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Abstract: - In this paper, we use a numerical technique to analyze the onset of Marangoni convection in a
horizontal layer of electrically-conducting fluid heated from below and cooled from above in the presence of a
uniform vertical magnetic field. The top surface of a fluid is deformable free and the bottom boundary is rigid
and free-slip. The critical values of the Marangoni numbers for the onset of Marangoni convection are
calculated and later it is found to be critically dependent on the Hartmann, Crispation and Bond numbers. We
found that the presence of Magnetic field always has a stabilizing effect of increasing the critical Marangoni
number when the free surface is non-deformable. If the free surface is deformable, then there is a range where
the critical Marangoni number will have unstable modes no matter how large magnetic field becomes.
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1 Introduction

Local variation in density produced by temperature
gradients will create a “buoyancy” effect in the
present of the gravity. There is a wealth of literature
and study concerning the phenomena and with it,
the ability to predict onset of flow or instability
under many circumstances. Several investigations
have been carried out to understand the buoyancy
effect (Bacharoudis et al [1], Braescu and Duffar
[6], Chen and Chen [9] and Hossain et al [14]).
Convection in a plane horizontal fluid layer heated
from below, initially at rest and subject to an
adverse temperature gradient, may be produced
either by buoyancy forces or surface tension forces.
These convective instability problems are known as
the Rayleigh-Benard convection and Marangoni
convection, respectively. The copious literature on
this problem and its extensions has been reviewed
many times, notably by Chandrasekhar [8], Segel
[24], Berg, Acrivos and Boudart [3], Brindley [7],
Spiegel [26], Schechter and Velarde [21] and
Koshmieder [15]. The determination of the criterion
for the onset of convection and the mechanism to
control has been a subject of interest because of its
applications in the heat and momentum transfer
research.

Thermal convection in fluid layers heated from
below is a problem of great importance to many
industrial applications (Mill and Keene [16] and
Schwabe [22]). In many practical applications (such
as crystal growth in microgravity environment) the
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onset of convection is undesirable, and as a
consequence there has been considerable interest in
understanding  various  additional ~ physical
mechanisms for delaying, or possibly eliminating
altogether, the onset of convection. The
technological need for instability postponement,
turbulence suppression, and flow control in material
processing technologies are currently leading to an
increased interest in the interaction between
thermocapillary flows in electrically conducting
fluids and magnetic fields.

Rayleigh [19] was the first to solve the problem
of the onset of thermal convection in a horizontal
layer of fluid heated from below. His linear analysis
showed that Benard convection occurs when the
Rayleigh number exceeds a critical value. This
parameter is a Rayleigh number (thermal or solutal)
when the convection is induced by buoyancy effects
due to variations in density and is a Marangoni
number when surface-tension variations induce the
convection.

It is well-known fact that the onset of
convection in Benard’s [2] experiment is produced
not simply by buoyancy forces but primarily by
variations of the surface tension with the
temperature. The latter effect is generally referred to
in the literature under the name of thermocapillary
or Marangoni instability. Although these flows were
studied by Benard in 1900, it was almost sixty years
before the critical experiment by Block [4] and the
elegant linear stability analysis of Pearson [18]
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firmly established that Benard cells were a
manifestation of the surface tension variations at the
free surface (by Ginde et al [10]).

Theoretical analysis of Marangoni convection
was started with the linear analysis by Pearson [18]
who assumed an infinite fluid layer, a
nondeformable case and zero gravity in the case of
no-slip boundary conditions at the bottom. He
showed that thermocapillary forces can cause
convection when the Marangoni number exceeds a
critical value in the absence of buoyancy forces.
Pearson [18] obtained the critical Marangoni
number, M. = 79.607 and the critical wave number
a; = 1.9929. Linear stability analysis of Marangoni
convection with free-slip boundary conditions at the
bottom was first investigated by Boeck and Thess
[5]. For free-slip case, Boeck and Thess [5] obtained
the critical Marangoni number, M, = 57.598 and the
critical wave number a. = 1.7003. Takashima
[27,28] subsequently extended the stability analysis
of Pearson [18] to study the effect of surface
deformation on the steady and oscillatory
Marangoni convection.

The determination of the criterion for the onset
of convection and the mechanism to control
convective flow patterns is important in both
technology and fundamental Science. The problem
of suppressing cellular convection in the Marangoni
convection problem has attracted some interest in
the literature. The effect of a body force due to an
externally-imposed magnetic field on the onset of
convection has been studied theoretically and
numerically. The effect of magnetic field on the
onset of steady buoyancy-driven convection was
treated by Chandrasekhar [8] who showed that the
effect of magnetic field is to increase the critical
value of Rayleigh number and hence to have a
stabilising effect on the layer.

The effect of a magnetic field on the onset of
steady buoyancy and thermocapillary-driven
(Benard-Marangoni) convection in a fluid layer with
a non-deformable free surface was first analyzed by
Nield [17]. He found that the critical Marangoni
number monotonically increased as the strength of
vertical magnetic field increased. This indicates that
Lorentz force suppressed Marangoni convection.
Later, the effect of a magnetic field on the onset of
steady Marangoni convection in a horizontal layer
of fluid has been discussed in a series of paper by
Wilson [30, 31, 32]. The influence of a uniform
vertical magnetic field on the onset of oscillatory
Marangoni convection was treated by Hashim and
Wilson [12] and Hashim and Arifin [11].

Wilson [30] investigated the effect of a
magnetic field on the onset of steady Benard-
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Marangoni convection in a horizontal layer of fluid
with free surface deformation and concluded that
the presence of a magnetic field always has a
stabilizing effect on the layer. The existence of
long-wave instability modes in  Marangoni
convection was predicted theoretically by Scriven
and Sterling [23] and Smith [25] who showed that
the onset of steady Marangoni convection can be as
either a long-wave or a short-wave mode, and
verified experimentally by VanHook et al [29]. The
linear growth rates for both the long- and short-
wave modes for the pure Marangoni problem near
the onset of convection was investigated by Reigner
and Lebon [20].

Wilson and Thess [33] studied the linear growth
rates of long-wave modes without the restriction of
near critical conditions for the coupled Benard-
Marangoni problem. The effect of a wvertical
magnetic field on the linear growth rates of
Marangoni convection in a fluid layer was
investigated by Hashim and Wilson [13] who
derived the explicit analytical expressions for the
linear growth rates for both long- and short-wave
instability modes. Hashim and Wilson [13] also
showed that the effect of increasing the magnetic
field strength is always to stabilize the layer by
decreasing the growth rates of the unstable modes.

The above investigators pertain their analyses to
Marangoni convection in the presence of magnetic
field with no-slip lower boundary condition. In this
study, we consider the onset of steady Marangoni
convective instability in a horizontal fluid layer of
electrically-conducting fluid with a deformable
upper free surface and a free-slip lower surface,
subject to a uniform magnetic field. To the author’s
best knowledge this problem has not been reported
in the literature. The linear stability theory is applied
and the resulting eigenvalue problem is solved
numerically. The effects of the Hartmann number
and a free surface deformation on the onset of
steady Marangoni convection are studied.

2 Problem Formulation

Consider a horizontal fluids layer of depth d heated
from below subject to a uniform vertical magnetic
field and a uniform vertical temperature gradient.
The fluid layer is bounded below by a horizontal

solid boundary at constant temperature T, and the

above by a free surface at constant temperature
T, which is in contact with passive gas at pressure

P, and constant temperature T_ .
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Fig. 1 Geometry of the unperturbed state

Our theoretical model involves the following
basic assumptions : (i) zero buoyancy force, (ii)
free-slip boundary conditions at the bottom.

The first assumption (i) is made to study the
effects of purely thermocapillary forcing.

The neglect of buoyancy is justified if the ratio of
Rayleigh to the Marangoni number Ra/Ma,

measuring the relative strength of buoyancy and
surface  tension  forces, is small. From

Ra/Ma o« gdz, where g denotes the acceleration

due to gravity and d is the layer thickness, it follows
that buoyancy effects can be reduced by working
with sufficiently shallow layers or even completely
suppressed in an experiment in a microgravity
environment. Under terrestrial conditions the ratio
Ra/Mais approximately 0.04 for a layer of liquid

tin of 1 mm depth (See Ginde et al [10]).

Our reasons for working with assumption (ii)
become apparent in the light of preliminary
computations performed with the no-slip boundary
condition at the bottom. For this case the transition
from weak to inertial convection is found to occur
only after a time-dependent (travelling wave)
regime has been established, and inertial convection
exhibits complex time dependence upon increasing
the Marangoni number. With a free-slip bottom the
generation of secondary vorticity is suppressed. The
resulting behaviour is much simpler and provides
the basis for an understanding of the more complex
phenomena in the no-slip case (Boeck and Thess
[5D).

We used cartesian coordinates with two
horizontal x- and y- axis are located at the lower
solid boundary and a positive z-axis is directed
toward the free surface. The surface tension, 7 is
assumed to be a linear function of the temperature

T=T0—]/(T _To) (1)

where 7, is the value of 7 at temperature T, and

the constant yis positive for most fluids. The
density of the fluids is given by
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p=p - -T,)} 2)
where o is the positive coefficient of the thermal
liquid expansion and p, is the value at the

reference temperature T, .

Subject to the Boussinesq approximation, the
governing equations for an incompressible,
electrically conducting fluid in the presence of a
magnetic field are expressed as follows:

Continuity equation:

V.U=0 (3)
Momentum equation:
(ﬁw.vj = tvmi W A (HvH @
ot p 4p
Energy equation:
(8+U.V)T:KV2T (5)
ot
Magnetic field equations:
V.H=0 (6)
0 2
—+UV |[H=(HV)U+7,V™H 7
(aﬁ j (HV)U+y ")

where U= (u,v,w) is the fluid velocity, H is the

magnetic field, T is the temperature, v is the
kinematic viscosity, « is the thermal diffusivity, »

is the electrical resistivity and IT= p+y|H|2 187

is the magnetic pressure, where p is the fluid
pressure and g is the magnetic permeability. The
free surface is deformably free with its position
z=d+0(X,Y,t). The boundary conditions

06 00 00
—+U—+V—=W (8)
ot ox oy
aVT -n+hT =0 9)
oy _
2uD., =—=VT-t 10
HDy == (10)
(Pa—P)+2uD,, =V-N (11)

where « and h are the thermal conductivity and
the heat transfer coefficient of the fluid layer,
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respectively. {Dij} is the rate of strain tensor in the

fluid, t and N are the tangential and the outward
normal unit vectors, respectively, at the free surface.
At the lower rigid boundary the usual no-slip
conditions requires continuity of velocity between
the solid and the fluid.

To simplify the analysis, it is convenient to write
the governing equations and boundary conditions in
a dimensionless form. In the dimensionless
formulation, scales for length, time, velocity,
temperature and magnetic field have been taken to

be d,d?/v,v/d,Bdv/x and uH /n respectively

where H is the initial magnetic field strength.
Furthermore, six dimensionless groups appearing in
the problem are the Marangoni number

M =yBd*/ pvk, the Hartmann number (the
square root of the Chandrasekhar number)
H=uHd(c/pv)"?, the Biot  number
B, =hd /k, the Bond number B, = pgd®/z,, the
Prandtl number P, =v/x, the magnetic Prandtl

number PZ:v/nand the Crispation number,

C, =pvk/z,d.

3 Linearized Problem
The linear stability of the basic state is analysed in
the usual by seeking a solution for any physical
quantity ®(X, Y, z,t) in normal mode form

D(X,y,z,t) =Dy(X,y,2)+p(2)e

(ia,x+ia, y-+st)

(12)

where @, is the value of @ in the basic state, ¢ is
the amplitude of the perturbation, and

a:(a)%+a§)1/2 is the total horizontal wave

number of the disturbance. The temporal s is
complex with a real part representing the growth
rate of the instability and an imaginary part
representing its frequency.

Substituting into governing equations and
boundary conditions, we obtain the linearised
equations for the onset of Marangoni convection in
an initially quiescent horizontal fluid layer bounded
above by a deformable free surface and bounded
below by a thermally conducting planar boundary
subject to a uniform vertical magnetic field,

—a’)T+w=
(D*-a®)T 0
[(D?-a%)’ -H?D? Jw=0

(13)
(14)
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subject to
w=0 (15)
Plcr[(DZ—3a2—H2—s)Dw]—a2(a2+Bo)f =0 (16)
P(D*+a*)w+a’M(RT - f)=0 (17)
h,=0 (18)
PDT +B,(RT-f)=0 (19)

evaluated on the undisturbed position of the upper
free surface z=1, and

w=0 (20)
D?w=0 (21)
h,=0 (22)
T=0 (23)
on z=0 where the condition of free-slip

corresponds to Eqg. (21).

The operator Dzdi denotes differentiation
z

with respect to the vertical coordinatez. The
variables W,T,hZ and f denote respectively the
vertical variation of the z-velocity, temperature,
magnetic field and the magnitude of the free surface
deflection of the linear perturbation to the basic state
with total wave number a in the horizontal x-y plane
and complex growth rate s.

4 Solution of the Linearized Problem
In the general case s = 0, we follow the solution
approach of Hashim and Wilson [3] and seek
asymptotic solutions for w,T in the forms

w(z) = ACe**, T(z)=Ce (24)
where the exponent £ and the complex constants A

and C are to be determined. Substituting these forms
into the Egs. (13) and (14) and eliminating A and C
we obtain a sixth-order algebraic equation for &,

namely

(&*-a%)[(&*-a’-s)’ ~H’¢|=0 (25)

with six distinct roots, which we denote by

&yenls. Where the values of &,..&, are
solutions of the fourth-order algebraic equation
(&*-a*-s)"~H"¢" =0 (26)

while &, =a and & =-a.
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Denoting the values of A and C corresponding to &
for i=1..,6 by A and C,, respectively, we can

use Eq. (14) to determine A . We can use Eq. (16)
to eliminate the free surface deflection

_ PC,(D*-3a’ -H?)Dw

f
a’(a®+B,)

(27)

evaluated on z =1, leaving the six boundary
conditions, to determine the six unknowns C,,...Cy,

and the general solution to the stability problem
therefore

6 6
w(z) =Y AC e, T(z)=) Ce™ (28)
j=1 j=1

The dispersion relation between M,a,Cr,HZ,B0
and B, is determined by substituting these solutions

into boundary conditions and evaluating the
resulting 6x6 real determinants of the coefficients
of the unknowns, which can be written in the form
M=-D,/D,, where the two 6x6 real
determinants D, and D, are independent of M.
After some simplification the elements of the

determinant D, = ‘dij‘ are given by

d; = Aieszi (29)
dy = &7 Aes (30)
dg = (& +B))e" (31)
dyi = A (32)
dg; = fizpﬁ (33)
dg; =1 (34)

for i=1,...,6. The coefficients of the determinant
D, are the same as those of D, apart from the terms

C (& -3a*—H*)EA | &
_ of
a’(a®+B,)

d3i = §i2e§i

d, =a®|1 (35)

(36)

for i=1...,6. Notice that D, is independent of
C,and B,and that D,is independent of B,. We

could express D, and D,, and hence M, explicitly
in terms of hyperbolic functions, but since its value
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must then be evaluated numerically we gain little
over direct numerical evaluation.

5 Numerical Results

The effect of a magnetic field on the onset of
Marangoni convection in a fluid layer with free-slip
bottom in the case of a deformable free surface
(C, #0) is investigated numerically. The marginal
stability curves in the (a,M) plane are obtained
numerically where M is a function of the parameters
a, B, By, C, and H. For a given set of
parameters, the critical Marangoni number for the
onset of convection defined as the minimum of the
global minima of marginal curve. We denote this

critical value by M and the corresponding critical

wave number, a.. Before presenting the numerical
results, it is helpful to specify the range for
parameters B,,B, and C, which are respectively

given by 10° <B, <10, 10° <B, <10 and

107 < C, <107*for most fluids layers of depths

ranging from 0.01 cm to 0.1 cm and are in contact
with air.

The problem has been solved to obtain a detail
description of the marginal stability curves for the
onset of Marangoni convection when the free
surface is perfectly insulated (B;=0). The

crispation number C,_, associated with the inverse

effect of the surface tension, represents the degree
of the free surface deformability and the behaviour
of the marginal stability curves depends on whether

Bo=0 or B,#0. When C, becomes large
(corresponding to weak surface tension), the
marginal curve has global minimum at zero
wavenumber. In contrast, for small values of C,,
the marginal curve has global minimum at nonzero
wavenumber. At some transition value of C,, the

marginal curve has two local minima that is one at
zero wave number and the other at nonzero wave
number.

Fig. 2 and 3 shows the numerically-calculated
steady marginal stability curves plotted for different

values crispation number C_ in the case H =0,
B, =0 and B, =0.1 respectively. An inspection

of the Fig. 2 reveals that the marginal stability
curves attain their minimum value of zeroat a=0

so that M. =0 and a; = 0. Hence for all values of
M >0 disturbances with sufficiently small wave

r
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number will be unstable modes regardless of the
value of M. The transition value of C, for the case

shown in Fig. 3 is C, ~0.0001764. For C,

greater than 0.0001764, the wave number at
marginal stability suddenly drop from nonzero
number to zero. Similar competition between
different modes was identified by Hashim and
Arifin [11] in the case no-slip condition.

500

400 4

300 —

AL

200 —

100
|

Fig. 2 Numerically-calculated Marangoni number,
M as a function of the wavenumber, a, for various

values of Crispation numbers, C, in the case
H=0,B =0and B, =0.
ano
— =0
----- C, =00m
B0 €. = 00001764
N R C. =001
200 +
2150 o
100 —
50
0 | | | |
i 1 2 3 1 5

Fig. 3 Numerically-calculated Marangoni number,
M as a function of the wavenumber, a, for various

values of Crispation numbers, C, in the case
H=0,B =0and B, =0.1.

When the free surface is nondeformable, C, =0,
the marginal stability curves are always have a
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single global minimum at a nonzero value of wave
number, a. Fig. 4 shows the numerically calculated
Marangoni number, M as a function of the
wavenumber, a  for different values of the
Hartmann number, H in the case C, =0. From

Fig. 4 it is seen that the critical Marangoni number
increase with an increase of the Hartmann number.
Thus, the magnetic always has a stabilizing effect
on the flow. In the absence of magnetic field,
H =0, the present calculation reproduce closely
the stability curve obtained by Boeck and Thess [5].

Before presenting the detail of the effect of
magnetic field for the onset of convection in the
case C, =0, we presented a situation in which two

steady modes compete at the onset of convection.
Numerically calculated Marangoni number, M as a
function of the wave number, a for different values

of the C, # 0in the case H? =100are shown in
Fig. 5. The figure shows parts of the marginal
stability curves in the case C, =0.00037115 and
H? =100 in which zero mode (infinite

wavelength) and nonzero mode (finite wavelength)
occur simultaneously at the onset of convection.

600

500

400

300

AT

200 -

100 +

Fig. 4 Numerically-calculated Marangoni number,
M as a function of the wavenumber, a, for various

values of Hartmann numbers, H in the case C, =0,
B,=0and B, =0.1.

Fig. 6 shows the numerically calculated
Marangoni number, M as a function of the wave
number, a for different values of the Hartmann

number, H in the case C, =0.001. In this case, the
marginal stability curve have a global minimum at
the nonzero value of a without a magnetic field.
But, the marginal stability curves always have a
global minimum at zero value in the limit of large
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magnetic field. We also found two steady modes
occur simultaneously at the onset of convection

when H? =10.

1100 4

nano
[ T T
!:DDD

1200 4

1000 —

&00 —

A

600 —

-/

004

Fig. 5 Numerically-calculated Marangoni number,
M as a function of the wavenumber, a, for various

values of Crispation numbers, Cr in the case
H? =100, B,=0and B, =0.1.

In the case C,#0 and B, =0, the critical

Marangoni number at the onset of convection is zero
at wave number, a=0 as shown in Fig. 7. The
magnetic field is not effective at the wave number
a=0.When C, =0 and B, #0, the situation is

significantly different.

1000

300

600

A

I R

200 =1 ;

=3
—
%
oo
—
o
=S

Fig. 6 Numerically calculated Marangoni number,
M as a function of the wavenumber, a, for various
values of Hartmann numbers, H in the case

C,=0.001, B =0 and B, =0.1

Numerically calculated Marangoni number, M as
a function of the wave number, a for different

values of the C, #0in the case By =1and
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H? =10 are plotted in Fig. 8. It can been seen that
the marginal stability curves also have two local
minimum and the critical Marangoni number, M
may occur eitherat a, =0 or a; #0.

Fig. 9 shows numerically calculated the critical
Marangoni number, M, and the critical wave
number, a. as a function of the Hartmann number
for different values of C_. From Fig. 9(a), it is seen

that the critical Marangoni number, M, increases
monotonically as Hartmann number is increased
from zero and that if C. =0 then situations with

sufficiently large Marangoni number will always
have unstable modes. In Fig. 9(b), it can be seen that

the critical wave number, a. increases

monotonically and suddenly drop to zero as
Hartmann number, H, is increased from zero.
Fig. 10 shows numerically-calculated the critical

Marangoni number, M, and the critical wave
number, a. as a function of the Cr for different

values of Hartmann number in the case B, =1. As
shown in Fig. 10, both the critical Marangoni
numbers, M. and the critical wave numbers, a,
decrease monotonically as C, is increased from

zero and hence the effect of the surface deformation
is always to destabilize the layer.

800

700
600 =
500

400

AL

300 +
200 -

100 +

Fig. 7 Numerically-calculated Marangoni number,
M as a function of the wavenumber, a, for various

values of Crispation numbers, C_ in the case
H?=10, B, =0and B, =0.
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1200 —  G=0
————— Cr=107
------ Cr=107
1000 —, C =107

800 +

2.5 3 38 4

[i]
Fig. 8 Numerically-calculated Marangoni number,
M as a function of the wavenumber, a, for various

values of Crispation numbers, Cr in the case
H2:10, Bi =0and B, =1.
(a)
1800
1600— _____ C:;].U_:
- Co=10% ]
4009 Cr:10_2
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2 a0
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D _____________________________
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i
|
§ 3 |
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.- |
| |
1 Cp= 1077 i
| |
| I
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0.0l 0.1 L 10 100 1000 L0000
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Fig. 9 Numerically-calculated critical Marangoni
number, M as a function of Hartmann numbers in
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the case B; =1 and B, =0 for a range of values of
C, (@ M, and (b) a,

(@)

1600

1400 - ':a: ————— H? =100
1200 - '
1000 -
< wd \
600 -
400 :

200 H \K
0

1le006  1e005  0.0001 0.001

&

0.01

(b)
T,

4 | H? = 1000

35 —ﬁm:soo
3 I

§ 254
7
15
1_
05

t +——r—t
1e.008 00001

Fig. 10 Numerically-calculated critical Marangoni
number, M as a function of C, in the case B, =1

and B, =0 for a range of values of Hartmann
numbers (a) M. and (b) a. .

6 Conclusions

The effect of magnetic field on the onset of steady
Marangoni convection in a horizontal layer of
electrically conducting fluid which is free above and
rigid below with free-slip condition has been
studied. The problem has been solved numerically
to obtain a detail description the marginal
stability curves for the perfectly insulated free
surface. The effects of the Hartmann number on the
onset of steady Marangoni convection are more
pronounced, especially for the non-deformable free
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surface. The system becomes more stable as the
Hartmann number increases.

Deformation of the upper surface, associated
with the Crispation number, plays a significant role
on the onset of steady modes of the Marangoni
convective instability. The critical Marangoni
number decreases with an increase in the Crispation
number. If Bond number is zero, then all situations
have unstable  modes. The situation  is
significantly different if Bond number is not zero
where the marginal stability curves have two local
minima and the critical Marangoni number may
occur at zero or nonzero wave number.

In physical situation, however, the free surface
is deformed due to the fluid motion, the convection
may appear as an oscillatory instability. Oscillatory
instabilities are found when the fluid is heated from
below and for a positive Marangoni number with
magnetic field in the case no-slip at the lower
boundary (Hashim and Wilson [12] and Hashim and
Arifin [11]). Therefore, it is necessary to consider
the onset of oscillatory Marangoni convection in the
presence of a magnetic field with free-slip at the
bottom for future study.

Acknowledgments

The authors gratefully acknowledged the financial
support received in the form of a fundamental
research grant (New lecturer scheme) from
Universiti Putra Malaysia. The first author also
acknowledged the financial support received in the
form of a research university grant from Universiti
Putra Malaysia

References:

[1] Bacharoudis E., Vrachopoulos M.G., Koukou
M.K., Filios A.E., Numerical Investigation of
the Buoyancy-Induced Flow Field and Heat
transfer inside Solar Chimneys. WSEAS
Transantions on Heat and Mass Transfer,
Vol.1, 2006, pp. 193

Benard H., Rev. Gen. des Sci. pures et appl.,
1900, 1261, 1309

Berg J.C., Acrivos A., Boudart M., Evaporation
convection. Adv. In Chem. Engng, Vol.6, 1966,
pp. 61-123

Block M.J., Nature Lond., 1956, 178, 650.
Boeck T, Thess A., Inertial Benard-Marangoni
convection, J. Fluid Mech, Vol.350, 1997, pp.
149-175.

Braescu L., Duffar T., Effect of Buoyancy and
Marangoni forces on the dopant distribution in
a single crystal fiber grown from the melt by

[2]
[3]

[4]
[5]

[6]

ISSN: 1790-5044

97

Norihan MD. Arifin and Haliza Rosali

edge-defined film-fed growth (EFG) method.

Journal of Crystal Growth. Vol.310, 2008, pp

484-489.

Brindley J., Thermal convection in horizontal

fluid layers. J. Inst. Math. Appl., Vol.3, pp.

313-343

Chandrasekhar, S.,  Hydrodynamic

Hydromagnetic Stability, 1961

Chen T.H., Chen L.Y., Study of buoyancy-

induced flows subjected to partially heated

sources on the left and bottom walls in a square
enclosure. Int. J. of Thermal Sciences. Vol.46,

2007, pp. 1219-1231

[10] Ginde R.M., Gill W.N. and Verhoeven J.D., An
experimental Study of Rayleigh-Benard
Convection in Liquid Tin. Chem. Eng. Comm.
Vol.82, 1989, pp. 223-228.

[11] Hashim I, Arifin N.M., Oscillatory Marangoni
convection in a conducting fluid layer with a
deformable free surface in the presence of a
vertical magnetic field. Acta Mech, Vol.164,
2003, pp. 199-215.

[12] Hashim |, Wilson S.K., The effect of a uniform
vertical magnetic field on the onset of
oscillatory Marangoni convection in a
horizontal layer of conducting fluid. Acta
Mech, Vol.132, 1999, pp. 129-146

[13] Hashim I, Wilson S.K., The effect of a uniform
vertical magnetic field on the linear growth
rates of steady Marangoni convection in a
horizontal layer of conducting fluid. Int. J.
Heat Mass Transfer, VVol.42, 1999, pp. 525

[14] Hossain M.A, Hafiz M.Z., Rees D.AS.,
Buoyancy and  thermocapillary  driven
convection flow of an electrically conducting
fluid in an enclosure with heat generation. Int.
J. of Thermal Sciences. Vol.44, 2005, pp. 676-
684.

[15] Koshmieder E.L., Benard Convection. Adv. In
Chem. Phys., VVol.26, 1974, pp. 177-212

[16] Mill K.C., Keene B.J., Factors affecting
variable weld penetration. Int. Materials Rev.,
Vol.35, 1990, pp. 185

[17] Nield D.A., Surface tension and Buoyancy
effects in cellular convection of an electrically
conducting liquid in a magnetic field. Z. angew.
Math. Mech, Vol. 17, 1966, pp. 131-139.

[18] Pearson J.R.A., On convection cells induce by
surface tension. J. Fluid Mech 4, 1958, pp.
489-500.

[19] Rayleigh R., On convection currents in a
horizontal layer of fluid, when the higher
temperature is on the under side, Phil. Mag,
Vol.32, N0.269-270, 1916, pp. 529-546.

[7]

and

[8]
9]

Issue 4, Volume 2, October 2007



WSEAS TRANSACTIONS on HEAT and MASS TRANSFER

[20] Reigner V.C., Lebon G., Time-growth and
correlation  length  of  fluctuations in
thermocapillary  convection  with  surface
deformation. Q.J1. Mech. appl. Math., VVol.48,
1995, pp. 57

[21] Schechter R.S., Velarde M., The two-
component Benard problem. Adv. In Chem.
Phys., Vol.26, 1974, pp. 265-301

[22] Schwabe D., Surface-tension-driven flow in
crystal growth melts. Crystals, Vol.11, 1988,
pp. 75

[23] Scriven L.E., Sterling C.V., On cellular
convection driven by surface tension gradients:
Effect of mean surface tension and surface
viscosity. J. Fluid Mech., Vol.19, 1964, pp. 321

[24] Segel L.A., Nonlinear hydrodynamic stability
theory and its application to thermal convection
and curved flows. Non-equilibrium
Thermodynamics, Variational Techniques, and
Stabilit. Ed. R.J. Donnelly, R. Herman & I.
Prigogine, 1966, pp. 165-197

[25] Smith K.A, On convective instability induced
by surface-tension gradients. J. Fluid Mech.,
Vol.24, 1966, pp. 401

[26] Spiegel E.A., Convection in stars. Il. Special
effects. Ann. Rev. Astron. Astrophys., Vol.10,
1972, pp. 261-303

[27] Takashima, M. Surface tension driven
instability in horizontal liquid layer with
deformable free surface. I. Steady Convection.
J. Phys. Soc. Japan. Vol. 50, 1981, pp.2745-
2750.

ISSN: 1790-5044

98

Norihan MD. Arifin and Haliza Rosali

[28] Takashima, M. Surface tension driven
instability in horizontal liquid layer with
deformable free surface. Il. Overstability. J.
Phys. Soc. Japan. Vol. 50, 1981, pp.2751-2756

[29] VanHook SJ., Schatz M.F., Swift J.B.,
McCormick W.D., Swinney H.L., Long-
wavelength  surface-tension-driven  Benard
convection : experiment and theory. J. Fluid
Mech., Vol.345, 1997, pp. 45

[30] Wilson S.K., The effect of a uniform magnetic
field on the onset of steady Benard-Marangoni
convection in a layer of conducting fluid. J.
Engng Math, Vol.27, 1993, pp. 161-188.

[31] Wilson S.K., The effect of a uniform magnetic
field on the onset of Marangoni convection in a
layer of conducting fluid. Q. JI. Mech. Appl.
Math, Vol.46, 1993, pp. 211-248.

[32] Wilson S.K., The effect of a uniform magnetic
field on the onset of steady Marangoni
convection in a layer of conducting fluid with a
prescribed heat flux at its lower boundary.
Phys. Fluid, VVol.6, 1994, pp. 3591-3600

[33] Wilson S.K., Thess A., On the linear growth
rates of the long-wave modes in Benard-
Marangoni convection. Phys. Fluids., Vol.9,
1997, pp. 2455

Issue 4, Volume 2, October 2007



