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   The Space experiment is planned to be performed in Japanese module KIBOU on ISS in the FPEF 
facility (Fluid Physics Experiment Facility). The preparation of Space experiments, which includes ground based 
experiments and theoretical studies will be conducted in Europe (Belgium, Germany, Spain, Israel) and in Japan. 
The objective of the project is to understand the mechanisms of heat transfer through interface and to examine 
associated hydrodynamic instabilities. The study is focused on investigating the influence of ambient gas on the 
behavior of free interfaces and of fluid flow beneath.  
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Nomenclature 
 

L :height of liquid bridge 
D : Diameter of liquid bridge 

 Subscripts 
0  :initial 
cr :critical 

 
1.  Introduction 
 

 The dynamics of fluid systems involving 
interfaces remains a challenging problem of modern 
physics. First, from a technical point of view, the 
resolution of problems involving moving boundaries 
requires either sophisticated mathematical tools or, in 
most cases, powerful numerical methods and computers.  
Second, more fundamentally, even adequately solved 
system of equations and boundary conditions often fails 
to describe the results of simple experiments, because 
of the difficulty of identifying effects pertaining to a 
realistic physicochemical system. Further complications 
arise because of the heat/mass transfer, when buoyancy 
or surface-tension gradients result in the global increase 
of transport and appearance of oscillatory flows.  

        The most relevant industrial applications 
related to heat transfer through the interface in 
cylindrical geometry concern material processing, e.g. 
crystal growth of semiconductors using floating zone 
technique or Czochralski method with its different 
geometries and adaptations. In floating zone (FZ) 
technique, a primary solid material disk e.g. Silicon, is 
melted and re-solidified as an external surrounding 
heater passes along. The purity and the crystal structure 
of the material are improved by such a procedure. But, 
the resulting crystals can exhibit defects induced by 
unsteady convection occurring within the liquid. The 
oscillatory convection bifurcating from the steady flow 
generally results in a poorly homogeneous crystal1),2). 
Studies on the mechanisms governing the flow 
dynamics and heat transfer are particularly helpful in 
controlling the crystal growth process and thereby the 
quality of its products3). An alternative goal is related to 
fundamental science. The hydrodynamic effects in 
columns with lateral free surface provide a unique terrain 
on which to test fundamental theories of non-linear 
dynamics and chaos4),5).  

After many years of research, the convective 
flows in systems with free boundaries continue to 
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attract attention from both fundamental and application 
aspects. Experiments under microgravity will 
contribute significantly to the understanding of the flow 
physics by eliminating buoyancy which is tightly 
connected with thermocapillary flows on the ground. 
To successfully treat such a complex problem, 
including experiment on ISS in Japanese module, an 
international team of scientists has been formed. The 
team members have been selected among scientists with 
different expertise (experimental physics, applied 
mathematics, computer science, etc).  

 
2. State-of-art  
 

The scientific model, which is used to mimic 
industrial floating zone technique, is called a liquid 
bridge (LB) and its sketch is shown in Fig.1.  

 
 

 

 

 
 
Figure 1. Geometry of  
liquid bridge. 

 
Figure 2. Sketch of the key 
elements of laboratory liquid 
bridge with shielding. 

     
    The convective flow is initiated by thermocapillary 
forces even for very small applied temperature 
differences. In ISS environment the residual gravity is 
negligibly small and convection is driven by the interface 
due to gradient of surface tension force and is associated 
with Marangoni number. The steady convective flow 
becomes oscillatory unstable in the case of high Prandtl 
number liquids when the temperature difference 
increases and achieves a defined critical value, ΔT = ΔTcr. 
There are many factors, which influence ΔTcr: the Prandtl 
number, the aspect ratio, the liquid bridge shape, and the 
heat exchange with the environment. In this project the 
attention is focused on the influence of thermal 
conditions near the free surface on the onset of instability 
in the liquid. 

It has been recently found that the onset of 
oscillations in high Pr number fluids is very sensitive to 
the heat transfer at the interface. The heat loss is 
associated mainly with natural convection in the 
surrounding air induced by differently heated parts of 
experimental set-up. Under typical conditions, the natural 
convection has been neglected in the past. However, 
Shevtsova et al6), Schwabe7) et al, and Kamotani et al8) 
(see also reference inside) have shown that the onset of 

oscillations is very sensitive to the heat loss: the critical 
temperature difference for the onset of instability can 
change by a factor two or three when the surrounding air 
temperature is varied. Recently Tiwari and Nishino [8] 
have numerically studied interfacial heat transfer in liquid 
bridge with Pr=48.7 with a partition block in the gas 
phase. All opinion converges, that the influence of the 
convective flow in the surrounded gas has very important 
effect on the behaviour of the liquid phase. Furthermore, 
the temperature distribution above the interface plays also 
significant role in the flow organization. 

 
3. Experimental embedding  
 

Here for better understanding, the presentation of the key 
parts of the experimental setup is given using analogy 
with laboratory set-up, geometry of which is shown in 
Fig.2. The top and bottom rods are kept at different and 
constant temperatures Thot and Tcold (Thot>Tcold) yielding a 
temperature difference ΔT = Thot - Tcold. The temperature 
difference is maintained by resistance heater and Peltier 
elements.  
     The temperature control in FPEF facility on ISS 

has multifold structure. The surface temperature of LB is 
measured by Infrared camera with accuracy ±2.0K, see 
Fig.3. Along with non-invasive measurements five or 
more metal-sheathed thermo-couples of the diameter 0.3 
mm are embedded into the liquid through the lower rod. 
The upper rod is made from transparent sapphire. The 
thermal sensors will measure the temperature of the 
supporting solid disks over duration of the experiment 
with sampling rate 10Hz and accuracy ±0.5 K. Three 
additional sensors will measure temperature of the 
ambient gas with the same sampling rate and accuracy.   
     To establish a floating zone the liquid is injected 

from a dedicated computerized pump into the gap 
between rods. Silicone oil 5 cSt (KF-96L-5cSt, 
producing company Shin-Etsu Chemical Co, Ltd.) will be 
used. 
 
 
 
 
 
 
 
 
 
 
  
     

Figure 3. Non-invasive instruments of observation. 
 

    For study the flow organization, a wide spectrum 
of different non-invasive modern techniques is 
employed. The qualitative information about 
three-dimensional flow pattern might be obtained from 
simultaneous observation through CCD camera at the 

CCD Camera 

Side View-Camera 
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top of LB and additional side view camera. The tracer 
particles are added into the liquid for the quantitative 
measurements of the velocity. The gold coated acrylic 
particles are available in two different diameters: 30μm 
(MX-3000N) and 100μm (MR-200N) manufactured by 
Soken Chemical & Engineering Co., Ltd. Visualization 
of the tracers with spatial resolution 0.15 mm will be 
performed by using CCD cameras, providing the 
velocity determination with accuracy  ±3.0 mm/s.  
     Until now the experiments conducted in the 
terrestrial conditions are limited to only small liquid 
bridges having diameter in order of 5mm or less.  It is 
not enough to understand sensitivity of the free surface 
in context of the Marangoni convection taking place. 
Weightlessness provides unique opportunity to increase 
considerably the size of liquid bridges (LB). In the 
frame of planned experiment two different diameters of 
LB will be used:  D=10 mm, 20 mm. 
   The height of liquid bridge will vary between 5mm 

and 20mm in such a way, that two different aspect ratio 
will be examined from: A=L/D=0.5 up to A=2. 
  

        
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Dependence of onset of instability of the temperature 

of ambient gas for different liquid bridge volumes. 
 
   The previous ground studies have shown6), that the 

susceptibility of free surface to surrounding conditions 
drastically depends on the liquid bridge volume. Concave 
LB (relative volume V<1) is less sensitive to the 
disturbances of the free surface than the straight (V=1) or 
convex LB (V>1), see Fig.4. Hereafter the relative 
volume of LB is measured with respect to the straight 
cylinder, V= Vol/V0 where V0= π R2L. Figure 4 clearly 
demonstrate that the threshold of oscillatory instability is 
extremely sensitive to the temperature of ambient gas 
around the fat liquid bridges, V=1.2. Critical temperature 
difference, ΔTcr, significantly goes up with increasing 
temperature of the ambient gas for different experimental 
conditions; sh and nsh stand for shielded and 
non-shielded LB in Fig.4. The dependence on ambient 
conditions for the slender liquid bridge V=0.75, (shown 
by dashed line), is very different. Not only is the slope 
15 times smaller but it is negative. Increasing the 

ambient temperature slightly destabilizes the flow. To 
clarify the contributions of buoyancy and capillary forces 
in this effect the Space experiment will be conducted for 
three different shapes: V=0.75 (slender LB); V=1.0 
(straight); V=1.1 (fat LB).   

 
4   Implementation of thermal and mechanical 
stresses  

 
 Our target is to systematically study the influence of 
mechanical and thermal stresses, applied through the 
interface to the liquid, on the dynamics of flow structure. 
The results will be a much better understanding of the 
couplings between the flow organization and these 
imposed stresses, leading to determination the conditions 
for a weakening or even a full suppression of the 
instability and the associated flow oscillations. The 
results of this study are especially important for 
applications involved in energy transfer, for production 
of high value semiconductor compounds, …   
 
 
 
 
 
 
 
 
 
 
              
Figure5. The coordinate system used for description of gas flow. 

 
To study role of mechanical and thermal stresses in the 
development and control of instability, the liquid bridge 
is surrounded by a coaxial glass tube with a larger 
diameter. According present planning in Space 
experiment the radius of external tube will be 
Rout=25mm. Figure 5 presents the sketch of set-up in the 
case of examination of the role of ambient gas.  Gas is 
blown through the annular gap (Rout-R0) between the 
liquid bridge and the tube. The volume flux and the 
temperature of the gas will be carefully controlled. 
 
4.1. Sensitivity of free surface to the mechanical 
stresses.  

The first step of the preparatory study will 
consist of mechanical stability mapping with and without 
liquid interface motion. A gas with different velocity will 
be blown around the liquid bridges of different aspect 
ratios (height / radius) and different gap sizes. Regions 
of the stability diagram where the liquid bridge can 
support stresses caused by gas flow will be identified 
both for isothermal liquid bridge and for liquid bridge 
with applied temperature differences.  The change of 
initially deformed interface shape due to the change of 
ambient conditions is expected to be of the order of 1-5 
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microns.  
In ground experiments the interface deformation 

will be measured by optical imaging technique including 
strong magnification. The silhouette measurement 
technique combined with digital imaging will be used for 
the control of small scale deformations of the interface. 
Images are formed by background illumination to give a 
silhouette effect, which is recorded by a CCD camera at 
adequate sampling rate. Sophisticated technique of 
digital image processing will allow accurate 
determination of flow-induced free surface deformations 
of sub-micron size10). This metrology technique is 
perfectly adapted to the problems when the amplitude of 
the oscillatory free surface deformations due to the flow 
is about 1 μm. Besides, the optical imaging of the entire 
height of liquid bridge can be employed to determine the 
steady superposed interface deformation beneath the 
oscillations. 
     The map obtained in this step will give us clear 
margins where further experiments may be implemented. 
During Space experiment the shape of the free surface 
will be qualitatively determined by side-view camera 
(see Fig.3). The resolution of the camera in Space 
experiment, 70μm per pixel, will not allow precise 
measurements. Thus in this part results of ground 
experiment will be important.  
 
4.2. Sensitivity of free surface to the property of 
gases without forced convection. 
 
     In this part, the study focuses on investigating the 
influence of ambient conditions on the behavior of free 
interfaces in systems initially surrounded by motionless 
gas. Among 20 runs, presently foreseen in experiments 
on ISS, in 10 run gas will not be blown.  Even in the 
absence of the forced flow in the gas, there exists a gas 
flow driven by thermocapillary forces on the interface, 
which arises due to temperature dependence of the 
surface tension of the liquid. It opens the possibility of 
manipulating the flow on the interface by applying 
thermal stresses depending on physical properties of gas. 
One of the objectives is to understand the role of the 
ratios of heat conductivities, viscosities and densities in 
the control of the gas/liquid interfaces.  
   
Table 1.  Physical properties of examined gases. 

Heat conductivity, λ*104, J/(cm*s*K) 
 0°C 100°C 

Helium 14.15 17.06 
Air 2.41 3.17 
Argon 1.62 2.11 
Nitrogen 2.43 3.12 
Mixture 

94％Ar＋6％He  2.37 3.01 
 
On the ground the experiments are usually performed in 
air. Inside FPEF facility by default the experimental 

cell is surrounded by Ar. Another gas, which is allowed 
by safety, might be He. To have gas, whose thermal 
properties are similar to widely used air, 94% Ar and 
6% He might be employed. Another candidate is 
nitrogen, N2. The physical properties of examined gases 
are listed in Table 1. 
 
4.3. Sensitivity of free surface to the property of 
gases with forced convection. 
  
     This step will essentially include systematic 
investigation of flow structures in gas phase and their 
dependence upon the ratio of velocities of the gas in the 
channel and the liquid at the interface. Special attention 
will be focused on the region close to the interface. 
Liquid flow velocity at the interface will be estimated 
by gas velocity profile in this region. Possibility of 
reducing thermocapillary flow intensity by shear stress 
caused by gas motion will be investigated at this step.  
    In order to find the optimum design, preliminary 
tests with varying aspect ratios of the annular gap and 
different flow rates will have to be performed. On one 
hand, a high value of the maximum mean mechanical 
stress seems to be desirable. On the other hand, the 
maximum stress is, among other factors, limited by the 
pressure drop in the gas. If the pressure drop becomes 
large (high gas flow rates) and/or narrow gap it might 
lead to a significant deformation of the liquid-gas 
interface or even disrupt the whole liquid bridge. The 
study of interface deformation by mechanical stresses 
was discussed in Section 4.1. 
      The goal of estimations below is to identify the 
range of parameters, when (a) the heat transfer is large, 
(b) gap size (Rout-R0) is small (to up-load the minimal 
amount of gas to the ISS) and (c) the pressure drop is as 
small as possible (to minimize deflection of the 
interface). To perform estimation of the gas flow in the 
gap between the liquid bridge and wall, let us consider 
the gas as in-compressible fluid. It is supposed that the 
liquid bridge (i.e. internal cylinder), along which gas 
will blow, is much longer than the length of solid disks. 
The fully-developed flow in an incompressible 
Newtonian fluid (neglecting gravity force) in the gap 
between two cylinders, see geometry in Fig.5, is 
described by  

      .01
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Where R=Rout and k=R0/Rout. Equation (1) was solved 
under condition of constant pressure drop dp/dz, valid 
for fully developed flows.  
 

 

Figure 6a. Velocity profiles in 
gas phase when R0=5m,  

Figure 6b.Velocity profiles in 
gas phase when R0=10mm. 

       
      The distribution of the air velocity in the gap is 
shown in Fig.6-a (for R0=5mm) and Fig.6b (R0=10 mm)   
when Rout=25 mm and pressure drop is taken as dp/dz = 
-10-5 Pa/mm=-10-2 Pa/m. Viscosity of gas is equal 
μ=1.82⋅10-5 Pa⋅s. Velocity of the liquid on the surface of 
internal cylinder is  U=10 mm/s (blue line), 
motionless: U=0mm/s, (red line)  and opposite to  the 
gas flow U= -10 mm/s (pink line). The scales in both 
plots are equal. Note that the maximum of the velocity 
is attained not exactly in the middle of the gap.  The 
results clearly indicate that for the same value of 
pressure drop, the velocity in gas is larger when the gap 
is larger. 

 
Figure 7. The dependence of pressure drop on the ratio of radii; 
 

       The dependence of the pressure drop on the 
relative ratio of radii is shown in Fig. 7, where the 
external radius is fixed, and the internal radius is 
variable. As in previous plots, the velocity of the gas 
flow is U=10mm/s (blue line), U=0 (red line), U = -10 
mm/s (pink line). The important point of this plot is 
that the slope sharply changes when 1/k =Rout/R0 ≤ 
1.6 (exact value depends on free surface velocity).  

One may draw a conclusion that experimental 
parameters for radii of disks should be chosen in 
such a way, that their ratio will be close to the 
change of slope for the stronger effect, but above 
ratio Rout/R0 ≈ 1.6. However the Fig.7 has been done 
for the case, when Uz=10mm/s in the center of the 
gap and is subjected to small variations. According 
present planning two geometries are discussed: 
Rout/R0≈2.5 and Rout/R0≈5.  
   The flow rate of the gas through the gap can be 

calculated as 
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The dependence of air flow rate on the ratio of radii is 
shown in Fig.8 where the external radius is fixed, 
Rout=25mm and the internal radius is variable. Other 
parameters are the same in Fig.7.  The flow rate is 
drastically diminishes with decreasing of the gap 
width. In the case when U = -10 mm/s (pink line) on 
the surface of internal cylinder, one may see in the 
Fig.8 the negative flow rate. It indicates on so strong 
counter flow, that gas will return back.  

 
Figure 7b. The dependence of flow rate (air) on the ratio of radii; 

 
      Let us recall that the objectives here are the 
suppression of oscillatory convective flows, which arise 
from instability in the system when the applied 
temperature difference is larger than a critical value. 
Various gas temperatures, flow rates, and gas-flow 
directions with respect to liquid motion on the interface 
will be investigated. Suitable measures will be applied in 
order to keep gas flow as laminar and homogeneous as 
possible in some experiments. Depending on the control 
parameters the gas flow will either accelerate or slow 
down the motion at the interface. Accordingly, the 
structure and the properties (e.g. stability) of the flow in 
the liquid bridge will be modified. Impact of this surface 
flow velocity on stability, spatial organization and 
dynamic transition of the thermocapillary flow will be 
investigated. 
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5. Numerical  modeling 
 

Computer simulation and theoretical analysis 
provide essential parts of the project and complement the 
experimental investigations. A very efficient and 
accurate 3D time-dependent code was developed by the 
different team members.  However, new codes have to 
be developed. They should cope with the increasing 
complexity of the coupled problem of heat and mass 
transfer in two-phase systems with deformable interfaces.  

Direct comparison of experimental and 
numerical results is extremely beneficial for both 
approaches. Let us look at successive step of their 
relations. At first step, numerical calculations made 
prediction and experiments verify these predictions. On 
the next step, experimental results will allow 
considerable improvement the theoretical model. 
Furthermore, having in hands good agreement for a few 
measured quantities, one can get additional knowledge 
about the flow and heat transfer characteristics, which 
cannot be measured directly. Obviously, such 
calculations are complex and time consuming, and, 
consequently, impose limitations on the parametric 
studies. However, it is expected that control numerical 
runs will be used for estimating heat exchange through 
the interface and will allow to work out the simplified 
model, correctly captured physical phenomena. 
Particularly, the most often used Newton law might be 
better adapted to the practical situations by using the 
realistic temperature distribution in gas phase and by the 
choice of correct value of Biot number.  
 

The two-phase mathematical model is based on 
the following assumptions: 

• Both fluids are Newtonian and incompressible. 
• The Boussinesq approximation is valid and the 

density linearly depends on the temperature. 
• The fluids are immiscible and the thickness of 

the interface is neglected. 
• The material properties of the liquid and gas are 

constant, except viscosity. To achieve better 
agreement with an experimental results 
temperature dependence of viscosity will be 
introduced.  

• The liquid bridge interface can have circular or 
statically deformed shape.  

 
Nevertheless, there are some open points in the 
formulation of the problems. The most vague is the 
boundary conditions for gas at the inlet or outlet, see 
Fig.5. It is assumed, that gas will blow through the 
layer of porous media, which is placed below and upper 
the liquid (near the solid supporting disks). At the inlet 
gas, arriving to the level of liquid will not have 
Poiseuille profile. With some tolerance it can be 

considered as uniform velocity at some distance from 
the solid walls. The question with boundary conditions 
at the outlet is still open. The most probably it will be 
treated in the same way as for wave propagating 
problems in unbounded domains11. A few types can be 
analyzed among the most widely used methods  

 Non-reflecting boundary conditions 
 Absorbing layer 

In addition the mass flow rate should be controlled. The 
boundary condition for the temperature at the outlet is 
also not obvious. At the inlet it can be considered as 
constant or linear.  

Conclusion 
 

The objectives of Future space experiment is to 
allow a breakthrough in understanding and in 
description of mechanisms of heat transfer through 
interface and to examine associated the hydrodynamic 
instabilities, targeting to determine core processes 
involved in energy production. This study focuses on 
investigating the influence of ambient conditions on the 
behavior of free interfaces and of fluid flow beneath. 
The coupled liquid-gas flow with heat transfer and 
moving deformable boundaries is very complex. 
Achieving the main objectives will require improving 
theoretical tools, numerical codes and experimental 
techniques.  
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