ,., "']_1_ P,-PJ-,+P, -P;_I +( ')"_'"
2P h h Pl.iP ,-,,1

" I

[
)0' 0-' l 1 j' I'" IJ_~"_II' ,,_II' ,_1,,- ,_L.'2 ,,_l" ,-</,-, ,_1"

-~)-II' 11)-]"I k -P'_ll' k
- -

17
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Now fmm the eyuulion (3.13) "ye get

,[ < -V;-'l+~r v;'-'-v;~:J+'I(, ti'l':_, +() ivy:'.l2 h 2 II 2 I,. ,'" j, ,11_,
I J \ I

- ~hp,II'):-LIO + (p,u')',:::" J+~{rI'1H)',:_II' + (V,O);::" j

- ~ I(p,11t~"+ (I' 4U J'.:=:" l= 2~" ';;~l','i (1,<'.", + II;:,' " )(U;_L" - 11;~,'" )

""",,,(, B""' )1/" f""')-2k ~H" ''-'" j-I.", ;-11'- ,,'-'i<,
h"'(" ") }"'( ,-, "-') ( )" (")' ()"~' (I)"-L=> J V, -1',_, + I, VJ -V,_, + 1', ./_'" )V ,_'" + I', ,_l" ,V ;_'"

, )" (')' ()""' {')""' ( j" (")" {),,_1 0'"'-II', ,_'"1/ 1_1"'- p, ,_", u ,_",+ P.",'_''''' a 1_11'+ P, I-'i' .'_'"

-(p, )';_'"(11);_", -(I', );::1' (u)~::" = G, {(H');_,,'! -(u');::"
-" ,-,,..,

(')" "/'-' ,,-, j" (")"-' 1 WI> ~J-~"- J" ;-,I,+1',_L/2.j_",-v,..,I' I_"I+.IV I-L"I, ere G,=------;;:-
=> h~L (V; -r;'_, )+ ((p, );-L"" +a,) ((1');_,.'2 - k P, ):'_11' +a, )(1/' )';_1"

( )" (0)" {)"" [ (')'_1 " ("-' ,-, f"+ P, ;_11' I.'" - P, j-'i' Uj_"" =U" - H ,-H' ;-Vj_'/2. l-l1l - V,_'" ,_,I,

")"-' ] ( )"-' (I )""' ( )"-' { ')"_1 _ I'"' (/,"-' _ ,,-,)+l.lV ,_,,' - P, )_,,' ," 1_11,+ P, ;_,,' " 1_111 " j ',-,

( )'-' LI"-' ( )"_L ,,-,- p, ,'.I/,V,H" + P. ,_("11,_,,,,,

=> h; 1 (V; -1':,'_, ) + {(PL);_1" + a ,.j erv) ',:_'"- it p, r;_L" +(.1" j(,,' l',:_Ln
( )" (0)" ()'" ( ,,_L j" 'f""')+ p, ,_,,' ,_",,-1', ,_'i'U,_L"+U" 1')_L" )_",-v,_,,] ,_'"
i(}')"-' {')"-' I ( )"-'(j')""' { )"-' ( 'j""'=u, ,r ,_'"- U ,_L" - p, ,_'" V ,_'" + P, ,_L,' U . ,'_'"

}"' (."_' "_,, ( )""' {")",' . ( )"-' ,,-,- I, \) -1"_1)- [1, ,_,,' " i-II' -,- P, ,'_1,,11,.,,',

=> h;' (v'; - ,,;_, ) + k p, );_'1' + a, J (ji')';_", - {( p, ) ~.," + 1>" It u 2 )~_L.

( )" (e)' ()"" ( ,-, /" "f""')+ p, J-'" "",- P, ,_l/''''_I/,+a" V,.", ,_II'-V,_", ,_,,'
- - V::", -i- U" {(f" );::,' - (,,' )~::,J
L""' ()'"' (" )"_1 ( )""' { ')""' h"' ("_' '1-' ).'_],',= P, ,_L" j' )_,,,- P, j_'" 1/ J-II'+ , v, -1',-,

}"'(" ") '()' 1(,), I{)"=> I) V,-V)_, +{I', ;-'IJ+U").IV ,_",- P, )_'"

( )' (h)' {)n 0' ( ""' j" "("., )~l?"-'+ P, ,.1" ,-,1'- p, ,_L," ,_L."+U' V)_L,' ..-0"-""_],,,,_,,, - ,-'"
R,., I" + '(0 )""' (' )"-'I)_11' =- ',,--'1. U" l ',_",- II ,_II'

18
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Since p, = p,(<;), so we may write the ilbov~ equation as

h;' (r;' -v7_,)+ {(Pc )" +o,,} (11')';_'12 - ((1', r .,(z,. h 11.');_11'

( )"(0)" ()"" 1 ""' j" "(""') R"-'+ 1', ,.",- 1', 11.)_",+0" v,'-l12 /.,',-"'_'.'1. ,_'12 = .'_'"

Again ji-om the equation (3.14) ",~ gel

_1_[1';: - 1':'_,+ 1";-' - 1';:,']" ( ,,)"_",'
2P h " p,lf )-,,'

" '

[ 10" -0'"') II" -1""')]_ ,,,_,,, "'12 ,-,,' ,-,,' _ '_'12,' /_'12 'J-' ,

-~)-II' uf_", k P.._:n[ k
u "

(3.16)

1 h-'I U ") 1 h-'( ,,-, "-') ()"_II'(}')" ()"-II'(,),",:::>p / 1', -1',_, +p I 1', -1',_, + 1', ,_'" l' "'12 + 1', ,_1" /1' ,_',2
, '

= 0" k1/;_", + IJ;'::,,)((;1;_'12 - 0;:,'" ) - ( 1';_", + 1':::,',J(f,'~",- f,"-~'Il)}
I r'l' ') ()"_'.'2(')" \1"-' i( 0)" "0"-':::> P; 1/ pi-P;-, + 1', /_",,11' '_'.'2=-," J_."+a,,,11 ...-",-11.,_"2 }_1I1

+11;:,'" 0 ,:_'" - (p/) ~_~,+ 1<_11, f;':~~,1 - P ;:,', ,l)".,,, ) + a" jCij))~::,' - (110)';::" }

"
'h '1"_1 1/",( ,-, "-') ( )"-"'(')""'ere"'/_'I2=yl) p) -1':_, +1', ,_,,' IP)_"

I h-'(" ") I )"_'12 J(I)' (0)':::>p' 1',-1',_, +{1', )_,,,+0" J' ,_"~I-a"~IJ H"
,
( "-, 0" "0"-' "}'''-' ,,-, f' ) T"-'-(t" IJ I_II' ,_,,2 -u)_:" )_,,' +1',_,:, ,_'" - (i)-," )_,,' = ,_'"

Tn-' H"" leli )'"' (0)"-')1_11'=-; ,_,,+0, 1'}_",-1< ,-",J

The bound~ry conditiolls lJecome

(3.17
)

f" =0
I"

, 011.,=

",;'=() 0; = I(/or isothermal 1'0>'1) 1';; =O(/iJr adiabatic part)

0"=0,
(3,18)

11'w~a,SL1l1lef,"', 11.; -, , ,,','-' , e;-' ,p ';-' to be known for 0 ~ I ~ J , '''-1 uation, ( 3.1 0) to
(312) and (3, IS) - (J.IS ) form a system of5J + 5 non lill~ar equations for the solutions
or lh~ 5.1 + 5 unknowns (f;, 1/7. I": ,o~:. p',' ), j = 0,1,1 ..1 The,~ nOn lin~ar system of
algehraie equations arc to be linemiLeJ by New(on', Quass)' linearization method We
defin~ the ikn.te, tI,", ":,', .-: ,0; ,p; 1 , i = 0.1,2 .N w,th ,m(ial values equal those at '
the previous x-stuti(}ll. wh)~h <Ireusually the best initial guess availables. For lh~ higher
iterates we s~t:
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(3.19)

(3.20)

(3.21)

(3.22)

(323)

fl"' lIJ, v;,
e; and p; in equution8 (3 10) to (3.17) and (3,18) and omitling (he teml<; lhat arc

quadrallC In S J)' .,i u, ,<'5 v~,S 0.,' and S p; we gel lh~ equation<; (3. I 0) to (3.12 ) in the

Julkl\\.mg form:

f}"11 = f?' +0 f,"!
Uji~l'=U~i)+SU;"
VU>I) =V(1l +OVi"

j } !

rl"11=B") +J gl')
,,' / j

il~IJ= pi') +0 I) (II
P! I J

Now we substitute the right hano ~iJe<;of the above equations in place of

II'h (1 -j'" j'" h Ii), ere r1 )- }_l- ! + ,111_112

(3.24)

(3.25)

(3.26)

(3.27)

II
sfjl"-Je('i __, (Jp('J+{)"I'''' )~(,)

j ,-, 2 ' /-, '.'

II'h () 0'" 01'\ , I..,, ere r, ,= 1_'- I +",1';_1"

(3.28)

(3.29)

he' (,,(I) +dV"I_V''l -O,.!'I ),1'1')" -I-lj l,l( "l"!, +!i( ")'" I
j J I j-I )_L t I 1_'''' ,,) J" 1_1,1 J' ,-'"

I(), \I( ,,{,) '"( ','" I ( " 1(0)1'1 "(0)") I'-tP, ,_,.,+aoJ(u '.Li'+UU ,_[.'1 + P., '_1,,( H,,+(l ,_"

(

"

("I ~ "I) (f'" ; f'" ) ,-, ( {" ,- "I )f""- p, UHU +u I, ,_I." + an ,+' +, . I_Ii' "",_I,"' -fLo '",_LI2 +u "}_'12 ,_112

=Rc-L
,'-1," ,
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=:>h-'(V"'+OV'"-l-''' -!'i/").(( ('" ,a I,i" .' ,-, ,-, I ,-, .., "j

I, ,){'I +..!-, f") 5,,)'" + v"J n( /) In + f ")0(')'" + ,",'J S(f) 1'11I J" H" 2 j •• •• •• ,_1 ,-, H '-J.r

"
)' II, ')'d 1(,( ,)(" !'i( ')"j- P, ,-'I' +0" I u 1-''''+"2 (j" .. + U ,-1

, )" ((O)"J 1(,(~_,,) s'e)''')l ( )'( ," l(S ,n ,- "J)+ p, 1_'''' """1:+'2 u u)" + ( 1_' - p, ")-10'+"2 u, +OU,_L

• [J."., (f'" +..!-(Jj'''+dj,,,))Lfj,,., (v'" +..!-(lv"'+S' ))IJ-R""
Ci, 1""". ,'.,,' 2 ' "'''j 1 1-1'. )-, ..: 2'.. Jo' - ,_I"

() ~ ('i ( ) -. ,,-, ( ) '('" ( ) '{('i,() ~ leI:::::> S, .. v V I + 5, .' () l' ,:, + Y, •. ". j +.\', j (), .1_' -,- S, J U 11.,

+(.\,J.' JU;~,+(S,), S 0:1) + (\",) I if 11{,'~,+(.v, ),5p; +(.1,,).' S P:'.L
=(r,),

\1/J (.) -(h-' (PI)~_lI,+an -(,',_2. ["-I)
Jere 0,)- ) + 2 Jj 2 IX". ,-'12

( ) =(-h-' (PI)~.li2+a" j"'J_2.rx [001 )
liZ j j + 2 J"l 2 n rill

() (
Pl);.,12+Un Iii I "_,s = ------v .I,-a V "

! ) 2 i 2" i-L,"

( ) _«l'J)',:_'i2+a, ."1 ~ ,"_')
", ,- 2 "'_'+2a"I.'-,n

() (( )
" ) <.'i (p, );-,,"," ,=- P, r,.',+a" "/ - 2

(.) _ {()" } ,') (r,);_,,",)
s'J-- P'J_L"+a,, 1'1_'- 2

(",),=(p,)"/2

(,) =(1')" i)
'" .; I -

(.1")1=0

(SIO)j=O

() R"-' Ih" ("! In) «)' )( I )(1' Ir, J= J-L,"'-\, V, -",_L + P'r'i,+a, . .II' ,_'"

« )" )( ')'') ,{"j "., /'0-' (,I I+ P, j+" +0" I' r''"' -ae\, ,~1I2","_,,".-, /_,,","-,_,,",

I( )" a'" ')" I" I-l'P, ,_,,",,"_'i2-tP< u,_,,",.

(3.30)

(3,31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)

(3.40)

(3.41)

]kre the ~oellkienl <, (s9) i and (s10)r whieh are zero in this ease, are included here for
the generality,
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S1milarly by using the equalion" (3.19) to (3.23) in the equation (3, 17) \\,e gel the
following I(lTTn:

( )
,,-1/2 +

Wh (/) =-'-h-I+ p, I-Ll! an {"'J_~ j'"ere • I P , 2 I? a" J-I ..2
, -

( ) _ 'h-' (1',l'.~::;:+a" rl'l 1 {"-'I __- ,----- --lj" p j ? . ,,"-' Z " ;-1:', -

I =_S,,(,)_~" "".1
I,.)... ""Z"2"1-"

a" (i) J ,_,
I') ---u - -a 1./, ..- 2 H 2 " ,.'12
(19),,=0

(t,fl)j=O

i,)=7'''.',, __'_h''( ('i_ f1))_(P1)~::::~+a"(jj)f'),
.' I 1_1,. P, ' Pj P,-I 2 "P r-l"

. i( 0)(,') ,,_1 ",i" n,,-L, )Ta" u ;_In +U'_1,"'" .._",-0 .._[:,"..-,,:,
{f"-J (.-) ,,_1 ('" )+(1" r1"'1',.",-1',-I", .._LI2

The baund<lI)' condition, (.1.18) become

of; =0. 8u; =0.800"=0:81';: =0

8uJ=O.80;=0

(3.42)

(3.43)

(3.44)

(3.45)

(340)

(3.47J

(3.41\)

(3.49)

(3.50)

(3.51 )

(3.52)

(3.53)

(3.54)

'Which jus! eX]Jre~~the requirement for thc baundary conditians to remain during the
iteration process.

Now the So'stemof linear eq lIulions (J ,24) - (3,30). (3.4 J), (3.42) and (3.53) together \\'llh
the boundary conditions (3.54) ~,m b~ written in a block matrix from a coefficient mall};",

22



which ilre >ohed by modified 'Keller Bo);' melhod, especially introduced by Keller
(1978). Later. this method ha, been used most efficiently by Cebecl and Hradshow
(J 984) and recently by I lossain (] 992) . H()-;~ainct all. (1994), taking the initial iteration
.to b~ ~pv~n by convergent solution at;=~,_I' Re~tllts arc shown in graphical form by
using: th~ numerical values obtained hom the ahove technique.

Th~ ,,,l~lions of the above eqllutions (2.]6) and (2.17) together with the boundary
conditions (2.18) enable u<;to calculate the skin lrlClion T and the rate of hcat transfer Q
at the wrface in the boundiiry layer from the following rclations:

[' J "u, (JV"'- ....
T=f).7 =-,-;01" r (~.O)

oy ,=0 "

[
") I I 'Q=-k ~ =-k w- ~Gr'O'(~,O)
0)" ,_" "
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3.2 Results aud discussiou

In the present problem we have investigated th~ solutions of the nonsimilal' boundary

layer equations gll\.ernmg: the laminar free convccli'T flow across a horizontal cylinder

with adiabatic surface In Ihe pre:;ence "r" mm~\'CrsCmagnetic field.

Numerical \'alues of the local skin li:lction ~oeJri~lenL aml the rale "r heal lran~rer for

~eleClcd values of magnetic pammctcl' M (=0.0, 0.2. 0.5. 0.8, 1.0) for the lluids havmg

Prandtl numher }',- (=1.0, 0,73, 0.2) ,,,ith 2Q as udiabJtic surf,lce of the cylinder me

obtained. Here !jJ~Ou;ll<l1cules thaI the IOlal surface of the cylinder is isothermaL The

v"llles of the 1'raml11numher PI" are tak~n [() ()73 that corrcspond~ physically the air and

1.0 corresponding 10 ekdrolyle ~{)luli()n" 'Heh a<,_,alt \\'aler and 0.2 haw b"eLl u<;ed

theolelically.

Her~ we ha\'e determined tile I'alues of the functions f (C,lil and O(~Jt)and their

deri\'alive~ lor dllTerenl \,alucs 0 f the I'randtl nUInher Pr and the magnetic parameter Al.

So, "e may calc\llule Ihe numerical \'alue, of Ihe rate of heal transfer (J I( ~,()jand tl,e

velGeity gradient}" (<:,,0) illihe ,uriiKe thal are imporlanl Ii-om lbe phl'"c,,1 p"inL 01

vIew.

The Il\cal skin friclion coe I"ficienlf"(;, 0) and lhe rule 0 I'heal lrall',fer fI\~,0)respecli, ~Iy

arc shown graphically for differem values of the I'randtl numher Pr (= 1.0. ()73, 0.2) 111

fig.3.2 and fig,}.J respectively when the value of the magnetic parameter Ai =0.2, From

fig.3.:? it is elear that fluid hJ\'ing large Pnmdtl uumber has a lower local skin friction

coefficient ('({, 0), Again fi-om the graphs in fig.3.3 we ob,eJ'\'e that the fluid hu\'ing

large Pfandt! number has higher rale ofhealtrunsfer fI' (~, I)).

Fig'.J.4 and fig,J.5 deal wilh the l"f1'cClOflhc magnetic pararllctcr ;'>1(=(J.O.0.2. 0.5, 0 R,

1.0) for different values of the controlling parameter and Pr=O,73, on tile local skin

rrietion eneITieient!,(S. 0) and the sllI'facc rate of heat tran,kr Ii' (S' OJ re~pcClivel:,.

From fig3.4, it CJIlbe seen thallfthe nlJgnellC p,lf<llneler increa,e, Ihe locill skin fnction.-,

coefficient ('(S. 0) of the fluid decreJses, On the other hand flOm fig.3,) we obseJ'\'e thm
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the rate of hem lransfer 0 /(1;,0) (kcrea~es far the fluid having large magnetic

parameter M.

We hilve also. shawn velocity prolik/(.;, 'I) and temperature prollle e (.;,,,) graphically

for diJkrent values af M. rr and ,. as stated above, Bath ligs.3.6 und 3.7 are picrnrcd for

lhe nllid having Prandtl number'. Pr(=I.O. 0.73. 0.2). where magnetie parameter M=0.2

und,' =30°. We may decide from tlg.3.6 and 3.7 that the velocity profile and lemperature

profile arc getting lower for higher values Prandtl numbers.

From fig.3.8. it is vb.,ervcd that increase in the value of the magnetic p,lHlmeter ,H(=O.O,

0.2.0,5.0,8.1.0) when other controlling parJ.mekr Pr=o.n leads to decrease lhe value of

the "clacity profilef'(~, 'I), which indicmes that the magnetic parameter Mrdardsthc

fluid motion. Again fig.3.9 shows t1m1the increase in the magnetic parmneler;\4 leads to

incr~ase of the temperature proJi1e e (,;,,,).

All inlere~ting change is seen m velocity profile f '(i;, 'I) in Jig.3.1 O. Here we sec velacity

profile.! '(;;, 'I) decrea,es for the increased \'illue of,' (= 0°. 30°, 60°, 90G. 13SGilnd l80u)

and il is true for a certain ""Iue 01''1' Aller that value af'l, velocily proJilc f(i;, 'I) is seen

to increa,e for increasing value of <p,From Jig.3 II we observe that. the temperature

profile O({.II) increa5e, a~ 'I'increases,

The values of the skin friction and the rale of heat lransfcr have been presented in

Table 3.1 ,md Table 32 From 'Iablc 3.1. it can be seen thm the \'aille, or lhe ~kin

friction toe n,eient and the rate of heat trJn,fer decrea"e i"r increasing values of magnetic

parameter M.
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Ag<lin from Table 3,2, it can b~ ob~ervet.lthat increasing v~llles of Pnmdll number Pr

leads to decrease the \'alue~ of the skin friction coefficient> and 10 increase the rate of

heat transfer.

h'umerical valu~s of velocity profile and tempewtl.lre profile arc al,o presented in

Table 3.3, T<lble 3.4 and 'lablc 3.5, It can be seen li:om T<lble 3 3 that increasing values of

I\klgne!i~ paramrter M retards velocity profile umi accelerate temperature profile, S~me

resLllt, oblained for increasing value, 01 ,., Again from Table 3,5 it can be obsep.ed lh<l(

bOlh the vclority profile and (~mperature profile decrease for th~ lll~reaS]l1g I'alues of

Prandtlnumber Fr.

3.3 Conclusion

Magnetohydrod}'nami~ (MHO) lammar free convective flo\v across a horizontal cylinder

with adiabatic ~url;,ee has been investigated introdncing suitable translimn<ltlOllS.

Numerical <;olmions of the equations go\'eming (h~ J10\\ <Ir~obtained by using the

impli~ll linik difference method together with the Keller Box sch~me. From Ihe pre.<,ent

investigation, the lollowing cnnciLl<;ionsmay be dra\,in:

The skm liidion coefficient, the rate of heat transfer and the velocity profile decre~se

for increasing value of the magnetic parameter.

2. It i~ also ~e~n that lncrea~ed value of Ihe magnetic parameter Ai leads to increase the

temperature profile.



3 It ha<,been nb"u\'ed that the skill friction eoeffieictll, the temperature profile anJ [h~

\'elocity proiile decrease for the fluid hil\'ing large Prandtlnumber f'r but the rate of

heilt tran,fer increao~ ii.'r lh~ nunl havwg l~rg~ Pnwdtl numb~r T'r.

cylinder and it i" true for a certain value of 11.After that value or~, Vell",t}' prolik

may be increased fnr increasing angle of adiabatic surface of tlie ~ylindeL The

tempemtllle profile increases as the angle of the adiabatic surface increases,

TABLE 3.1

Numerical values of lhe locill skin iridion illld the late of heat transfer for different

\'allle~ "I"magnd, Cparameter AI with Pl'=O.7J.

M 0.2 ;1 n.5 '1 1.0 IValuesofi; f"(~.0) (j'(i;,O) f'(~.OJ O'(~.()) /'(i; .0) ()' (S,m
10,0000 0,13992 0.36124 0,12923 0.34180 0.11542 0,31457

30.0000 O.40nl (J.35692 I 037601 0337')2 0.33505 0.30903

50.0000 I 0.64116 0.34835 I 0,58899 0,32810 0.522.,3 029988

70.0000 I 0.81066 0,33538
I
0,74834 0,31429 I 0.65848 028508

90.0000 I 0.92638 0.31781 0,83766 O.2<J547 0.72822 o 264S7

110.000 0.94856 0,29517 O.S4475 (J.2710S o 72072 0.23857

I I.'O.()OO o 87759 0,26658 0.76167 0.23994 0,62994 0.20484

15(J.OOO D.70737 0.21996 0.58301 0.19935 0.45362 0.16054

160.000 0.58213 O,2070S O.4551J4 0.17332 033257 0.13188

170.000 0.42537 0,17883 0.29589 0.13987 0,18676 0.09441
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TARLF.3.2

Numerical l'alL1e, of the I"cal ~klO Incl;on and (he nile of heat transfer for various values

of Prandtl numher Pr wilh M~O 2.

Values of I Pr=0.2 Pr-O.73 r, 10, f"(; .0) I fJ'(; ,0) j"(~.0) e'(~,O) f'(~.0) I ()' IS ,0)

1001100 1I.IA124 I 0.21713 I 0.13992 0.36124 0,13407 I 0.40512 I
30,0000 0.47029 0.21466 I O.407Xl 0.35691 039070 , 0.40022
50,0000 0.74045 0.20975 (J,641Ili 034835 0.61407 0,39049

700000 0.94890 0.20236 0,81966 O,D538 0.7X460 037577

YO,OO()O [.07li62 0.19239 0,92638 0.31781 0.88598 0,3557Y

110.000 1.10936 0,17964 094856 029517 0.81120 0.30399

130,000 1.03781 0,16375 0,8775'1 o 2li658
I
0.73053 0,26868

150 OliO I 0.85605 0,14388 0,70737 0,22996 O.5575li o 2224li

160,OIJO 0.72149 () 13184 058213 0,20708 0.43349 O,I92Ali

170,000 0.55410 0,11758 (j 42537 (j,17883 0.27898 0,15405

TABLE 3.3

]'\ umerical \'iIlues of the velocity profile and the temperature pro Ii Ie f,x <Ii11erenl \,~Iues

of m;l~letic parameter Ai \vith 1'1=(j, 73 and \0=311('.

Vullles I M 0.2 M 0,5 M 1.0

efO I ('({.II) ()({,1)1 /' (,;','I) fI({, I)) F'({,'I) O({,I))

0.16068 0.11312 0.94270 0,10349 O,9458li I n09108 0.95029

0.49865 0,28035 I 0.82288 IJ.25306 o 83262 I 0.21806 0.84628

0.88811 0.3 7S22 o ri8825 0.34397 0,70512 (J,28620 0.72885

1.43822 , 0.40129 O,S1257 I O.356ClO o 5174ri 0.2n21 0.572'12 ,
2.48059 0.28592 o 2587(j I 0.25615 0.28835 0.21744 I 033279
3.47923 0,15862 0,11946 I 0.13353 0.14337 0.13061 0,18197

4.83720 0,05596 0,03661 {J.(l56112 0.(j4Y51 0.05557 0,07306

5.03870 fl.04695 0.03029 0.04775 0.04182 OJl6329 004,'(36

5.92876 {!.OIY92 001216 I 0.02220 0.01885 (J.(l2518 II 03252

6.97092 0.00547 O,002ri7 I 0.00747 0.00588 0.01047 0,01335
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TABU: 3.4

Numerical, alLiesof the velocity profile and the temperalure profi Ie for different values

of adiabatic surfilce 2""with Pr=O,73 and M=0.2.

Values !jJ-30 9-60 , 90

of, {'((,'I) 0(1; ,'il {'(t,'l) I 11(;,'I) /'({,1I) fi(;;,ll)

0,16068 0.11312 0,<)4270 0.10289 0.94502 0.08675 0.94897

0.49865 0.28()35 0,82288 I 0.25n5 0.lUOU3 0.22 I58 I 0<4217 I
0.88811 0.37822 0.68825 I 0.35279 0,70048 0.31058 I 0.72137 I
1.43822 ()A0129 0.51257 0.38226 0.53009 0.34888 I 0.56048
2.48059 0.28592 0.25870 0.28378 0,27802 027786 0.31322

3.47923 0.15862 0.11946 0,16386 0,13389 0,17169 0.16180

4.83720 0,05596 0.03661 0,06115 o 043liO 0,07040 0,05831

5.03870 I 0046<)5 I 0.03029 005175 0,03642 0.06044 004<)48

5,97g76 0,0]992 0.01216 o (P286 0.01532 I 0.02850 ()02245

6,97092 0.00547 0.00267 0,00660 0.00377 I 0.00891 0,00641

TABLE 3.5

l'iuillerieal values oflhe ,'elocl!)' profile and the tempcrat\ll'e profik for Van(lLi';values of

Prandl1 numher Pr while M=0,2 and 1)1=30°.

Va1Lie~"I' Pr=O,2 Pr=0,73 Pr=l.(), j'{t,'1) fi(;;.'1) /'(Z,'1) D({ ,II) I F '(t,'1) 6(t,,1)

0.16068 0.13220 0.96553 0.11312 0,94270 I 0.lon9 0.93575

().49865 0.33785 0.89330 0.28035 I 0,82288 0.26470 0,80155

0,88811 0.47478 0.81087 0.37822 0.68825 0.35236 0.65178

1 43822 O.54()83 0.69766 0.40l29 0.51257 036554 ().46()59

2.48059 0.46615 0,5031 I 0.28592 0.25870 0,24661 0,20300

3.47923 0,33567 ()35205 0,15862 0.11946 0,12792 0,07975

4.83720 0,19225 0,20577 0,05596 0.03661 0.03986 001849

5.03870 0.17585 0.18924 0,04695 0.03029 0.03264 0,01448
5.92876 0.1 1667 0.12931 0,0199? 0.01216 (J.(llI98 I 0.00388
6.970'!2 0,06961 0,08097 0,00547 0,00267 0.OOl13 I O.O()086
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Chapter 4

Conduction, convection and Joule heating effects
on Magnetohydrodynamic flow from a vertical
flat plate

4.1 Introduction

In the traditional area of th~ conveclive heul transfer between a ~ojid wall and a fluid f10\V

(he wall conduction resistance is uSlwlly neglecl~'.L i ~_the "all lS a~<;ll[ncdIn be vcry

thin In this case it is usual to prescribe either lhe \\'0.11lel1lperalur~ or the wall heal !lux

and a considerable amount of rescat'ch h~s done in order \0 undersland the heal (raw,i",r

characteristics over a wide range of flow configurations and Iluid propenie~. Hllw~ver in

m,my real engineering systems the vv"ll conduction resistance cannot be neglected ~ince

conduction in tbe wall is able to significantly ~ffect the fluid flo\\' and tbe heill lnmskr

chara~leri~lie<;of the fluid in th~ vicinity of the wall, In order lo t~ke ~ccount ofphysi~~J

r~aJity. thcre has been a tendency to mo\'e avv'~yfrom considering miUhem~li~~1prohlem,

m WhlCh lhe hounding wall is considered to be infinitely thin, Thus the ~ondlldl()n in

solid wall and the eonv~etion in the fluid should be delermin~d ,imu1taneollsly This lype

of convective heat transfer is referred to a conjugate heal lransfer process ami il ari"c;

dlle 10 Lhe linile lh,ckn~ss of the walL Thc phcnomenon depends on several parameters.

TherGfotc in many cases this strong dependence does exist.

Heal lran,lier Ii-om a healed vcrtical plate provide.1 probably ooe of thc most ba<;ic

sccnarios for natural convection problcrns. Variations of thc problem oceur frequcntly in

the literature. Free eonvcetive stcady hydromagnctie flow abont a hcatcd vertical flat

plate has been considered by Gupta [1]. Poots [21. Ostcrle and Yound [3], Sparrow and

Cess [41. Lykoudis [6]. Cramer [8] and Riley [9]. The similarity solutions were studied

by GUptii [I] und Lykoudis [6] ~onsidering Ul>ltlh~magnetic I,eld dillier,<,inver,e1y as the

fourth root of the height abo\'e the bottom edge uf the plille, AlleI\vilrds Nanda illld

Mohanty [JI] made use of the similJr technique 10 solve the hydrornagnelic free
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convcction of high nnd low Prnndtl numb~rs because of reali~lic apphcalllln,>, U~ for

liquid mctals, the Prandtl number is low. Rlle}'[9] con~ider~d a unil'lrm magndic field

and integrated the boundary layer equations over il sing:le boundary layer thi~kn~,~.

Efre~t~ 01" trans\,crsely applied magnetic field on free convection of an electricully

conducting: lluid paSl a ,emi-inflniw plate were studied by Wilks [13J. Miyamoto et ell.

[18] have giv~n an analysi~ of the rclatiw importance of the parameters of the problem in

particular with rdhenc~ to coaxial heat conduction. Hossain and Ahmed [23J studied the

MHD forced ilnd Ire~ con\'ection houndary layer flow ncar the leading edge, fhcyalso

ill\'estigated the combmed I"reed and frce convcetion of an electrically conducting fluid

PilSl il verlical llat plate at which the surfaec heat flux was uniform and magnetic field

was applied parallel ((l the direction nnrmal to plate, The natural convection boundary

layer flow of an electricall)' condllcting f111idnp a hot vertical wall in the presence of a

strong magnetic field has been o(LH.hedby ~everal author<; neeau<;e of its application in

nuclear engineering in conuection \\'llh the cooling 0 f reactor,

In all the abo\'c studies, the efTecls 01" the Vl~~OU~and Joule heahng were negleetcd

hecause thcy arc of the same order a, well ~ISnegligibly smull. Rut Gehharll5] ha~ ,h{mn

that the viscous dissipJtion ell'ecl plays un 'r:nponanl role in nalllmi conve~lion in various

devices whieh arc subjected to hlrge deceleration or which operale at high ro(ati,~ spe~d,

~nd also in strong gril\'itillivnal lield proce~'~,> on large ,cale~ (on the planets) and in

geological processes. With this understanding Takhar and Soundalgebr [16] have

,tudied lh~ elTecls or ,iSC(lllS and J'llll~ heatmg On the prohlem po~eJ h) Sparrow and

Ce,>s[4j, using the ,Cm,S expan~ion method of Gebhartj51. In the present study the Joule

heating elTects on Lvlagnetohydrodynalllie boundary layer flow and heat transfer resulting

from the coupling of natural convection along and conduction inside a vertical flat plate

will be investigated.

The lrans!t>rmed non similar bonndaty layer equation, governing the flow together with

lhe boundar) c"nditlon~ ba~ed On ~"ndllcli"n and c"n\'e~li"n were ,>"h'ed nllmerically

using the Keller box (implicit finite difference) along with Nc\\ton's linearization

approximation method in lhe enlire region .\larliug lrom the lm,cr parI 01 lhe plate to the
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down stream for som~ \alll~S of (he magnetie parameter AI. the joule he,l(ing pilHllnder J

and thc Prandtl number Pr, The clTeet ()f the parameters M, J and Pr on the V~l11C;tyand

temperature fields J5 well U~on the skin friction coefficient and surfac~ (emp~rutllre

distribution ha\'e be~n sllld;~u

In (he following sections uelililed d~ri\a(i()ns of the governing equations for th~ /low and

heat transi"" and the method of solutions along with the results and discussions are

pres~m~d, All the investigations for the fluid ,,;(h lll\\' Prandll numher appropriates for

the liquid melal<,are earried out.
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4.2 Governing equations of the t1o\\-':

w~consider the steady l\VOdimell5ionilllaminar Irce convection houndary layer flow of

a vi,eous incompressible and ~kclri(:all)' conduding fluid along a side of a vcrtieal flut

plate nfthiekncss 'b' insulaled on lh~ ~dge~ and with temperalllre 10 maintained on the

other side in the prcsence of a unitl>1l11lydi~lrihu(ed transverse magnctic field, The flow

configuralion and the coordinJ1es sy,tem ilr~ 8hown in Flg 4.1 Thc equations governing

th~ 110ware a;: follo\\(s:

r.

"w- rt!d". " 1~"
b

T=T" 1 " L.'
T(x,o)

0 y

Fig,-I : Physknl(onfigtll'Mion nlld (oordillnt~s spt~1Tl

aIT 0"-'-.0ex [)'

_vu _8u a'lI /1(1.].) oH,'r;" --=- + v -:::= = "-::::T + g -,,-
iii oy (,:v p

_01' _i3T ~-.' a'T uaIIg_,.-H-.----,---.
if( (,y pc" f.Y' pc"

l'he appropriate boundary conditions 10 b~ satisfied by the above equations arc

"",0, ••=0 (II y=O
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The couplmg conditions rcquire that the lempera(llTc and thc heat flux be continuous al
(he solid-fluid interfilce ami at (he interface following Miyamoto [1] one Can a,sume that

\\,here k, and kfare the themlal conduclivi(y ofthc solid and the fluid respectively.

temperaturc 1"0in the solid asgiycn b)' A. roai and M. Lupo r21] is

1', '" 1'(.'t ,0) - {T, - T (x,O) ly ....h

(4.5)

The

(4,6)

where T(x,O)i~ [he unknO\\in temperature at (he il1lerlu~e (0 he lktcr!nincd from the

solutions llf (he equations,

We observe th<lt the equations (4,1) - (4.3) together wilh the boundar)' conditions (4.4)-

(4.5) are non-Imear partial differential equations. In Ihe Ji)l1owing ,eetions the solution

methods ofthe>e eqlllltions arc discussed details.

4.3 Transformation of the governing equations
Fquallons (4.1) - (4.3) mJ)' now he nondimensionaJized by using (he following

d,men,iDnlcss dependent and independent \'ariahles:

- - I I I 7-7'x y- v- v- ~x =~,y=_d4, Ii = _d2u, ii= -d'v, --- 0 0
L L L L ~,-T"

'"L = V l,'j ,d = j3(Th - rJ
"

(4.7)

As the problem of natural convection, ilSparaholic character, has no characteristic length,

L has been defined in terms of " and g, which are the in!rms;c prop~nie, of (he system,

The reference length along the 'y' direction MS been )1lodilied hy a ra~lm d,I'4 in order to

eliminate (his qilllntity from the dimensionless equ~lions ilnd the boundar)' condillons.
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The magneto hydrodynamic field in the J1uld i~ g{)\emed by the houndary laycr

e'luutions, which in thc non-dimensional fonll oblained by mtrodllcing thc dimcnsionlcss

\'<Iriuhle~de,crihcd in (4.7) may be written as

uu Dr-+-~O
Ox ay

0" C!U a211
c-H-+Mu"'--+O
Ox iJy ~yZ

uB De 1 a'o ,c-+v-~---, +.1"
ax 8y Pr ~v

(4.8)

(4.9)

(4.10)

'Nhere Al =
, ,

(}HIl-L- d' 'I 'flJ'I' . the nncnslOn css magncnc parameter,

(T1f~ vii h d' 'I ' 1 1 'number and J = ---~---, t e H'J\CnSIOn css .lOll c lcatmg pal'amcter.
pC,,(T,-Toc)

The corre,ponding boundary conditions (4.4) - (4.6) lake the i(li1owing form:

(".. '\ 'IlJwherc p is the conjugate conduction parameLer gi\'en by p~ l-!-II- d1i4
K,) ,L

(4.1la)

(4.11 h)

Here the coupling parametel' 'pogo\'ems the dc'nibed prohl"m The order of magnitllde

h "..f 1..4 • . . h.of 'podcpends actulIlly on Land -. d bemg the order "f Ul11tyThe teml - alt<lm~
".. . L,

K
valucs mueh greater than one because of L being small. In case of air, -L become;

K,

very smull when the 'erlical plate is hlghly comillcli,,, I.e ".. > > I and j,,, ma!crials,,

c[~ 1= 0,1 such a, gla,~. Therel,)r" m dillerent Cu~e~'1" i, dlfferen! hll! not alway~ a
/(, "'
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smull numher. In the present investigation we hav~ ~onsi(kredp = I which is accepted

b [, ]for - of 0 -' .
L 11:,

To sol\'e lhe equations (4.8) - (4.10) subject to lhe bOlmdary ~"nditl{)n~ (4.11). the

i"" 11<", mg transformations were introduced for the Illl\\' regl(m .,t"rling Ii-PlTlIIp stream to

down~lr~am.

(4.12)

Here I) is the dimensionless similmity \'ilriubk andW is the str~um flInellon which

,utj~ries the equation of continuity v,'here uwv=--ox and h(,J.l') is lhe

llimen~ionles~ temperature.

SlIbstituting (412) into equations (4.9) und (4,10) W~ gd. <liier ~ume ulgehra lhe

follo,,'ing lnlnsformell non-dimensional equations,

jm+16+15x if" 6+5x f'i_Mt!'\(I+Xl"IOf'+h=x(rQ{'-j.if\J (4.13)
20(1+ x)"' 10(I+x) ar ox,

_I h"+16+15x jh'- I f'h +.!x'"(I-O-x)''''' ("=xl( (,iJh_h,iJ/) (4.14)
1', 20(1+x) 5(1.1-):)" 'Dx Dx

ln the above equations the prim~~ denot~ diIT~r~nllaljon "'llh resr~ct 101J.

The boundary conditions (3, 11) th~n tokes the fo!lll\\'ing Ji.mn

/(x,O)= /'(xJl)=O, j,'(x:O) =- (1+ x)'''-' +x'" (I + x)"')O h(x.O)

/,(XJ"-') =0. h'(x, 00) =0
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4.4 Joule heating parameter

In electronics, and in physics more hlOildly_Joule heating or ohmie heating refers to the

increa,e m temperature of a conductor as a result of re,istance to un electrical current

(lowing through it

A( un u(omic le\ eI, Joule heating is thc rcsult of moving electrons colliding: with atoms in

a c')llductnr. where upon momentum is tl'ansfetTed to the atom, increilsing its kinetic

energy Joule heating is named for James Prescott Jouk the first to articulate what is

now Joule". law, relating the amount of heat released from ,Ill electrical resistor (0 it>

re,i,tunce and the charge passed through it. ln our problem \ve got a dimensionless
,

crH;vd' h. h. J I h .parameter J= --~--_ .. w te IS ou C eatm~ parameter.
peF(T,-T~)' -

4.4 Method of Solution:
'10 p.et the solutions of the parabolic differential equations (4.13) and (4,14) along with

the boundary condition (4,15), \W shall cmploy implicit [Illite difference method together

with Keller- box elimination techni'lu~ \\,hich i~ well documented anJ widely used by

Keller and Cebed (1971) and recently by Hossain (1992), Since a good description of

this method has been discussed in details in Chapter-3. further discussion is disregarded

here, The numericul resull~ ohtained are pre,enteu 111 the (,)nowing s~ctlOn_
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4.5 Results and discussion

In thi, chapler w~ hav~ im~,;tigaled the prohkm (if lh~ skad" two d'm~nsional laminar

free convection boundary layer tlov,' of a ,'iscous incompressible and electrically

conducting fluid along; a side of u vertical flat plme of thickness 'b' insulated on the

edge~ with temperature 1b maintained on the othcr side in thc presence of a uniformly

distributed transverse magnetic fidd .

Skin frictions and surface t~mpelature disllibution, are obtuined for the lluid ha\'ing

PrandtJ number I'r = 0.73. 2,55, 4.40 the joul~ healing paralllet~r J = 0,01, 0,05. 0.1. 0.2

and the magnetic parameter Ai =0.01. 0,20, 0.50. 0.80,

Ir'w~ know the values of the functions /('1, x), h ('I, x) and thcir derivatives ror different

''lIlIeS 01' th" Prandll number l'r and the magnetic parameter A{ we may calculatc the

numerical "alu~s 01 Ih~ ~urfa~" kmp~ratur" fi (0, xl and th~ veloelly gradient! "(Ir x) al

the ,urface that ar" lmp()rtant Irom the phy."eal point of \,icw.

Numeri~ul \'ulue, of Lh" velll~ity gradlent/" (0, xl and (he ~llTfac~temperatur" e (0, x)

are depicted graphically in rigA.I 104,6 respedi\'e1y ugainst the axiul distan~e x in th~

interval [0)0]. ]n rig.4.1 and rig.4,2, the ,hear stress cocfficient f" (0, x) and the surface

temperature e (O,x) are shown graphically for diffcrc'lll valllcs of (h~ Prandtl nmnber 1',.

(~0.73, 2.55, 4.40) \\,hen v<llueof the magnetic pammeter AIi, (JII and the jOlLl~healing

paramder.J= 0.2. In Fig.43 anll Flg.44, Ihe ,hcar ,Ircss codliclentI" (0, x) and the

slII'faee temperature 0 (O,x) are shown graphically for different values of the magnetic

parameter M(~O,Ol, 0,2(J, 0.50. 0.80) \\,h~n \alue orth~ Pr is 4.40 ~nd the joule heming

paramder, .J=(J.(J2.Similarly in FigA.S and Flg.4.6, th~ ~hear ,tress coefficient}" (0, x)

and the surface temperature 0 (O,x) are shown gruphiCillly for dilJ'erenL values of the joule

h~ating pammeter J(=0.0 I, ().05, 0.1, 0.2) \\,hen value of the Pr i:. 4.40 and the magnetic

parameter, M=(),2.

From Fig. 4,1, it is sho\'v'n that the shear stress coefficient ('(0, x) decreases

monotonically with the increase or (he Prandtl !lumber PI' (=0.73, 255, 4.4(J) and from
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the Fig.4.2, th~ same r~sult is observed on th~ s\II'face temperature di;tribution due III

inercas~ of th~ \'alue or' the Prandtl number whe~ the value ufthe magnetic parameler M

is (j,g and the value of!?e joule ileatill!! parameter J= q.2,

hom l'ig, 4.3, it i, ~h()\\'n that the' skin friction coefiiclelll/" (O,x) t!eerca"" Wilh the

increase of the magnetic parameter Ai (~O.Ol. 0.2, 0.5, 0.8) and from the Fig.4.4, opposite

resnlt j~"bservcd on the surface temperatnIT distribution duc to increase of the value of'

the magnetic parameter M when the value of the Prandtlnumber is 4.40 and the value of

the joule heaLing parameter J = 0.02.

From rig, 4.5, it is ohserved that increase in the value of the joule heating parameter J

leads to increase the value of the skin fiictio~ coeftieient f " (O,x) which is usually

expected. Again Flg.4.11shows that the increa8e orth~ joule heating parameter J leads to

incr~ase Lhesurface tentperalLl(e di~triblltion 0 (O_~).

Numencal values of the velocity profile f' (fI,X) and the temperature profile 0 (fI, x) are

depicted graphically in Fig.4.7 to 4.12 respectively against the axial distance fI Fig. 4.7

depkls the velocity profile for dilTerent values of the Prandll number Pr {= 0.05, (j,n,

1.0) \\ihile the magnetic p'lrilllleter .\4=0.8. and the joule heating parameter .I=(),2.

Corresponding JistrihLltion of the temperature profile 0 (fI, x) in the fluids IS shown In

Fig.4.8 f"'romfig. 4.7, it is seen that if the Pnmd(1 number increases, the velocity profile

of the fluid decrea~es. We also ob.,>erve from Fig.4.8 that the temperature profile

decreases within th~ boundar} layer due to increase of the Prandll nLlTnber Pr.

In Fig 4.9 and fig.4.10, the velocity profile!' ('I, xl and the temperature profile I:! {'I, xl

are shown graphically for different values of the magnetic parJmeter Ai (=0.2. (l.S.

0.8.1 .0) when value of the Pr is 0.73 and lhe jnuk heating pJrameter, J~O.5 From Fig.

4.9. ;t is seen thaI ir Iht' magnetic parameter increases, the velocity profile of the fluid

de~reases. We alSl>observe frolll Fig.4.l0 that the temperature profile increases "ithm

the boundar)' layer due to increa~e of the magnetic parameter M.
'0 _'
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Fig 4 11 and Fig.4 12 deal with the cfTed of the Joule healmg parameter J (= 0.2, 0.5. 0,8.

1.0) for Prandtl number PI" = 0.73 and for the magnetlc par~meler M '" 0.8 un lh", \'ducity

protile f '('I. x) Hnd lhe temperature profile () (/1. r). from fig. 4.11. II is re\'ealed lhat lhe

velocity profile f ' ('I, x) increa~es very small with the increase oj' lhe Joule heating

parameter J whieh indimtes thal jOllle heating increa,c, the nuid motion. Small

in~rcm~nt is shown from fig 4.12 "n the temperattLnoprofile fi ('1, xl for incl1'asing value.1

ofJ.

Numeri~al values of th~ skin friction and the surf:1ce temperature distnbullon h~ve been

pre.,ented in Tabl~ 4, 1 for different v~lucs of joule heating puwmeter J. It is obsened thaI

b"th the ,kin friclion and the surface temperature distribution increase for the increasing

yalue, of joule healing parameter. Again the v~lues of the Yclocity profile ~ml the

temperaulre prolile I"r different \'alues of joule heating parameter J arc also presented in

Table 4.2, It is seen that both th~ ,doeity profile and the tempcramre profile increa~e tur

the inerensing values of -'oule heating; parameter.

4.6 Conclusion

We ha\'e studied the effects of joule h~ating parameter J and m~guetie parameter JI for

ditTerent Prandtl number j'r on the maglleto-h)drodynamic (l\1HD) nalural convection

boundary layer flow Ii-om a \'erllcal flat plale by introducing a new class of

lransformalions, rhe transformed non-similar boundary layer equations governing the

flow together with the bouudary conditions bas~d on condlldlOn and conveclion were

solved numerically using implicit linite difference method together ",ith Keller hox

8cheme. The coupled eflect of natural eonveclion and conduction required that the

temperature and the h~,,\ t1u~ he conlinuous al th~ interrace. [--rolll \h", present

mve,ligalJon, the 1",I1,,,,,ingmndtL~ion~ may be drawn:

1 The "kin l;-lction coel1iei~nl and th~ "elocily distriblltion illcrcw;e for mereasing value

of the joule heating parameter J.

2, Increased value of the joule heating pJHlmeter J lead8 to increa8e the surface

temperalure distribution JS well as the temperature distribution,
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). It ha~ be~n ob<,erved that (he skin friction coefficient, the surface temperature

di~lribUll()n, (he temperature di<;tribution oYer the whole boundary layer and the velocity

distribulll\ll de~rea,e with (h" inerca<;e"rthe l',andtl number P,'.

4, finally it follow> th~t both the ,kill lii~lH)n ~oerfi~ien( and the "eloci(y di~triblltion

decrease with the increase of the magnetic paramd~r M. Th~ surl'<l~e kmpera(ur~

distribution and the temperature distribution ov~r lh~ \\,hole bllllnd",y I"y~r m~re,.,e \\'l(h

the increase of the magnetic parameter AI,
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TARLF. 4.1: Numerical value, of the local skin friction and the surface temperature

distribution for di (Teren! vallle~ n f .louie heati ng parameter J \vhi Ie PI- =0.73 and 114=0.2,

Values ,/-0.01 ./ 0.10 I 0,20

ofx r(O.x) () (IJ~t) r(O,~) () (O.x) f'(0.x) o (O.x)
1,0265 0,7020 0.7525 0.7091 0.7573 0.7171 0.7628

2 036Y 0,8404 0.7859 0.8617 0.7977 0.8864 0.8116

3.004Y 0,9266 0.8044 0.9662 0.8239 1.0132 0.8480

4.0219 09949 0.8182 1.0577 0.8467 1.1350 0.8838

5 1425 1,0549 0.8297 \.1480 0.8693 1.2668 0.n39

6,0502 1.0958 0.8374 \.2168 0.8869 1.3760 0.9583

7,1132 1.1377 0.8450 1.2951 0.9071 1.5098 \.00\7

8,0285 1.1698 0.8508 \.3618 0.9246 1.632\ I.IJ425

9,0596 1,2024 0.8566 1.4374 0.9448 1.7791 I Jl930

10,0179 1.2302 0.8615 1.5087 0.9642 1.9260 1.1449

TARLE 4.2: Numerical vJlues of the \'dod!)' proJile und the !emperalme profile (ilT

dift~rcnt values of Joule heating pilrameter J \\,hile Pr ~0.73 and ;\1=0.2.

Values J 0,2 I 0.5 I LO
of, j'(p) I ()(~_x) r(~,x) () V/. x) (' (1/, x) 8 (II. x)

0.5438 0.3J13 0.7144 11.3234 0.7517 0,3445 0.8102

1 0554 0.4338 0.5815 0.4509 0.6203 0.4804 0,6916

I 5831 0.4480 0.4495 0.4650 0.4888 0.4936 0,5601

2.0827 0.4IJ25 0.3400 0.4162 0.3743 0.4384 0.4349

2.5896 0.3314 0,2480 0.3405 0.2743 0.3544 0.3194

3,0689 0.2603 0,1791 0.2654 0.1978 02721 0.2285

34792 02044 0.1331 0.2066 0.1461 0,2087 0.1666

4, I056 0.1340 0.0820 0.1334 0.0887 . O,Bll 0.0984

5,0387 0.0635 0.0368 0.0615 0.0387 0,0577 0.0407

6.1741 0.0194 0.0107 0,0181 0.01 08 0,0159 0.0106
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Chapter 5

Further Recommendation

rhe pre~enl sllllJi.:s may he extended further.

I. By using perturbation method or finite volume method tD solve lhe
governing equation.,.

2. By showing (he effect Dr viscou, dissipation in energy equation.

3. By considering lhe temperature dependent thermal conductivity and
the temperature dependt:nl vi,c()sily, instead of taking constant
thermal conductivity and vi.,<.;osily.
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