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Abstract Two research projects on pool boiling in
microgravity have been conducted aboard the Chinese
recoverable satellites. Ground-based experiments have
also been performed both in normal gravity and in
short-term microgravity in the Drop Tower Beijing.
Steady boiling of R113 on thin platinum wires was
studied with a temperature-controlled heating method,
while quasi-steady boiling of FC-72 on a plane plate was
investigated with an exponentially increasing heating
voltage. In the first case, slight enhancement of heat
transfer is observed in microgravity, while diminution
is evident for high heat flux in the second one. Late-
ral motions of bubbles on the heaters are observed
before their departure in microgravity. The surface
oscillation of the merged bubbles due to lateral coa-
lescence between adjacent bubbles drives it to detach
from the heaters. The Marangoni effect on the bubble
behavior is also discussed. The perspectives for a new
project DEPA-SJ10, which has been planned to be
flown aboard the Chinese recoverable satellite SJ-10 in
the future, are also presented.
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Introduction

Boiling is an extremely complicated and illusive pro-
cess. Microgravity experiments offer a unique opportu-
nity to study the complex interactions without external
forces, such as buoyancy, which can affect the bubble
dynamics and the related heat transfer. Furthermore,
they can also provide a means to study the actual
influence of gravity on the boiling. On the progress in
this field, several comprehensive reviews, for example,
Straub (2001), Di Marco (2003), Kim (2003), and Ohta
(2003) among many others, are available.

In the past years, two research projects on pool boil-
ing in microgravity have been conducted utilizing both
the Chinese recoverable satellites and the Drop Tower
Beijing in the National Microgravity Laboratory/CAS.
Some of the research findings will be highlighted here.
Furthermore, the perspectives are also presented here
for a new project DEPA-SJ10 (bubble Dynamics and
hEat transfer in Pool boiling on an artificial cAvity
in microgravity), which has been planned to be flown
aboard the Chinese recoverable satellite SJ-10 in the
future.

Experimental Facilities

In the first project, a temperature-controlled pool boil-
ing (TCPB) device has been developed (Liu 2006; Wan
et al. 2003). The working liquid is degassed R113 at
subcooled conditions. A platinum wire of 60 um in dia-
meter and 30 mm in length is simultaneously used as
heaters and thermometers. The heater resistance, and
thus its temperature, is kept constant by a feedback
circuit. There’re 16 set-points in the range of the heater
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temperature from 35°C to 135°C. The heater temper-
ature is controlled stepping up-down-up in the exper-
iments. According to Straub (2001), each step lasts
about 30 s in order to obtain steady pool boiling. The
TCPB device has been flown aboard the 22nd Chinese
recoverable satellite RS-22 in September, 2005.

In the second project, a quasi-steady pool boiling
(QSPB) device has been developed (Yan 2007; Zhao
et al. 2007a). The working fluid is degassed FC-72. A
plane plate heater with an effective heating area of
15 x 15 mm? is used. A quasi-steady heating method
is adopted, in which the heating voltage is controlled
as an exponential function with time, namely U =
Uoexp (t /1), where t denotes the heating time. In or-
der to make the heating process as a quasi-steady state,
the parameter 1y is set for 80 s, which satisfies the quasi-
steady heating condition (Johnson 1971). The system
pressure and the liquid subcooling are also controlled
separately during the experimental runs. The QSPB
device has been flown aboard the Chinese recoverable
satellite SJ-8 in September, 2006.

Experimental Results
Pool Boiling on Thin Wires

Detailed experiment conditions of the space and
ground-based experiments are listed in Table 1 (Liu
2006).

Figure 1 shows the heat transfer curves obtained in
the flight experiment. It’s found that the agreements
between the prediction by Kuehn and Goldstein (1976)
and the measured single-phase natural convection both
in normal and in microgravity warrant reasonable con-
fidence in the data. Following the single-phase natural
convection, an explosive boiling occurs as soon as the
heater temperature switches to the 16th set-point both
in normal and in microgravity, and then transfer to
two-mode transition boiling due to the effect of surface
tension. Thus, the superheat at the onset of boiling is
independent on gravity, or at least, dependent much
weakly on gravity. In the nucleate boiling regime, heat

Table 1 Experimental conditions in the project TCPB-RS22

P (kPa) ATqp (°C)
Ground exp. before flight 101.2 25.5
Space exp. 101.0 26.2
Ground exp. after flight 101.4 27.1
Drop tower exp. 101.6 241
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Fig. 1 Heat transfer curves from a thin wire in microgravity

transfer in microgravity is the same or slightly enhanced
comparing with that in normal gravity (Fig. 2).

As shown in Fig. 3, it’s also found that Lienhard-
Dhir-Zuber model (Lienhard and Dhir 1973; Zuber
et al. 1961) can give a good prediction on the trend of
CHF in different gravity conditions, although the value

Rwire\/ g(pL — ;OV)/U
is far beyond its initial application range. Here, it ought
to pointed out that due to no measurement for the
residual gravity during the flight, it is estimated in the
range of (1073 ~ 1073)g, based on the previous flights
of the same kind of satellites. These observations are
consistent with Straub (2001). Furthermore, comparing
the trend of CHF in Fig. 3 with the common viewpoint
on the scaling of CHF, it’s inferred, as pointed out by
Di Marco and Grassi (1999), that the dimensionless
radius R’, or the Bond number, may not be able to
scale adequately the effects and to separate groups con-
taining gravity due to complex competition of different
mechanisms for small cylinder heaters.

A forward-and-backward lateral motion of vapor
bubbles is observed along the wire before their depar-
ture in microgravity (Fig. 4) (Zhao et al. 2007b, 2007c).
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Fig.2 Microgravity efficiency on heat transfer at nucleate boiling
appropriate to Fig. 1
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Fig. 3 Scaling of CHF with gravity in boiling on cylinders

Generally, the lateral velocity U increases with the
decrease of the bubble size, which can be interpreted by
Marangoni convection around adjacent bubbles (Zhao
et al. 2006). This kind of lateral motion can lead to
lateral coalescence between adjacent bubbles. The sur-
face of the merged bubble oscillates in this process,
which may be caused by the interaction between the
surface tension and vapor inertia. Then, the bubble will
be lift up, namely detachment occurs. It’s found that
the oscillation due to coalescence of adjacent bubbles
is the primary reason of bubble departure in the fully
developed nucleate boiling regime in microgravity.
Three critical bubble diameters, namely 0.3 mm,
3.5 mm, and 84 mm, are observed in the discrete
vapor bubble regime in microgravity, which divide the
observed vapor bubbles into four regions: Tiny bubbles
are continually forming and growing on the surface
before departing slowly from the wire when their sizes
exceed the first critical value. The bigger bubbles, how-
ever, can be found staying on the surface again when
their diameters are greater than the second critical
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Fig. 4 Position X and lateral velocity U of a typical bubble
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Fig. 5 Bubble departure diameters in microgravity

value. If they grow further bigger than the third critical,
departure will be observed again. The first two kinds of
bubbles can be observed both in normal and in micro-
gravity conditions, while the others only in micrograv-
ity. In the traditional bubble departure models, no one
can predict the whole observation. Based on the model
of Lee (1992), a qualitative model is proposed (Zhao
et al. 2008), in which the Marangoni effect is taken into
account. In normal gravity, the function for the total
forces acting on the growing bubble, f(y), has only one
zero-value point, indicting only one critical diameter
for bubble departure. But, the second and third zero-
value points will be predicted by the new model when
the gravity reduces to no more than 1.36 x 10~*g,
indicting three critical diameters existing for bubble
departure which can divide the whole range of the ob-
served bubbles into four regimes as the observation in
microgravity. Figure 5 shows the comparison between
the prediction and the observation. The agreement is
quite evident.

Pool Boiling on Plane Plate
There are 8 runs obtained in the space experiment.

The experimental conditions are shown in Fig. 6, which
can be classified into four groups according to dif-
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Fig. 6 Experimental conditions in the project QSPB-SJ8
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Fig. 7 The onset of boiling in microgravity. a Explosive boiling
in the first run. b Bubbles grown gradually in the second run.
¢ Heater temperature in the 1st and 2nd runs

ferent pressure and/or subcooling (Yan 2007; Zhao
et al. 2007a). Before the space flight, several ground
experiments have performed. The results are in good
agreement with those of Honda et al. (2002) and Rainey
et al. (2003), which warrants reasonable confidence in
the data.

In the first run, the first appearance of bubbles is
abrupt and explosive (Fig. 7a), and an obvious over-
shooting is observed in the heater temperature, corre-
spondingly (Fig. 7¢c). In the following runs, the bubble
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Fig. 8 Boiling curves on plate in different gravity

is observed to grow slowly and even at an obvious
standstill after their first appearance (Fig. 7b shows an
example in the second run). Correspondingly, no over-
shooting can be observed in the heater temperature
(Fig. 7c. Here the curve for the second run has been
shifted 15°C up for the reason of clarity). It may indi-
cate that there could be residual micro-bubbles in cavi-
ties after the preceding runs, which make the cavities
easier to be activated.

In Fig. 8, the boiling curves in microgravity are com-
pared with the control experimental result in normal
gravity. The boiling curves in microgravity have much
smaller slopes than those in normal gravity, which is
consistent with previous results, for example, Lee et al.
(1997) among others. Furthermore, the boiling curves
in microgravity even have no turning point, resulting in
some difficulties in determining accurately the occur-
rence of CHF. It might be caused by the side effects due
to the limited heater size, although no clear observation
has made on the local motion structure adjacent to
the heater surface near CHF since the CCD camera
recorded images only from a single direction at about
45° with the heater surface.

For the same pressure, nucleate boiling occurred sig-
nificantly earlier at a quite lower wall superheat, and
thus more efficient of heat transfer in low heat flux
can be observed in microgravity. In high heat flux,
however, much evident diminution of heat transfer can
be observed and the values of CHF are also quite lower
in microgravity, which is no more than 40% of that in
terrestrial condition.

It’s found that the nucleate boiling will be enhanced
with the increase of subcooling or pressure for the same
pressure or subcooling in microgravity, and that CHF
will also increase with the subcooling and/or pressure.
These characteristics are similar with those observed on
Earth.

It’s also observed that vapor bubbles glide on the
heating surface throughout the boiling process. They
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will collide with each other and coalesce to form the
bigger coalesced bubble. The coalesced bubble ab-
sorbs continuously the primary bubbles until it covers
the whole heater surface. The growing velocity of the
coalesced bubble decreases with the increase of sub-
cooling, since the condensation at the top of bubbles
will increase (Li et al. 2008).

Perspectives for the Project DEPA-SJ10

A new project DEPA-SJ10 has been planned to be
flown aboard the Chinese recoverable satellite SJ-10 in
the near future. This project is a part of the program of
the SJ-10 recoverable space scientific experiment satel-
lite for microgravity and space life science research,
which is one of the Chinese major space activities in
the 11th 5-year plan (2007-2012) and scheduled to be
launched in 2010.

In the project DEPA-SJ10, a series of single bubble
experiments will be used as a model of subsystems
in nucleate pool boiling of pure substances. Figure 9
shows briefly the schematic of the heater, the boiling
chamber and the visualization of the bubble behaviors.
Carefully degassed FC-72 will be used as the working
fluid. A special designed plane heater with an artificial
cavity will be used to produce a single vapor bubble at
fixed location. Transient processes of bubble formation,
growth and detachment will be observed, while the
temperature distribution near the active nucleation site
will be measured at subcooling and saturated condi-
tions. The main aim is to describe bubble behavior
and convection around the growing vapor bubble in
microgravity, to understand small scale heat transfer
mechanisms, and to reveal the physical phenomena
governing nucleate boiling.

Mirrorge
CCD
Mirrore
Liquid
Pool
LED light panel
f\'\B‘nhblt
‘_ I Mirror
Metallic Foil
TLC
—
LED light panel i
o
]
=]

Fig. 9 Schematic of the heater and visualization

Conclusion

Utilizing the Chinese recoverable satellites, we have
conducted two projects on study of pool boiling heat
transfer in microgravity. Ground-based experiments
have also been performed both in normal gravity and
in short-term microgravity in the Drop Tower Beijing.
Two kinds of heater are used. One is a thin platinum
wire, the other is a plane plate. Steady pool boiling of
R113 on the wire with a temperature-controlled heat-
ing method is studied, while quasi-steady pool boiling
of FC-72 on the plate heater with an exponentially
increasing heating voltage is studied. It’s found that
only slight enhancement of heat transfer can be ob-
served for the wire case, while much large diminution
can be observed in high heat flux for the plate case.
The bubble patterns are dramatically altered by the
variation of the acceleration in both cases. Lateral
motions of vapor bubbles were observed before their
departure in microgravity. Generally, the lateral veloc-
ity increases with the decrease of the bubble size. This
kind of lateral motion can lead to lateral coalescence
between adjacent bubbles. The surface of the merged
bubble oscillates in this process and then the bubble will
be lift up, namely detachment occurs. The Marangoni
effect may play an important role in the discrete bubble
dynamic behaviors. Further study on the origin of the
Marangoni effect in a liquid-vapor system with phase
change is needed.

A new project, DEPA-SJ10, has also been planned
to be flown in the near future. Some major features are
described briefly, and the perspectives for this project
are also presented.
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