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ABSTRACT

Combined forced and free steady convectionina
vertical slot of ferromagnetic fluid in presence of
transverse magnetic field is studied numerically by using
the guasilinearization technique [1]. We have obtained
the velocity and the temperature distribution for both free
and mixed convection with both smail and large values of
the magnetization parameter "A". The present results for
velocity and temperature distributions are compared with
those of numerical and analytic results obtained by
previous authors in the case of small "A" and good
improvement has been found. The results obtained are

discussed and explained in detail .
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INTRODUCTION

During the last few decades there has been an increased interest
in studying problems originating from magnetic fluids in relation to the
development of practical engineering applications such as magnetic
fluid seal, levitation and energy conversion systems .Magnetic fluids
are synthetic fluids in the form of colleidal . Suspension of small ferrite
particles of 50 - 100 A° in diameter stably dispersed in a carrier fluid
such as kerosene, heptane or water [2]. Surface coating of each particle
by a surfactant such as oleic acid prevents particles from
agglomeration. Particle concentration does not take place even in the
presence of a magnetic field. Hysterisis is unlikely in the fluid . Now it
has been admittable that the magnetic fluid behaves as continuum and
can be treated theoretically as aNewtonian fluid interactive with the
external magnetic field . The magnetic force experienced in magnetic
fluids is due to magnetic polarization of the fluid itself in contrast to the
Lorentz force in MHD - The magnetization of magnetic fluids is, in
general, a function of the- magnetic field, the temperature and the density
of the fluid . Any variation of these quantities can induce the
corresponding spatial distribution of'the body force . The temperature

gradient is, in particular, of importance in the phenomena where the
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buoyancy due to the thermal expansion is essential . Depending on the
gradient of the magnitnde of magnetic field, the magnetic force
reinforces or weakens the buoyancy effects . The heat generation in
many practical problems cited earlier, for example, in magnetic fluid
seal under higher rotating speed and also heating and cooling ofa
magnetic fluid in the energy conversion systems, induce the interaction
between temperature and fluid velocity distributions

The most familiar example of thermo- mechanical interaction is
the buoyancy induced convection. Convection can also océur in
ferromagnetic fluids in the presence of a magnetic field and a
temperature gradient the onset of convection in a horizontal layer of
magnetic fluid heated from below, analogous to that of the Rayleigh-
Benard problem has been investigated by many authors [3-5]. But the
study of the combined forced and free convection in a magnetic fluid
has not been given much attention inspite of its applications in the
practical problems mentioned above.

Thersfore the main aim of this paper is to study the mixed
convective tlow in a vertical slot of ferromagnetic fluid in the presence
of a vertical magnetic field considering the two cases: first, the

boundaries are maintained at the same temperature and second, the
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boundaries are maintained at different temperatures with the aim of
understanding the velocity and temperatﬁre distributions of

thermomagnetic fluids. The governing equations for the velocity and
temperature are highly nonlinear and are solved using the

quasilinearization technique. The results obtained have been compared
with corresponding results obtained earlier by analytical technique, and
the Rung - Kutta-Gill method [6]. The quasilinearization technique an

efficient analytical numerical procedure for solving complicated

boundary value problems has been demonstrated by many authors [7-9]

This study investigates the different values of the magnetization

parameter "A” , and the suitable valuesof R, R and P.

2-BASIC EQUATIONS :

The momentum equation. for an incompressible ferromagnetic

Boussinesq fluid with the constant viscosity [ 1] s :

-3

p%?:—‘??+p§+p, hi\fEI+pV11x (1
g .
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where p,utP.gu M and H denote the density, velocity, time,
pressure, acceleration due to gravity, magnetic permeability of vacuum,
viscosity , magnetization and magnetic field respectively .
The energy equation for an incompressible fluid [ 3] is:
oM DH

DT
e #uT"}'r’ Bt =K, V'T + ¢ (2)

where ¢ is the specific heat, T is the temperature, K, is the thermal
conductivity and ¢ is the viscous dissipation .The second term on the
‘left hand side of (2) expresses the heating due to the magnetocaloric
effect of a maguetic substance in the presence of a magnetic field.
Maxsvell's equations, simplified for a non-conducting fluid with no

displacement currents, are:
v.B=0 , VxB=0 ' (3
Where the magnetic flux density }_3) is expressed as

-

B= g (M+H). ()

175



S. N Sallam
We assume that the magnetization is aligned with the magnetic field, but
allows a dependence on the magnitude of the magnetic field as well as

the temperature and it is of the form

-

M=—M(H,T) (5)

mmy

The magnetic equation of state is linearized about the magnetic field H,

and an average temperature to T, to become .
M=M,+y(H-Ho)~a(T~T) (6)

where M, is the constant mean value of the magnetization ,y is the

susceptibility and c is the pyromagnetic coefficient defined by:

M _ M
= and a=-| —
FH T

T

The equation of state for a Boussinesq fluid is

p=p, [1~B'\T—Tu\_] {7
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where [ is the thermal expansion coefficient .
Consider a layer of steady, Boussinesq thermomagnetic fluid

flow confined between the two vertical rigid plates in the x - direction

and the physical quantities vary with respectto y .

T,>T,

T, T,

Z

Figure (1): Physical Configration of flow

The basic equations (1) and (2), neglecting the viscous
dissipation and with the above assumptions, take the form
oH_10p'

d*u : TR
oSl BeT-T)-EEr-1) 8- 8
dyz ﬁg( c) . ( a}ax po 6}{ ( )

where
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u, [ oMY ZH d&*T
p *‘p'*'ﬂ&)M H"“‘/‘OZ(H H) and ;(WJ(EJUT:K*T

where K is the thermal diffusivity = K/p ,¢. These eqilations are solved

using the boundary conditions

u=0 at y=*b
T=T, at y=b (10)
T=T, at y=-b

The boundary conditions on the velocity represent the no-slip
conditions and that on the temperature points to the fact that the plates
are isothermally maintained at different temperatures T, and T, (T,>

T,).

Equations (8) and (9) using the dimensionless quantities

*

x=x/b, y=y/b, U=bu/K, 8=(T-T,)/(T -T,),
p =bp' /pok’

and for simplicity neglecting the asterisks (*) become,

vt
d L+Re+p 0 (11)
dy*
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2
fi——-g-—-IA.UEH-MaG (12)
dy?

where

R=R R, R

(T -T,)6°
R, = E‘-gl—*—KE’—b— is the thermal Rayleigh number
v

:u,a(’r, —To)b3—(—‘7§j

R, 7 is the magnetization Rayleigh number
py UK
_ap‘ \ f \
P= el P'=p/p,=kp/v, 2=T,/(T-T) and
A=t oM, [ JH] is the magnetization parameter.
At
The corresponding boundary conditions are:
U=0 at y=z=l1
6 =1 at y=l1 (13)
6=1+6 at y=-1
where
6= (T,-TAT, Ty (14)
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Thus equations (11) and (12) must be solved subject to the boundary

conditions (13) to have the desired velocity and temperature profiles.
Due to non linearity in equation (12), analytical solutions of these
equations are difficult. However, the problem solved analytically for
small "A" in [6] by utilizing a regular perturbation technique following
[10-11]. To know the Validity of these solutions and to find the effects
of large "A" on the ﬂovs), the equations (11) and (12) are solved
numerically using the quasilinearization method, also a comparison
between the present solution and the corresponding numerical solution

using the Rung-Kutta-Gill method [6].

NUMERICAL SOLUTIONS:

The method of quasilinearization is most valuable technique for
solving non-linear two-point boundary value problems [8,9]. We have
herein endeavoured to test the efficacy and reliability of this technique
to find the effect Qf large "A" on the flow. The velocity and
temperature distributions are obtained for different values of "A”. We
have drawn the velocity profiles for different R | and P to see the effect

of magnetization: Rayleigh number and pressure.
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To facilitate the application of the method of quasilin:rization

{7,8] to the present problem, we rewrite Eq.s (11) and (12) in the Hrrm.

Xx =X 2, Xz =-B,X,-B, (15)
% .

X, =B, X, X, +B,X,

where
(Xg ,Xz s XB) de;!:(l% U\, 9:» 6;)

and
B,=R,+R,
B,=P
,=A
B,= 1A

and the dot denotes differentiation with respecttoy .
The boundary conditions are
X (-1=0, X(-D)=1+6 X D=0, X (D=1(16)
Now, the quasifinearized version of Eq.s (15) canbe written as the

matrix equation .
X = AX™ 4B (17
where
X=(N,L XL XL X )T

PN . p {a . . YA
A={a ) {ni=12.234) B=ib, b b B !

4

[
o]
et



S. N. Sallam
a’ll:a\fi:a}d:a’.’.l =a7‘2=a'24=af31=a3’2=a?3=a’4‘3=a44=0?
78,1,
ay=-P,
ay =P, %"
843 =B, X{ +B;
by =b;=0,
b2=-B,,
b=-Bax,"x;
andn=o9,1,2,.....
The boundary conditions for Eq. (17) are
%,(-1)=0, X3"+’(-1)=1+Z’ K, TH=0, %, (1) (18)
To obtain the solution of Eq. (17) starting with the assumed initial

values, we generate a particular solution P with .

T

™ (0)=(0,0,1+8,0) (19)

and two homogeneous solutions H, and H, with
T T
H*"*(0) =(0100) , H:“(O):(oom) (20)
As in[18] all \‘hesé solutions particular and homogeneous, are obtained

by the fourth order Rung-Kuita method and then {inearly combined to
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give the general solution of equations (17) subject to conditions (18} in
the form .

X" (y)= P+ CH, T () + CHT (), ey
where C, and C, are evaluated using the conditions aty = 1. thus, one is
led to the lingar algebraic system .

HC=P (22)
where the square matrix Hand C, P, the column vectors of order 2,

obtainable from Egs. (21) satisfy the boundary conditions at y = 1, are

given by
C___{CJ. b= O—P[‘“(y) and
L3} =R )
. [H HE .
23 B y=1

o+l

In  Eqs (23). PY(v), HY'(v).and HE (y), are the i
components, respectively, of P (y), Hi" (y), and H}"(y) For the
applicability of quasilinearization technique the square matrix H must
be non-singular and this also turns out to be the condition for the
existence of the solution of the system (22) . The solution of system (22)
yicids the constants C,,C, which in turn, determines the next

Srsyr et ton fo the and ;f‘:(‘n“ R Y112 cubvinct 53 the concditions
ADTONHNALON O e SeIuoen O DG.8 (L2 i={ 1) SUDJOOL 0 U0 COIensy
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(13) if one knows the initial profile X°. The initial approximation

adheres to the initial consistency of the field variables are assumed to

be.
X, (¥)=0
o (y)=0
o, 6y (. 8] | (24)
0 .__ﬁ_'é_
Xq(y)“— ZL j

where L is the parameter that controls the duration of integration and is
to be chosen in such a way that the boundary conditions aty =1 are

smoothly satisfied .
DISCUSSION AND RESULTS

The present study utilized to obtain the velocity and temperature
*
distribution for magnetic fluids in the vertical channel .

The analysis lead to the following four cases :
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(1)%%—40 and (T,-T,) >~ 0

(2) ‘Z}_ﬂo and (T,-T,)>0
9
(3 "éH <0 and (T, -T,)<0
(4}?>0 and (T,-T,}<0
X

The study under consideration concentrate more on the first
case. R, , which defines the thermomagnetic mechanism of convective
motion may be positive or negative depending on the direction of the
constant gradient of the magnztic field. It is positive when it acts in the
direction of gravity and is negative when it acts opposite to gravity. The
increase or decrease in the velocity will depend respectivelyon R > 0
or R, = 0. The situation R« 0 stabilizes the system. The velocity and
temperature distributions are computed for P=0 and P= o . The case P =
0. corresponds 1o the free convection and P =0, corresponds to mixed

convection . These are discussed below .

o
o)
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In the case of small "A" we obtained solutions in a few
iterations (2 to 4) while for large "A” we obtained solutions in more
terations (4-18), its more large specially for P=0,8 >0 and P=0, §-0.
It is found also that in most cases "A" did not exceed 12 specially when
P=0 . When R, = -5, R,= -7, P=0, A=lorl0,A=-2andR =-S5,
Ry=7, P=6 , A= -10 , 3= -2, it ié found that the solution is not
convereent when 35 iterations utilized. For the purposes of comparison,
the obtained results for small "A” are compared with those analytic and
numerical study in [6] as depicted in the figures (2-6). It is found from
the figures that there is improvement in most cases and a good
agreement  all solutions when A is very small. The velocity distribution
obtained for P=0 and A= -1, -10 or 10 for different values of E), Ra and
Rm are depicted in figures (7-9).

We see that the velocity of flow increases with an increase in the
temperature difference between the boundaries when the gradient of the
magnetic field -is in the direction of gravity and decreases with the
increase of temperature difference between the boundaries When the
gradient of the magnetic ﬁcld is in the opposite direction of gravity .
From figures (10-13), we observe in the case P=0, thatthe

velocity increases and temperature decreases with an increase in A, for
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A=1 and A= 10, the temperature profiles is depicted in figures (12-13)
where in both cases the temperature profiles increase with the increase
of temperature difference between the boundaries .

Most values of the velocity and temperature distributions
obtained in the case of mixed convection (P#0) are similar to those of
free convection (see figures (14-18)) But in figures (16) and (18) it is
found that when P=10, with #= 1 & #=0.5andR,=5,R =7, the
order of curves of both velocity and temperature are different, which
means thai the parametric values chosen here do not have a negligible
effect on mixed convection .

Finally, we have depicted the velocity profile for R, and P to
see the effect of magnetization Rayleigh number and pressure when A is

large, these are shown in figures (19-20) .
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Quasilin tech. —
R-K-Gill meth, —— —— —
Analytic Sol. ——-—-—-~—
1.0
Fig.(2): Temperature profiles for Ra = 5.0, Rm = 7.0, P = -10.0, A = L0, I = 0.5
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Fig.{7): Velccity profiles for A = 10.0, Rm = 7.0 ,

Ra = 0.5, P = 0.0, A = 1.0
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-1.0 0 ——s y 1.0
-
o]
§=0.5
§=1.0
§=1.5
§=2.0 ‘_____._;\___,_/
-1-1.0
Fig.(%): Velocity profiles for A = -10.0, Rm = -7.0,

Ra

-
0.5,

P = 0.0,

A= 1.0
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Fig.(11): Velocity profiles for Ra
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Fig. (13 ) : Temperature profiles for
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§=2.o
g=1.5
5=1.0
B=0.5

y——-—-*?

1.0

~1.0 0
Fig. (14): Velocity profiles for A = 1.0, Ra=3.0
rRu = 7.0, P =10.0, s 1.0 '
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A =1.0

-1.0 0 1.0
——p
y
Fig.(19): Velocity profilss for A = 1.0,
Ra = 5.0, Rm.= 7.0, ® = 10.9,
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Fiy.(17): Velocity profiles fox Ra = 5.0
fm o= 7.0, P o= -10.0, 1 = 10.0 i

g o= 0 |

= U.5 |

|
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Fig.(18): Temperature PfOﬁlesyfor Ra = 5.0, R0 = 10
- 100, §=05 A= 1.0
-
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1 -1.2
Fig. (19 : Velocity profiles for A
Ra = 5.0, 3 = 1.0, P =

~d
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Fig.(20): Velocity profiles for A = 1.0,
Ra = 5.0, A=1.0, P = -10.0 ,
8§ = 0.5
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