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A Unified Theory for Interphase Transport Phenomena with Interfacial
Velocity and Surface Tension Gradients: Applications to Single Crystal
Growth and Microgravity Sciences

AKkira Hirata!

Abstract: This article is a summary of author’s
typical research works (over the last four decades)
on interphase transport phenomena in the pres-
ence of interfacial fluid motion and surface ten-
sion gradients on liquid-fluid interfaces, and re-
lated applications to single crystal growth and mi-
crogravity sciences. A unified theory for momen-
tum, heat and mass transfer on liquid-fluid and
solid-fluid interfaces is proposed, which takes into
account interface mobility. It is shown that in-
terface contamination and turbulence can be well
explained, respectively, by suppression and en-
hancement of the interfacial velocity induced by
surface tension gradients. Transport phenomena
on solid spheres, liquid drops and gas bubbles are
also treated within the context of the proposed
theory. This theory is then extended to the case
of crystal-melt and melt-fluid interfaces. Results
provided by microgravity experiments performed
with drop shafts, parabolic flights, sounding rock-
ets and the space shuttle are used as a relevant
means for further elaboration and validation of the
proposed theoretical framework.
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1 Introduction

Interphase transport phenomena are very impor-
tant as a fundamental issue for a variety of dif-
fusional operations in chemical and biochemi-
cal processes, such as gas absorption and liquid-
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liquid extraction. Moreover, these phenomena
play an important role in single crystal process-
ing.

Since there are many variables which influence
interphase transport phenomena in a complicated
manner, however, only few theories were pro-
posed before the 60’s to explain the underlying
mechanisms (Shirotsuka, Hirata and Murakami,
1966).

From this standpoint, the author worked for 50
years to shed some light on the mechanisms of
momentum, heat and mass transfer on solid-fluid
and liquid-fluid interfaces, to introduce new theo-
ries and extend them to surface-tension-gradient-
driven convection phenomena in high quality sin-
gle crystal growth and microgravity sciences (Hi-
rata, 2005).

The interface mobility, specifically the interfacial
fluid motion caused by surface tension gradients,
is considered in this study and a unified theory is
proposed for the interphase transport phenomena
on solid spheres, liquid drops and gas bubbles.

The interface mobility is the most important vari-
able distinguishing interphase transport phenom-
ena between a liquid-fluid interface and a solid-
fluid interface. Three important non-dimensional
parameters are introduced in such unified the-
ory: the non-dimensional interfacial velocity, the
non-dimensional ratio of surface tension gradient
driven force to viscous force (or inertia force),
and the non-dimensional contamination degree.
With the unified theory, interfacial contamination
phenomena and interfacial turbulence are well
explained, respectively, by suppression and en-
hancement of the interfacial velocity which are
caused by negative and positive surface tension
gradients on the liquid-fluid interface, respec-
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tively.

In bulk single crystal growth from melt by the
Bridgman method, the floating zone (FZ) method
and the Czochralsky (CZ) method, the crystal
quality is influenced strongly by convection in the
melt. Early works only considered forced and
natural convections. Over recent years, the au-
thor has provided some insights into the transport
phenomena on the crystal-melt interface and the
melt-ambient fluid interface, accounting for sur-
face tension gradient driven convection. As an ex-
ample, single peaked and high efficiency ultravi-
olet emission at 345 nm from Ing o3Alg20Gag 77N
LEDs has been achieved with MOVPE under con-
tinuous current injection conditions.

Although it was a widespread opinion before
1990 that no convection existed in microgravity,
the author pointed out that the interfacial-tension-
gradient-driven convection, or Marangoni con-
vection, could be very important even in micro-
gravity conditions. The mechanism of thermocap-
illary and solutal convections in two-dimensional
open boats and liquid bridges, under both gravity
and microgravity conditions was elucidated via
microgravity experiments performed with drop
shafts, parabolic flights, sounding rockets and the
space shuttle, as well as on the ground.

Owing to the large amount of articles published
by the author and related results, the present ar-
ticle will be limited to giving some flavor of the
most significant results, by showing some exam-
ples and by introducing the unified theoretical
framework mentioned before. The reader inter-
ested in a more thorough discussion should con-
sult the relevant sections of the articles cited here-
after.

2 Transport phenomena with interfacial ve-
locity on solid-fluid interfaces

For the case of transport phenomena with interfa-
cial velocity on solid-fluid interfaces, the reader
may consider Hirata & Shirotsuka (1967), Shirot-
suka & Hirata (1970), Shirotsuka & Hirata (1967)
and Shirotsuka et al. (1969).

In such works, it was made clear quantitatively
from both the theoretical and experimental re-
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sults that, for the conditions considered therein,
the rate of heat transfer with mass transfer de-
creases against an increase in the mass transfer
rate, due to mass transfer cooling, and the effect of
the Schmidt number on the mass transfer rate de-
pends on the interfacial velocity, which promotes
mass transfer.

3 Transport phenomena on liquid-fluid inter-
face

Interphase transport phenomena on a liquid-fluid
interface are influenced by many variables in a
manner more complicated than that on solid-fluid
stationary interface. The interfacial mobility is
the most significant variable in distinguishing in-
terphase transport phenomena between a liquid-
fluid interface and a solid-fluid stationary inter-
face. The author has studied interphase transport
phenomena on liquid-fluid interface, paying par-
ticular attention to this interfacial mobility.

3.1 Transport phenomena in high mass flux
mass transfer

Momentum, heat and mass transfer phenomena
in a laminar boundary layer on a liquid-fluid in-
terface were theoretically analyzed with tangen-
tial and normal interfacial velocities taken into ac-
count simultaneously.

Approximate equations governing the effects of
tangential and normal interfacial velocities on
these phenomena were proposed by Hirata, Kira
and Suzuki (1979a), Hirata and Suzuki (1980).
The following important results were obtained:

1. The interfacial velocity parallel to bulk stream
increases heat and mass transfer rates,

2. The normal velocity to the interface from the
bulk stream (such as gas absorption) increases
heat and mass transfer rates,

3. The normal velocity to the bulk stream from
the interface (such as evaporation) decreases
heat and mass transfer rates.

In all cases, it should be pointed out that the
effects are more important with larger Schmidt
numbers.
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3.2 Interphase mass transfer between two pla-
nar laminar layers with a flowing interface

Both an experimental and an approximate anal-
ysis were made about the effect of the interfa-
cial velocity on interphase mass transfer with a
tangentially moving liquid-liquid (immiscible) in-
terface between two plane laminar layers (Shirot-
suka, Hirata and Niwa, 1972). Preliminary exper-
imental results showed that mass transfer coeffi-
cients varied unusually with both external flows
in a complicated manner. Once the experimen-
tal data were rearranged according to a theoret-
ical analysis considering the interfacial velocity,
the results were well explained as shown in Fig.
1. From these results, three remarkable things can
be noticed:

1. When the interfacial flow has the same direc-
tion of the bulk stream, the mass transfer rate
increases with the interfacial velocity.

2. At high dimensionless interfacial velocity (ra-
tio of the interafcial velocity to the free stream
velocity), the mass transfer rate is proportional
to the square root of the interfacial velocity.

3. In counter-current flow, mass transfer rate de-
creases against an increase in the interfacial
velocity.

3.3 Momentum and mass transfer with an in-
terfacial velocity in spherical geometries

A numerical analysis was made for the interphase
momentum and mass transfer through a flowing
plane interface (two-dimensional laminar bound-
ary layer conditions, Shirotsuka et al, (1969). Ap-
proximate equations to fit the numerical solutions
were obtained for both, drag and mass transfer co-
efficients as follows (Hirata & Suzuki, 1980):

CD u; u; 172
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Sh ui \1"?
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a4 — 0.09 + (ui/um)z
N O.lO—I—(ui/uoo)z
_ 3(ui/u)
O 24+12(ui/ue.)

Cps and Shg are the values for zero interfacial ve-
locity. They can be evaluated by the following
equations for laminar boundary layer:

for a plane interface;

Cps = 0.664Re~!/2 3)
Shy = 0.332Re!/28c!/3 %)

for a spherical interface;

Cps = (24/Re)(1+0.125Re"7?) 5)
Shg = 2+0.6Re'/?Sc!/3 (6)

Egs. (1) and (2) with Egs. (5) and (6) are consis-
tently applicable to momentum and mass transfer
for solid spheres, gas bubbles and liquid drops as
mentioned later (Hirata, 1982, Hirata and Okano,
1984, Hirata, Nishizawa and Okano,1992a).

From these results, three remarkable things can be
noticed:

1. With increasing the dimensionless interfa-
cial velocity, the normalized Sh number in-
creases, while the normalized drag coefficient
decreases.

2. The normalized drag coefficient is only a func-
tion of dimensionless interfacial velocity, and
the normalized Sh number is a function of di-
mensionless interfacial velocity and Sc num-
ber. Both are independent of Re number.

3. The effect of Sc number on mass transfer
changes with the interfacial velocity. Al-
though in the case of a stationary interface,
the Sh number is proportional to 1/3 power of
Sc number, in the case of Sc'(u;/u..) much
greater than unity, it is proportional to the
square root of Sc, Re and dimensionless inter-
facial velocity. This means that the Sh num-
ber is proportional to the square root of u;x/D.
The equation is exactly the same as the Boussi-
nesque equation.
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Figure 1: Mass transfer with a flowing interface separating two-laminar layers

3.4 Momentum heat and mass transfer with
surface tension gradients on a planar
liquid-fluid interface

When an interfacial tension gradient caused by
a temperature and/or a concentration difference
exists at a liquid-fluid interface, this gradient af-
fects the interfacial velocity significantly. Con-
sequently it also affects significantly the rates of
momentum, heat and mass transfer in a compli-
cated manner. Simple configurations of the inter-
facial motion affected by the interfacial tension
gradient on a co-current flowing plane interface
are shown in Fig. 2. In Fig. 2, case (ii) corre-
sponds to a clean interface without any interfacial
tension gradient. Case (i) is with a negative inter-
facial tension gradient. Case (iii) is with a positive
interfacial tension gradient, where the mobility of
the interface is enhanced.

The two-dimensional laminar boundary layer
equations; the continuity equations, momentum
equations, energy equations and diffusion equa-
tions for two different phases as shown in Fig. 2
were numerically solved with the additional inter-

facial boundary condition obtained from the con-
tinuity of tangential stress, where the interfacial
tension gradient is considered (Hirata, Kawakami
and Okano, 1989). A schematic diagram of typi-
cal numerical results showing the effect of the in-
terfacial tension gradient on the interfacial veloc-
ity, the friction coefficient and the Nu number are
shown in Fig. 3.

In Fig. 3, the numerical results are arranged by di-
mensionless groups, where the important groups
are newly defined as Eqs. (7), (8) and (9).

modified friction coefficient, which should be
used on the flowing interface:

Ts
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Figure 2: Interfacial motion affected by a surface
tension gradient

Q

From Fig. 3, six remarkable things can be noticed:

1. Ataparticular negative value of the Marangoni

number, the mobility of the interface is sharply
suppressed.
Such a value of Marangoni number is newly
defined as the negative critical Marangoni
number (Ma)._, which is derived here theoret-
ically as follows:

1+ (”2_°°)3/2<P2M2)1/2]
Uloo P11

(10)

(Mzn )C— =

—0.332Re, /2

2. Around the negative critical Marangoni num-
ber, the rates of momentum, heat and mass
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transfer sharply decrease to the value at the sta-
tionary interface: u; = 0, due to the suppres-
sion of the interfacial velocity.

3. Beyond a particular positive value of the
Marangoni number, the interfacial velocity
is gradually enhanced, and consequently the
rates of momentum, heat and mass trans-
fer are gradually increased with increase in
Marangoni number. Such a Marangoni num-
ber is defined here as the positive critical
Marangoni number (Ma).+ the absolute value
of which is nearly equal to that of the negative
critical Marangoni number.

4. When the Marangoni number is much greater
than the positive critical Marangoni number,
the interfacial velocity is proportional to the
2/3 power of Marangoni number, and the mod-
ified friction coefficient and the Nu number are
proportional to the 1/3 power of Marangoni
number.

5. In the region between the negative and positive
critical Marangoni numbers, the interfacial ve-
locity is independent of the interfacial tension
gradient, consequently, the interfacial tension
gradient does not affect the momentum, heat
and mass transfer.

6. The interfacial contamination phenomena and
the interfacial turbulence phenomena (well
known to be important in liquid-liquid extrac-
tion) can be well explained, respectively, by
the suppression and the enhancement of the in-
terfacial velocity caused, respectively, by the
negative and the positive interfacial tension
gradient on the liquid-fluid interface.

3.5 Momentum and mass transfer through the
interface of single gas bubbles and liquid
drops in the presence of surface tension
gradients

In order to evaluate the interfacial velocity on
single gas bubbles and single liquid drops, the
Navier-Stokes equations in spherical coordinates
for two different phases were theoretically ana-
lyzed with the surface tension gradient considered
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Figure 3: A schematic diagram showing the ef-

fect of surface tension gradients on the interfacial
velocity, friction coefficient and Nusselt number.
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as the boundary condition at the interface. The in-
terfacial velocities were theoretically obtained in
a closed form for the cases of both very low and
very large Re number.

U _ §71:— Fn —A(1 —m)] exp(—DRe)ly(DRe)

ur 8 8
(1)
where,
A= ! T
- 8(1+x)

3_2.197\/§2+3ﬂ
T 1+,/vx

3 2 5
D= [gn—A(l—m)] /(27tB)

where, m is defined as the degree of interfacial
contamination as shown below:

4|Ma 1

3 |Re sin0

(12)
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When the interface is completely clean and with-
out any surface tension gradient, m is zero. In the
case of m > 0, the interfacial tension gradient sup-
presses the interfacial velocity. It is the same phe-
nomena as the well known interfacial contamina-
tion phenomena.

The theoretical results provided by Eqgs. (2) and
(4) combined with Eq. (11) explain well previous
experimental results for phase mass transfer from
single liquid drops (Shirotsuka and Hirata, 1971a)
and from single gas bubbles (Shirotsuka and Hi-
rata, 1971b). Typical examples for comparison of
the theoretical results with previous experimental
results by Thorson et al (1962, 1968) for drag co-
efficient and Sh number in single drops are shown
in Fig. 4, a) and b). It can be noticed that the
experimental results for both drag coefficient and
Sh number are well explained by the theoretical
results for m = 3 (Hirata, Nishizawa and Okano,
1992a). The major outcome of Fig. 4 is that a
unified (analogy) theory for momentum and mass
transfer from single solid sheres, gas bubbles and
liquid drops can be established.

The results calculated from the theory on the ef-
fects of ¥ and m on dimensionless interfacial ve-
locity, drag coefficient and Sh number are shown
in Fig. 5. From Fig. 5, the following remarks can
be deduced:

1. With an increase in the values of x and m, the
interfacial velocity decreases.

2. The effect of m on the interfacial velocity at
low Re number is much larger than at high
Re number. This means that small drops
are more sensitive to interfacial contamination
than large drops.

3. The effect of m on the drag coefficient can be
considered the same as the effect of K onit. On
the other hand, the effect of m on the interfacial
velocity and Sh number is larger than the effect
of k.

4. The effect of m on the drag coefficient is much
larger at high Re numbers than at low Re num-
bers. On the other hand, the effect of m on the
Sh number is much lower at high Re numbers
than at low Re numbers.
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Figure 4: Comparison of theoretical results with previous experimental results
5. At particular low Re numbers, depending on obtained:

the value of m, liquid drops behave like rigid
spheres. The related value of m is defined as
the critical contamination degree m*.

m* o Re!/? (13)
Ma,_ < Re*/? (14)

The relationship between Re numbers and m* is

shown in Fig. 6. The negative critical Ma number, Ma,_ at

which liquid drops behave like rigid spheres
is proportional to 3/2 power of the Reynolds
number, the same as in Eq.(10) mentioned ear-
1. When Re<l, the interface become rigid at lier.

m*=1.

From Fig. 6, the following can be deduced:

3. With an increase in the value of x, the negative
2. When Re>>1, the following relationships are critical Ma number increases.
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4 Transport phenomena in single crystal
growth from melt

Since single crystal growth is a process coupled
in a complicated manner with momentum, heat
and mass transfer, as well as phase transition and
chemical reaction, the quality of single crystals is
significantly influenced by convection.

In bulk single crystal growth from melt by the
Bridgman method, the floating zone method and
Czochralsky (CZ) method, works as late as the
1980’s had only considered forced and natural
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convection. The author has made clear the inter-
phase transport phenomena on crystal-melt inter-
face and melt-ambient gas interface with surface
tension gradients driven convection (Marangoni
convection) taken into account. From these
works, important knowledge for the high quality
production of bulk single crystals from melt has
been obtained.

4.1 Transport phenomena in Bridgman
method

4.1.1 Solidification problem

The author developed a numerical method
for solving the two-dimensional unsteady one-
directional solidification problems by using a
boundary-fitted co-ordinate system (Saitou and
Hirata, 1991a, 1991b, 1993), and proposed the
optimal operational conditions for high quality
crystals (Saitou and Hirata, 1992c). Important in-
formation wa sprovided about the solid-liquid in-
terface shape (Saitou and Hirata, 1991c, 1992a),
the ratio of liquid to solid thermal conductivity
(Saitou and Hirata,1992b) as well as the inter-
facial stability, which significantly influence the
quality of single crystals.

4.1.2 Thermal and solutal natural and
Marangoni convection

Natural and Marangoni convection formed spon-
taneously in a melt inside a two-dimensional rect-
angular open boat were investigated by means
of an order-of-magnitude evaluation and numer-
ical analysis (by the finite difference method). A
quantitative evaluation was made of the Gr num-
ber, Ma number, Pr number and melt depth, all
of which affect the interfacial velocity and the
velocity distribution of the melt convection. It
was concluded that Marangoni convection is im-
portant when the melt is shallow (Okano, Itoh
and Hirata, 1989a). Interfacial velocities induced
by solutal Marangoni convection were also mea-
sured in In-Ga-Sb systems (initial bulk melt with
an additional material contacting the bulk inter-
face, Arafune and Hirata, 1999a). Empirical and
theoretical correlation for Re numbers based on
maximum interfacial velocities induced by the
Marangoni convection was obtained as follows
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over a wide range of Pr numbers (Arafune, Sug-
iura and Hirata, 1999b):

in 2/3
Re>1; Re=0.28 <Ma Pr > (15)
Re <1; Re=0.049As'/°Ma (16)

4.1.3 Magnetic field effects

The effects of magnetic fields on Marangoni
and natural convection were studied numerically.
Convective velocities in magnetic fields depend
on the Ma number, Gr number, as well as the
physical properties, and the direction and strength
of the applied magnetic field. For suppression
of natural convection, both horizontal and verti-
cal magnetic fields are effective. The suppression
of Marangoni convection is more difficult than
natural convection, and a vertical magnetic field
is more effective than a horizontal one. The in-
terfacial velocity induced by natural convection
is inversely proportional to the Hartmann num-
ber. That induced by Marangoni convection is in-
versely proportional to the square root of the Ha
number (Hirata, Tachibana, Okano and Fukuda,
1992b).

4.1.4 Coupled thermal and solutal Marangoni
convection

Experimental and numerical studies were per-
formed on thermal and solutal Marangoni con-
vection occurring during the growth of InSb from
melt of In;_,Sb,.
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Figure 7: Schematic concentration distribution
(upper) and flow direction (lower): solid-line and
dashed-line arrows in lower illustration indicate,
respectively, thermal and solutal convection
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Fig. 7 shows the schematic diagram of the con-
centration distribution of Sb and the interfacial
flow direction for three typical cases:

1. Case (a): Acceleration.
When 0<x<0.5, the interfacial flow is more ac-
celerated than in the normal case (b), because
thermal and solutal flows have the same direc-
tion.

2. Case (b): Normal.
When x=0.5, it is a normal case, where only
thermal Marangoni convection exists inside
the melt.

3. Case (c): Deceleration.
When 0.5<x<0.68, the interfacial flow is decel-
eratedwith respect to case (b), because thermal
and solutal effects counteract.

Fig. 8 shows that the above considerations explain
the experimental results well. It can be demon-
strated from Fig. 8 that the solutal Marangoni
convection is more important than the thermal
one in the growth of single crystals of semicon-
ductors and chemical compound semiconductors
(Arafune and Hirata, 1998, 1999a, Arafune, Ya-
mamoto and Hirata, 2001).

4.1.5 Crystal-melt interface shape control

It is worth noting that the solutal Marangoni con-
vection has been experimentally considered as a
new important control parameter in addition to
convectional control parameters such as the tem-
perature gradient and cooling rate in order to ob-
tain a planar crystal-melt interface in InSb crystal
growth. It can be concluded from the experimen-
tal results that the utilization of solutal Marangoni
convection can effectively allow the control of the
crystal-melt interface shape without changing the
temperature gradient or the cooling rate (Arafune,
Kodera, Kinoshita and Hirata, 2003).

4.2 Transport phenomena in floating zone
(FZ) method

Natural and Marangoni flows produced in a melt
during single crystal growth by the floating zone
method were analyzed by an order-of-magnitude
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evaluation (Okano, Hatano and Hirata, 1989a,
Hirata, Nishizawa, Imaishi, Okano, Saghir and
Scott, 1991). The analytical results on the effects
of Marangoni and natural convections on Re num-
bers based on free interfacial velocity are shown
in Table 1. Comparison of the analytical results
with previous experimental results is shown in
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Fig. 9. It can be seen from Fig. 9 that the analyt-
ical results are good agreement with previous ex-
perimental results for the case of Marangoni con-
vection in a vertical capillary liquid bridge (model
liquids and glass melt).

These results have been effectively applied to
elucidate the mechanism of Marangoni convec-
tion phenomena under microgravity conditions as
mentioned later.

4.3 Transport phenomena in Czochralski(CZ)
method

The crystal-melt interface shape is one of the im-
portant variables in determining the quality of
bulk single crystals.

It is significantly influenced by convection in
melt. In order to obtain high quality uniform
single crystals, it is necessary that the interfa-
cial shape should be kept in a plane (Hirata et
al., 1992c¢). Although previous research had only
considered forced convection due to crystal and
crucible rotations, and natural convection due to
temperature distribution in melt, the author con-
sidered Marangoni convection in addition to the
forced and natural convections, and proposed an
evaluation method for determining which convec-
tion is dominant in melt, as shown in Fig. 10
(Okano, Tachibana, Hatano and Hirata,1989c, Hi-
rata et al., 1992a) for the case of boundary layer
flow regime as a typical example. Once experi-
mental results for the critical rotation rate @*, at
which a plane interface shape is obtained at the
crystal rotation rate, are arranged based on Fig.
10, it can be seen that when the value of ordinate
is constant, the natural convection is dominant in
melt, and when the value of ordinate is propor-
tional to the value of abscissa, the Marangoni con-
vection is dominant. The previous experimental
results have been rearranged based on Fig. 10,
and are shown in Fig. 11, where only control-
lable variables in the dimensionless groups in Fig.
10 are used. Fig. 12 shows an example of com-
parison of previous experimental results during
growth of GdzGas01, (GGG) with theoretical re-
sults in the case of Marangoni convection domi-
nant condition (Fig. 12(a)) and in the case of nat-
ural convection dominant condition (Fig. 12(b)).
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Table 1: Analytical results on natural and Marangoni convections in a floating zone
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Figure 10: Diagram for determining the domi-
nant convection in the melt-The case of boundary
layer flow regime

It can be pointed out from Figs. 11 and 12 that the
Marangoni convection is very important and dom-
inant in the melt in most of these experiments,
and should be considered in order to control the
crystal-melt interface shape. The theoretical and
empirical relation between the critical crystal ro-
tation and operational conditions is proposed as
follows (Okano et al., 1989¢, 1991, Hirata et al.,
1993a, 1993b, Tachibana et al., 1990):

AT\ [ Ar\ '3
“”‘“(E) (7) an

Figure 11: Evaluation of the dominant convec-
tion conditions in terms of dimensionless num-
bers (1), (2) Miller et al. (1978); (3), (4) Tak-
agi et al. (1976); (5) Miyazawa et al. (1978); (6)
Miyazawa et al. (1978); (7) Miyazawa and Kondo
(1973); (8) Miyazawa (1980); (9) Lukasiewicz et
al. (1992); (10) Berkowski et al. (1987); (11),
(12) Berkowski et al. (1991); (13) Brice et al.
(1974); (14) Hirata et al. (1993a); (15) Trauth and
Grabmaier (1991); (16) Hirata et al.(1993Db).

4.4 Chemical compound semiconductor by
Laser-MOVPE

4.4.1 Atomic monolayer epitaxy of chemi-
cal compound semiconductor by Laser-
MOVPE

A new technique for obtaining atomic monolayers
of semiconductors via vapor phase epitaxy from
metal organic compounds exposed by laser beam
(to prepare three dimensional super lattice LSI)
was developed by Meguro et al., (1988, 1990a) for
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Figure 12: Comparison of theoretical results with previous experimental results (GGG) (a) dominant

Marangoni convection (b) dominant natural convection

GaAs, and Meguro et al., (1990b) for AlAs and
GaAlAs. Self-limiting Ga deposition on GaAs
during laser-atomic epitaxicial processing was di-
rectly observed and the related mechanism was
elucidated by Simko et al. (1992).

4.4.2  Room temperature UV-emission at 345nm
from InAlGaN-based light-emitting diodes

Optical and electrical properties of 340 nm-
band bright UV-light emitting diodes (LEDs)
were compared among Ingg3Alg20Gag77N and
other active regions (Hirayama et al., 2000a,
2000b, 2001a, 2001b, Kinoshita et al., 2000a,
2000b, 2000c). Single peaked and high ef-
ficiency ultraviolet (UV) emission at 345 nm
from In0_03A10_20GaO_77N LEDs were achieved un-
der continuous current injection conditions (Ki-
noshita et al., 2001a). Significant broadening and
peak shift of the electroluminescence (EL) spec-
trum were not observed. Such a good behavior
can be attributed to the high quality InAlGaN-
quaternary active layer (Hirayama et al., 2001b).
The EL intensity of the InAlGaN quaternary-
based LED showed more than one order of magni-
tude higher intensity than that of AlGaN and GaN
based LEDs. Additionally, InAlIGaN quaternary-
based LEDs show a linear increase in intensity
with increasing injection current from the I-L
characteristics, that is also observed for InGaN
based LEDs (Hirayama et al., 2001b). This shows
that the recombination efficiency of the InAlGaN-
based LEDs is as high as that of InGaN based

LEDs. From these results InAlGaN quaternary is
expected to be a promising material for UV LEDs
and LDs (Hirayama et al., 2002).

S Transport phenomena under microgravity
conditions

As already explained before, when single crys-
tals are grown from a melt, the quality of the
single crystals is seriously affected by convec-
tion induced by temperature and concentration
differences in the melt. Therefore, thermocap-
illary Marangoni convection induced by a tem-
perature difference on melt interface, and solutal
Marangoni convection induced by a concentration
difference on melt interface, are very important
for the quality of single crystals under ug condi-
tions. The author has elucidated the mechanism
of thermocapilary and solutal Marangoni flows
under pg conditions via drop shafts, parabolic
flights, sounding rocket, space shuttle and recov-
erable satellite as well as on the ground.

5.1 Development of equipments and opera-
tions for microgravity experiments

Novel equipments and operations are necessary
for ug experiments significantly differing from
for ground ones. A facility is required to be com-
pact and able to do experiments automatically in
very short time, for instance, within 5 seconds in
case of a drop shaft experiment. The author de-
veloped novel experimental equipments to get a
stable formation of a liquid bridge even with a se-
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rious change of gravity in a drop shaft, parabolic
flight or sounding rocket experiment (Azuma et
al., 1990, Yoshitomi et al., 1992).

Also a three-dimensional in-situ observation tech-
nique to measure velocity and temperature dis-
tributions was developed (Yoshitomi et al., 1992;
Hirata et al., 1993c, 1994, 1997a).

5.2 Interfacial contamination in a silicone oil
liquid bridge

Silicone oils are widely used as model fluids to
study convection phenomena inside the Floating
Zone, because silicone oil is transparent and its
physical properties are well known. Through
many experimental studies it has been found for
methyl-phenyl silicone oil (KF-56) that interfa-
cial contamination is caused by water slightly in-
cluded in the silicone oil itself and also by wa-
ter vapor in the surrounding atmosphere (Hirata
et al., 1993d, 1993e). Since interfacial contam-
ination leads to a significant decrease in the in-
terfacial velocity and weakens Marangoni convec-
tion, it should be pointed out that much attention
should be paid to complete dehydration of both
silicone oil and the surrounding gas.

5.3 Laminar thermocapillary convection in a
liquid bridge during parabolic flight

Laminar thermocapillary Marangoni convection
in a liquid bridge with silicone oils (KF-96: 5, 10,
20, 50 ¢St and KF-56: 15 c¢St) was observed un-
der ug conditions during a parabolic flight (Hirata
et al., 1994). Fig. 13 shows that the relationship
between Ma numbers and Re numbers based on
the interfacial velocity caused by thermocapillary
Marangoni convection, at the center of the free in-
terface of the liquid bridge. It can be seen that
the experimental results are in good agreement
with the previous theoretical results shown in Ta-
ble 1 (Okano et al., 1989b). In the aforementioned
works, Axis-symmetric laminar Marangoni con-
vection was studied experimentally and numeri-
cally.

The initial temperature conditions inside a lig-
uid bridge, heat transfer across the free interface,
and temperature dependence on both velocity and
temperature field were also made clear.
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Figure 13: Relationship between Marangoni

numbers and Reynolds numbers based on the in-
terfacial velocity

5.4 Oscillatory thermocapillary convection in a
liquid bridge with TR-1A sounding rocket

Laminar and oscillatory three-dimensional ther-
mocapillary Marangoni convection in a liquid
bridge of a silicone oil: 6 ¢St (mixed with 20vol%
of KF96L:1cSt and 80vol% of KF56:15¢St) was
observed during 6 minutes g condition with TR-
1A sounding rocket No. 2 in August, 1992 (Hirata
et al., 1993c)

There were two stages for the experimental se-
quence: at the first stage, the temperature differ-
ence between the ends of the liquid bridge was
small, 30°C between 90 and 215 second, and at
the second stage, the temperature difference was
increased up to 50°C between 330 and 441 sec-
ond.

Laminar thermocapillary Marangoni convection
was observed at the first stage and oscillatory ther-
mocapillary Marangoni convection was observed
in the second stage. The experimental results
on the interfacial velocity caused by the laminar
Marangoni convection were explained according
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to previous results (Hirata et al., 1989) and numer-
ical analyses (Hirata et al., 1991a, 1993c). The
time history of the interfacial velocity at the center
of free interface caused by oscillatory Marangoni
convection is shown in Fig. 14. The Fourier spec-
trum for temperature oscillation inside the liquid
bridge between 360 and 440 second is shown in
Fig. 15. The amplitude of both velocity and tem-
perature fluctuation increased with time elapsed.
The main frequency of the temperature oscilla-
tions was 0.097Hz as shown in Fig. 15 which was
the same as that of the velocity field oscillation.

0.6 |
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Figure 14: Interfacial velocity in a liquid bridge
(TR-1A sounding rocket experiment)
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Figure 15: Fourier spectrum (v=6c¢st, D=15mm,
L=10mm TR-1A sounding rocket experiment)
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5.5 Gravity effects on oscillatory features
of thermocapillary convection in liquid
bridges

Oscillatory thermocapillary Marangoni convec-
tion in silicone oil liquid bridges was observed
under both normal gravity (1g) condition (Hirata
et al., 1997b) and ug condition with the drop
shaft facility of JAMIC (Yao et al., 1997, Hirata
et al,, 1997c). Examples of the typical oscilla-
tory temperature distribution under 1g condition
are shown in Photo 1, where thermal sensitive lig-
uid crystals used there change their color from
red (37.5°C) to green (40°C) and blue (42.5°C).
In the horizontal view, the cold region, which is
colored red, moved around the center of the lig-
uid bridge in a counter clockwise movement. In
the vertical view, non-axisymmetrical flows were
observed. As the temperature difference between
disks increased, both amplitude and frequency of
temperature fluctuations increased.

Under the same temperature differences, as the
length of a liquid bridge increased, the amplitude
also increased, but the frequency decreased.

It was found that the fundamental frequency of
temperature oscillations as well as the critical
temperature difference (at which laminar convec-
tion changes to oscillatory one under pg condi-
tions) were different with respect to 1g conditions,
and strongly dependent on the ratio of the liquid
bridge volume to the volume of a cylinder with
the same radius and height (Hirata et al., 1997¢).
For instance, the fundamental frequency of tem-
perature oscillations under pg conditions was
smaller than under 1g conditions when the non-
dimensional liquid bridge volume was V /V(,=73.8
vol%, (when V /V=88.1 vol%, however, it was
larger under ug conditions than under 1g condi-
tions).

5.6 Transition process from laminar to oscil-
latory thermocapillary convection in liquid
bridges under gravity (1g) and micrograv-
ity (ug) conditions

The critical temperature difference and the tem-
perature oscillatory features were carefully ob-
served under 1g and ug conditions by drop shaft
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with close attention paid to the liquid bridge vol-
ume (Hirata et al., 1997d, Sakurai et al., 1999).

Typical examples of the temperature signals and
FFT under 1g and ptg conditions are shown in Fig.
16 where the symbols are related to the tempera-
ture signal state as follows:

(S): laminar steady state

(P): periodic oscillatory state

(QP): quasi periodic oscillatory state
(C): chaotic state

(P2): period doubling oscillatory state

(QP+P2): mixture of (QP) and (P2)

As shown in Fig. 16, the temperature at the cool
bottom of the liquid bridge under pg conditions
was higher than under 1g, except for the longest
liquid bridge (L=3.3mm) for which (P) under 1g
conditions was replaced by (S) for ug.

The temperature signals can be clas-
sified into 6 patterns when the grav-
ity changes from 1g to ug as follows:
for drop shaft experiments: a-i): S)—®P)
a-ii):  (P)—(P)
a-iii):  (QP)—(P)
a-iv):  (C)—(P)
for ground experiments: b-i) P2)
b-ii)  (QP+P2)

Fig. 17 shows the temperature signal states di-
agram for V /Vj vs. AT, where the plus sign +
shows the transition point between (S) and (P) and
the cross sign xshows the transition between (S)
and (P).

From Fig. 17, five remarkable things can be no-
ticed:

1. The critical temperature difference is very sen-
sitive to the liquid bridge volume.

2. Under 1g conditions, the temperature signals
show the existence of six states as shown in
Fig. 17, but under ug conditions, all tempera-
ture signals shows only two states: (S) and (P).
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3. The shorter the liquid bridge length is, the
higher the critical temperature difference is,
under both 1g and pug conditions.

4. For the liquid bridge with length L=1.6 mm,
a very high critical temperature difference is
observed between 70 and 80 vol% of liquid
volume under 1g conditions, while under ug
conditions, the critical temperature difference
is remarkably lower. It means that there are
some ranges of the liquid bridge volume ratio
where the regime is (S) under 1g conditions but
(P) under ug conditions (cf. Fig. 17 a-i) and
b-i)).

5. For the liquid bridge with length 1=3.3 mm,
there are some ranges of the liquid bridge vol-
ume ratio where the convection is (P) under 1g
conditions, but (S) under g conditions.

5.7 Flow structure of time-dependent thermo-
capillary convection in liquid bridges

The flow structure of time-dependent three-
dimensional thermal Marangoni convection in sil-
icone oil liquid bridges was further observed in
the horizontal section by Arafune et al. (2000)
and Kinoshita et al. (2001b). It was found
that there was a polygon-shaped stagnant region
around the central axis of a liquid bridge, and the
periodic oscillatory state (P) could be further clas-
sified into periodically pulsating (Ps) and periodi-
cally rotating (P7) states.

Figure 18 shows schematic motions of the stag-
nant region in the horizontal section for (Ps) and
(P7). It can be seen in Fig. 18 that (Ps) exhibits a
coherent phase with a different amplitude depend-
ing on the azimuthal angle and (Pr) shows a phase
shift for each azimuthal angle with same ampli-
tude, while (QP) shows the mixture of these two
types of temperature fluctuations. With increas-
ing the temperature difference, the temperature
and velocity fields exhibit the following states:
(S) — (Ps) — (QP) — (Pr). This transition process
depends on the liquid bridge volume and gravity
level, but occurs for all kinematic viscosities and
liquid bridge lengths considered.
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c) 2/ 4 period d) 3/ 4 period
Photo 1: Observation of oscillatory Marangoni convection (D=5mm, L=3.0mm, V /Vy=67vol%, v=2.3cSt,
AT=27.5°C).
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a) Mode 2

t=1/87, 7/81 t=3/41

t=0, 1 t=1/dt, 3dt

b) Mode 3

t=1/8t, 7/8t

t=1/2t

Figure 18: Schematics of the typical flow structure for pulsating (P;) and rotating (Py) phases with

wavenumber m = 2 (a) and m = 3 (b).

5.8 Uniform mixing of melt of multi-
component chemi-calcompound semicon-
ductors by solutal Marangoni convection:
Space Shuttle experiment on IML-2
Mission

A microgravity experiment on “Uniform mixing
of Melt of Muticomponent Chemicalcompound
Semiconductor”, was carried out aboard Space
Shuttle mission in July 1994 (Hirata et al., 1996,
Okitsu et al., 1996, 1997). Six samples shown
in Fig. 19 which were composed of In-Sb (M-
1, D-1) and In-GaSb-Sb (M-1,-2, -3, -3°, D-2)
were melted by a uniform temperature furnace
and cooled down rapidly to be solidified. M-
samples and D-samples were mixed, respectively,
by solutal Marangoni convection due to concen-
tration gradient at the melt-air interface, and by
molecular diffusion only. The concentration dis-
tributions of In, Ga and Sb in axial direction for
D-2, M-2, -3, -3’ samples composed of In-GaSb-
Sb are shown in Fig. 20. It can be noticed from
Fig. 20 that M-samples are more uniform than D-
sample.

It has been also noticed from the comparison

of ug-samples with 1g-samples (Okitsu et al.,
1994) that pg-samples show more uniform con-
centration distribution than 1g-samples, because
the gravity convection and segregation can be sup-
pressed under pg conditions. Numerical simula-
tions also justify the quick mixing by the solutal
Marangoni convection (Yasuhiro et al., 1997).

5.9 Dissolution and recrystallization processes
of chemicalcompound semiconductors
with the Chinese recoverable satellite and
parabolic flights

The effects of gravity and crystal orientation on
the dissolution of GaSb into melt and the recrys-
tallization of InGaSb were investigated under 1g
and ug conditions with a Chinese recoverable
satellite (Hayakawa et al., 2000) and airplanes
(Hayakawa et al., 2001, 2002). Numerical simula-
tions were also carried out for the effects of grav-
ity on the solid-melt interface and compositional
profiles (Ozawa et al., 2000, 2001, Hayakawa et
al., 2000, 2002, Okano et al., 2002, 2003). The
InSb crystal was melted and GaSb was dissolved
partially into the InSb melt, and then formed In-
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Figure 20: Concentration distribution of In, Ga and Sb in axial direction for pg samples D-2, M2, M-3 and
M3’

GaSb solution which was solidified during cool- der 1g conditions, as large amounts of Ga moved
ing process. The experimental and numerical re- up to the upper region due to buoyancy, the dis-
sults clearly show that the shape of the solid- solved zone broadens towards gravitational direc-
melt interface and compositional profiles in the tion.

solution were significantly affected by the gravity
level (Fig. 21). It can be seen from Fig. 21 that
under ug conditions, the Ga compositional pro-
files are uniform in the radial direction, the inter-
faces are almost parallel, and on the contrary, un-

During the cooling process, needle crystals of
InGaSb started appearing and the value of x in
In,Ga;_,Sb crystals increased with a decrease in
temperature. The GaSb with the (111)B plane dis-
solved into the InSb melt much more than that
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Figure 21: Morphology of the cut surface, schematic representation of the dissolved area, and Ga composi-
tional profile around the center of the (a) space sample, (b) earth sample. The Ga composition was measured

in the divided areas of 2.0x 1.6mm? by EDS.

with the (111)A plane.

Relative contributions of the solutal natural
convection, and thermocapillary and solutal
Marangoni convection to the melting process of a
GaSb-InSb-GaSb system under 1g and (g condi-
tions were also investigated numerically (Okano
et al., 1991, 2003). The numerical simulation
results show that thermocapillary convection en-
hances the melting near the free interface under
both 1g and g conditions. Under 1g conditions,
the contribution of the solutal Marangoni convec-
tion to the flow field is less than that of the thermo-
capillary convection since the heavier component
sinks to the lower part of the melt, and the con-
centration gradient on the free interface becomes
very gentle. Consequently, the intensity of the so-
lutal Marangoni convection is very small.

On the other hand, the interface shape is greatly
affected by the presence of solutal Marangoni
convection under pg condition, even though the
velocity of the solutal Marangoni convection is
relatively small.

6 Conclusions

A rich summary of author’s typical research
works over the last 40 years on interphase trans-
port phenomena with interfacial fluid motion and

surface tension gradients (and related applications
to single crystal growth and microgravity sci-
ences) has been reported.

The interface mobility (i.e. an interfacial veloc-
ity caused by surface tension gradients induced
by temperature or concentration gradients along
the interface) is very important and affects the in-
terphase transport phenomena.

A unified theory for momentum, heat and mass
transfer on liquid-fluid and solid-fluid interfaces
has been proposed with interface mobility taken
into account. It has been shown that in such a
theoretical framework, interfacial contamination
and interfacial turbulence can be well explained,
respectively, by suppression and enhancement of
the interfacial velocity induced by suface tension
gradients.

Transport phenomena on solid spheres, liquid
drops and gas bubbles have been also treated in
the context of the proposed theory. The theory
has been also elaborated for crystal-melt and re-
lated melt-fluid interfaces.

The mechanisms underlying thermal and solutal
Marangoni convection under gravity and micro-
gravity conditions have been discussed and elu-
cidated with the support of relevant microgravity
experimental results.
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For additional relevant and recent results the
reader may consider the following works: Am-
berg and Shiomi (2005), Lappa (2005), Gelfgat et
al. (2005), Lan and Yeh (2005), Tsukada et al.
(2005), Li et al. (2006), Matsunaga and Kawa-
mura (2006), El-Gamma and Floryan (2006),
Okano et al. (2006), Ma and Walker (2006), Kaki-
moto and Liu (2006), Sohail and Saghir (2006),
Jaber and Saghir (2006), Giessler et al. (2005),
Prud’homme and El Ganaoui (2007), Kamotani
et al. (2007), Votyakov and Zienicke (2007).
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Nomenclature

A, Ay aspect ratio, A,As = L/H [-]
Cyy modified friction coefficient when  [-]

Us —Uoo >0 Cyn = Ty / (Pthoo(tts — Ues) /2)
Cps drag coefficient of rigid spheres

Cps = T/ (pu="/2) [-]

D diffusivity [m?/s]
or disk diameter [m]

d crucible diameter [m]

Gr  Grashof number, Gr = gBATx*/v? [-]

H  melt depth [m]

h  heat transfer coefficient [W/m?K]

I,  modified Bessele function [-]

K  mass transfer coefficient [m/s]

L interface length [m]

Ma Marangoni number [-]
Ma = (do/dx)-x*/(v-u)

m  contamination degree, [-]
defined by Eq. (12)

Nu Nusselt number, Nu = hx/A [-]

Pe Peclet number, [-]

Pe = ux/a (for heat transfer)
Pe = ux/D (for mass transfer)

Pr  Prandtl number [-]
Pr = v/a (for heat transfer)
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R radius [m]
Re Reynolds number, Re = pux/u [-]
r radial distance [m]
rc¢  crystal radius [m]
Ar  length of melt interface [m]
Sc  Schmidt number, Sc = u/pD [-]
Sh  Sherwood number, Sh = kx/D [-]
T temperature K]
AT temperature difference [K]
between crucible wall and crystal,
or between both ends of liquid bridge
t time [s]
u velocity parallel to interface [m/s]
up  terminal velocity [m/s]
vV liquid bridge volume [m3]
Vo volume of cylindrical liquid bridge [m?]
X x* coordinate [m]
Greeks
o thermal diffusivity [m2/s]
K viscosity ratio, K = Ug/ e [-]
A thermal conductivity [w/(m-K)]
B thermal expansion coefficient [1/K]
y  density ratio, Y = ps/pe [-]
U viscosity [Pa/s]
o interfacial tension [N/m]
v kinematic viscosity, v=u/p [m2/s]
p  density [kg/m?]
6 angle [radian]
T, shear stress at stationary interface, [N/m]
T, = —u(du/dy)y—o
o crystal rotation rate [radian/s]
w* critical crystal rotation rate [radian/s]
when crystal shape is plane
Subscripts
c continuous phase
c+  positive critical point
c—  negative critical point
d dispersed phase
i interface, or ith phase
init  initial
X mass fraction
s based on interfacial velocity,
or stationary interface, or solid
w water phase, which is rate-determining phase
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oo free stream condition
0 condition at u; = 0

1 1st phase
2 2nd phase
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