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In systems with liquid/liquid or liquid/gas interface under microgravity, and even in shallow liquid layers in the
terrestrial conditions, thermocapillary force takes the principal role to drive natural convections. A series of
numerical simulations are conducted to investigate the stability limit of axisymmetric steady thermocapillary
flow in annular liquid pools with curved and adiabatic liquid surface for eight volume ratios 0.809 < Vr < 1.173,
where Vris defined as (liquid vol/vol of the annular gap). Simulations provide the critical temperature difference

AT,, frequency f., and azimuthal wave number m, for each liquid pool. At the critical condition, oscillations start
in form of standing wave. At the slightly supercritical condition (AT*), the standing waves turn to traveling
oscillations. The calculated AT, values decrease with the increase of Vr. A simulation code with a convective
thermal boundary condition in the liquid surface suggests that heat transfer through the liquid surface signifi-

cantly increases the AT, value.

1. Introduction

In systems with liquid/liquid or liquid/gas interface under micro-
gravity, and in shallow liquid layers even under terrestrial conditions,
thermocapillary convection (TC) occurs when temperature or concen-
tration gradient arises along the interface. With remarkable progress in
space activities, TC has been one of the fundamental subjects in
microgravity fluid physics and space fluid/heat management [1-3].
Annular liquid pool is a typical model for investigations of the ther-
mocapillary convection. In this configuration, the basic TC is axisym-
metric stationary when the temperature difference (AT) applied
between the inner and outer walls is small. When AT exceeds a certain
threshold value, i.e. the critical temperature difference AT, the basic
flow becomes unstable against three-dimensional oscillating distur-
bances and turns into oscillatory flow in form of hydrothermal waves
(HTW) propagating in the azimuthal direction. With further increased
AT, the oscillatory TC exhibits complex flow patterns and
spatio-temporal evolutions depending on the control parameters such as
the Reynolds number (Re), the Prandtl number (Pr) and the pool di-
mensions [4-6].

Ostrach et al. [7] carried out the first space experiment on the steady

flow and temperature distributions in circular and annular liquid pools
in 1992. Their pool was composed of a cooled outer wall (diameter 10
cm) and a heated center rod (diameter 1 cm), and the liquid depth was 5
cm. In another space flight, Ostrach et al. [8] measured the temperature
distribution and determined the critical conditions for the onset of
oscillatory flow in small liquid pools with different sizes. Thereafter,
space experiments on the stability of TC in annular pools have been
conducted with a deep pool heated at the inner wall [9,10] and a
shallow pool heated at the outer wall [11-14]. Recently, Kang et al.
[15-17] conducted a series of space experiments using an annular liquid
pool on board the China’s SJ-10 recovery satellite. They investigated the
effects of the free-surface shape on the stability of TC. Dynamics and
transitions of the wave pattern were observed and the nonlinear dy-
namics of the traveling waves, standing waves, and counter-propagating
waves were also studied.

In addition to the rare and valuable space experiments, many theo-
retical and numerical studies have been reported. Based on the linear
stability analysis (LSA), Smith and Davis [18,19] first predicted that TC
in an infinite liquid layer driven by the imposed temperature gradient
parallel to the free surface in zero gravity would become unstable
against three dimensional disturbances. They found stationary
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longitudinal rolls and unsteady hydrothermal wave (HTW) in the case of
a flat free surface. Smith [20] also explained the mechanism of the hy-
drothermal wave instability. Pukhnachev [21,22] built theoretical
models of flows concerning thermocapillary forces and free surface
deformation, which contributes to fundamental hydrodynamic theories
in this field. Shvarts and Boudlal [23] theoretically studied advective
flow in a horizontal rotating liquid film of infinite extent with free
surface. Then Knutova and Shvarts [24] conducted further in-
vestigations on an advective thermocapillary flow in a weakly rotating
horizontal liquid layer in microgravity conditions with linear stability
analysis. Sim and Zebib [25] numerically investigated the effects of the
Coriolis force and heat loss/gain through the liquid surface on the crit-
ical conditions for the onset of oscillatory thermocapillary convection
(HTW) in an open annulus heated from the inner wall. Their results
showed that heat loss from the free surface would stabilize the basic
steady flow(i.e., increases the critical Reynolds number). Sim et al. [26]
also numerically investigated the effect of the aspect ratio of the pool
and heat exchange between the liquid surface and the ambient envi-
ronment on the critical condition for the onset of HTW in annular pools
heated from the outer wall. Their results showed that heat loss through
the interface increased Re. and decreased critical frequency. Wu et al.
[27] numerically studied the characteristics of thermo-soluto-capillary
flow bifurcations and pattern evolutions of binary fluid in a rotating
cylinder partially covered by a rotating circular disk attached to the
liquid surface (like the Czochralsky crystal growth furnace). They
observed various flow patterns at different temperature differences and
disk/pool rotation rates. Bessonov and Polezhaev [28-30] numerically
investigated the convection and heat transfer in the Czochralski model.
Bekezhanova and Goncharova [31-34] theoretically and numerically
studied thermocapillary flows considering evaporation, and their works
provide deeper understandings about thermocapillary flow with the
phase transition. Shi et al. [35] determined the critical conditions for the
onset of oscillatory flows in a shallow annular pool of silicone oil (Pr =
6.7). Hoyas et al. [36] obtained the stability diagram for the flow in
annular pools of silicone oil heated at the inner wall by LSA.

Note that most of these studies assumed planar free surface. How-
ever, under microgravity, the planar free-surface assumption is not al-
ways valid and non-flat liquid surface shape causes diversities of the
spatio-temporal evolutions of HTW and changes the critical condi-
tions. Therefore, the volume ratio of the liquid zone (Vr = Vi/zh 2 -
riz)), which denotes the ratio of the liquid volume (V}) to the volume of
the annular gap between the walls, is one of the important factors for the
stability of the basic flow especially under microgravity [3]. This paper
reports the results of 3D direct numerical simulations (DNS) for the
thermocapillary flow in annular liquid pools under various temperature
differences AT between the inner and outer walls. Simulations reveal
that the flow and temperature fields under small AT is axisymmetric, this
flow is named as the “basic flow”. At a certain AT (the critical temper-
ature difference AT.) the basic flow changes to a three-dimensional
oscillatory flow with a wave number m. and a frequency f.. At the
critical stage (AT = AT,), the temperature and velocity fields oscillate in
form of standing waves, i.e. apparently without any drifts in the
azimuthal direction. At and over the slightly supercritical stage (AT =
AT*) the oscillations appear as traveling waves. Although the numerical
results predict critical temperature differences smaller than the experi-
mental results, both show similar decreasing trends of critical temper-
ature and frequencies as volume ratios increase. To explain the
discrepancy, numerical simulations which consider heat exchange be-
tween the liquid surface and ambient gas at 391 K using a convective
thermal boundary condition on the liquid surface are also conducted.
The results for Vr = 1.0 show that the heat exchange stabilizes the basic
flow (i.e. increases AT, value), which can account for the lower critical
value obtained by the numerical simulations.
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Fig. 1. Sketch of annular pool identical to SJ-10 space experiments.

Table 1
Variable @, dimensionless parameter R, source term Sy and Sg* in Eq. (1).
Variable D Ry So Se
Mass 1 oo 0 0
Momentum (jth comp.) U; 1 _ 0P 0P 0
ox; 08, 0X;
Energy 2] Pr 0 0

2. Model and methodology
2.1. Model

Fig. 1 shows a top-opened annular liquid pool which is identical to
the space experiment apparatus on board China’s SJ-10 recovery satel-
lite [15-17]. The radius of the central column is r; = 4 mm, radius of the
outer wall is r, = 20 mm, and the gap width is Ar = ro-ri. The heights of
the central column and outer wall are both d = 12 mm. The central
column is heated (Tj), and the outer wall is fixed at 290 K (T,). The
working fluid is 2 cSt silicone oil with Pr = 28.01.

The mathematical model is composed of the continuity, momentum
and energy equations for the fluid. The dimensionless governing equa-
tions can be written as

0p oUD\ 1 0 [(dD\
(F—ax,- ) _ETx(Tx) =S W

where @ is a general transport variable, X; the i-th Cartesian coordinate,
U; the i-th Cartesian velocity component, 7 the time, S, the source of @,
and R¢ a dimensionless parameter. In deriving the above equations, the
non-dimensional length, velocity, temperature with respect to To,
pressure and time are scaled by the reference length, velocity, temper-
ature, pressure and time, which are chosen respectively as

v

lyg=d, wyy = 4

lref

2
Tref =T —T,, Pref = p”rgf7 T= )
Uper

where p is the pressure, T the fluid temperature, p the density, v the
kinematic viscosity, a the thermal diffusivity and Pr = v/a. Table 1
shows the definition of @, Sy and R for each equation.

2.2. Methodology

According to the advantages discussed in Ref. [37], a
block-structured grid [38] with matching/non-overlapping interfaces
was adopted in the present study. The domain was divided into finite
control volumes (CVs). Non-uniform grid assignment is adopted in the
physical domain to increase the resolution near the boundaries.

Due to the non-orthogonality of the grids and the curvilinear
boundaries, the boundary-fitted-coordinate (BFC) method [39] is
adopted. The governing equation (Eq. (1)) in the physical space (X;, i =
1,2,3) is first transformed to the computational space (&;, i = 1,2,3) and
takes the following form after the coordinate transformation [40]:
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where J = 0(X1,X2,X3)/0(E1,E2,E3) is the Jacobian matrix, and gu=(0¢/
0X{)(0€1/0X;) is the metric tensor. In Eq. (2), Uy* is the contravariant
velocity, which is defined as Uyx*=(JU; 0£x)/(0Xj), So* is the source term
after the coordinate transformation given in Table 1.

The shape function is adopted to estimate the derivatives related to
the coordinate transformation 0X;/d¢j, where X; is expressed as X; =
Zﬁzldﬁn(él E0,E3)Xic, 1 =1, 2, 3, @y (&1, £, £3) is the shape function and
subscript ¢ denotes the corner points of the CV. This method is found to
be able to improve the accuracy of the metric valuables such as the
Jacobian matrix and the metric tensor.

Eq. (2) is discretized using a fully conservative finite-volume method
with a non-staggered arrangement of the variables [41]. Central dif-
ference is used for all spatial derivatives and first order forward differ-
ence for the time derivatives. For the convective term, QUICK scheme
[42] is applied. Based on the continuity equation, a pressure-correction
equation is derived according to SIMPLE algorithm [43]. To ensure the
correct coupling of pressure and velocity fields, the well-known mo-
mentum interpolation technique of Rhie and Chow [41] is applied. The
time interval Az = 107> is tested to be suitable.

2.3. Boundary conditions and initial conditions

With the curvilinear free surface, the non-dimensional boundary
conditions can be written as follow:

1) B.C. at the free surface

T [[7 =Mave- 7., 7. [[n=MavO- T, U-uw=0,v07=0
3

where f and 7 are the tangential and normal unit vectors of the free

surface, respectively, II is the stress tensor and U is the velocity
vector. Subscripts £, &5 denote the curvilinear coordinates. In our
coordinate assignment, for the region below the free surface, &
corresponds to the radial direction along the free surface and ¢, is the
circumferential direction. Ma is the Marangoni number defined as
Ma = —(yr ATd)/pv.

2) B.C. at the central column and outer wall:

—

U=0, 6,=1, 0,=0 (C)]

3) B.C. at the bottom:
U=0v0w=0 5)

Details of the treatment of the boundary conditions at free surface
are described in Ref. [44].

The fluid is assumed motionless initially, and the temperature dif-
ference is assumed directly applied between the central column and
outer wall at the beginning of the calculation 7 = 0. On the other hand,
the free surface shape is calculated based on the Young-Laplace equation
at 7 = 0 and it remains unchanged in the subsequent calculations of the
velocity and thermal fields.

2.4. Verification of the model

The validity of the treatment of boundary conditions at the curvi-
linear surface proposed above was described in Ref. [44] in detail.
Moreover, three grid numbers (173635, 332145, 637065), which cor-
responds to (41 x 121 x 35), (61 x 121 x 45) and (81 x 121 x 65) in (r,
0,2) directions, are used to carry out the grid independence test. For the
planar free surface case, the determined AT, is 9.10K, 8.33 Kand 8.16 K
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Vr=1.113
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Vr=0.809

Fig. 2. Free-surface morphologies for liquid pools with various liquid vol-
ume-ratios.

respectively. The corresponding relative difference decreases from 12%
to 2%. Therefore, the grid number 332145 is adopted in the subsequent
calculations in consideration of both calculation accuracy and compu-
tation cost.

3. Results and discussion
3.1. Liquid surface configurations and axisymmetric steady flow

In the present study, instabilities of thermocapillary flow in annular
liquid pools with different liquid volume-ratios (Vr = 0.809, 0.855,
0.905, 0.940, 1.000, 1.045, 1.113 and 1.173) are investigated. Here-
after, AT [K] and f [1/sec] instead of the non-dimensional parameters
Ma and the non-dimensional frequency are used. Since the triple-phase
lines are assumed to anchor at the upper edges of the annular gap, the
free-surface shape changes from concave to convex as Vr increases, as
shown in Fig. 2. The basic flow is axisymmetric and steady before the
onset of oscillations. Fig. 3 shows the temperature distribution in liquid
pools with different volume ratios right before the onset of the oscilla-
tory flow. Highly distorted isotherms suggest that the basic flow is very
strong and creates thermal boundary layers along borh the inner and
outer walls.

3.2. Critical conditions for the onset of oscillatory TC

When AT exceeds the critical value AT, the basic flow becomes
unstable and oscillatory TC sets on in the form of hydrothermal-waves of
m, (wave number) and f, (frequency). Spatio-Temporal Diagram (STD)
of surface temperature along the azimuthal direction at r = 12 mm for
Vr = 0.809 are shown in Fig. 5 to present the thermal patterns. Fig. 5a is
the STD at the critical stage (AT, = 12.95 K) and Fig. 4b at the slightly
supercritical stage (AT* = 13.40 K). The checkerboard pattern of Fig. 4a
indicates a standing oscillation caused by interactions between two
hydrothermal waves with m = 4 traveling in the opposite azimuthal
directions. On the other hand, Fig. 5b, the STD at the slightly super-
critical stage, is composed of 4 white and 4 black slanted parallel lines,
indicates a traveling HTW of m = 4.

The critical conditions (AT, m. and f.) and slightly supercritical
condition (AT *, m* and f *) for the eight Vr values are tabulated in
Table 2. The DNS results show that AT. decreases with increasing Vr.
Number of azimuthal waves (m) of the DNS results are all m = 4 except
for m = 3 in the case for Vr = 1.173. These results imply that there is a
switch of instability mode for Vr = 1.173, and the switch leads to the
increase of the critical frequency f. between cases for Vr = 1.113 and
1.173, which is similar to the linear stability results for Pr = 0.011 ob-
tained by Liu et al. [45].

3.3. Standing oscillatory flows

The 3D structure of the instantaneous temperature field of the
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Vr=0.809 AT=12.90k Vr=0.855 AT=11.70k Vr=0.905 AT=10.30k Vr=0.940 AT=9.50k 0.6
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Vr=1.000 AT=8.32k Vr=1.045 AT=7.65k Vr=1.113 AT=6.7k  Vr=1.173 AT=6.0k

Fig. 3. Isotherms of the axisymmetric steady TC in liquid pools of different volume-ratios. (on a vertical cut at ¢ = 0 and at temperature difference AT = AT, —

(0.02-0.05 K)).
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Fig. 4. Spatio-temporal diagram (STD) of the surface temperature along the azimuthal direction at r = 12.0 mm for Vr = 0.809. (a) At the critical stage (AT = 12.95

K). (b) At slightly supercritical stage (AT = 13.40 K).
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Fig. 5. Thermal disturbance field projections on the free surface at a certain moment at the critical stage for (a) Vr = 0.809, AT =12.95K, m = 4, (b) Vr = 1.113, AT

=680K, m=4,(c) Vr=1173, AT=6.10K, m = 3.

disturbances (T(utw)) can be drawn by subtracting the pseudo steady
axisymmetric temperature field (averaged over a few periods) from the
instantaneous local temperature. Fig. 5 shows the temperature distri-
butions on the free surface for Vr =0.809, 1.113 and 1.173 at the critical
conditions. Each pattern is composed of 2m (m brighter and m darker)
polygons. These standing oscillations occur by superimposition of two
hydrothermal waves traveling in opposite azimuthal directions.

Next two figures show snapshots of temperature disturbances in a
vertical cut-plane near the antinode (Fig. 6) and the node (Fig. 7) of the
standing wave (for Vr = 0.809, AT = 12.95 K and m = 4) taken at the

same instances during one period. It should be noted that the largest
amplitude of the temperature oscillation appears near the bottom of the
pool and the amplitude near the surface is much smaller. The amplitude
of the temperature disturbance in Fig. 7 is much smaller than that in
Fig. 6 because the cut plane in Fig. 7 locates near the nodes. Since the
temperature disturbances shown in these two figures oscillate syn-
chronously, the temperature disturbance in the critical stage indicates
standing oscillation. The disturbance patterns for other Vr values show
similar behaviors.

Note that the Fourier analysis of the surface temperature oscillation
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Table 2
Critical and slightly supercritical conditions for pools with 8 liquid volume-
ratios.

\%g DNS-critical DNS-slightly supercritica
AT./K fo/Hz m, AT*/K f*/Hz m*

0.809 12.92 0.0464 4 13.40 0.0478 4
0.855 11.72 0.0418 4 12.20 0.0437 4
0.905 10.32 0.0356 4 11.00 0.0403 4
0.940 9.52 0.0372 4 10.00 0.0383 4
1.000 8.33 0.0303 4 8.75 0.0355 4
1.045 7.67 0.0335 4 8.00 0.0340 4
1.113 6.75 0.0324 4 7.00 0.0327 4
1.173 6.05 0.0339 3 6.50 0.0337 3

in the critical stage for Vr < 1.045 show only one peak at the funda-
mental frequency (and its subharmonics, if any). On the other hand, the
temperature oscillations for much fatter pools (Vr = 1.113 and 1.173)
show two peaks, i.e. one higher peak at the fundamental frequency and a
lower peak at frequencies very close to the fundamental frequency, as
shown in Fig. 8. The Fourier analysis gives the frequencies for Vr=1.113
as fi = 0.0322 Hz (fundamental frequency) and f, = 0.0358 Hz, and f; =
0.0338 Hz (fundamental frequency), fo = 0.0315 Hz for Vr = 1.173. The
Dynamic Mode Decomposition (DMD) [46] is applied to investigate the
inherent spatio-temporal evolution of the temperature oscillations.

L

contour section

el el el
= N e
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DMDs with ranks from 3 to 15 are tested to seek the optimal
reduced-rank. The relative error between the reconstructed and the
original data decreases from around 5%-2.5% by increasing the rank
from 3 to 8, and the error retains 2.5% for ranks from 8 to 15. Therefore,
number of DMD modes are set to be 8 for both Vr, and ordered by the
magnitude of the amplitude coefficient of the initial snapshot. Fig. 9
shows the time evolution of the amplitude of each DMD modes for Vr =
1.113 under temperature difference near AT, (~6.80 K). Fig. 10 shows
the spectral diagram of the time evolution of the seclected DMD modes
and the corresponding temperature disturbances on the free surface.
Mode 1 (first and second conjugated modes) has wavenumber m = 4 and
f1 =0.0319 Hz, mode 2 (third and fourth conjugated modes) hasm =8
and fo = 0.0655 Hz, the fifth and sixth conjugated modes are
non-oscillatory modes, and mode 3 (seventh and eighth conjugated
modes) has m = 3 and f3 = 0.0351 Hz.

For Vr = 1.173, the typical frequencies are f; = 0.0338 Hz, f; =
0.0315 Hz and f3 = 0.0680 Hz as shown in Fig. 11, the first two con-
jugated modes are of m = 3 with frequency f; = 0.0341 Hz, the third and
fourth are of m = 4 with frequency f> = 0.0316 Hz, the sixth and seventh
are of m = 6 with frequency f3 = 0.0682 Hz, the rest are non-oscillatory
basic modes. Frequencies of the DMD modes are consistent with fre-
quencies of the original thermal filed oscillation, thus it can be referred
that two competitive wave modes with different wavenumbers(m)
coexist during the development of the hydrothermal wave, and the
dominating one overwhelms the other due to its larger amplitude

T_disturb

0.001
0.0008
- 0.0006
0.0004
1 0.0002
0
-0.0002
-0.0004
-0.0006
-0.0008
-0.001

Fig. 6. Snapshots (a)-(g) during one period of thermal disturbance in a vertical cut near the antinode of the standing wave under critical condition Vr = 0.809, AT =

12.95 K.
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Fig. 7. Snapshots (a)-(g) during one period of longitudinal thermal disturbance projections near the node of the standing wave under critical condition Vr = 0.809,

AT = 12.95 K.
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Fig. 9. Time evolution of amplitude coefficients of the DMD modes for Vr =
1.113, AT = 6.80 K. (a) mode 1, mode3, mode 5 and mode7 (b) details of mode
3, mode 5, and mode 7.

contribution. For Vr = 1.113 and 1.173, the hydrothermal wavenumber
is 4 and 3 respectively, which implies that the final mode selection of
hydrothermal wave is apparently sensitive to the volume ratios.

3.4. Traveling oscillatory flows

As shown in Table 2, when the applied AT is slightly above the
critical value, i.e., at the slightly supercritical stage with (AT*, m* and
f*), the oscillation frequency increases. Fig. 12 shows the temperature
disturbance on the free surface at a certain moment at the slightly su-
percritical stage for Vr = 0.809, 1.113 and 1.173. It can be seen that the
wavenumber remains unchanged compared to that at the critical stage.
However, the motion of hydrothermal waves is sensitive to the applied
temperature difference. Standing wave loses its stability and turns into
traveling wave at the slightly supercritical stage, e.g., see Fig. 4b. Note
that the m-wave structure is rotating along the azimuthal direction
instead of pulsating locally.

4. Comparison with SJ-10 space experimental results

As mentioned above, a series of space experiments in an annular
liquid pool were conducted on board the China’s SJ-10 recovery satellite
[15-17]. The free surface shape dependent instability of TC in micro-
gravity was investigated. In the present study, the triple-phase-lines are
supposed to be anchored at the top edge of the heating column and the
outer wall as shown in Fig. 2. However, in the SJ-10 space experiments,
the separation of the return capsule from the satellite causes a very large
residual acceleration on the experimental apparatus. Unavoidably, some
liquid escapes from the pool and some liquid attached on the wedge of
the heating column, and the wedge lost the pinning power [17]. Thus
the free surface shapes are different from those in the present study,
especially for Vr > 1.000.

Table 3 compares the volume-ratio dependent critical conditions
(AT, m. and f.) determined by the DNS (DNS-critical) and the SJ-10
space experiment (EXP) in the range of 0.809 < Vr < 1.000. AT, and
fc of the DNS show qualitatively similar Vr dependences as those of SJ-10
space experimental results except for some differences in quantity. The
number of azimuthal waves (m) of the present DNS results is also
generally same as those of SJ-10 experimental results. Possible major
sources of the quantitative differences are discussed in the following
paragraphs.

The present DNS assumes an adiabatic liquid surface but there exists
heat exchanges between the ambient gas and the liquid surface. Sim
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Fig. 11. Spectral diagram of the dynamics of the DMD modes and their temperature disturbance fields on the free surface for Vr = 1.173 AT = 6.10 K (a) mode 1(m

= 3) (b) mode 3(m = 4), (c¢) mode 6(m = 6).

et al. [25,26] reported the significant effects of the interfacial heat
transfer on the critical condition of thermocapillary flow in annular
pools. In the SJ-10 space experiment payload, the ambient temperature
was maintained at Tgp, = 291 K which is slightly higher than the tem-
perature of the outer wall (290 K). On the other hand, the surface of the
solid central pole is higher than the liquid surface. Part of the heated gas
around the central pole is driven by the liquid flow on the surface, then
flows along the liquid surface toward the outer wall, and is mixed with
the colder gas near the outer wall, thus there exists a weak return flow
toward the central pole. The temperature distribution in the gas phase is
not uniform but three dimensional. Accordingly, the direction of the
heat flux through the liquid surface may change with the radial position.
These temperature distributions are only given by a numerical simula-
tion based on a set of fundamental equations and boundary conditions
for liquid and gas phases. Such kind of simulation needs larger computer
loads.

Here, in order to roughly assess the impact of the heat transfer
through the liquid surface on the critical conditions, the boundary
conditions on the liquid surface is replaced by Eq. (6). The last equation
in Eq. (6) indicates that the heat exchange rate between the liquid sur-
face and the ambient gas is kept at a temperature 0.

T, [[7=Mave 7., T [[#=Mav6-T;, U-7=0,V60 -7 =Bi(0—6,)

where Bi = hd/A and @pa=(Tamp-T,)/AT is the Biot number and the non-
dimensional ambient temperature, h is the heat transfer coefficient, and
Tamb the ambient temperature. The simulation code is run for Vr =1.000
and Tamp = 291 K. In this case, the liquid surface with local temperature
higher than Tymp = 291 K is cooled. Since we do not know the correct
value of h in the SJ-10 space experiment, DNS was run for h = 0.5 and
15.0 W/(mzK) and the results are shown in Table 4.

These results show that the heat exchange through the interface
stabilizes the basic flow and significantly increases AT.. To simulate the
phenomena correctly, information on the gas temperature and value of h
must be given. However, there is no way to correctly estimate the gas
temperature and h in the experimental equipment. For acurate and
reliable critical condition, the velocity and temperature fields in the
liquid and gas phases connected at the interphase must be solved
together. (In some case, radiative heat transfer between the liquid sur-
face and the surrounding solid walls must be considered even the tem-
perature is not so high.)

Detailed LSA code and new simulation code, which consider the heat
transfer through the interface, are developing. Systematic results will be
reported elsewhere.

©
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Fig. 12. Temperature disturbance on the free surface at a certain moment at the slightly supercritical stage: (a) Vr = 0.809, AT = 13.40 K, m = 4 (clockwise), (b) Vr
= 1.113, AT = 7.00 K, m = 4 (counter-clockwise), (c¢) Vr = 1.173, AT = 6.50 K, m = 3 (counter-clockwise).

Table 3
Comparison of critical conditions determined by the DNS (DNS-critical) and the
SJ-10 space experiment (EXP) for 0.809 < Vr < 1.000.

\%g EXP DNS-critical
AT./K fo/Hz m. AT./K fo/Hz m
0.809 18.26 0.0525 3 12.92 0.0464 4
0.855 19.35 0.0525 4 11.72 0.0418 4
0.905 16.80 0.0525 4 10.32 0.0356 4
0.940 14.04 0.0450 4 9.52 0.0372 4
1.000 14.95 0.0450 4 8.33 0.0303 4
Table 4

DNS results about the effect of h (heat transfer coefficient) on the AT, for the
present liquid pool with Vr = 1.000.

Vr h W/(m?K) Tamb/K AT./K fo/Hz me

1.000 Exp 291 14.95 0.0450 4
0.0 291 8.33 0.0303 4
0.5 291 8.60 0.0380 4
15.0 291 14.85 0.0540 4

0.809 Exp 291 18.26 0.0525 3
0.0 291 12.92 0.0464 4
15.0 291 23.50 0.0871 4

5. Conclusion

In the present study, direct numerical simulations, assuming adia-
batic boundary condition at the liquid surface, are adopted to investi-
gate the thermocapillary convection in annular liquid pools with
different liquid volume ratios (0.809 < Vr < 1.173). Numerical simu-
lations reveal that the volume ratios have significant effects on the
critical condition for the onset of oscillatory thermocapillary convec-
tion. The critical temperature difference AT. and the corresponding
oscillation frequency f. decrease with the increasing volume ratios Vr. At
the critical stage, the TC is the standing oscillation with wavenumber m
= 4 for all volume ratios studied except m = 3 for the case Vr = 1.173.
The standing oscillation is rather unstable and is replaced by the trav-
eling oscillation having the same wave number at the slightly super-
critical stage.

The critical conditions predicted by the present numerical simulation
show qualitatively similar Vr dependencies of the results of the SJ-10
space experiments for small Vr. However, the calculated AT, is much
smaller than the results of the space experiments. Slightly modified
numerical code, in which the boundary condition at the liquid surface is
replaced by a convective heat transfer condition between the liquid
surface and the gas at which the temperautre T is assumed to be 291 K,
predicts significant stabilization of the basic flow for h = 15 [W/m K].
However, the reliable h value and the gas temperature in the space

experiment are not known. Results of numerical simulations calculated
by a new code, which calculate the velocity and temperature fields
combined by boundary conditions at the interface, will be reported
elsewhere.
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