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Abstract

In this dissertation, the cffects of conduction and convection on magnetohydrodynamic
(MIHD) boundary layer flow from a vertical flat plate have been studied numerically, The
goveming equations are made dimensionless by using svitable transformations. The
dimensionless equations are then solved numerically in the entire region starling from the
lower part of the plate 1o the down strezn by means of implicit finite difference method

known as Keller box scheme,

A steady laminar two dimensional magneto hydrodynemic (MIID) free convection Mow
from a vertical flat plate of thickness ‘b’ is investigated. The effects of the magnetic
parameter M and the Prandld number Pr have been examined on the fow field. The
analysis has shown that the flow field is appreciably influenced by the effects of
conduction and convection. In our study we have also found that the present results are

excellent agrecment with Z.1.Khan when A= 0

The above effects on the magneto hydrodynamic {MHD) free convection boundary layer
Aow wilh viscous dissipation from the vertical flat plate have also been analyzed.
Similarity cquations of the mementum and Encrgy equations are derived by introducing
the same (ransformations. The dimensionless skin friction co-efficient, the surface
temperature distribution. the velocity distribution and the lemperature profile over the
whole boundary layer are shown graphically for ditferent values of the parameiers Pr, the

Prandtl number, 3, the magnetic parameter and A" the viscous dissipation parameier,
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Nomenclature

Greek symbols

- T -

Mate thickness

:Specific heat

T =TT,

Dimensionless stream function

:Acceleration duc to gravity
: Dimensionless temperature
Applied magnetic field

‘Reference length, v*'?/ '’

:Length of the plate

:Magnetic parameter

Viscous digsipation parameter
:Coupling parameter

:Prandtl number

:Temperature of the flow fluid
:Temperature at cutside of the plate

“5olid temperature

:Temperature of the ambient fluid
“Welociny component in the x-direction
‘Yelocity component in the y-direction
: Siream wise co-ordinate

: Transverse co-crdinate

: Co-efficient of thermal expansion
: Slream fanclion
: Skin friciion

: Dimensionless similarity variable
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9 ™ ® ¢ W

-

: Density of the fluid inside the boundary layer
. Kinemalic viscosity

» Viscosity of the fluid

: Dimensionless temperature

: Electrical conductlivity

: Thermal conduetivity

: Thermal conductivity of the ambient fuid

: Thermal conductivity of the ambient solid

viil



Table of Contents

Chapter-1
Iniroduction
Chapter-2

Effects of conduction and convection on magneto
hydrodynamic flow from a vertical flat plate

2.1 Governing equation of the flow

22 Transformation of the governing equations
2.3 Method of solution

2.4 Results and Discussion

2.5 Conclusions

Chapter-3

EfTects of conduction and convection on magneto

hydrodynamic flow with viscous dissipation from a vertical flat

plate

3.1 Governing equalions of the flow

3.2 Transformation of the governing equations
3.3 Mcthod of solution

3.4 Results and Discussion

3.5 Conclusions

Chapter-4
Conclusions

Relerences

1x

Page No.

11
13
23
25

33

36
38
40
41
43

30

32



Introduction

Magnetoh}rdmd}fnamics (MHD), the appendage of cogtinuum mechanics, contracts with
electrically conducting fuids flow in electric and magnetic ficlds. The field of
Astrophysics almost certainly is the main advance wwards appreciative of such
phenomena. MHOD incorporated mainly on (he study of severcly incomptessible fluid, but
now a day the terminology is applied also to the studies of ionized gases. Magneto (Iuid-
mechanics of magneto-aerodynamics has been suggested as other names of MHD but
innovative laxonomy has persevered.

Various usual phenomenon and engineering problems arc vulnerable to MHD analysis.
Geophysicisls come upon MHD phenomena in (he connections of conducting fluids and
magnetic fields that are presented in the region of blissful bodies. Engineers make use of
MHD ideolopies in the devise of heat cxchangers, pumps and flow meters, In 5pace
vehicle forward meton, control and re-cnury., in crealing work of [iction power
generating systems. and in emergent confinement schemes for proscribed fusion.

The production of electrical power with the flow of an electrical conducting fluid through
a transverse magnetic field is the principal application of MHD. In recent times, the
experimentations with ionized gases have been carried out with the look forward to of
manufacturing power on a hefty scale jn stationary plants with large magnetic {iclds. On
a minor scale the generation of MHD power is of concem for space application.

On heat transfer studics. substantial outcome has been intended for towards (he
convective approach, in which the comparative motion of the tluid supplies an extra
mechanism for the trapsfer of energy and of material, the last one being a mere
significant contemplation in cases where mass transfer, due to concentration di fference.
(ranspires. Only in the presence of a fluid medium the convection is possible. If a fuid

flows in the interior of a channel or over a solid body while temperatures of the fluid and



1he solid surface are different, heat transfer between (he fluid and the solid surface takes
place as an outcome of the motion of fluid comparative to the surface; this type of
mechanism of heat transfer is termed as convection, There are two basic procedures of
{he convective sort of heat transfer. When with the help of 2 pump or 2 fan the fluid
motion i ummaturally stimulated that forces (he fluid flow over the surface, the heat
‘ransfer is tenured as forced convection These types of problems are very recurrently
come upon in lechnology where the heat transfcrs to or irom a body is time and again duc
10 and compelled flow of a fluid at a diverse temperature from that of the body. When on
account of buovancy effects followed by the density diversity caused by temperaturc
variation in the fluid the fluid motion is created, the heat transfer is said to be free or
natural convection. The natural convecton procedures are governed essentially by thres
features namely the body force, the temperature dificrence in the flow field and the fluid
density discrepancy with temperature. In the way of life, frec convection is the most
important style of heat transfer from pipes, transmission lines, refrigerating coils, burning
radiators and various realistic situations, though in a lot of cases of sensible attention,
both procedures are significant and heat transfer is by mixed convection, in which necither
approach is really most ijmportant, The manipulation of natural convection of the heat
sransfer can be deserted in the case of hefly Reynolds number and diminutive Grashof
number. Alternatively, the natural convection should be the governing aspect for
mmense Grashof number and miniature Reynold's number. We countenance in nature
this type of situation where forced and free convection is of analogous order, the
phenomena may be named as (he mixed or combined convection flows.

Since in geophysical, geothermal and nuclear engineering problems free and mixed
canvection flows are applied, model studies of (hem have brought in reputations. The
foremost researcher Sparrow et al, (1959} contracted with the combined forced and free
convective boundary layer flow cn a vertical flat plate. Aflerwards by means of a
perturbation series in terms of the buoyancy parameter Mon (1961) and Sparrow and
Minkowycz (1962} investigated mixed convection flow in the boundary layer of a micro
polar fluid above a horizontal Aal plate. The formulae for calculating the shear stress and
heat transfer ratc in a mixed flow regime wete presented by their investigations. The

combined free and forced convection beundary layer {low along an inclined surface



entrenched in porous medium was studied by Cheng (1977). The combined forced and
free convection in boundary layer flow of a meropolar fluid above a horizontal plate was
investigated by Hassanien (1977). Similarily solutions are acquired in his work for the
case of wall temperature which is inversely proporticnal to the square root of the distance
from the leading edge-

Free convective steady hydromagnetic flow about a heated vertical flat plate has been
considered by Gupta (1961}, Poots (1961), Ostetle and Yound (1961), Sparrow and Cess
(1961}, Lykoudis (1962), Cramer (1963) and Riley (1964). The similarity solutions were
studied by Gupta (1961} and Lykoudis (1962) considering {hat the magnetic field differs
inversely as the fourth root of the height above the bottom edge of the plate. The
colutions of the basic egquations were obtained by using the approximale momentum
integral technique. As lor very low and very high Prandt] number the viscous and thermal
boundary layers are unequaltheir resulls are (herefore of very limited applications.
Aflerwards Nanda and Mohanty (1970) made use of (he sumilar lechnique to solve the
Liydro magnetic free convection of high and low Prandd numbers owing to realistic
applications, as for liquid metals, the Prandtl number is for all time small. A third degree
polynomial for the temperature distribution has been considered by Lykoudis (1962} in
(he whole boundary layer, whereas Gupta (1961) has considered ‘a third degree velocity
profiles which conlains a second order zero at the outer edge of the boundary layer. Using
the perurbation technique Sparrow and Cess (1961) have considered the case of a
conslant magnetic field taking the non-magnetic case as the first approximation. In the
weak magnetic fields and in the immediate neighborhood of the leading edge their results
ate applicable. The mfluence of magnetic field on the laminar free convection flow of
liquid metals was investigated by Cramer (1963) above a verlical [lat plate and between
two parallel plates. For liquid metals he got an analytical solution. Riley (1964) has
considered a uniform magnetic field and has integrated the boundary layer equations over
a single boundary layer thickness. Effects of transversely applied magnetic field on frec
convection of an electricaliy conducting fluid past a semi-infinite plaic are studied by
Cobble (1979), Wilks (1976) and Wilks and Hunt (1984). MHD mixed conveclion flow
investigated by many researchers such as Yu (1965), Gardner and Lo (1975), Hossain
and Ahmed {1990) and Al-Khawaja {19%9). Yu (1965} showed the slabilizing elfect an



combined forced and fres convection chammel flows similar to the case of horizontal layer
heated from below. Grardner and Lo (1975} investigated (he laminar problem using a
perturbation method, which produced some details of the secondary flow but his result,
were limited to sma!l values of the Hartman number. Hossain and Ahmed (1990) studied
the combined forced and free convection of an elecirically conducting fluid past a vertical
flat plate at which the surface heat Mlux was uniform and magnetic ficld was applied
parallel Lo the direciion normal (o plate. .

In all the above siudies, the conjugate effects of conduction, and convection on magneto
hydrodynamic (MHD) fluid flow were neglected. But it 1s well recognized that when
convective heat transfer results arc powerfully reliant on thermal boundary conditions.
consideration of convective heat transfer problems as conjugated problems is essential to
get hold of physically extra severe results. On the conjugate problems of forced
conveclion heat transfer, lots of rescarch Jabors have been given both experientially and
(entatively but a small number of works have been dedicated to the conjugatc problem of
natural convection. The use of numerical method for solving the preliminary system of
governing partial differcntial equations for instance thc finite difference method is
unimistakably the most promising in studies of conjugate natura) conveclion was affirmed
decisively by Gdalevich and Fertman (1977). In accordance with Kelleher and Yang
{1967), the investigative action used comprehensively in conjugate forced convection
problems are complicated owing to harmonizing a non-linear solution of free convection
in a (luid with linear conduction solution in a solid hody at the solid-Muid interface.
About narrowed, downstairs projecting fin of & simple power Jow form, successful
analytical solution for the problem of comjugate {ree conveclion is obtained by Lock and
Gunn (1968). Along this direction with the help of the verlical dimensional analysis
Chida and Katto {1976) investipated the conjugate problems. Tn order to interpret the
formal studied conjugate heat transfer problems they applied theit method. When
convective heat transfer depends stoutly on the thermal boundary conditions, natural
conveclion must be studicd as a mixed problem if one need perfect analysis of the
thermo-fluid dynamic field (hat pointed hy Miyamoto et. al (1980). With respect to axial
heat conduction they analyzed the comparative significance of the parameters of (he

problem. By expanding the analysis of Gosse (1980), Timma and padet {1985) have built



up a lechnique which looks up the results given by the first term of asymptotic solution of
the problem. An innovative correction fot the assessment of heat wansfer co-efficient had
also been prescated in the same exertion.

Joined natural convection assessing by the region which the point x,falls in, has been

made by poxzi and Lupo {1988) humanizing the resulls regarding the asymptotic
_expansion by adding terms of higher order with respect to the first order discussed the
general form of the asymptotic expansions which is singular for the presence of eigen
solutions and determined the expansion holding for small values of x in a cxact way. by
taking into aceount many terms of ihe series using pade appruximant techniques. In all
the ¢ases menticned above, the conjugate effect of conduction and convection in presence
of transverse magnetic lield has not heen studied.
Therefore the aim of this dissertation is to study further magnetohydrodynamic heat and
mass transfer flow including the effects of conduction of convection by introducing a
new class of transformations to the problem posed by Pozzi et at (1588) that the solution
for ¥ raising between 0 tooo  that is solution near the leading edge o down stream region
at the vertical surface.
In chapler-1 available information regarding MIID heat and mass transfer flows are
discussed from both analytical and numerical point of view. [n chapler 2 we have
considered a steady laminar frec convection boundary layer flow of a viscous
incompressible and electrically conducting fluid with viscosity and constant thermal
conductivity past a vertical that plate taking into account the Prandu number and the
magnetic parameter in the presence of uniformly distributed iransverse magretic field. In
Chapter-3 a bwo dimensional laminar MHD free convection flow with viscous dissipation
from a vertical flat plate is considered. The above two problems have been solved
numerically using a most practical, an efficient and accurate solution technique, known as
implicit finile difference method together with Keller-box elimination technique which 1s
well documented and widely used by Keller and Cebect (1971) and recently by Hossain
(1992).



The effects of various parameters entering into the problems are discussed with the help
of graphs. We have presented a general conclusion in Chapter-4 of the models studied. At

last all references extracted in the book can be come across at the last part of the thesis.



Chapter 2

Effects of conduction and convection on magneto-

hydrodynamic flow from a vertical flat plate.

The interaction between an electrically conducting fluid and an applied magnetic field is
an imporrant practical problem, which has been studied very often in relation to the
magneto-hydrodynamic power generator and boundary layer [low control. The natural
convection boundary layer flow of an electrically conducting fluid up a hot vertical wall
in the presence of a strong magnctic ficld has been studied by several authors because of
ils application in puclcar cngineering in connection with the cooling of reactors. Later
Crammmer and Pie (1973) prcsented a similarity solution for the above problem with
varying surface temperamire. On the other hand Wilks {1976) investigated the problem
with uniform heat flux illustrating the problem by formulating in terms of regular and
inversc scrics expansions of characterizing coordinate that provided a link between the
similarity states appropriate to the leading edge and down stream, Hossain and Ahmed
{1990) have studied a combined effect of forced and free convection with uniform heat
flux in the presence of a strong magnetic ficld. Recendy Z. I Khan, { M.phil thesis 2002)
investigated the conjugate effect of conduction and convection with natural convection
flow from a vertical flat platc. In the present investigation we shall investigate the
magneto-hydrodynamic boundary layer flow and heat transfer resulting from the coupling
of natural convection along and conduction inside a heated flat plate in an electrically
conducting Muid in the presence of the transverse magnetic held.

The transformed non similar boundary layer cquations governing the flow together with
the boundary conditions bascd on conduction and convection were solved numericaliy
using the Keller box { implicit finite difference’ ) along with Newton's linearization

approximation method in Lhe entire region starting from the lower pari of the plate to the



down stream for some values of the magnetic parameter M and the Prandtl number Pr.
We have studied the ellect of the parameters M and £r on the velocity and temperature
fields as well as on the skin friction coefficient and surface temperature coefficient.

In the following sections detailed derivations of the goveming equations for the ow and
heat transfer and the method of solutions along wiath the results and discussions are
presented. All the inveshigations for the fluid with low Prandt] number appropriates for

the liquid metals are carmied out.

2.1. Governing equations of the flow:

The mathemalical statement of the basic conservation laws of mass. momentumn and
energy for the steady viscous incompressible and electrically conducting tluid are given
by [Crammer and Pie (1973) |

Vg =0 (2.1)
PGV)g=~Vp+uVig+F+Tx8 (2.2)
pe, GOV =kVT (2.3)

where = {uv J, u and v are the velocity components along the x and y axes
respectively, F is the body force per unit volume which is defined as - pg, the terms J

and B are respectively the current density and magnetic induciion vector and the term

Jx B s the force on the fluid per unit volume produced by the interaction of current

and magnetic field in the absence of excess charges . T is the lemperalure ol the fluid in
the boundary layer, g is the acceleration duc to gravity, & is the thermal conductivity and

£y is the specific heat at constant pressure and g is the viscosily of the Muid, In the

energy equation the viscous dissipation and the Joule heating term are neglected.



Here B = g, Hy, p, being the magnetic permeability of the fluid, A, is the applied
magnetic field and V is the wvector differential operator and is defined by

= -~ g
V=l £+f} —
cr oy
Where [ , and the fy are the unit vector along x and y axes respectively.
When the external clectric field is zero and the induced electric field is negligible, the

current density is related 1o the velocity by Ohun's law as follows

J=olGxB) (2.4)

Where o denoles the electric conductivity of the fluid. Next under the conduction that
(he magnetic Renold’s number is small, the jnduced magpetic ficld is negligible compared
with applied field. This condition is usually well satisfied in lerrestnial applications,

especially so in {low velocity) free convection flows. So we can write
B=iH, (2.5)
DBringing together equations {(2.4) and (2.5) the force per unit volume Jx B acting along

the x-axis takes the form:

JxB=cHlu (2.6)

Under the Boussinesq approximation, the variation of o is taken into only in the lerm

7 in equation {2.2) and the variation of s in the inertia term is neglected. We then can
write:
p=p. 1~ -T. )] 2.7)

where p, and 7, are the density and temperature respectively out side boundary layer,
B is the coefficient of thermal expansion.

We consider the sieady two dimensional laminar free convection boundary layer tlow of
a viscous incompressible and electrically conducting fluid along a side of a vertical flat
plate of thickness b’ insulaled on the edges with temperature Ty, maintained on the other
side in the presence of a uniformly distributed {ransverse magnetic field . The Now

conlfiguration and the coordinates system are shown in Figure 2.1.



Y o
Upper kq — interfucs
surface
b— u
T=T|:, kr 4

T—) ¥
Lower Tix.0)
sulfﬂc\c\\\AL
] = Y

Fig.2.1: Physical model and coordinate systems.

Using the equations {2.4) to (2.6) with respect Lo our above considerations into the basic

equations (2.1) — (2.3), the steady two dimensional laminar free convection boundary

layer {low of a viscous incompressible and electrically conducting fluid with viscosity

and also constant thermal conductivity past a verical [lat plate in the presence of a

uniformly distributed transverse magnetic field take the following form:

.@.}ﬁ:ﬂ

ér oy

The appropriate boundary conditions o be satisfied by the above equations are

w=0,v=0 at y=10

u—0.T 57T, a8 y—>=

10

(2.8)

(2.9}

(2.10

(2.112)
(2.11b)



The temperature and the heat flux are required continuous at the interface for the coupled

conditions and at the interface we must have

k, @T, . {oF
kp o By Jyeo

(2.12)

where £, and k, are the therma! conductivity of the solid and the Nuid respeclively.

The lemperature Ty, in the solid as given by A. Pozzi and M. Lupo (1988} is

T, =T (x0)~{f, -7 (x0)}5 L (2.13)

where T(x,0) is the unknown temperature at the interface to be determined from the
solutions of the equations.

We observe that the equations (2.8) - (2.10} together with the boundary conditions (2.11)
- {2.13) are non lincar partial diffcrential equations. In the following seciions the selution

mcthods of thesc equations are discussed in detatls.

2.2. Transformation of the governing equations

Equations {2.8) — (2.13) may now be nondimensionalized by using the following

dimensionless dependent and independent variables:

x ¥ 2 v 1 v +_ T-T vit?
=t y=2gt y=Yag =ty —"» —p1=" d=p(T,-T,) (214
L .J'II L L L ¥ T}J—TM gug ﬁ(.ﬁ ) ( ]

As the problem of natural convection, ils parabolic characler has no characteristic lengih;
L bas been defined in terms of v and g which is the inirinsic properties of the system.

184
d

The reference length along the *y” direclion has been modified by a factor in order to

eliminate (his quantity from the dimensionless equations and the boundary conditions.

The magnetohydrodynamic ficld in the fluid is governed by the boundary layer equations,
which in the non dimensional form oblained by introducing the dimensionless variables

described in {2.4). may be writtcn as

11



cu dv

—+—=0 2.15
x5 (2.15)
2
DL YR | (2.16)
dx &y ay
66 a8 _13a'¢ (2.17)
H—FV—=———

2,2
af,

—"——, the dimensionless mapnetic parameter which is known as Hartman

where M = T

P(: »

f

number (1966) and Pr = , the Prandtl number.

The corresponding boundary conditions {2.11) - (2.13} take (he following form:

14.r==v=lli},(’fa"—lzl‘t:tE at y—f} (2.18a)
ay
u=r0,v—o>0 a5y > " (2.18b)
X
where p is the conjugate conduction parameter given by p= [—IJ (i—} d'*
K‘

Here the coupling parameter 'p' governs the described problem. The order of magnimde

i) K
of °p’ depends actnally on E and—L, g"* being the order of nnity. The term % attains

Ky

X
values much greater than one becausc of L being small. In case of air, ~L becomes very
X

)

L g

L

K
small when the vertical plate is highly conductive Le. k> > land for materials, D[-I—J

= 0.1 such as glass. Therefore in different cases 'p' is different but not always a small

aumnber. In the present investigation we have considered p = 1 which is accepted for 7

L
of O — |.
x.‘

12



To solve the equations (2.13) — (2.17) subject (o the boundary conditions (2.18}. the
following transformations arc introduced for the flow regien starling from up stream (o

down stream.

W= 45 [l+x} If:!l:IJIt (I}.,I) neyx ”5{1+x) i x”s(l+x)_m h{q,r) {2.19}

Here n is the dimensionless similarily variable and  is the stream function which

. . . & & . . .
satisfies the equation of continuity and w=2¥ 1’=——W and #{z,x) is the dimensionless
e

v
temperaiure.
Substituting (2.19) into equations (2.16) and (2.17) we get the following transformed non

dimensional equalions.

n, JOHI5E o, 640K 2 2/5 110 o
/ :u::[1+x)’ﬁr 14:}{1+x)"r ~M RS e {f &:J (2.20)

i . lﬁ+15xﬂ1 1
P 2ﬂ1+x} 5{1+x

r

2.21)

! 'h:"[f ah“"ﬁf)

o fr

In the above equations the primes denote differentiation with respect ton .
The boundary conditions (2.18) then take the following form

F(x,0)= f'(x,0)=0,1(x,0)=- (1 + x)"" +x"*{1+ )" A{x,0)

Flx,0)=0, k{x,e0)=0 . (2.22)

2.3. Method of Solution:

To get the solutions of the parabolic differential equations (2.20) and (2.21) along with
the boundary condition {2.23) , wc shall employ a most practical, an elficient and
accurate soluljon lechnique . known as implicit finite difference method together with
Keller- box elirmination technique which is well documented and widely used by Keller
(1978) and Cebeci (1984) and recently by Hossain (1992).

To apply the aforementioned method, we first convert the equations (2.20) and (2.21) and
their boundary conditions into the system of first order equations. For this purpose we

introduce new dependent variables u (£,%), v (£, 7)and p (£, 7) so that the transformed

momentum and energy ¢quations can be wntten as

13



f=u . (2.23)

w'=v (2.24)
g=p {2.25)
’ = o
Vio+p fv—pait —piit+ g 5[ EY: vﬂfj (2.26)
L I -
P,P +p Jp— pog é[ 8¢ pag} (227

where £=x, A=g and

110 1

16+ 5x 6+ 5x
=p2,ﬂrﬁ'2'{1+.r) =p3’5(T+_'I_)=P*

200+5) U 10(+a)
and the boundary conditions are

7(E0)=0, u(£.0)=0, p(£.0)=—{1+&)" +&'" (1+£) T g(£.0)
#(&,e0)=0,g {£,0) =0

We now consider the net tectangle on the (£, m) plane shown in the figure (2.2} and

(2.28)

denote the net points by

V=, &=Lk, n=12,..N

229
ng=0, m, =n, +h;.  j=12...J (2-29)

k,
p S I-P
= | L
|
t N
Mi-112 --——-r[?—__. ....... o
: ¥
-1 7, .
E_'n-l an—”ﬁ (t-;n

Figure 2.2: Net rectangle for difference approximations for the Box scheme

14



Here ‘n’ and ¢j’ are just sequence of numbers on the (& #) plane. £, and A, are the variable
mesh widths.

We approximate the quanlities £, &, v, p at the points (&7, #; ) of the net by /5 . +75. v o
which we call net funclion . We aiso employ the notation g" for the quantites midway

between net points shown in figure {2.2) and for any net function as

gt = (é‘"+§” 3 (2.30)
i
Mz =5 1, ~1,.) (2.31)
g =%(srf' g, (2.32)
M ]' Lol H
gz =§(gj +gj-1} (2.33)

The finite difference approximations according to Box method to the three first order
ordinary differential equations (2.23) to {2.25) are written for the mid point (&, #an) of
the segment P Pashown in he figure (2.2) and the finite difference approximations to the
two first order difterential equations (2.26) to {(2.27} are written for the mid potnt

(™', #4n ) of the rectangle PyPoP3Py. This procedure yields.

- atH,
i 1(]} _.I-I) Uy gy = ]2 ! (2.34)
T . I
h11 {NJ U )zvj—!-'z =%‘“ {(2.35)
_ . . F p.ll
hjl(gf _3;-1) P I—E‘_j (2.36)
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n-1 H-t

1 "J.f V.H Vi TV nl-'l (P T”I nl.rz
e h + (Plﬁ’ -l - |.r1_ ;-1.'2

2
JI JI n r-1 H Jr! -1 (ELE ?]
T T ier Fraa A
+E;:1]fzz = 'ff-_l!ffzz [Hfjfi e ”2;:“ 172 —U;—ll.rg 2 2—"kn ! ”2]
1 (PPl PP i}
(i P L - G
H n=l f:r fﬂ_l (238}
n-12 h=ls 3-3'3-:2 n- T e R
:":-t_.:—ll.lz [uj_ll.rzz o kﬂ - '_P_.-—ll.:'rzz = k,, “2]
Now from the equaticn (2.36} we get
1 vn _V.l'f- 1 Vﬂ—! _-_vi_l:'l 1
E{Jh—;l]"'g[J—h:“i_l] { F| fv):r—l 2 +I::pj ﬁ) -1 z}
] -1 ] L M-
- E{[pzuzx—lrz + [pz:uz ):--uz }"'2" {{PSH]J-M + (F’a”);-:xz }
1 B 1 n n H—
2‘133 et H;-]lu }z % é, :lfzz( Wy g+ U |.f1 )(”;-l.f: _“J--tlxz)
] T . M =
Zk é:,r ilfzz (v,u Le2 ‘H’J- sz)(f;-l.': 'f,—llxz)
= {7 =30 ek 7 =00 e (o) (A + (200, (A0
_{Pz }: Lz (”: ): 11 _(pz }:-:.H( y-wz (P ),, 101 ('“}.- 12
'(Psr-| 2 {”) iz T Bt B v =0, @uz): Iy _{N)J;_Jaz(u );::.11}
{{u ); 1 1(“}; 102 ( )n_,r 12 (ﬁ’) a2 HVin J'rj 2 v:ri:!l,'i fli }
o (ﬁ’ )J 172
Ll e
where a,, =k—§J_”2 {2.39}

L
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|
[F‘s . m(“} —1i2 +g; uz"‘an( oY 2f; iz~ J- LFz J{;I-wz)

_a"{_ﬁ‘_ ]_.'—l.'l +"”J—H2 f_fh_ll?_ -uz +(ﬁ’), I ﬂ}
(Pl }, 172 {.ﬁ’); 1zt (F’z )n;j-z (”1 ):::xz +(p3 )j::az (” }J}::m

—g - )

Vr -V 1 kp] ; I z"'“n}(ﬁ'}:-uz {[F‘z );—I 3 T&, }(”2):4.-1
—(P3 101 (“ },.—lu + S'J.—m ta, ("’:jllaz fT-uz J- ey —m)
SR (1.3 A 1
j;:’H—ll e F"l -1 z(ﬁ) (P"-' )_,r—l z(ul]:_:.rz

+m& "ﬂﬂmxm(nn+gmﬁ

= f? ‘L —V;1 kF’] ;—].'z +o }(ﬁ"]j 171 { ;—].'1 }(uz a1l

VJ
-l -1 |
_(Fa].r-wz (” )j—m +g;—|x1 ta, ( Vi f;qxz _.l-l.ll ;rm) R

where £7,, =— L}, +e, {{ﬁ],.z ( If'iu}

Again from the equation (2.37) we get

._m o e Y e Y e A 2 v, MY

+a, (”; 142 gf_}.rz _“:_11;1 gz Pian S 2t P i f‘”z)
=-M7+a, {Up f L2 {uﬁ’)j_uz}

1 - - n "’ "

Fh_.ll [P.' I-F:— ) Pl i :fg(-{pl i :-"2 _(p ).f :"i(ug):_]u

A

n-1
where M, =

F”’f' (n - P ) e SR — {2 T b, )

n r—1 I | -K _mn=]
Tz, ( PR g_f 1 1 W 2 31',. 2 Pt ﬂ-wz"‘P;-ifz f;-1.-z]—TJ_|;z

i':,”__l!”= " &, {(ﬁ?}) 1:2 (”g - 2}
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(2.41)

(2.42)

(2.43)

(2.44)

(2.45)



The boundary conditions become

fi=0, ug=0, pi=—(+&)"+&7 (048} g

246
W=0. g =0 (246)

If we assume ;' ;"1 \ uf‘] . v;"l : g’:_' . p}'" to be known lor 0< 7 <.J | equations { 2.33) to
{ 2.35) and {2.40) — {2.45) form a system of 53J + 5 non linear equations for the solutions
of the 5] + 5 unknowns | /)", u}, v].g,. 7, ) j=0,1,2 ...J. These non linear systems of
algebric equations are to be linearized by Newton’s Quassy linearization method. We
define the iterates [ £, w}, v;, g7, py . 1=0, 1,2 ...N with initial values equal those at

(he previous X -station {(which is usually the best initial avaifable). For the higher iterates

we set

SO = pO 4 s £ . (2.47)
uﬂ””v=uff} +Eu | (248)
V,EH] :v}'} +-§v“]' {2.4%
g;m _31” +3 gm {2.50)
pfrm}_ {H+{5Ptr} (2.51)

Now by substituting the right hand sides of the above equations in place of f T
v} and g} omitling the terms that arc quadralic in df .o uj ) vj , & pj we pet the

equations (2.33) and (2.34) and (2.38} in the following form:

f'i”+§f':’7' f{” Ef“} h {u{f}+§uir] +H{r] +§H{1)}

SfN-&fi- (e.- 4 &u J=(n), (2.52)

where (1, ), = jjj}' — P+t (2.53)
3

5ul = Sull,~ =L L s+ 6920 )=(r,), (2.54)
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where {r, } 1;“:' ut + h_,v}'fl .

h
Sglt- Fatl — a;- (rﬁ'pj':' +6p' ):(:"5)'f

e =1
I Y (r e
where (rs}i =g £, +h P

A AR TR }Uv}ﬂ’im RETTS A
'{(PI ;—I2+ﬂ }Kuﬁ) ”2+§ {;-Jm} {r: ) ,f*lz tJHII*I"'E[ 5"}!*1}

. Ii] £l 1=l
+S}r1u1+5£’;-1 '3 "'a”( filll +6 peli1 )"’, 172
—a, 0, 28V M, =R
= h;l{ W +bv"‘lj [r} JV[” ) kpl},l-l.ri T }

{(ﬁ»}ﬂ’i.,z +§{f}”5(ﬂ‘,’] SN 4 £, v 8N }
_{{P: }:—uz + a2, }{(“2 5r_|”2 +HM E(H}M I'r] 5{1‘:‘“] }

I J r ‘ [F] ¢
(p3)_|'||'2{{”)|:” +_{ﬁ(u:|{,-1+5(“}ﬂ21}}+g_€-ﬁuz+ g, J"'Jg[}l)

112(_!()[“:;2"' {§f¢'3+|§'jﬁ‘3} {v{””1+§1"_]”1}f izl _ pe-

" -z

::'(51) 8vt+ls,}, 61, +(3) .Sf["’+{54) J (”"'{55) Sul
+(3rs 15;{(!) +('-‘ ) Sﬂm"‘{fn) 53 "'{‘ ) D+{5m) 0= ( )

” 2 +II” —|
where (31), =h" +—(p|)1_;“ £ —%m iy
”— +a’“ I 1 H—
(.91}j=—h;]+ﬁl“%—. o _Ea” j),_ljﬂ

{F’J )j-m ta,

n-1

i, L
VJ- +Eﬂfn l?f_]l,-z

{53}32

2
(PN ta, 1
(S-i]_.l = I—j;z"_ lr—]I +2au v_.l I.f'-'
(}? ]H_ + a" . (p-; )"_ :
(), = - Lty Lo

H + 7 rj-
{,5' ) - (Pz)i-l.rz L] H{J_] _(pj)j 1/2
671 2 51 2
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(2.55)
(2.56)

(2.57)

(2.58)

(2.59)

2.60}

(2.61)

(2.62)

(2.63)

(2.64)



(s,), =05 (2.65)

(s5), =05 | (2.66)
{s,), =0 {(2.67)
(5),=0 _ (2.68)
(), =R~ 5 G0 —v 0 el )+ JO) 0 |

oYt Jo N —a, (G vt = A5y 20) (2.69)

L] [y
+a, kp)n—uz LYY g;-uz}

Here the coefficients (s,), and (Sm);., which is zero in this case, are included here for
the generality.
Similarly by using the equalions (2.46) to (2.50) we get the equation (2.43) in the

following form:

(1), 6 0 +(,), 8 p0 +(6:), 8 £ +{e), 8 rin+l) Sul? 270
+(t,), 6+t Lc?g;}+(fa) S+ ), 5v +ln,), 672 =), '
h’ {!l]j tjj w1 -
where (f,), = F, 5 =ty =52 S Q.71)
m—=L42
+
[f ) h-l [Fl }_,-—Lzs'z &, fl:{J] ___lz__aﬂ ::l."l (2.72)
H=1{2
(rs}a = Mgz—ml..pﬁﬂ + %a" P {2.7%}
=]’ 1
{'rd },. {P )1 ~ F’j”l"‘ ;a Pt.lzllxz {2.74)
{pli ,I::.:i +a 1] 1
), ==+ J%, &0, , (2.75)
] 2
(fa)J __{_Pa} _;2 gEf‘Jl %{I” g;“jf? (2.76)
n—If1
o+
(t, )j =———{p4)1';1 o 'l — %anu’r'_'ll,z (2.77)
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(p)on+a, o 1 .
[1‘3]1 = S ”;1 Ean“.r-lxz (2.78)

(), =90 (2.79)

(o), =0 (2.30)

i l::p }JT I."2 I
( ) T{ 1 F‘HJ1 [PE”—P?U MiS-e T TR (2]

2 (pr ,:—-1 )

s ”3 , Lo _ (2.81)
— ( g)iajl 1 ( Ef}l 13, w‘ :I :xz gi}uz]

1] ae-l =l [ry
(p.' e = Pyann ..I—I."E)

1

The boundary conditions (2.45) become
SIF =0, ul =0, Spl =S|+ +E7 Q)P o .
fu=0,8g5 =0
which just express the requirement for the boundary conditions to remain during the
ileration process.
Now the system of linear equations {2.51) - (L;‘.S?) , (2.68), (2.69) and {2.80) together
with the boundary condilions {2.81) can writien in 2 block matrix from a coefficient
malrix , which are solved by modified *Keller Box™ methods especially introduced by
Keller {1978) . Latcr, this method has been used most efficiently by Cebeci and
Bradshow (1984) and recently by Hossain (1992). Hossain et. all. (1994}, taking the
imitial iteration to be given by convergent solution at { = ;.. Results are shown in

graphical form by using the numerical values obtained from the above technique.
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The solutions ol the above equations (2.20) and (2.21) together with thc boundary

conditions {2.23) enable us 1o calculate the skin friction 7 and the rate of heat transfer ¢ at

the surfuce in the boundary layer from the following relations;
T=x" (140 £ 0 x) (2.83)
8 =x" (1+x)" hiox) (2.84)
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2.4, Results and discussion

If we know the values of the functions £ {x, x), A {#, x) and their derivalives for differcnt
values of the Prandll number Pr and the magnetic parameter A, we may calculaie the
numerical values of the surface lemperamure # (£, x) and the velocity gradient /" (£, x) at

the surface that are important from the physical point of view.

First of all, to verify the proper trcatment for the problem, the present solution for
A = 0.0 has becn compared with that of Z. 1. Khan (2002). It can be seen from the Fig 2.3
and Fig.2.4 that the present results are in cxcellent agresment with Z. T, Khan.

Numerical values of the velocity gradient £ (#, x) and the surface temperature & (0, x)
are depicted graphicatly in Fig.2.5 and Fig.2.6 respectively against the axial distance x in
the interval [0, 30] for different values of the magnetic parameter M (= 0.2, 0.5, 0.5, 1.0
for the fluid haviug Prandu number £+ = 0.73. In Fig.2.7 and Fig2.8, the shear stress
coefficient £(0,x) and the surface temperarure f(f), x) respeclively are shown graphically
for different values of the Praudti number Pr { = 0.05, 0.73 , 1.0 ) when the value of the
magnetic parameter M is 1. The values of the Prandt! number Pr are taken (o 0.05 that
corresponds physically the sodium, 0.73 that corresponds the air and 1.0 corresponding Lo

eleetrolyte solutions such as salt water.

From Fig. 2.5, it can be observed that increase in the value of the magnelic paramcter M
leads to decrcase the value of the shear siress coefficient /' (6x) . Again Fig.2.6 shows
that the increase of the magnetic parameter M leads to incrcase the surface temperature #
(6. x). Similar results hold for skin friction 1 ** (¢, x) and surface temperature distribution &
(¢, x} shown in Fig 2.9 and Fip.2.10 respectively for different values of the magnetic

parameter M when Prandtl number Pr = 0.05

From Fig. 2.7, it is shown that the shear siress coefficient f " (&) decreases

monotonically with the increase of the Prandtl number £ (= 0.05,0.73 , 1.0} and from
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the Fig. 2.8. the same result is observed on the surface temperature distribution due to
increase of the value of the Prandil number when the value of the magnetic parameter A
is 1. Fig 2.11 and Fig.2.12 represent the same result of skin friction und surface
tempeiature distribution respectively for diffcrent values of Prandtl number Pr when the

value of liie magnetic parameter M = 0.5

Fig. 2.13 and Fig.2.14 deal with the effcct of the magnetic parameter M (= 0.2, 0.5,

0.8, 1.0) for Pr = 0.73 on the veloeity profile f {#, x) and the tempcrature profile & (i7,x).
From Fig. 2.13, it is revealed that the velocily profile f (n, x) decreases with the increase
of the magnetic parameter Af which indicates that the magnetic parameter retards the
{luid motion. Fig.2.14 shows that for increasing values ol M. the temperature prolile

{ (nx} increases . Same results are obscrved from Fig.2.17 and Fig.2.18 in velocity
prolile f r{Jv,-, ¥} and lemperature profile & {n, x) respectively for different values of M
while Prandtl Pr = (.05

Fig. 2.15 depicts the velocity profile for different values of the Prandtl number
Pr{=0.05,0.73, 1.0) while the magnetic pararneter M is 1. Corresponding distribution of
the temperature profile # (#, x} in the fluids is shown in Fig. 2.16. From Fig. 2.15,

it can be seen that if the Prandtl number increascs ,‘the velocity of the fluid decreases .
On the other hand , from Fig. 2.16 we observe that the temperature profile decreases
within the boundary layer due to increase of the Prandtl number Pr. Fig. 2.19 and
Fig.2.20 represent the same result occurred in Fig.2.15 and Fig.2.16 in velocity profile
(¢ x) and temperature profile & (5,x) respectively for different values of the Prandtl

number Pr when the value of the magnetic parameter Af =0.6.
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2.5. Conclusion

The coupled cffect of natural convection and conduction on the magnetohydrodynamic
boundary layer flow about a vertical flat has been investigated introducing a new class of
wransformations. The coupling of conduction required that the temperature and the heat
flux be continuous at the interface. Numencal solutions of the equations governing the
flow are obtained by using the implicit finite difference method together with the Keller
Box scheme. From the present investigation, the following conclusion may be drawm:

1. The skin friction coefficient and the velocity distribution decrease for increasing value
of thc magnetic parameter A

2. [ncreased value of the magnetic parameter M leads to increase the surface temperature
distribution as well as the lemperature distribution.

3. It has been obscrved that the skin frction coefficient, the temperamre distribution and

the velocity distribution decrease with the increase of the Prandll number Pr,
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Chapter 3

Effects of conduction and convection on magneto
hydrodynamic flow with viscous dissipation from a

vertical flat plate.

Free convection flow is often encountered in cooling of nuclear reactors or in the study of
the structure of stars and planets. Aleng with the free convection flow the phenomenon of
the boundary layer flow of an electrically conrducting [uid up a vertical flat plate in the
presence of 4 swrong magnetic field is also very common because of its application in
ituciear engineering in eonnection with the cooling of reactors. Gebhart {1902) has shown
that the viscous dissipation effect plays an important role in namiral convection in varous
devices which are subjected to large deceleration or which operate at high rotative speeds
and also in sorong gravitationa! field processes on large scales ( on large planets ) and in
geological processes. With this undersianding Takhar and Soundalgekar (1980) have
studied the effects of’ viscous and Joule heating on the problem posed by Sparrow and
Cess (1901), using the series expansion method of Gebharl {1962), Hossain (1992} have
studied the effect of viscous and Joule healing on the flow of an ¢lecirically conducting
and viscous incompressible fluid past a semi infinite plate of which temperature varies
linearly with the distance from the leading edge and in the presence of uniform transverse
magnetic field. He has solved the equations numerically goveming the flow applying the
finite difference method along with Newion’s linearizaiion approximation. Alam (1995)
has investigated the effccts of viscous dissipation as well as Joule heating on the unsteady
magneto hydrodynamic fiee convection and mass ransfer Now with Hall current of an
electrically conducting and viscous incompressible fluid past an aceelerated infinite
veriical porous plate with lime dependent wall temperature and concentration,

In the present chapter we shall investigate the viscous dissipation effect on the skin

friction and the rate of heat transfer in the entire region fromn up stream to down stream of
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a viscous incompressible and eclectrically conducting fluid from a vertical [at plate in
presence of transverse magnetic field.

In the following sections detailed derivations of the governing equations for the flow and
heat transfer and the method of solutions along with the results and discussions are
presented. All the investigations for (he Muid with low Prandil number appropriates for

the liquid metals are carried out.

3.1 Governing equations of the flow:

We consider the steady two dimensional laminar free convection boundary layer flow of
a viscous incompressible and electrically conducting fluid along a side of a vertical flat
plate of thickness ‘b’ insulaled on the edges with termperature T, maintained on the other
side in the presence of a uniformly disiributed  transverse magmetic field . The flow

configuration and the coordinates system are shown in Fig.3.1.

X
M
.
Upper / k. < interfree
surface
b U
T=T|J 1 k[‘ £
¥
Low T(x,0)
suﬂ'ﬂ&
0 -y

Fig.3.1: Physical configuration and coordinates system.
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The equailions governing the flow are

du v
—+—=0
oy {3.1)
71,
uﬁ@+v——=r—%+gﬁ(?"—-?" )—J i (3.2}
£x ' 2
K
N, oL L(EJ (3.3)
ix & pc, & c,\
The appropriate boundary conditions to be satisfied by the above equations are
#=0,v=0 at y=0 (3.4)

u—+0, T a5 yoew

The temperature and the heat flux are required continuous at the interface for the coupled

conditrons and at the interface we must have

k, arm ~t, ar (3.5)
k, & e

where &, and ks arc the thermal conductivity of the solid and the Auid respectively. The

!

temperature T, in the solid as given by A. Pozzi and M. Lopo (1988} is

=T (0= {f, T (0} (3.6)

where T(x () is the unknown temperalure at the interface to be determined from the
solutions of the equations.

We ohserve that the equations (3.1} - (3.3) together with the boundary condiiions (3.4) -
(3.5) are non linear partial differentiai equations. In the f-::llnwmg, seclions the solution

methods of these equations are discussed details,
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3.2. Transformation of the governing equations

Equations (3.1} - (3.3) may now be nondimensionalized by using the following

dimensionless dependent and independent variables:

X Y o1 v 2 v oz T-T pi (
Yr=—.y==4 H=—dl, v="-4dq v, = =H,L:—I-,d= T -7 7
RV A g7 =L -T) e

As the problem of natural conveclion, ils parabolic character, has no characteristic
length, L has been defined in terms of v and g which are the intrinsic properties of the
system. The reference length along the *y’ direction has been modified by a factor 3 in
order to eliminale this quantity from the dimensionless equations and the boundary

conditions.

The magnetohydrodynamic field in the {luid is governed by the boundary layer equations,
which in the non dimensional form obtajned by introducing the dimensienless variables

described in (3.7). may be written as

Ec_-i_g}*_:ﬂ (3.8)
2
uﬁ+v@+Mu=§i’r+§ (3.9)
& & ay?
380 3 18 a (3.10)
H—tV—=— - ¥ | —
&y Prat dy
2
4] Lz

where M =

iz > the dimensionless magnetic parameter, 7, = “—2tha Prandil
K

vid

mumber and N = = 7. the dimensionless viscous dissipation parameter.
L Cp {I."J - Tu:)
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The cemresponding boundary conditions (3.4) - (3.6) take the following form:

e

i=v=i?, 9-1=p—£ at v=fl {3.11a)
dy

vl asyorm {3.11b}

' K
where p is the conjugatc conduction parameter given by p= [-—LJ [%Jdm

Here the coupling parameter 'p' governs the described problem. The order of magnitude

b K ) .
of *p” depends actually on T and —L _ ¢ heing the order of unity. The term % atlaing
K

X

'y
values much greater than one because of L being small. In case of air, — becomes VETY
'y

F

smal when the vertical platc is highly conductive i.c. K, > land for materials,

X
O[—i} = 0.1 such as glass. Therefore in different cases 'p' is different but not always a
X

L]

small number. In the present investigation we have considered p =1 which is accepted

for E uf(}[r—f}
L K

To solve the equalions (3.8) — (3.10) subject to the boundary conditions (3.11), the
following transformations were introduced for (he Aow region starting from up stream to

down stream.

p=x"? (1 +xy f[?},x), 7= yx””S{I + .r]_”m, &= x“5(1 + :J:)'”5 h(r}',x) (3.12)

Here 7 is the dimensienless similarity variable andy is the sream function which

satisfies the equation of continuity and u=§-,v:—i—w and #(n,x) is the dimensionless
! LX

lemperaturs.
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Substituting (3.12) into equations (3.9) and (3.10) we get the following transformed non

dimensional equations,

m 16+15x . 645x ., . i o [ B .ﬁfj
N " M I+ ‘+h=x| fle—— T

f 200+ 1) TS {Lea)™ys e (3.13)
1.,. l6+15x _, 1 , 2 (Bh8f
— i+ - A+Nyf ™ =x [ L i
7 i sy’ Y (f ax ij (3-19)

In the above equations the primes denote differentiation with respcet to 7y .

The boundary conditions (3.11) then take the following form

F(x,0)=£1(x,0)=0, K (x,0)=—(1+ x)""* +x'7 {1+ 2 h(x,0) (3.15)

fr(-r-, m)=D. h'{x, m):{}

3.3. Method of Solution:

To get the solutions of the parabolic differential equations (3.13) and (3.14) along with
the boundary condition (3.15), we shall employ a most practical, an efficient and accurate
solution technique , known as implicit Tinite difference method together with Keller- box
eliminalion technique which is well documented and widely used by Keller and Cebeci
(1971) and recently by Hossain (1992). Since a good description of this method has been
discussed in details in Chapter-2, funther discussion is disregarded here. The numerical

results obtained are presented in the following section
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3. 4. Results and discussion

Here we have investigaied the problem of the steady two dimensional laminar free
convection boundary layer flow of a viscous incompressible and electrically conducting
MNuid with viscous dissipation along a side of a vertical flat plate of thickness ‘b’ insulated
on the edges with temperature Ty, mainlained on the other side in the presence of a
uniformly distributed transverse magnetic field. Solutions are obtained for the [luid
having Prandtl number Pr = (0.05, 0.73, 1.0) and for a wide range of the values of the -
viscous dissipation parameter N = ((.01, 0.1, 0.3, 0.5, 0.6, 0.8, 1.0) and the magnelic
parameter M= (0.1, 0.2, 0.5, 0.8, 1.0). If we know the values of the functions f° {n x),

h (7 , x) and their derivatives for different values of the Prandil number Pr, the magnetic
parameter M and the viscous dissipalion parameler N, we may calculate the numerical
values of the surface temnperature £ (&, x} and the velocity gradient " (f/ , x) at the

surface that are important from the physical point of view.

Numerical vulues of the velocity gradient /7 (0, x) and the surface temperamre # {{, x)
are depicted graphically in Fig.3.2 and Fig.3.3 respectively against the axial distance x in
the interval [0, 30] for different values of ihe viscous dissipation parameter N (= 0.3, 0.6,
0.8, 1.0) for the uid having Prandtl number Pr = 0.73 and the magnetic parameter
M=1.0. In Fig.3.4 and Tig.3.5, the shear stress coefficient f " (f/, x) and the surface
temperature & (¢, x) are shown graphically for different values of the Prandtl number

Pr (= 0.05, 0.73, 1.0) when value of the magnetic parameter M is 0.1 and the viscous
dissipation parameter N = 0.01. The values of the Prandtl number P are taken to 0.05
that corresponds physically the sodium, 0.73 that corresponds the air and 1.0

corresponding to electralyte solutions such as salt water.

From Fig.3.2, it can be observed that increase in the value of the viscous dissipation
paremeter N leads to increase of the value of the shear stress coefficient £ (0.x) which
is usually expected.

Again Fig.3.3 shows that the increase of the viscons dissipation Parameler N leads to

increase of the snrface temperature # (¢,-x). Similar resulis are observed from Fig.3.6 and

4



Fig.3.7 for skin friction /" (f), x) and surface temperature distribution & (0. x) respectively
for different values of the magnetic M when Prandtl number £+ = 0.73 and viscous

dissipation parameter ¥ = (.5

From Fig.3.4, it is shown that the shear stress coefficient JF " (0x) decreases
monotonically with the increase of the Prandt] number £ (=0.05,0.73,1.0) and from
the Fig.3.5, the same result is observed on the surface temperature distribution duc to
increase of the value of the Prandt] number when the value of the magnetic parameter Af

i$ 0.1 and the value of the viscous dissipation parameter ¥ = 0.01.

Fig.3.8 and Fig.3.9 deal with the eflect of the viscous dissipation parameter & { = 0.1,
0.5, 0.8, 1.0 ) for Pr = 0.73 and for the magnetic parameter A = 1.0 on the velocity
profile f (# x} and the temperature profile & (x. x) . From Fig, 2.8 , it is revealed that the
velocity profile f (s x) increascs slowly with the increase of the viscous dissipation
parameler & which indicates that viscous dissipation increases the fluid motion .Small
merement is shown from Fig.3.9 on the temperature profile & {n, x) for increasing values
ol N From Fig.3.12 we observe that the velocity profiles decrease monoctonically with
the increase of the magnetic parameter M when the values of the Prandtl number P+ and
the dissipation parammeter N are respectively .73 and 0.5. Opposiie result is shown in

Fig.3.13 for temperature distribution for the same valucs of the magnetic paramcter M.

Fig. 3.10 depicts the velocity profile for different values of the Prandtl nuinber
Pr(=0.05, 0.73, 1.0) while the magnetic parameter M is 0.1 and the viscous dissipalion
parameter ¥ = 0.01. Corresponding distribution of ihe temperature profile

({77, x) in the fluids is shown in Fig. 3.11. From Fig.3.10, it can be seen that if the Prandtl
number increases, the velocity of the fluid decreases. On the other hand, from F ig.3.11
we observe that the temperature profile decreases within the boundary layer due to

increase of the Prandtl noumber Pr.
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3.5. Conclusion

The effect of viscous dissipation and magnetic parameters ¥ and M respeclively for small
Prandtl number Pr ( = 0.05, 0.73, 1.0 ) on the magneto hydrodynamic{MHD) natural
convection boundary layer flow with viscous disslipatiun from a vertical Mat plate has
been studied introducing a new class of (ransformations. The transfonned non similar
boundary layer equations poverning the flow togcther with the boundary conditions based
on conduction and cenvection were solved nunerically using the very efficient implicit
linite difference method together with Keller box scheme, The coupled effect of natural
conveclion and condnetion required that the temperature and the heat flux be continuous
at the interface, From the present investigation, the following conclusions may be drawn:
1. The skin friction coefficient and the velocity distribution increase for increasing value
of the viscous dissipalion parameter ¥,

2. Increased value of the viscous dissipation parameter A leads to increase (he surface
temperature distribution as well as the temperature distribution.

3. It has been observed that the skin friction coefficient, the surface temperature
distribuiton, the temperature distribution over the whole boundary layer and the velocity
distribution decrease with the increase of the Prandtl number Py,

4. The skin friction coefficient, the surface temperature distribution and the velocity
profile decrease while the temperature profile increases for the increased values of the

magnetic parameter M.
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Chapter 4

Conclusions:

In this dissertation, we have investigated the coupled effect of conduclion and convection
cn steady two dimensional magneto-hydrodynamic flows with viseous dissipation from a
vertical flat plate. Using the appropriale (ransformations the basic equations are
mansformed 10 non similar boundary layer equations, which have been solved
mumnencally in the entire region starting from the lower part of the plate to the down
siream using a very efficient implicit finite difference method known as Keller box
scheme. Here we have focused our attention on the evolution of the skin riction. the
surlace temperature distribution, velocity distribution, as well as temperature disiribution
for a selection of parameter sets consisting of the Prandtl number Pr, the magnetic

parameler A and the viscous dissipation parameter .

From chapter 2

The coupled effect of natural convection and conduction on the magneto hydrodynamic
boundary layer flow about 2 vertical flat has been investigated introducing a new class of
transformations. FI:DITI the present investigation, the following conclusions may be drawn:
1. The skin friction coefficient and the velociry distdbution decrease for increasing value
of the magnetic parameter A,

2. Increased value of thc magnetic parameter M leads to increase in the surface
temperature distribution as well as the temperature distnbution.

3. It has been observed that the skin friction coefficient, the temperaiure distribution and

the velocity distribution decrease with the increase of the Prandtl number Pr.
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From chapter 3

The effect of viscous dissipation and magnetic parameters N and M respectively for small
Prandt]l number Pr ( = 0.1, 0.73, 1.0 ) on the magneto-hydrodynamic{MHD) natural
convection boundary layer [low with viscous dissipation from a vertical [lat plate has
been studied introducing a new class of transformations. From the present investigation,
the following conclusicns may be drawn:

1. The skin friction coefficient and the velocity distributlion increase for increasing value
of the viscous dissipation parameter &,

2. Increased value of ihe viscous dissipation parameter & leads to increase in the surface
temperature distribution as well as the temperature distribution.

3. It hos been observed that the skin friction coefficient, the surface lemperature
distribution, the temperature distribution over the whole boundary layer and the velocity
distribution decrease with the increase of the Prandtl number Pr.

4, The skin friction coeflicient, the surface temperaiure distribution and the velocity
profile decrease while the temperature profile increases for the increased valves of the

magnetic parameter A,
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