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Abstract

Oscillatory thermocapillary flow experiments were conducted in microgravity. Silicone oil was placed in cylindrical
containers and heated at the center by a CO, laser beam. The main objectives were to determine the onset of oscillatory
thermocapillary flow and to study the important features of the oscillatory flow. Numerical and scaling analyses were
also performed to understand the basic steady flows. The onset conditions show that the oscillation phenomenon cannot
be explained if the fluid-free surface is assumed to be undeformable. Therefore, a parameter representing free surface
deformation is derived. The oscillation patterns and frequencies are also presented. © 1998 Elsevier Science Ltd. All

rights reserved.

Nomenclature

Ar container aspect ratio, H/R

a absorption length of CO, laser by test fluid
C, specific heat at constant pressure

D container diameter

f oscillation frequency

f* dimensionless oscillation frequency defined by equa-
tion (12)

H container depth

Hr relative heating zone size, R,/R

k thermal conductivity

Ma Maragoni number based on AT, 6rATR/ .0

Ma, Marangoni number based on Q, (a:Q/ku.2)*?
(Mag),, critical Mag for onset of oscillations

Pr,, Prandtl number evaluated at temperature
(Tu+T0)/ 2,1 Cy/k

Pre Prandtl number evaluated at temperature
Te, pe Cp/k

Q total heat input

Q.. critical heat flux for onset of oscillations

(r,z) cylindrical coordinate system defined in Fig. 1

R container radius

R, heating zone radius
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R* surface-tension Reynolds number based on
RhspO-TA TRh/:um2

S S-parameter defined in equation (11)

T temperature

Tc side (cold) wall temperature

Tu free surface temperature at center

U, velocity of bulk flow

U, maximum velocity in heated region.

Greek symbols

o thermal diffusivity

AT overall temperature difference, 73— T

AT, temperature difference for bulk flow

0, free surface deformation in heated region at onset of
oscillations

orny thermal boundary layer thickness in heated region
Ors thermal boundary layer thickness along free surface
u. fluid viscosity evaluated at temperature 7

U fluid viscosity evaluated at temperature (Ty+ 7¢)/2
p fluid density

o surface tension

o1 temperature coefficient of surface tension

W, Mmaximum stream function.

1. Introduction

Thermocapillary flows are known to become oscil-
latory (time-periodic), but how and when they become
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oscillatory in containers of unit-order aspect ratio is not
yet fully understood. The present work is a part of our
continuous effort to obtain a better understanding of the
phenomenon. Our past work on the subject as well as
related studies by other investigators have been reviewed
[1-3].

Thermocapillary flow experiments in normal gravity
are limited to a narrow parametric range so as to min-
imize gravity and buoyancy effects, which is an important
reason for our lack of understanding of the oscillation
phenomenon. One important unanswered question is
what role, if any, free surface deformation plays in the
oscillation mechanism. For that reason we performed
thermocapillary flow experiments, called the Surface Ten-
sion Driven Convection Experiment-2 (STDCE-2),
aboard the USML-2 Spacelab in 1995. The main objec-
tives of the experiments were to investigate oscillatory
thermocapillary flows in microgravity and to clarify the
importance of free surface deformation in such flows.
The experiments were conducted over a wide range of
conditions. Some important data are presented, analyzed
and discussed herein.

2. Description of experiments

The experimental arrangement for STDCE-2 is sket-
ched in Fig. 1. The hardware and its performance during
flight are described in detail by Pline et al. [4]. Open
circular containers of inner diameters 1.2, 2.0 and 3.0 cm
were used. The container side wall was made of copper
and was maintained at a uniform temperature by coiling
a cooling water loop around it. The cooling water inter-
faced with the Spacelab water through a heat exchanger,
which kept the side wall temperature at around 14°C

Carbon dioxide
laser

}

D Variable focus

Flow visualization

system

Ronchi system

IR imager

T Movable
thermistor

~— Thermistors

Test chamber module

Fig. 1. Experimental arrangement of STDCE-2.

during the tests. The bottom wall was made of Teflon.
The test fluid was 2 centistokes silicone oil. Its pertinent
properties can be found in the report by Lee et al. [5]. A
small amount of Pliolite particles (~ 70 um size) were
mixed in the test fluid for flow visualization purposes. A
laser diode light source illuminated the whole flow field.
A CCD camera recorded the particle motions. The test
fluid was heated at the center by a carbon dioxide laser
beam. Its diameter was varied by a lens system (Fig. 1).
The beam had an axisymmetric Gaussian profile. The
absorptivity of the laser beam by the test fluid was deter-
mined to be 0.9 [6].

Three thermistors were imbedded along the side wall
to monitor its temperature. In addition, one thermistor
each monitored the bottom wall temperature and the air
temperature above the test fluid. One thermistor probe
was placed in the fluid. The probe was located at the half-
radius point of the container and movable in the axial
direction (Fig. 1). The probe was lowered to the bottom
plate when the onset of oscillations was determined so as
to avoid its interference with the onset.

An infrared imager (IR imager) operating in the 8-14
um wavelength range was used to construct the ther-
mograms of the free surface. The same system was used
in our earlier space experiments [1-3] except for a zoom
telescope used in the present experiments to view smaller
containers. Radiation absorption length of the test fluid
in the above wavelength range has been measured to be
0.02 mm [6]; so the imager detects radiation from the
liquid layer of about that thickness below the free surface.

Free surface shape and motion were measured
optically by a Ronchi system. The system used in
STDCE-2 is described in detail by Stahl and Stultz [7].
The Ronchi data are still being analyzed so that results
are not presented herein. Important to the present work
is that the system was used to determine flatness of free
surface within 0.1 mm before each experiment.

The resolution of the laser power was 0.01 W, and the
power output fluctuation was less than 1% of the set
point (usually less than the resolution). The critical heat
flux for onset of oscillations was determined within 0.02
W. The accuracy of the thermistor readings was 0.1°C,
which was also the resolution of thermistor data digi-
tization. The side wall temperature nonuniformity was
within the thermistor resolution. Error in oscillation fre-
quency measurement was +10%.

A typical experimental procedure was carried out in
the following manner. Before each test, the test fluid, kept
in a reservoir, was pumped slowly into the test chamber
through a filling hole at the bottom. The chamber was
filled until the free surface became flat, as determined by
the Ronchi system. Then, the CO, laser was turned on.
In almost all tests the laser power was increased stepwise
by manual operation. At each power setting, flow and
thermal fields were checked carefully for the onset of
oscillations. Power was increased after the flow field was
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judged to be steady. Typically power was changed after
2-3 min. Video information from the three diagnostic
techniques (flow visualization, infrared imager and Ron-
chi system) was downlinked in real time to the ground
station where several scientists monitored the experiment,
so that we were all involved in determining the onset of
oscillations by detecting small but systematic changes in
those images. After finding the onset point of oscillations,
the laser power was increased until oscillations were very
pronounced, and flow and temperature fields of the oscil-
latory flow were then investigated. After each test the
fluid was withdrawn to the reservoir. The whole process
took about 2 h.

3. Ranges of parameters

As discussed in our earlier work [1, 2], the important
dimensionless parameters for steady thermocapillary
flows in the present experimental configuration with a
flat free surface are: Marangoni number (Ma), Prandtl
number (Pr), container aspect ratio (A4r), and relative
heating zone size or heater ratio (Hr). Heat loss from the
free surface is due to radiation and the forced convection
within the surrounding air induced by the free surface
motion. Based on the numerical analysis to be discussed
later, heat loss from the free surface relative to the total
heat transfer rate is estimated to be about 3% so that it
is not a major factor in the present experiments. The
mean absorption length of CO, laser by the test fluid has
been determined to be @ = 0.06 mm. The ratio a/R,
ranges from 0.02 to 0.2 in the present experiment. The
effect of this parameter will be discussed later.

For a given configuration and fluid, thermocapillary
flow is known to become oscillatory beyond a certain AT.
If the above list of parameters is sufficient to describe the
onset of oscillations, Ma should specify the onset, since
Ma s the only major parameter containing A7. However,
we have shown in various configurations that Ma alone
cannot specify the onset condition. Although we have
conducted ground-based experiments in the present laser
heating configuration, the data were taken in a limited
range of Ma in order to minimize buoyancy effects.
Therefore, the present work is designed to check the
validity of that statement over a wider range in micro-
gravity and then, to find an additional parameter to
describe the onset.

Fourteen flat surface tests were performed in the laser
heating mode. Parametric ranges of those tests near and
above the onset of oscillations were: Ma >4 x 10%
Pr,, =22-32, Prc =33, and Hr=0.05, 0.1 and 0.2.
Eleven tests were conducted with 4r = 1. In the other
three tests a cylindrical plastic disc was inserted at the
bottom of each test chamber to reduce its aspect ratio to
0.5. The above Ma is based on AT, which is convenient

because Ma is defined similarly in other configurations.
Later, Ma based on Q will also be introduced.

4. Numerical analysis

To supplement the experimental work the basic steady
flow fields were analyzed numerically. The numerical
scheme has been described in our earlier work [1, 2], so
it is described only briefly. The coordinate system is
defined in Fig. 1. The velocity and stream function are
non-dimensionalized by o¢;AT/u. and o;ATRH/pu.,
respectively. The temperature is made dimensionless as
(T—T¢/AT. Fluid properties are taken to be constant
except for viscosity and surface tension which vary with
temperature. The free surface is assumed to be non-
deformable in this steady flow analysis.

The present scheme is based on the SIMPLER algo-
rithm. A non-uniform grid system is employed with the
smallest meshes next to the free surface and also next to
the cold wall. For conditions of Ma = 4.3 x 10* (close to
the largest value for the steady flow in the experiments),
Hr =0.2, and Ar =1, the values of kKATR,/Q (dimen-
sionless AT) computed with three different grids, 37 x 31
(rxz), 46 x40 and 67 x 60 with the smallest axial mesh
sizes next to the free surface of 0.003, 0.001 and 0.0005,
respectively, are 0.0114, 0.0110 and 0.0110. The com-
puted maximum stream functions are 0.00221, 0.00218
and 0.00217, respectively. Therefore, the 46 x 40 grid is
used in the present analysis.

5. Basic flow fields

The basic steady flow fields are discussed first based on
numerical and scaling analysis. Typical streamlines and
isotherms are shown in Fig. 2 for two values of Ma (the
larger Ma is near the onset of oscillations in the STDCE-
2 experiment and the smaller one is for a viscous-domi-
nated flow). The main flow structure in unicellular, which
agrees with our experimental observations. With increas-
ing Ma, the center of cellular motion shifts slightly
toward the cold wall. The shift is due to weak inertia
forces. Inertia forces are mainly important in the rela-
tively small heated region. In the bulk flow the inertia
effect is less important so that a velocity boundary layer
does not appear along the free surface (the cell center
simply shifts in the r-direction while keeping its z-location
nearly fixed at about z/H = 0.8). One important feature
of the thermal field is that there exists a very thin thermal
boundary layer along the free surface, especially in the
heated region, because Ma is large. Consequently, a large
temperature drop occurs in the heated region and the
bulk fluid outside the boundary layer remains relatively
cool.

Because of the large thermocapillary driving force in
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Fig. 2. Basic flow and temperature fields (4r = 1, Hr = 0.1 and
Pre = 33).

the heated region the fluid velocity along the free surface
increases sharply in the radial direction and attains the
maximum value at the edge of the heated region [8].
According to Kamotani et al. [8], if R, the surface ten-
sion Reynolds number based on R, and AT, is larger
than about 150, both velocity and temperature boundary
layers exist in the heated region and the dimensionless
maximum velocity in the region (U,) scales as

:um UO * 13
AT <R> )

The range of R} was R¥ > 280 in the STDCE-2 tests,
and R* was larger than 160 in our earlier ground-based
experiments with 2 centistokes silicone oil, so we were
near the beginning of the boundary-layer regime in those
tests. The temperature field in the heated region is influ-
enced by the CO, laser absorption length (a). For a given
0, the maximum surface temperature (or AT) decreases
with increasing a/R,, as more fluid volume is heated by
the laser. For example, for the conditions of D = 2.0 cm,
R, =0.1 cm (Hr =0.1) and Q = 0.15 W, the values of
AT will change from 14.7 to 9.6°C when a/R, is varied
from 0.02 to 0.2 (the range of a/R,, in the STDCE-2 tests).

The free surface temperature was measured by the
IR imager in STDCE-2. Computed surface temperature
distributions and the imager data agreed generally well
except in the heated region where the imager data are
slightly lower than the computed value because of the
thin thermal boundary layer [9].

Since the mass flux out of the heated region is confined
to the thin boundary layer, its total mass flux is relatively
small compared to that of the bulk flow. The bulk flow

is driven mainly by the surface temperature gradient out-
side the heated region. The characteristic temperature
drop in the bulk flow (AT,) can be estimated as follows.
The laser heat absorbed in the heated region is convected
from that region to the cold wall through a thermal
boundary layer along the free surface, which gives the
following relation,

0 ~ pC,U AT, 015 R )

where 0 is the thermal boundary layer thickness along
the free surface and is estimated as

aR\'?
Ors ~ (a) 3)

Equation (2) is independent of the heating zone diameter
(and the laser absorption length), because all the heat
from the laser goes into dg regardless of diameter. As
mentioned above, the axial position for the center of
unicellular motion is nearly fixed (at about z/H = 0.8) in
the parametric range of the present study. Therefore,
assuming that the overall axial extent of the bulk flow
scales with the container dimension (or the bulk flow is
viscous-dominated), the shear stress balance at the free
surface gives for Ar = 1

N orAT, @
He

As the isotherms of Fig. 2 show, the bulk flow tempera-
ture is close to the cold wall temperature, so the viscosity
associated with the bulk flow is evaluated at 7. Since
the bulk flow region occupies a much larger area than
the heated region, the maximum stream function is deter-
mined by the bulk flow so that Wyax UyR* for Ar = 1.
Then, from equations (2)—(4) one obtains

U,

Yo (20)" “

oaR ku.o

The right side of equation (5) is the Marangoni number
based on AT, and R, called Ma herein

orAT,R a0\
Mg, = ——"b_ (IT=
= (Kucoc> ©

The scaling law, equation (5), is compared with the
numerical results in Fig. 3. The numerical results are
obtained for a range of Ma, up to near the onset of
oscillations found experimentally. The scaling law agrees
very well with the computed results. It is important to
note for a later discussion that the proportionality con-
stant for equation (5) is rather small, about 0.01 accord-
ing to Fig. 3, which reflects mainly the fact that the
thermocapillary force does not act uniformly over the
free surface. Since ¥, ~ U,R?, U, and ¥,,, are pro-
portional so that the proportionality constant for Uy in
equation (4) is also about 0.01.

The Reynolds number of the bulk flow can be esti-
mated as pU, R/t~ pYW max/ 1R, Which is less than about
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Fig. 3. Scaling law for maximum stream function.

3 near the onset of oscillations. Therefore the bulk flow
Reynolds number is not large enough to have a bound-
ary-layer type flow. It can be shown that the ratio of the
volume flux out of the heated region (U,d,R, where 0, is
the velocity boundary layer thickness in the heated
region) to the bulk flow volume flux (U,R?) is expressed
as (R¥)'*Pr,Hr/Mag. The ratio is less than 1% near the
onset of oscillations. Therefore, all the assumptions made
in the above analysis are consistent with the results. In
summary, the bulk flow driven by AT, dominates the
overall flow and is viscous-dominated in the parametric
ranges of the present experiments. For that reason, we
use Maq to characterize the bulk flow in the following
discussion.

6. Oscillatory flows

When the flow was steady, the tracer articles were
observed to recirculate in fixed radial planes (rz-planes
in Fig. 1) but beyond a certain Q the particles started to
move back and forth in the azimuthal direction in a
toroidal spiral, which was the onset of oscillations. The
oscillatory flow structure is similar to the one observed
in normal gravity, which was discussed by Lee et al. [5].
The isotherms obtained from the IR images during one
cycle of oscillations are given in Fig. 4. Since the IR
imager cannot accurately resolve the surface temperature
near the heated region, as discussed above, Fig. 4 is meant
to show only qualitative pattern changes during oscil-
lations. When the flow was steady, the isotherm pattern
was nearly axisymmetric. When the flow became oscil-
latory, the pattern became elongated, the elongation
direction changing alternately between two nearly per-
pendicular directions (Fig. 4). Increasing Q beyond the

critical value did not alter this pulsating pattern. With
those pattern changes in one cycle of oscillations, the
free surface temperature along a given radial direction
becomes alternately high and low, which is important
for the oscillation mechanism to be discussed later. The
period in which the surface flow is relatively warm is
called the active period and the period of relatively cold
surface flow is called the slow period herein.

The heat input at the onset of oscillations is called
critical heat flux (Q,,). The critical heat fluxes measured
in the tests with 4r = 1 are presented in Fig. 5, together
with data taken in our ground-based tests with smaller
containers filled with the same fluid [5]. The flow was
found to be already oscillating at the minimum power of
the CO, laser for the 1.2 cm container, so that the critical
heat flux could not be determined for that container. As
seen in Fig. 5, the trend of the space data is consistent
with that of the ground data: Q.. increases with increasing
D. Although not shown here, data taken in tests with
submerged heaters show that the critical temperature
difference for the 1.2 cm container measured in STDCE-2
was close to that measured in 1 g with the same container,
which means that buoyancy has negligible effect on the
onset condition in our ground tests with small containers
(D < 1.2 cm). According to Fig. 5, Q. seems to depend
slightly on Hr but the effect of Hr is within the exper-
imental error.

Based on the critical heat flux for onset of oscillations,
we compute (Mag),, according to equation (6). The result
is given in Fig. 6. As in our past work, we plot (Mag).,
against D, since D is the only main quantity varied in
those tests. If (Mayg),, is the only parameter to specify
onset of oscillations, it should not vary with D. Figure
6 shows that, as we have found also in various other
experiments under different conditions, the critical Mar-
angoni number varies with container size. Clearly, Ma
along cannot specify the onset. A new aspect and par-
ameter must be introduced.

Based on our extensive experimental and theoretical
work on the oscillation phenomenon, we believe that
this additional aspect is free surface deformation. Our
physical model of oscillations is given below. In the fol-
lowing discussion, flow along the free surface is called the
surface flow and that toward the heated region in the
interior is called the return flow. Although the heated
region is a relatively small region, it is an important
region because that is where hot fluid originates. There-
fore what happens there could influence the entire tem-
perature field. The heated region is sketched in Fig. 7a.
The important features of the present configuration are
that the heated region is relatively small (Hr < 1) and
that the fluid velocity there is large. Consequently, the
convection time scale in this region is small relative to
the overall convection time. The small convection time
means that the temperature field, and thus the ther-
mocapillary driving force, could change very quickly.
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Fig. 4. Isotherms obtained from thermograms taken during oscillations (Maqg = 2.4 x 10*, Ar = 1 and Hr = 0.1).
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Fig. 5. Critical heat fluxes measured in 1 g and in microgravity
for Ar = 1.

Therefore, when the surface flow in the heated region
is changed quickly, the return flow would not respond
immediately, because the free surface must deform first
to generate sufficient pressure gradient for the response,
in other words there exists a time lag. This time lag is the
primary factor in the oscillation mechanism.

Suppose that the surface flow in the heated region is
increased by a small amount. The return flow in that
region does not respond immediately because the free
surface must deform first (the surface must depress).
Because of the deformation a small amount of the fluid
is removed from the surface region, which decreases the
thermal boundary layer thickness in the heated region,
as illustrated in Fig. 7a. Then the radial temperature
gradient in the boundary layer increases as a result of
increased cooling of the layer by axial conduction (See
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Fig. 6. Critical Marangoni numbers for onset of oscillations for
Ar=1.

Fig. 7b). The increased radial temperature gradient, in
turn, further increases the surface flow. The trend con-
tinues until the return flow catches up with the surface
flow. This marks the beginning of an active period.
Around this time, the flow becomes non-axisymmetric:
the active period occurs only in diametrically opposed
regions at a given time, as the IR images in Fig. 4 show.
This non-axisymmetry is caused by the fact that the sur-
face temperature reduction in the heated region (Fig. 7b)
induces azimuthal temperature gradients in this region.
Consequently, more heat is convected to the active region
from other directions by the thermocapillary flow caused
by the azimuthal temperature gradients.

As more heat is transported out of the heated region,
the surface temperature just outside the region increases
(Fig. 7b). Subsequently the hot region propagates toward
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the cold wall, driven by the radial temperature gradient
near its front. This convection of hot fluid toward the
cold wall is clearly seen in the IR images. After the hot
fluid reaches the cold wall, it then comes back to the
heated region as the return flow. Therefore, after some
time, which is proportional to the bulk flow convection
time, the return flow begins to warm the heated region.
As a result, the surface temperature there begins to rise,
which reduces the aforementioned azimuthal ther-
mocapillarity toward the active region. Consequently, the
heat flux in the active region is reduced and the surface
temperature outside the heated region decreases. This is
the slow period in that region. In the mean time, the heat
flux in the originally slow region begins to increase and
by the same mechanism described above, that region now
becomes active and goes through the same cycle.

The above discussion suggests that the flow becomes
oscillatory when the free surface deformation in the
heated region becomes large compared to the thermal
boundary layer thickness in this region so that the ther-
mocapillary driving force there is substantially altered.
Therefore, a parameter, which characterizes that ratio, is
derived.

The free surface deformation of interest, d,, can be
estimated as follows. Since the surface flow is limited to
a thin boundary layer in the heated region, the pressure
change and the associated free surface deformation in the
region are caused by the bulk flow with velocity scale Uy,
With deformation d, in the heated region, the pressure of
order ¢d,/R? is created in the heated region, which pro-
duces the pressure gradient of order (¢d,/R}?)/R in the
bulk flow toward the heated region. Suppose that the

increased surface velocity causes the free surface to recede
with a velocity of order Uy, in the heated region. Then the
deformation causes a time lag of order J,/U, because it
takes that long to deform the surface. After the time lag
the bulk flow responds to the above pressure gradient
and stops the receding surface, which can be written
mathematically as

U o, 1
b s - (7)

PoJU, " "R R
Equation (7) is a balance of the unsteady term and the
pressure gradient in the momentum equation. Jus-
tification for using the unsteady term will be given later.
The thermal boundary layer thickness in the heated
region can be estimated as

fXR 1/2
5TH ~ (7;) (8)

Based on our concept of oscillations the ratio of d, to drg
must be on the same order for the oscillations to start.
From equations (1)—(8) one obtains

S [)O(2 1/2 )
S o~ M. Ro*) /3 pyl/2
- (U R) ao(R*)" Prl ©)

The above ratio is called a surface deformation parameter
or S-parameter. Oscillations should appear beyond a cer-
tain value of S.

Based on the above results, the deformation time 6,/ Uy,
relative to the diffusion time scale R*/v can be expressed
as (po?/oR)"*PrHr. The ratio is much less than unity in
all of our experiments, both in microgravity and on the
ground. This is the reason why the unsteady term is used
in equation (7).

In order to evaluate R} and Pr,, in equation (9) one
needs to know AT. As explained earlier, it is very difficult
to measure the free surface temperature at the center (77)
accurately because of the very thin thermal boundary
layer in the heated region. Although Ty can be deter-
mined approximately from the IR imager data in the
STDCE-2 tests, we could not do so in our ground-based
tests with smaller containers (R less than 5 mm) because
the boundary layer was too thin. Therefore, we relate AT
to Q so that the S-parameter can be evaluated in terms
of imposed quantities in the following

Neglecting the effect of absorption length we can relate
0 and AT from a balance between heat input and con-
duction heat transfer in the heated region [8].

0 Ry,
KATR, ~ S (10)

The error due to neglecting the absorption length will be
discussed later. Then from equations (1), (8) and (10)
one can relate Q and AT. The S-parameter can then be
expressed as
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2\1/2 1/8
S = <%> Maly* Prl® (ﬁ—) (11)

The viscosity ratio factor in equation (11) can be set to
one generally. Then we can compute S without measuring
AT. The absorption length affects the relationship
between Q and AT, but since AT appears mainly as
(Ro*)'? in equation (10), its effect on S'is relatively small.
Based on the numerical analysis for the conditions of the
STDCE-2 and our ground-based tests, it is estimated that
the error of neglecting the absorption length and using
equation (10) in the computation of S'is +11%.

The data in Fig. 5 are replotted in Fig. 8 were S is
computed according to equation (11). As seen in the
figure, all the data are correlated very well with the S-
parameter: all the data lie within S = 69 + 14%. The data
scatter is largely due to the effect of absorption length.
Therefore, one can say that the flow becomes oscillatory
when S is larger than about 70. It is clear that Mayq is
an important parameter, because the oscillation are a
convection phenomenon, but in the parametric ranges of
STDCE-2 and our ground tests the S-parameter is the
limiting parameter. The reason why the magnitude of S
is much larger than unity is that S is proportional to
U,'"®, equation (11), and, as mentioned earlier, we need
to multiply U, by a factor of approximately 0.01 to esti-
mate its magnitude properly. If we include the mul-
tiplication factor, the magnitude of S will be of order
unity. It can be shown that computing S according to
equation (9) with the measured or computed AT can
reduce the scatter in Fig. 8. However, a large amount of
data available for the onset of oscillations in the so-called
half zone configuration show that the data tend to scatter
considerably for various reasons [10]. Therefore, it is not
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Fig. 8. S-parameter for onset of oscillations for Ar = 1.

attempted here to include the effect of absorption length
in S.

The oscillation frequencies are shown in Fig. 9. Only
a few data are available from our ground-based tests.
The frequencies were determined from the videotapes of
IR images and flow visualization. Except for the data for
D = 1.2 cm, the oscillations frequencies were obtained
near the onset of oscillations. The frequency decreases
with increasing D. The frequency is not a strong function
of Hr. According to the aforementioned model for oscil-
lations, the oscillation period is associated with the over-
all time of convection, R/Uy. Therefore, the oscillation
frequency is non-dimensionalized herein as

e () ot o

B Ub/R: o

Since the scaling law of U, used in equation (12) is
obtained for the basic steady flow, the above expression
is valid only near the onset of oscillations. The dimen-
sionless frequencies are presented in Fig. 9. The figure
shows that f* is nearly constant (about 0.018) in agree-
ment with equation (12). The values for D = 1.2 cm are
generally smaller than those for other containers, which
is due to the fact that the oscillatory flow was not close
to the onset.

The critical heat fluxes for the onset of oscillations for
the shallow containers (4r = 0.5) are given in Fig. 10.
Only three data points were obtained in STDCE-2 and
no 1 g data are available for Ar = 0.5. Compared to the
critical values for Ar = 1 (Fig. 5), the values for 4r = 0.5
are about twice as large for a given container diameter.
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Fig. 9. Dimensional and dimensionless oscillation frequencies
for Ar = 1.
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Fig. 10. Critical heat fluxes for Ar = 0.5.

The reason for the larger Q., for Ar = 0.5 is that the basic
flow is slower for a given flux due to increased effect of
the bottom wall. According to the numerical analysis,
the maximum stream function is about 70% smaller for
Ar = 0.5 compared to that for Ar = 1 under otherwise
the same conditions.

Since it can be shown that the scaling law for the heated
region, equation (1), is still valid for Ar = 0.5 and that
the bulk flow is viscous-dominated, we expect the S-
parameter expression, equation (11), to be still true for
Ar = 0.5. The critical values of S-parameter for Ar = 0.5
are shown in Fig. 11. Although not enough data are
available, the critical S-parameter seems to be constant
(144+9%) as in the case of Ar = 1. Figure 11 also shows
the dimensionless oscillation frequencies near the onset
of oscillations for 4r = 0.5. The value of f* is nearly
constant and close to the value for Ar = 1 (Fig. 9).

7. Conclusions

Thermocapillary flow experiments were conducted
aboard the Space Shuttle. The flows were generated by
CO, laser heating in cylindrical containers filled with a
high Prandtl number fluid (Pr = 33 at 14°C) and became
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Fig. 11. S-parameter and dimensionless frequency for Ar = 0.5.

oscillatory beyond the critical heat fluxes. The effects
of container dimensions and heating zone size on the
oscillation phenomenon were investigated. The critical
heat flux increases with increasing container diameter,
which is consistent with our ground-based data taken
with smaller containers. The effect of heating zone size
on the critical flux is relatively small. The Marangoni
number alone cannot specify the onset of oscillations,
requiring an additional parameter to describe the oscil-
lations. Numerical analysis of the basic flow shows that
the bulk flow is viscous-dominated near the onset of
oscillations. Therefore, a surface deformation parameter
(S-parameter) is derived for the viscous bulk flow. The
experimental data show that the flow becomes oscillatory
when S is larger than approximately 70 for Ar = 1. The
oscillation period increases with increasing container
diameter and scales with convection time in the bulk flow.
Pulsating thermograms are observed during oscillations.
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