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The hysteresis phenomena of flow patterns due
to thermal and solutal marangoni convections in a

liquid bridge under zero gravity

Abstract

The hysteresis phenomenon of flow patterns due to thermal and solutal Marangonis
convection in a liquid bridge under zero gravity was numerically simulated. A three-
dimensional half-zone configuration of the Floating Zone (FZ), formed between hot and
cold discs, was considered. The field equations; continuity, momentum, energy, and mass
transport equations, were solved numerically by the PISO algorithm, and the open source
software OpenFOAM was used. Three sets of initial conditions were used. The first is
the conditions of no-flow and constant solutal Marangoni numbers, the other two are the
gradually increasing or decreasing solutal Marangoni numbers. Results showed that the
flow becomes 3-D unstable at a larger solutal Marangoni number than the critical number
(Ma,) . and the (Ma_)  depends on the initial condition. The flow structure clearly shows
hysteresis behavior of the flow field with about 24% difference between the critical values
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Introduction

The floating zone (FZ) method is one of the growth techniques
used to grow single crystal materials. FZ growth is achieved in a
containerless environment (without a crucible) by the movement
of a molten zone of a solid rod, which forms a free-standing liquid
bridge between two solid sections. However, the surface tension
along the free surface of the molten zone varies due to temperature
and concentration gradients, and in turn gives rise to Marangoni
convection in the melt. It is therefore essential for the growth of high
quality crystals by FZ to have a better understanding and precise
control of the Marangoni convection occurring in the melt."* From
this point of view, the role of thermal Marangoni convection in the FZ
system has been investigated numerically and experimentally*” using
a half-zone liquid bridge. The Thermal Marangoni convection in liquid
bridge of low Prandtl number fluids becomes oscillatory via two-step
flow transitions. The first transition occurs from axisymmetric steady
to a 3-D steady flow, and then at a larger temperature difference, the
second transition to an oscillatory flow takes place. A stability map
of thermal Marangoni convection was proposed by Imaishi et al.* In
the growth of alloys such as Si Ge, , it was shown that it is necessary
to consider not only the thermal Marangoni convection but also the
solutal Marangoni convection due to surface tension differences of
the components of the alloy.*'* The flow transformation with the
increase or decrease in the Marangoni number is accompanied by
the hysteresis phenomena.'* In this study, the hysteresis phenomenon
of flow patterns due to thermal and solutal Marangoni convections
in a liquid bridge under zero gravity was numerically simulated.

Model description and numerical procedure

Figure 1 shows a schematic description of the model domain and
the coordinate system used. A half zone (HZ) model is considered as
a liquid bridge between two hot and cold discs by establishing a tem-
perature gradient in the volume.
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Figure | Schematics of liquid bridge.
The model makes the following assumptions:

(1) The fluid is incompressible and Newtonian
(i) The solid/liquid interfaces are flat and

(iii) The system is under zero gravity. Since the gravity is
considered absent, the liquid bridge was assumed to remain
cylindrical (and thus the liquid/gas interface is flat) and the
natural convection in the melt does not exist.

Under these assumptions, the governing equations of the liquid
phase are obtained respectively from the overall mass conservation,
the balance of momentum, the balance of energy and the conservation
of mass of species in the following forms:

Fluid Mech Res Int. 2018;2(1):33-36.

”IIII Submit Manuscript | http://medcraveonline.com

33

@ @ @ ©2018 Minakuchi et al. This is an open access article distributed under the terms of the Creative Commons Attribution License,
oy NG which permits unrestricted use, distribution, and build upon your work non-commercially.


https://creativecommons.org/licenses/by-nc/4.0/
https://crossmark.crossref.org/dialog/?doi=10.15406/fmrij.2018.02.00018&domain=pdf

The hysteresis phenomena of flow patterns due to thermal and solutal marangoni convections in a liquid

bridge under zero gravity

Continuity
VeV =0 (D
Momentum
Vo iwi :—levaI? @
ot P
Energy
A PVT = VT )
ot
Mass Transport
%mecwvzc (4)

Equations (1)-(4) were discretized by the Finite Volume Method
on a collocated grid system, and solved by the pressure-implicit split-
-operator (PISO) algorithm."® The computation was carried out using
the open source software OpenFOAM.'¢ Euler scheme, second-order
quadratic upstream interpolation for convective kinematics scheme
and second-order centered scheme were applied respectively to the
time term, divergence term and Laplacian term in the governing equa-
tions. The residual of the sparse matrix solvers falls below the solver
tolerance 1.0x1071°.

Boundary conditions are

On the upper-disc (z=L): non-slip condition on the velocity, pres-
cribed temperature (7=T) and concentration (C=C=1) values.

On the lower-disc (z=0): non-slip condition on the velocity, pres-
cribed temperature (7=T,) and concentration (C=C_ =0) values.

On the free surface (7=a): surface tension is assumed to be a func-
tion of temperature and Si Ge, concentration only.
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Temperature and concentration conditions along the free surface
are:
LT ™
or or
The associated dimensionless thermal and solutal Marangoni num-
bers are defined by:
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Initial conditions are using following three cases:

a. No-flow case: no-flow and constant values (7= T and C = C|,
= 1) in the melt

b. UP case: using result value at 1000s while the solutal
Marangoni number is gradually increase (AMa. = + 35.7).

c. DOWN case: using result value at 1000s while the solutal
Marangoni number is gradually decrease (AMaC = - 35.7).

The physical properties of Si Ge, melt'” and the operating con-
ditions are listed in Table 1. Computations were performed using the
N XN xN,=30x120%40 mesh. Non-uniform grids in the region near
the upper and lower discs and free surface were used.
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Table | Properties of Si Ge, '*and operating conditions

Property Symbol Value

5
Thermal diffusivity alm? /s 2.20x10

-7
Kinematic viscosity vim® / 5] 14010

-8
Diffusion coefficient D[m* / s] 1.00x10
Prandtl number Pr 6.37%10°
Schmidt number Sc 14
Radius of liquid bridge a[m] 1.00x 102
Length of liquid bridge L [m] 5.00x10°
Aspect ratio Asp 0.5

Results and discussion

Solutal marangoni convection

Figure 2 shows the melt concentration at Ma,=0 and Ma =1786
when the initial condition with No-flow case was considered. The
melt concentration becomes time-depended and a 3-D pulsating os-
cillation of m=4 appears when the solutal Marangoni number is larger
than the critical value (Ma,) . The concentration field oscillates at a
period of 60seconds.
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Figure 2 Time dependency of the melt concentration at Ma, = 0 and Ma_ =
1786 (t, = 60s).

Figures 3 & 4 present the results while the solutal Marangoni num-
ber is gradually increasing (UP case). The melt concentration appears
a 3-D pulsating oscillation of m=4 as shown in Figure 3 when the so-
lutal Marangoni number is larger than 1072. Figure 4 shows the time
dependency of the z-direction velocity at sampling point (7, 6, z)=(a,
0, 0.5L). The flow velocity becomes faster with the increasing solutal
Marangoni number. Furthermore, oscillation becomes notable when
the solutal Marangoni number is larger than 1072.
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Figure 3 Melt concentration distribution (z = 0.5L) at Ma,=0 and Ma_=1000(a),
1036(b), 1072 (c) and 1107(d).
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Figure 4 Time dependency of z-direction velocity at sampling point (r, 6,
z)=(a, 0, 0.5L).

Figures 5 & 6 present the results while the solutal Marangoni num-
ber is gradually decreasing (DOWN case). The flow pattern appears
axisymmetric at all cases as shown in Figure 5. However, the flow
fields oscillate as shown in Figure 6 when the solutal Marangoni num-
ber is smaller than 786.

[ 5
G i b u—lSi Contour lines (AC=0.01)

) (©)

(d)

(a) (b) (c)

_,A_

o —

Figure 5 Melt concentration distribution (z = 0.5L) at Ma,=0 and Ma _=857(a),
822(b), 786(c) and 750(d).

0.0006
Mar=0 Mac= —ss7
—822
— ——786
0 0.0004 -
E
N
>
0.0002 |
[Vt . . .
0 1000 2000 3000 4000
Time [s]

Figure 6 Time dependency of z-direction velocity at sampling point (r, 6,
z)=(a, 0, 0.5L).

Figure 7 presents the variation of the flow velocity at a sampling
point in which the red line (DOWN case) represents the values of the
flow velocity while the solutal Marangoni number is gradually de-
creasing and the blue line (UP case) is for the flow velocity while the
solutal Marangoni number is gradually increasing. The flow structure
clearly shows hysteresis behaviour of the flow field with about 27%
difference between the critical values in the hysteresis diagram.
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Figure 7 The amount of change of the velocity at sampling point (r, 6, z)=(a,
0,0.5L).

Thermal and solutal marangoni convections

Figure 8 shows the melt concentration for the case of thermal and
solutal Marangoni convections at Ma,=2679 and Ma =1365. The flow
fields became three-dimensional and time-depended when the Maran-
goni number is larger than the critical value. Figure 9 presents the
variation of the flow velocity at a sampling point. As seen in Figure 9,
the critical values of the solutal Marangoni number are about 1357(UP
case) and 1036 (DOWN case). The flow structure clearly shows hys-
teresis behaviour of the flow field with about 24% difference between
the critical values in the hysteresis diagram. This implies that if we
can control the steady flow before becoming unsteady, the thermal
and solutal Marangoni convections may be kept under control by the
application of weaker external forces such as applied low disc rota-
tions or low magnetic fields.
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Figure 8 Time dependency of the melt concentration at Ma,=2679 and
Ma=1365 (t,=15s).
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Figure 9 The amount of change of the velocity at sampling point (r, €, z)=(a,
0,0.5L).

Conclusion

The present numerical simulation study carried out to examine
the hysteresis phenomena of flow patterns due to thermal and solutal
Marangoni convections in a liquid bridge under zero gravity led to the
following conclusions:

The critical value (Ma,), depends on the initial condition. The
flow structure clearly shows hysteresis behaviour of the flow field
with about 24% difference between the critical values in the hyste-
resis diagram.
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