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Flow Visualization of Axisymmetric Steady Marangoni Convection in

High-Prandtl-Number Liquid Bridges in Microgravity

Taishi YANO and Koichi NISHINO

Abstract

Microgravity experiments on Marangoni convection in a liquid bridge of high-Prandtl-number fluid so-called Marangoni Experiment in
Space (MEIS) and Dynamic Surf (DS) were performed on board the International Space Station (ISS) to understand the Marangoni convection
instability. This study reports the internal flow patterns and velocity profiles of the axisymmetric steady Marangoni convection observed in
these projects for various Prandtl numbers (Pr = 67, 112 and 207), and for various liquid bridge geometries. The classical three-dimensional
particle tracking velocimetry (3-D PTV) is customized for the microgravity experiments, and the spatial structures of the Marangoni
convection in liquid bridges are measured with good accuracy. The details of the measurement method currently used, and the results of the 3-

D PTV are discussed in this study.
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1. Introduction

Surface tension is caused by the difference between the inter-
molecular force in the bulk of the liquid below the surface, and
that at the surface; this force acts on the liquid to minimize its
surface area. Because the intermolecular force is influenced by
the temperature, concentration, and electric field, the surface
tension is also a function of these factors.!» When an inhomo-
geneous temperature, concentration, or electric charged field
exists along the free liquid surface, the difference in surface
tension drives the thermocapillary flow, solutocapillary flow, or
electrocapillary flow, respectively. These flows are collectively
called the Marangoni flow. Since Thomson® and Marangoni,¥
who are the pioneering researchers on this phenomenon,
investigated the liquid motion driven by a difference of surface
tension in the mid-nineteenth century, numerous experimental,
theoretical and numerical efforts have been undertaken to date
for understanding Marangoni flows. Above all, the Marangoni
flow in microgravity (ug, hereafter) has been attracting the
special attention of many researchers because surface tension
plays an important role under conditions without body force.
For example, Marangoni flow occurs during the floating-zone
crystal-growth process®>® in ug, and sometimes the appearance
of Marangoni flow affects the quality of the manufactured
crystals.”

A liquid bridge (LB, hereafter), which is a cylindrical column
of liquid connecting rigid parallel disks, is a typical geometry
for studying temperature gradient-driven Marangoni convection

(hereafter referred to as Marangoni convection).® Marangoni
convection in an LB has been studied in a large number of ug
experiments in the sounding rockets, the space shuttles and the
space station thus far,” and this study reports on the results of
Hg experiments conducted on board the International Space
Station (ISS). The surface tensions (o) of many liquids are
decreasing functions of the temperature (7); therefore, the liquid
at the free surface is driven from warmer regions to cooler
regions in this model. Figure 1 illustrates the flow pattern and
the temperature distribution of Marangoni convection in an LB

Hot disk (Ty)
T
= T>T,
D 020
= i
Q i
$ ui
S i
=] i
g_ W _!
4 T<T,
ag> )
g r

Disk diameter, D (= 2R) Cold disk (Tc)

Fig.1 Temperature gradient-driven Marangoni convection
in a liquid bridge. The left and right halves of the di-
agram represent the streamlines and temperature con-
tours, respectively.
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of high-Prandtl-number fluid under zero-gravity conditions. The
data to construct this figure are obtained from a numerical
simulation using commercial software STAR-CCM+.!9 Because
the lower disk is cooler than the upper disk, the flow is driven
from the side of the hot disk (weaker o side) towards the side of
the cold disk (stronger o side) on the free surface of the LB
while transporting the warmer liquid. The liquid arriving at the
vicinity of the cold disk changes direction and penetrates into its
interior bulk. The liquid then returns to the hot disk side while
transporting the cooler liquid to satisfy the principle of the
conservation of mass in the LB. However, a part of liquid
cannot reach the hot disk and merge with surface flow at the
middle height of the LB (z = H/2), consequently forming two
convection rolls: one located near the hot disk and the other in
the lower half. The flow pattern with two (or multiple) axially
aligned convection rolls rotating in the same direction—the so-
called cat’s-eye flow?—tends to appear in longer LBs but not in
shorter ones. The zone dimension of LB is limited to a short size
(say, for heights less than 3 mm) under conditions of normal
gravity; therefore, the Marangoni convection in a long LB is an
important target of g experiments.

The remarkable characteristic of Marangoni convection in an
LB is the instability. When the temperature difference between
the hot disk and the cold disk (i.e., AT = Tu — T¢) is increased,
the driving force as well as the flow velocity also increases.
Marangoni convection in an LB exhibits an axisymmetric steady
motion for small A7, while it exhibits a non-axisymmetric
steady motion or an oscillatory motion for large AT.''? Such
Marangoni instability is strongly affected by the Prandtl number
(Pr) of the test liquid; the transition to a non-axisymmetric
steady flow occurs in low-Pr cases, and the transition to an
oscillatory flow occurs in high-Pr cases. It is reported in the
previous theoretical studies>!'® that the former transition is
triggered by hydrodynamic instability, while on the other hand,
the latter transition is triggered by hydrothermal wave instabil-
ity. The present study focuses its attention on the Marangoni
convection in high-Pr LBs.

The critical conditions for the onset of Marangoni instability
in high-Pr LBs have been studied by many researchers, and
recent numerical simulations'? and theoretical stability anal-

yses!®

provide reasonable agreement under critical conditions
with the experimental results, meaning that the mechanisms of

Marangoni convection instability are progressively revealed.

However, some discrepancies between the results obtained from
the experiments and those obtained from the simulations or
theories remain. One of the reasons for such discrepancies is the
lack of quantitative experimental data that can be used for the
validation of numerical simulations and theoretical stability
analyses, e.g., data on the velocity and temperature inside the
LB, and information on the heat transfer through the LB free
surface. It is difficult to measure these quantities using small-
scale LBs on Earth under normal gravity, but some of them can
be measured using large-scale LBs in pg. The velocity fields
inside the LBs have been measured in the ug experiments
conducted on board the ISS; this study reports the flow patterns
and the velocity profiles of axisymmetric steady Marangoni
convection in high-Pr LBs. The results presented here can be
used as the benchmark data and can be made available to all
researchers working on Marangoni convection.

2. Method
2.1 Experiment

The Japanese Experiment Module Kibo on the ISS has a
facility called Fluid Physics Experiment Facility (FPEF), which
specializes in Marangoni convection research, and all data
presented in this study were obtained in this facility. The ug
experiment on Marangoni convection in Kibo consists of four
projects: Marangoni Experiment in Space (MEIS), Dynamic
Surf, Marangoni UVP, and Japanese-European Research
Experiment on Marangoni Instability (JEREMI); MEIS'® and
Dynamic Surf'? were conducted in 2008-2013 and 2013-2016,
respectively, Marangoni UVP was started in 2010 and is still
ongoing, whereas JEREMI'®') is planned for execution in 2020.
This study uses the ug experimental data obtained in MEIS and
Dynamic Surf. The details of those projects (e.g., experimental
conditions, facility design, procedures) were reported previous-
ly,'®!7 and only their brief summary is included here.

The projects MEIS and Dynamic Surf (hereafter referred to as
DS for brevity) consist of a series of five ug experiments (from
MEIS-1 to MEIS-5) and a series of three pg experiments (from
DS-1 to DS-3), respectively; the target series in this paper are
MEIS-2, MEIS-3, MEIS-4, and DS-3. Their time periods of
implementation, the supporting disk diameters, and the test
liquids are summarized in Table 1. The test liquids are silicone
oils with the kinematic viscosities of 5, 10 and 20 ¢St manufac-

Table 1 Summary of ug experiments targeted in the present study.

MEIS-2

MEIS-3

MEIS-4

DS-3

Period

Jul. 2009-Aug. 2009

Sep. 2011-Feb. 2012

Aug. 2010-Dec. 2010

Nov. 2015-Nov. 2016

Disk diameter

30 mm

30 mm

50 mm

30 mm

Test liquid

5 ¢St silicone oil
(KF-96L-5c¢s)

20 ¢St silicone oil
(KF-96-20cs)

20 ¢St silicone oil
(KF-96-20cs)

10 ¢St silicone oil
(KF-96-10cs)
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Table 2 Physical properties of silicone oils at 25°C.

KF-96L-5cs KF-96-10cs KF-96-20cs

Prandtl number, Pr (= v/a) [-] 67 112 207
Density, p [kg/m?] 915 935 950
Kinematic viscosity, v [m?/s] 5.0x107¢ 10.0x107¢ 20.0x1076
Thermal diffusivity, a [m?/s] 7.46x1078 8.94x1078 9.67x1078
Thermal conductivity, £ [W/(m-K)] 0.12 0.14 0.15
Volumetric thermal expansion coefficient, S[1/K] 1.09x103 1.06x1073 1.04x1073
Surface tension, o [N/m)] 19.7x1073 20.1x1073 20.6x1073

-5.85x10° @
Temperature coefficient of surface tension, or [N/(m-K)] —6.26x1073 —6.12x1073 —6.24x105®

@ MEIS-3 and ® MEIS-4

tured by Shin-Etsu Co., Ltd. (KF-96 series), and their physical
properties at 25°C are listed in Table 2. We note that the values
of or are based on the measurements by Nishino ef al.'® and the
other values are supplied by the manufacturer.?® The gold-
nickel-coated acrylic tracer particles (Soken Chemical &
Engineering Co., Ltd.) are seeded into the silicone oils for flow
visualization, and their average diameter is approximately 180
um and average density is approximately 1400 kg/m?. The
silicone-oil LB was formed in a gap between the sapphire disk
with the temperature of 7u and the aluminum disk with the
temperature of 7Tc. Since the value of 7u is always set to be
higher than that of 7, the sapphire disk and the aluminum disk
are hereafter referred to as the hot disk and the cold disk,
respectively.

The main measurement devices installed in the FPEF are as
follows: (1) three top-view-CCD cameras (from channel 1 to 3)
for the three-dimensional particle tracking velocimetry (3-D
PTV),2Y (2) a side-view-CCD camera for the observation of the
shape of the LB and its overall flow pattern, (3) an infrared (IR)
camera for the measurement of the temperature distribution on
the LB free surface, (4) three K-type thermocouple sensors for
the measurement of 7c, and (5) two indium tin oxide (ITO) film
sensors for the measurement of 7. Three top-view cameras can

observe the motions of tracer particles inside the LB through the

chZOcmM ch3/

720 pixels

>

480 pixels

Cold disk

Fig. 2 Schematic image of top-view-CCD cameras and their
captured images.

transparent sapphire disk (Fig. 2), and the particle images taken
from the different view angles are used to determine the spatial
motion of each tracer particle in 3-D PTV. This study provides
the flow patterns and the velocity profiles of the steady
Marangoni convection measured by 3-D PTV, and the details of
the next section.

the data analysis are described in

2.2 Three-Dimensional Particle Tracking Veloci-
metry (3-D PTV)

3-D PTV is a simple and effective technique for visualizing
complex flow structures. The 3-D PTV measurements of
Marangoni convection in an LB have been carried out by
several researchers previously.?'?? The data analysis method
used in the current 3-D PTV is based on that developed by
Nishino et al.,>® but with some important improvements. The
main data analysis procedure consists of five steps. The initial
step is the camera calibration. The reference points, whose
positions in the absolute coordinate system are already known,
are marked on the cold disk surface as white dots, and the
images of these dots are captured by each top-view camera. The
positions of reference points in the image coordinate system (X,
Y) and those in the absolute coordinate system (x, y, z) are
related to each other by the collinearity condition?*?¥ as fol-

lows:
X/Apixel =—C all(x_XO)+al2(y_y0)+a13(z_20) +AX s (la)
a1 (x—x0)+azn(y—yo)+as(z—zo)
Y:_Ca21(x—xo)+a22(y—yo)+a23(z—zo)+AY i (lb)
a1 (x—xo)+an(y—yo)+an(z—z)
1 0 0 cosgp 0 sing || cosxk —sinkx 0
a;=|0 cosw —sinw 0 1 0 sink cosk O],
0 sin® cosw || —sing 0 cosg|| O 0 1
2
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y. camera
coordinate
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Fig. 3 Relationship between the absolute coordinate system
and the image coordinate system under conditions of
collinearity.

AXZXO +(X/Apixe]—Xo)(k1}’2+k2}"4)
+p1{rz+2(X/ApiX51_XO)}+2PZ(X/Apier _XO)(Y_YO),

(3a)
AY =5+ (Y =Yo) o +her') .
+2p](X/Apix°]_XO)(Y_YO)"'pz{VZ+2(Y—YO)}’
},«:\/(X/Apixel_on)z—{-(Y_Yo)Z ' “
c

These equations include 14 camera parameters, where (xo, y0, zo)
are the absolute coordinates of the view point, (@, ¢, ) are the
rotation angles of the camera, c is the principal distance, (Xo, Yo)
are the shifts of the principal point, (ki, k2) are the radial dis-
tortion coefficients, (p1, p2) are the decentering distortion
coefficients, and Apixel is the pixel aspect ratio (¥ to X). The
former six parameters are the exterior orientations, and the latter
eight parameters are the interior orientations. We note that the
origins of the absolute coordinate system and the image coordi-
nate system are defined to be at the centers of the cold disk and
the captured image, respectively (Fig. 3). The camera parame-
ters are calculated iteratively by the Levenberg-Marquardt
method?® using Egs. (1)~(4) and more than 300 pieces of
calibration data. The resultant calibration errors are less than 0.9
pixels for all top-view cameras, which is acceptable for an
accurate 3-D PTV.

The second and third steps of the 3-D PTV currently in use
are the particle detection and the particle tracking steps. After
background subtraction from the original image, tracer particles
are detected by the Hough transform method,?® which is
effective in finding circles with the diameter greater than 10
pixels. The average diameter of the present tracer particles on
the images is approximately 3 to 4 pixels; therefore, the Hough
transform method is applied to the image magnified tenfold and

then results are resized to the original magnification. The
motions of the detected tracer particles from the first to the
second frames are tracked by the use of an algorithm that is the
hybrid of the nearest neighbor method and the cross correlation
method. The motions of the particles from the second to the
third frames are determined by referring to the previous veloci-
ties, and the motions after the third frame are determined by
referring to the previous velocities and accelerations. These
procedures are applied repeatedly to the time-consecutive
frames to construct long particle trajectories defined in the
image coordinate system.

The fourth step is the 3-D reconstruction. The particle trajec-
tories obtained in the previous step are transformed into the
absolute coordinate system by using Eqs. (1)—(4) and the camera
parameters. When the target tracer particle is located at (X, ¥) =
(Xp, Yp) on the image coordinate system, Egs. (1a) and (1b) can
be written as

sx(x=x0)+tx (¥—yo)+ux(z—20)=0, (52)

Sy(X—X())+ty(y—y())+uy(Z—Zo)=0, (Sb)
respectively, where

Sx :(Xp —AX)a3| +cap
tx Z(Xp —AX)LI32+C6112 and
Ux :(Xp —AX)LI33 +cas

Sy :(Yp —AY)a3| +cas
ty Z(Yp —AY)£132 +cay .
Uy :(YP—AY)agg +cax

Equations (5a) and (5b) each represent a plane in a 3-D space,
and the intersection line of these two planes indicates the
perspective ray connecting the tracer particle (xp, p, zp) and the

view point (xo, )0, zo) as follows:

txUy —uUxty Xo
I =|uxsy—sxuy |L+| o |, (6)
Sxly —lxSy Zo

where L is the arbitrary constant. The current facility has three
top-view cameras, and if these cameras target the same tracer
particle, all the perspective rays from the different cameras
intersect at the current location of the tracer particle. However,
these perspective rays do not strictly converge to an exact point
in many cases because of the calibration errors as illustrated in
Fig. 4. The minimum distance between the perspective rays
from two cameras is calculated as

() _ _(m)
Xo " —Xo Z('T)Xi(m)
dmin = yé")—yém T = > (7)
‘ZW l“’”‘
(n) _(m) x
2o —2o

where super scripts (n) and (m) denote the channel numbers of
the camera. If the values of |dmin| for all frames are less than the
threshold (i.e., 0.15 mm for D =30 mm and 0.25 mm for D = 50

mm in this study), the target tracer particle is reconstructed into
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Fig. 4 Positional relationship between the perspective rays
from three cameras.
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Fig. 5 Particle trajectories of steady Marangoni convection
in a liquid bridge visualized by the 3-D PTV, where
Pr=207,4=0.50, V=0.95, Tc = 20.0°C, and Tn =
35.4°C (AT=15.4K).

the 3-D space at the middle point of the common normal lines.
In the case when the above condition is satisfied for all camera
combinations (i.e., chl & ch2, ch2 & ch3, and ch3 & chl), the
target tracer particle is reconstructed at the centroid of the
triangle formed by the middle points of the common normal
lines (Fig. 4). In the present study, the particle trajectories
tracked over 30 frames are used to find the corresponding
particle trajectory in the different camera; therefore, the number
of erroneous vectors is comparatively smaller than the previous
3-D PTV in which the matching of the tracer particles was done
for each single frame.

The final step is error reduction. The particle tracking and 3-

D reconstruction methods presently used can improve the
accuracy of 3-D PTV; however, some erroneous vectors may
survive due to calibration errors or other reasons. These errone-
ous vectors are often located outside the measurement volume
or are observed to exhibit obviously strange motions, and they
are discarded. Figure 5 shows the particle trajectories of steady
Marangoni convection in an LB obtained by the present 3-D
PTV, where the particle trajectories reconstructed by three
cameras and those reconstructed by two cameras are shown
together. The toroidal flow pattern can be recognized, and this
result qualitatively indicates the validity of the present 3-D PTV.

3. Results and Discussion

3.1 Flow fields for 4 =0.50

The flow patterns of Marangoni convection in high-Pr LBs
for A = 0.50 and Tc = 20°C are shown in Fig. 6, where experi-
mental conditions are listed in Table 3. We note that 4 (= H/D)
is the aspect ratio (i.e., the ratio of LB height H to the disk
diameter D), V (= Vis/2R?H) is the volume ratio (i.e., the ratio
of LB volume Vs to the gap volume between supporting disks
7R?H), Ma is the Marangoni number, and U is the characteristic
velocity.?) The Marangoni number represents the intensity of
convection, and it is defined as

=C’; saT R (8)
where R (= D/2) is the disk radius and v is the mean of vat Tc
and Tu. We note that R is chosen as the characteristic length
because it becomes more relevant for longer LBs as pointed out
by Nishino et al.'® The following equation®” is used to evaluate
vat an arbitrary temperature 7 [°C]:

25-T
V(T)=v(25°C)xexp| 5.892x—2>—1 | 9
(1)=v(25°0) Xp[ 273.15+T] ©)

The characteristic velocity is defined as

=10 (10)

15.0 15.0 15.0

7.5+

—

— T T — 1
0 7.5 150 0 7.5 150 0
r [mm] r [mm]

(a) D=30 mm, Pr=67 (b) D=30 mm, Pr=112 (c

©  Velocity [mm/s] s

T T |
7.5 150 0 125 25.0
r[mm] r[mm]
) D=30 mm, Pr=207  (d) D=50 mm, Pr=207

Fig. 6 Particle trajectories obtained by 3-D PTV for 4 = 0.50: (a) MEIS-2, (b) DS-3, (c) MEIS-3, and (d) MEIS-4. The experimental

conditions are listed in Table 3.
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Table 3 Experimental conditions of 3-D PTV for 4 = 0.50
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shown in Fig. 6.

Series ATIK] Ma [-] U[mm/s] | V[-]
(AT/AT: [-])

a | MEIS-2 | 7.2 (0.96) 1.9x10* 94.7 0.95

b| DS-3 | 13.6(0.95) 1.5x10% 91.5 0.95

¢ | MEIS-3 | 23.9(0.82) 1.3x10% 81.4 0.99

d | MEIS-4 | 15.4(0.92) 1.4x10* 52.5 0.95

° MEIS-2 »MEIS-3 v MEIS-4 xDynamic Surf-3

1.0 r P~ 1.0 . 1 —
VVODA F 'Dv ]
0.8F T 0.8f+ oy E
X &% o
06+ =™ 4 0.6} X 4
iy oy Ao
N4t @y 1 04t 2% .
20 vv F A0
02} “87 4 02p 2% .
OUV | NAVOO
0 N 0 o v 1
-0.6 0 0.6 -0.8 0 0.8

The instability thresholds of Marangoni convection in high-Pr
LBs in MEIS and DS (i.e., Ma at critical temperature difference
ATc) were reported by Nishino et al.'® and Yano et al.'?,
respectively. Since the values of AT considered in this study are
lower than its critical boundary, the flow states are subcritical
and the flow fields exhibit axisymmetric steady motions.
Therefore, the particle trajectories located at different azimuthal
angles @ (see Fig. 1) are superposed onto the same azimuthal
cross plane in each of the Figs. 6(a)—6(d). It is important to
mention that the numbers of tracer particles seeded into the
silicone oil in MEIS-3 and DS-3 are considerably larger than
those in MEIS-2 and MEIS-4 (approximately four-fold), result-
ing in the overclouded particle images and the small numbers of
reconstructed particle trajectories in Figs. 6(b) and 6(c). All
results presented in Fig. 6 indicate a single toroidal convection
roll rotating in a clockwise direction, and each center of convec-
tion roll is located near the hot corner from where the surface
flow primarily originates. The velocity profiles of radial (u) and
axial (1) components along the z direction at 7/R = 0.50 (return
flow) and 0.95 (surface flow) are compared quantitatively in

u [mm/s] atr/R=0.50

u-[mmf/s] atr/R=0.95

(a) Radial velocity component

1.0 - T 1.0 T T
av o v o v
08 7% Jo08F X'a? -
Ve OAog % %g( AA’:;,
=06 VVV o5 0.6+ 0’>(<°£ %V 4
E 0.4 i vv O)E\x 0.4 mﬁv‘l
NEAT o7 0 %% 1570 e T
vg ° AA [ OSAVV
0.2} o™ 4 0.2- o2, 4
v F o Ay
O 1 0 1 PV
0 0.3 06 -1.6 -0.8 0

u, [mm/s] atr/R=0.50 u, [mm/s] atr/R=0.95
(b) Axial velocity component

Fig. 7 Velocity profiles along the z direction at /R = 0.5
(left) and 0.95 (right) for 4 = 0.50: (a) radial compo-
nent, and (b) axial component.

Fig. 7, where the mean velocities inside the 0.04D x 0.04D
square regions (1.2 x 1.2 mm? for D = 30 mm and 2.0 x 2.0
mm? for D = 50 mm) are plotted as a function of z/H. We note
that the typical measurement uncertainties of u, and u. are £0.05
mm/s and +0.11 mm/s, respectively, where those values are
evaluated from the standard deviations. The results indicate a

375 37.5 1.2
W
|5
E

30.0+ 30.04 >
o
o
(]
>

'_22.5— 22.54 0
£
E
N

15.04 15.04

7.54 7.54

T T T T T 1 T T T T T T T T 1 L B L
0 7.5 15.0 0 7.5 0 7.5 15.0 0 12.5 25.0
r[mm] r[mm] r[mm] r[mm]

(@) D=30 mm, Pr=67

(b) D=30 mm, Pr=112

(c) D=30 mm, Pr=207

(d) D=50 mm, Pr=207

Fig. 8 Particle trajectories obtained by 3-D PTV for 4 = 1.25: (a) MEIS-2, (b) DS-3, (c) MEIS-3, and (d) MEIS-4. The experi-
mental conditions are listed in Table 4.
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Table 4 Experimental conditions of 3-D PTV for 4 = 1.25
shown in Fig. 8.

Series ATIK] Ma [-] U[mm/s] | V[-]
(AT/AT: [-])

a | MEIS-2 | 4.5(0.83) 1.2x10* 57.6 0.95

b| DS-3 | 7.0(0.66) 7x10° 44.4 0.95

c | MEIS-3 | 15.3 (0.86) 8x103 48.7 0.95

d | MEIS-4 | 8.8(0.92) 7x103 26.6 0.99

similar trend in both the radial and axial velocity profiles, but
their magnitudes are different depending on D. As shown in
Table 3, the characteristic velocity for D = 50 mm is lower than
that for D = 30 mm, and this difference is reflected in the
difference in the velocity magnitude shown in Fig. 7.

3.2 Flow fields for A =1.25

The particle trajectories measured by 3-D PTV for 4 = 1.25
and Tc = 20°C are shown in Fig. 8, where experimental condi-
tions are listed in Table 4. Since the flow states are also sub-
critical, the particle trajectories are plotted onto the same
azimuthal cross plane. In contrast to the results for 4 = 0.50, the
particle trajectories for 4 = 1.25 indicate different flow patterns

° MEIS-2 ~MEIS-3 v MEIS-4 xDynamic Surf-3

1.0 T T 1.0 T T
OXA
oX & | o & % ]
ox 4 o
0 X. o
0.8} o 4 0.8F x o <
on x o
0 L AX © 1
~x AXO
20 50
— 0.6} 4% 4 0.6+ A%0 E
L &x AXO
20 | &30 ]
I 20 230
a0 &0
No4r 1 04f W -
&0 20
o 0
o %
0.2} L 4 0.2+ 30 .
X o
o X o
I x o
0 1 X 1

1 0 1
-0.3 0 0.3 06 -0.2 -0.1 0 0.1
u,[mm/s] atr/R=0.50 u.[mm/s] atr/R=0.95
(a) Radial velocity component

1.0 — . r 1.0 T T
o L A0 X
a o x
0.8} 5% “aq08F 5°% -
ox a a xXo
] a | a "xo
Xv O AA AA X)g
—0.6F ox’ a 4 0.6} s 4
= x4 2w
oX 4 | An
04} > 4 04} ax g
08 ax
p o] ax
it &
0.2} 08 4 0.2+ x E
e} ox
[ o X
X o X <
0 L 0 1 1
0 0.3 06 -1.2 -0.6 0

u, [mm/s] atr/R=0.50 u, [mm/s] atr/R=0.95
(b) Axial velocity component

Fig. 9 Velocity profiles along the z direction at »/R = 0.5
(left) and 0.95 (right) for 4 = 1.25: (a) radial compo-
nent, and (b) axial component.

depending on the test liquid. For Pr = 67 (Fig. 8(a)), two
convection rolls both rotating in the clockwise direction can be
recognized: one located near the hot disk and the other located
near the cold disk, and the sizes of these convection rolls seem
to be comparable. For Pr= 112 (Fig. 8(b)), the particle trajecto-
ries also exhibit two convection rolls; however, the size of the
convection roll near the hot disk expands and that near the cold
disk shrinks. For Pr =207 (Figs. 8(c) and 8(d)), the convection
roll near the hot disk occupies the entire flow field inside the LB
and the secondary convection roll cannot be recognized.

The velocity profiles of u» and u: along the z direction at /R =
0.50 (return flow) and 0.95 (surface flow) are presented in
Fig. 9, where the mean velocities are determined by the same
way as with Fig. 7. The typical measurement uncertainties of u,
and u: are £0.02 mm/s and £0.06 mm/s, respectively. Since the
value of U for D = 50 mm is smaller than that for D = 30 mm as
indicated in Table 4, the velocity magnitudes, especially the
axial component, for D = 50 mm are smaller than those for D =
30 mm. In Fig. 9(b), the results for D = 30 mm show a different
trend in the axial velocity profile depending on Pr, in that the
magnitudes of both return flow and surface flow velocities for
Pr =207 are larger than those for Pr = 67 and 112 in the upper
half region of the LB (i.e., 0.5 < z/H < 1.0). Such differences in
the flow velocity seem to be reflected in the differences in the
flow pattern (Fig. 8). It is important to mention that the changes
in the basic flow pattern and flow velocity recognized in Figs. 8
and 9 are not only caused by the effect of Pr, but may be due to
the effect of heat transfer at the LB free surface. Melnikov et
al'" and Shitomi et al?” reported the significant effect of
interfacial heat transfer on the basic flow pattern of Marangoni
convection in high-Pr LBs. Further, they demonstrated the
enhancement of the convection roll near the hot disk due to the
increase of heat loss from the LB free surface in their numerical
simulations. Since the heat loss from the LB free surface
increases with increasing A7, the LB with Pr = 207 is cooled
more heavily than the other cases, and the larger heat loss
changes the basic flow pattern and the flow velocity.

4. Conclusions

This paper reports the details of the three-dimensional particle
tracking velocimetry (3-D PTV) adopted in the microgravity
(ug) experiments on Marangoni convection in a liquid bridge
(LB) and the results of flow measurements of axisymmetric
steady Marangoni convection by 3-D PTV. Two projects of ug
experiments called Marangoni Experiment in Space (MEIS) and
Dynamic Surf have been conducted on the Japanese Experiment
Module Kibo on the International Space Station for understand-
ing the instability mechanisms of Marangoni convection in
high-Prandtl-number LBs. A silicone-oil LB with the Prandtl
number of Pr =67, 112, or 207 is formed between the differen-
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tially heated supporting disks in these projects. The temperature
difference AT between those disks drives the Marangoni con-
vection, while the target flow state in this study is an axisym-
metric and steady. The classical 3-D PTV is optimized for better
measurement of Marangoni convection under ug condition,
which allows one to obtain the velocity fields inside the LBs
with acceptable accuracy. The 3-D PTV measurements are
performed to visualize Marangoni convection in short (4 = 0.50)
and long (4 = 1.25) LBs, where 4 (= H/D) is the ratio of the LB
height H to the disk diameter D. The measurement results of
flow velocities indicate that the Marangoni convection in LBs
with larger diameter (i.e., D = 50 mm) moves more slowly than
that in LBs with smaller diameter (i.e., D = 30 mm). The
measurement results of flow patterns for 4 = 0.50 exhibit a
similar single convection roll regardless of Pr. On the other
hand, the results for 4 = 1.25 exhibit different flow patterns
depending on Pr. Two axially aligned convection rolls are
recognized for Pr = 67 and 112, while a single convection roll
occupies the entire flow field inside the LB for Pr=207. Such a
change of flow pattern is considered to be caused by the effect
of heat transfer through the LB free surface.
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