The Impact of Normal Magnetic
Fields on Instability of
Thermocapillary Convection in a
Two-Layer Fluid System

When a temperature gradient is imposed along a liquid-liquid interface, thermocapillary
convection is driven by the surface tension gradient. Such flow occurs in many applica-
tion processes, such as thin-film coating, metal casting, and crystal growth. In this paper,
the effect of a normal magnetic field, which is perpendicular to the interface, on the
instability of thermocapillary convection in a rectangular cavity with differentially heated
sidewalls, filled with two viscous, immiscible, incompressible fluids, is studied under the
absence of gravity. In the two-layer fluid system, the upper layer fluid is electrically
nonconducting encapsulant B,03, while the underlayer fluid is electrically conducting
molten InP. The interface between the two fluids is assumed to be flat and nondeformable.
The results show that the two-layer fluid system still experiences a wavelike state when
the magnetic field strength B, is less than 0.04 T. The wave period increases and the
amplitude decreases with the increasing of magnetic field strength. However, the convec-
tive flow pattern becomes complicated with a variable period, while the perturbation
begins to fall into oblivion as the magnetic field intensity is larger than 0.05 T. When
B,=0.1 T, the wavelike state does not occur, the thermocapillary convection instability
is fully suppressed, and the unsteady convection is changed to a steady thermocapillary
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1 Introduction

The study of two-layer fluid thermocapillary convection is of
great importance in many engineering applications, including
thin-film coating, metal casting, and crystal growth. In these types
of flow, a nonuniform temperature distribution at the fluid inter-
face induces interfacial tension gradients that, in turn, generate a
driving force for thermocapillary convection (also known as Ma-
rangoni convection). The phenomena can cause adverse effects in
several manufacturing processes, i.e., imperfections in crystal
growth, and thus have attracted much interest. Smith and Davis
[1] (S&D hereafter) performed a linear stability analysis on a
thermocapillary flow in an infinite liquid layer with a constant-
temperature gradient along a free surface. They predicted that the
hydrothermal wave instability was a kind of new instability. Af-
terwards, the hydrothermal wave was confirmed by many reports.
Riley and Neitzel [2] experimentally proved the existence of the
hydrothermal wave, the characteristics of which were similar to
the analysis by S&D. Xu and Zebib [3] made a numerical simu-
lation on thermocapillary convection in a cavity including the in-
fluence of sidewalls, and they obtained a standing wave consisting
of a pair of hydrothermal waves. Burguete et al. [4] reported ex-
periments on buoyant-thermocapillary instabilities in differentially
heated liquid layers. Depending on the height of liquid and on the
aspect ratio, the two-dimensional basic flow destabilized into ob-
lique traveling waves or longitudinal stationary rolls, respectively,
for small and large fluid heights. The magnetic field has been
motivated as one of the ways to further control free surface fluid
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flows. In particular, a magnetic field was applied to damp the flow
in growing single crystals. Yang and Ma [5] investigated the im-
pact of a magnetic field on the natural convection in a two-layer
fluid system. Their results showed that the magnetic field provided
an electromagnetic damping of the molten semiconductor in the
lower layer fluid. Morthland and Walker [6] studied the effect of a
magnetic field on the thermocapillary convection of the floating
zone in a microgravity environment. The authors thought that a
strong magnetic field parallel to the free surface of the floating
zone could eliminate the unsteady convection associated with the
hydrothermal rolls. Rao and Biswal [7] investigated the effect of a
uniform magnetic field on the Benard—Marangoni convection in a
shallow cavity. The results indicated that it was possible to control
the convection in the lower layer by a suitable choice of the mag-
netic field.

Thermocapillary convection in a single fluid layer confined
within a differentially heated rectangular cavity has been one of
the most widely studied problems associated with the crystal
growth process. Since encapsulation may be used to reduce the
strength of steady thermocapillary convection, Liu et al. [8] ex-
tended their studies to the case of immiscible double liquid layers
with the imposed temperature gradient parallel to the free surface.
However, in comparison with the unencapsulated process, model-
ing of liquid-encapsulated crystal growth has received consider-
ably less attention and the effect of magnetic fields on the stability
of this flow remains an open question. Based on the fact that an
applied external magnetic field does effectively suppress the ther-
mocapillary convection instability, so, in this paper, we conducted
a three-dimensional numerical simulation to investigate the effect
of external magnetic fields on the instability of thermocapillary
flow in a two-layer fluid system in a rectangular cavity under the
absence of gravity.
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2 Physical and Mathematical Models

The three-dimensional convective motion domain is a rectangu-
lar cavity as shown in Fig. 1 with a length (x) of 40 mm, a depth
(y) of 20 mm, and a height (z) of 20 mm, respectively. The cavity
is filled with two horizontal layers of immiscible fluids and each
liquid layer height is 10 mm. The upper layer fluid is encapsulant
boron oxide (B,03) and the underlayer fluid is molten indium-
phosphide (InP). The right wall is maintained at a constant-
temperature 7, while the left wall is at a lower temperature T,
(T,>T.). All the other walls are considered to be adiabatic. The
temperature gradient is along the interface from right to left, the
characteristic length is L=40 mm based on the interfacial length,
which is significant for the wave traveling, and the aspect ratio I'
for each fluid is 4. The assumptions made in our model are as
follows: (1) The two kinds of fluids are incompressible Newtonian
fluids, (2) the flow is laminar flow, (3) the interface is flat and
nondeformable, and (4) all the walls are electrically nonconduct-
ing. With the above assumptions, the momentum and energy equa-
tions are expressed as follows (subscript i=1 or 2, and 1 denotes
the upper layer and 2 denotes the lower layer):

V- vl.:O (1)
Jv; 1 2 1
—+v-Vu=——=Vp,+vVu+—f )
ot i pi
oT;
(?_tl +v;- VT,- = aivai (3)

where Lorentz force is expressed as f;=J X B. B is the magnetic
field intensity, which includes both the applied (B,) and induced
magnetic field (b) components. J is induced current density.

The induced magnetic field b can be derived from Maxwell’s
equations and Ohm’s law as follows:

1
MmO m

The induced current density is J=1/u,,(V X B).

%+(v- V)b= V2 +(B-V)v (4)

2.1 Boundary Conditions . All the walls are the no slip con-
ditions and

T=T,, J,=0 at x=0 (5a)
T=T, J,=0 at x=L (5b)
T
E=O, J.=0 at z=0 and L/2 (5¢)
JaT
E=O, J,=0 at y=0 and L/2 (5d)
The boundary conditions at the interface (at z=L/4)
up=uy, V=v; w=wy=0 (6a)
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Table 1 Thermophysical properties of molten InP and B,0,

Property Molten InP  B,O;

Viscosity (Pa s) 8.19x 107 3.9

Density (kg/m?®) 5050.0  1648.0
Specific heat (J/kg K) 424.0 1830.0
Thermal conductivity (W/m K) 22.0 2.0
Electrical conductivity (Q~' m™!) 7.0X 10° 0.0
Interfacial tension temperature coefficient (N/m K) -12x%x1073

du, uy, dopdT, vy v, doypdT,

M TR T o M T e T o ay
(6b)
T,=T,, k— =k (6¢c)

Jz Jz

J,=0 (6d)

To make sure that the oscillatory thermocapillary flow occurs in
the two-layer fluid system in this paper, a AT=T,,-T.=15 K cor-
responding to Ma=8.79 X 10* was chosen; Ma represents the ratio
of thermocapillary convection to conduction heat transfer. The
physical properties of the fluids are the same as in Table 1.

3 Computational Method

The fundamental equations are discretized by the finite volume
method. The central difference approximation is applied to the
diffusion terms, while the second order upwind scheme is used for
the convective terms. The discretized equations are solved by a
fully implicit method in time marching. The pressure-implicit with
splitting of operators (PISO) algorithm is used to handle the
pressure-velocity coupling. The calculations are carried out on a
nonuniform staggered grid system. Validation of the code for the
oscillatory thermocapillary flow simulation was carefully done by
comparing our simulation solutions with the experimental results
by Schwabe and Benz [9]. Figure 2 shows the comparing of tem-
perature oscillation frequency at a monitoring point. It indicates
that the trend of simulation results is similar with the experimental
results well.

The test cavity is discretized with a nonuniform mesh of 81*
X 417X 41% A finer mesh gradation is utilized in regions where
strong velocity and temperature gradients are anticipated. This
includes regions near the solid boundaries, as well as the interface.
This mesh is determined by refining the mesh size until conver-
gence and constancy of temperature oscillatory frequency are
achieved. In order to check the grid convergence, simulations with
three sets of different meshes, as shown in Table 2, are performed
at AT=15 K. Three sets of grids produced similar flow patterns
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a
/[:]\ .
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Fig. 2 Comparison of temperature oscillation frequency at a
monitoring point
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Table 2 Mesh dependency of temperature oscillation fre-
quency at monitoring point P

Mesh
Frequency (Hz)

81* X 41V X 41*
0.232511

91" X 46" X 46°
0.232558

101*X 517 X 51%
0.232603

and oscillation characteristics. However, the frequency of tem-
perature oscillation at the monitoring point P of interface (x
=20 mm, y=10 mm, and z=10 mm) showed small grid depen-
dence. In addition, when magnetic field is applied, the calculations
are repeated with a 101X 51” X 517 grid. The numerical solutions
show for both grids the same qualitative behavior and differ quan-
titatively by less than 5%. Therefore, the mesh elected in this
study is sufficient for accurate simulation. Based on Leboucher’s
[10] study, to achieve a stable numerical solution throughout the
simulation the time step should be reduced when a magnetic field
is applied. So the adaptive time step is used and varies between
1X107™* and 1X 1072 For each time step the quotient Q=|¢"*!
—¢"|/|@k.| is calculated for all dependent variables in all grid
points. The index n+1 denotes a discrete point of time, which
follows the point of time n after a time step Az. If Q=107 is
valid for all variables in all grid points the solution is interpreted
as converged.

4 Results and Discussions

Numerical simulations for the effect of normal magnetic field
on the instability of thermocapillary convection were performed in
the present work. The upper layer fluid is encapsulant and the
underlayer fluid is molten semiconductor. Here, the convection in
the underlayer fluid is our concern because of its role in practical
engineering.

4.1 Thermocapillary Convection Instability Without Mag-
netic Field. Any temperature difference (A7>0) produces a sur-
face tension gradient at the interface between the molten liquid
and the encapsulant and the Marangoni effect induces thermocap-
illary flows in two fluids. The thermocapillary flow of each fluid
layer (aspect ratio I'=4) appears as a steady flow with a single
convective cell when AT is very small, which is called as the
“basic flow.” However, when AT exceeds a certain threshold
value, this basic flow will change to oscillatory convection.

Figure 3 exhibits the streamlines’ pattern of the oscillatory ther-
mocapillary convection in one period at Ma=8.79 X 10*. When ¢
=1, it is an initial pattern of a periodical oscillatory flow in the
two-layer fluids, where 7 is the starting time of temperature os-

x(m)

cillation. The cell near the cold wall in the underlayer fluid begins
to grow out and has the tendency to separate into two cells in the
left. At t=7y+1/47,, 7, is the period of oscillation, the cell is
divided into two small eddies. One (first eddy) locates at the vi-
cinity of the cold wall, and the other (the second eddy) moves to
the position at x=0.01 m. Moreover, there is a third eddy found
underneath the interface. When t=7y+1/27,, the second eddy
travels to the center of the underlayer fluid, and almost occupies
the whole domain. At the moment, both the first and third eddies
disappear. Thereafter, the primary cell (the second eddy) still mi-
grates continuously toward the right, but it will be drawn back
toward the cold wall along the interface after it is fully developed.
At t=1y+3/47,, the center of the cell moves to the vicinity of the
cold wall, and the peripheral streamlines’ structures are separated
into a few convective circulations again. It is obvious that there is
another convective loop at the corner of the hot wall. Next, the
cell near the cold wall will move down, restore back to the initial
flow pattern of the 7, and start the next oscillatory convection. In
the upper layer, the flow consists of a strong eddy attached to the
hot wall, and embedded in the return flow is a small region of
closed streamlines near the cold side, which is similar to the flow
state of oscillatory instability for aspect ratio I'=4 as reported by
Kuhlmann and Albensoder [11]. From the streamlines’ evolution,
we know that these cells travel from the cold wall to the hot wall;
however, the cell configurations are different from those of the
underlayer fluid because the Pr number is different between the
upper layer and the underlayer fluids.

That mentioned above is the developing process of the oscilla-
tory wavelike state; it shows that a pair of wave traveling in the x
direction formed the two-layer fluid system. This present oscilla-
tory instability is similar with the hydrothermal wave in return
flow as reported by S&D [1] due to the thermocapillary effect
primarily, but the particular structure of the wave is strongly in-
fluenced by the underlying nonparallel basic flow. In order to
observe the oscillatory flow much clearly and obtain the exact
oscillatory period, we monitored the temperature fluctuation of
point P (x=0.02 m, y=0.01 m, and z=0.01 m) with calculating
time as shown in Fig. 4. From the figure we can find that the
temperature fluctuation is a sinusoid, and the oscillatory period
and amplitude become constant after 39.5 s. After that, a periodi-
cal temperature wave traveling occurs; it means that the oscilla-
tory instability occurs. The period determined from the tempera-
ture oscillation at point P (Fig. 4) is 4.30 s, which is consistent
with that found in the temperature wave evolution (Fig. 5).

Fig. 3 Streamlines on y=0.01 m plane in one oscillation period (7,) without MHD: (a)
t=7y, (b) t=19+1/47,, (¢) t=79+1/27,, and (d) t=7,+3/47,

Journal of Heat Transfer

JUNE 2009, Vol. 131 / 062502-3

Downloaded From: https://heattransfer.asmedigitalcollection.asme.org on 06/28/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



1344

1343

1342

<3
H
1341
—_—
wave-like state
ocours
1340
1339 . 1 L " 1 . 1 L n ]
0 20 40 60 80
i(s)

Fig. 4 Temperature fluctuation at the monitoring point P with
time without MHD

Here, in order to clearly express temporal distributions of tem-
perature disturbances, we introduce a temperature fluctuation
function ST [12] for this case, where 8T is the deviation of local
temperature from time-averaged temperature at that point, defined
as 6T=T—-1/7,f :8+TPTdt. Figure 5 indicates a variation of tem-

perature temporal distributions on the y=0.01 m plane in one
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period. The temperature perturbation periodically initiates near the
cold wall and propagates from the cold wall to the hot wall, simi-
lar to a hydrothermal wave. Its intensity of the temperature per-
turbation is strengthening gradually during its traveling process.
After the temperature wave crest arrives at the hot wall, they are
then extruded and die away finally. The range of the temperature
fluctuation is —1.0 K to 1.5 K.

4.2 The Impact of Magnetic Fields on Thermocapillary
Convection Instability. In order to investigate the effect of a
magnetic field on the thermocapillary convection instability, mag-
netic fields normal to the temperature gradient direction are ap-
plied to the system with an intensity of magnetic field varying
from 0.01 T to 0.1 T. The corresponding Hartmann number, which
represents the ratio of electromagnetic forces to viscous forces, is
11.7 to 117. For the sake of reducing the computation time, in all
magnetohydrodynamics (MHD) calculations the magnetic field is
applied after the oscillatory convection has formed.

For magnetic field intensity below 0.04 T, the analysis showed
that the thermocapillary convection instability in the two-layer
fluid system was not suppressed completely and the magnetic field
just influenced the period and the amplitude of oscillation. Here,
the effects of magnetic field on the wavelike state instability at
B.=0.04 T are shown in Fig. 6. When ¢=7, the convective cell
near the cold wall in the underlayer fluid begins to protrude to-
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Fig. 5 Temperature temporal perturbation on y=0.01 m plane in one period (7,)
without MHD: (a) t=7, (b) t=7y+1/47,, (¢) t=79+1/27,, and (d) t=7+3/47,
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Fig. 6 Streamlines on y=0.01 m plane in one oscillation period (7,) under B,
=0.04 T: (a) t=7o, (b) t=19+1/47,, (¢) t=79+1/27,, and (d) t=7,+3/47,
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Fig. 7 Temperature perturbation on y=0.01 m plane in one period (7,) under B,
=0.04 T: (a) t=7o, (b) t=19+1/47,, (c) t=79+1/27,, and (d) t=7,+3/47,

ward the right, which makes as starting point of a traveling peri-
odical cell. Comparing with that without a magnetic field, the
length of protrusion is shorter, and the distortion of streamlines
and the convective eddies are weaker. At t=7y+1/47,, the cell is
separated into two small cells. The new cell moves to the position
at x=0.015 m and the periphery streamlines form an integrated
convective circulation, which is faster than that without a mag-
netic field. At r=7y+1/27,, the cell near the cold wall (old cell)
disappears and the new cell becomes the primary convective cell
in the underlayer fluid, whose center is closer to the center of the
fluid domain compared with that without a magnetic field. The
primary cell will contract toward the cold wall along the interface
after fully developed and become a smaller cell. When r=1,
+3/47,, the cell moves back to the corner between the cold wall
and the interface, and the integrated convective circulation is bro-
ken. Next, it will redisplay the flow structure of the 7, and become
the incipience of next traveling after 1/47,.

A variation of temperature perturbations on the y=0.01 m
plane during one period shown in Fig. 7 reveals a similar pattern
of temperature wave traveling that found in no magnetic field. The
temperature perturbation initiates periodically near the cold wall
and propagates toward the hot wall along the temperature gradient
direction. However, it should be noticed that the range of tempera-
ture oscillation is reduced to —0.7 K to 1.1 K. The temperature
perturbation at monitoring point P is shown in Fig. 8 under an
applied magnetic field B,=0.04 T. As shown, the period increases

1341
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37..|‘K|...|‘..|
L5 40 60 80 100
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Fig. 8 Temperature fluctuation at monitoring point P under
B,=0.04 T
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slightly to 4.62 s, while the oscillatory amplitude decreases to
1.38 K.

When the magnetic field intensity is increased to 0.05 T, the
variation of temperature fluctuations at the monitoring point is not
a complete sinusoid as shown in Fig. 9. The oscillatory period and
amplitude do not keep constant (see the circle in Fig. 9) and the
thermocapillary convection instability becomes more complicated.
This means that the oscillation includes several oscillatory fre-
quencies. The temperature fluctuation at the monitoring point un-
der a magnetic field B,=0.08 T is shown in Fig. 10, which dis-
plays that the oscillation begins to become irregular and the
thermocapillary convection perturbation begins to be annihilated.

13425F
13425— ‘ ‘ ‘ ‘
13415 i ‘]’""""’
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Fig. 9 Temperature fluctuation at point P under B,=0.05 T
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Fig. 10 Temperature fluctuation at point P under B,=0.08 T
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Fig. 11 Steady streamlines’ pattern of thermocapillary convec-
tion under B,=0.1 T

When a magnetic field B,=0.1 T is applied to the two-layer
fluid system, the computational results show that the thermocap-
illary convection does not follow the phenomenon of wavelike
state anymore, and the convective configuration is a steady con-
vection cell as shown in Fig. 11. This reveals that the unsteady
flow is changed to a steady flow under the normal magnetic field
B,=0.1 T, because the effect of Lorentz forces is stronger than
the perturbation effect of thermocapillary forces, then the wave
traveling mechanism is suppressed. At the same time, the tem-
perature at the monitoring point P becomes constant gradually, as
shown in Fig. 12, which indicates that the oscillatory instability is
fully suppressed and the fluid temperature at every point remains
constant.

Figure 13 shows that the oscillatory period and oscillatory am-
plitude vary with Hartmann number at the monitoring point P.
From this figure, we understand that the oscillatory period in-
creases slightly with the Hartmann number under lower Hartmann
number, but it increases sharply with the Hartmann number ap-
proaching 50 or more. Meanwhile, the amplitude of oscillation
decreases gradually with the Hartmann number. It indicates that
the oscillatory frequency of the wavelike state becomes very slow
and the temperature fluctuation is very small under high Hartmann
number conditions. Consequently, the unsteady flow is changed to
steady flow under a high magnetic field.

1342 5F
1342
21341 5F
= B
13411 —_—
¥ Applied MHD
1340.5f
U IR TN N I ST N AN ]

30 40 50 60 70

Fig. 12 Temperature fluctuation at monitoring point under B,
=01 T
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Fig. 13 Oscillatory period and amplitude vary with H,
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5 Conclusions

In this paper, the instability of thermocapillary convection
driven by the surface tension gradient and the effects of uniform
normal magnetic fields on the convection instability were investi-
gated in the absence of gravity. From the simulation results, the
following conclusions are drawn.

(1) In each layer of fluid, the flow cells originate near the cold
wall and travel along the temperature gradient direction at
Ma=8.79 X 10*. It is believed that these moving cells mean
that an oscillatory, wavelike state is formed, and this wave-
like state is similar with the hydrothermal wave.

(2) When the applied magnetic field B, is below 0.04 T, the
two-layer fluid system still demonstrates a periodic wave-
like state, but the oscillatory period increases and the oscil-
latory amplitude decreases with the increasing of magnetic
field intensity. Furthermore, the thermocapillary convection
shows no periodic wavelike state instability when B,
=0.05 T.

(3) When the intensity of the normal magnetic field is over 0.1
T, the oscillatory instability is fully suppressed, the wave-
like state does not occur, and the unsteady thermocapillary
convection is transformed into a steady convection flow.
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Nomenclature

B = magnetic field intensity (T)

B, = applied magnetic field intensity (T)
= induced magnetic field intensity (T)
= Lorentz force (N m™)

2

Hartmann number, H,=B_L N T/ Mo
induced current (A m~2)

thermal conductivity (W m~' K1)
cavity length

Marangoni number,

M = (dor TN Ty =T )L/ prcty
pressure (Pa)

convergence criteria

time (s)

= temperature (K)

= velocity components in the (x,y,z) directions

agh‘z\w\am\@
I I Il

S N0
Il

u, v,

Greek Symbols

a = thermal diffusivity (m?s™!)
I' = aspect ratio (the ratio of length to high)
# = dynamic viscosity (kg s™' m™!)

W, = magnetic conductivity (henries per meter m™')
v = kinematic viscosity (m?s™!)
p = density (kg m™)

o, = electrical conductivity (Q~! m™!)

or = surface tension (N m™!)
7, = wave traveling period (s)
Subscripts
i = ith fluid layer (i=1,2)
m = magnetic field
n = normal to the interface
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