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ARTICLE INFO ABSTRACT

Keywords: A series of experimental studies on the heat transfer characteristics of pool boiling were conducted aboard the
Pool boiling Chinese satellite SJ-10 in April 2016. Ground comparative experiments under the same conditions were carried
Microgravity

out using the same apparatus. FC-72 was used as the working fluid containing non-condensable gas. The total
quasi-stable-state acceleration aboard satellite SJ-10 during its in-orbit flight is approximately 2 x 107° go. The
integrated microheater fabricated by the microelectromechanical system (MEMS) technique was used to inves-
tigate the boiling characteristics. The boiling surface of the integrated microheater is on top of a flat plate quartz
glass wafer substrate 2 mm thick, heated by a serpentine Pt thin film (main heater) below the substrate. The
effective area of the boiling surface in direct contact with FC-72 is 5.5 mm in diameter. Ten temperature sensors
are located around the boiling surface center and uniformly distributed in the circumferential direction. The
experimental results show that single-phase convection could still be maintained under lower Rayleigh number
conditions, showing consistency with the predictions based on the available correlations. The generated bubble
volume determines the boiling state. At high liquid subcooling, the bubbles formed after the liquid vaporizes are
relatively small, and steam condensation at the bubble cap promotes the phase change efficiency, which
maintains nucleate boiling in microgravity. When subcooling is low, bubbles are larger and cover most of the
heating surface, nucleate boiling is difficult to maintain, and the boiling becomes transition boiling. High liquid
subcooling improves the heat transfer efficiency, thereby contributing to maintaining the progress of nucleate
boiling in microgravity. However, boiling is less affected by liquid subcooling on the ground than in micro-
gravity. A comparison of pool boiling curves between microgravity and normal gravity experiments indicates
that nucleate boiling curves under the same subcooling partially overlap, while the heat flux corresponding to the
initiation of the nucleate state is lower than that on the ground. In microgravity, lower liquid subcooling and
higher heating power will result in larger bubble volumes and easier complete coverage of the heating surface,
resulting in an easier transition from nucleate boiling to film boiling.

Heat transfer

SJ-10 satellite
Single-phase convection
Critical heat flux

pressure, and gravity. The usefulness of classical correlations of boiling

1. Introduction heat transfer, such as the Rohsenow correlation for nucleate pool
boiling, quickly diminishes as parameters of interest start to fall outside
Boiling is one of the most effective methods of heat transfer and is the range of physical parameters for which the correlations were
widely employed in component cooling and various energy conversion developed. Progress in the international space industry demands a better
systems. There also exist many potential applications of boiling in the understanding of the effect of gravity on boiling heat transfer. Micro-
thermal control and management systems of in-orbit satellites and other gravity research can provide a basic scene in which the effects of gravity
large spacecraft, e.g., space stations and deep-space explorers, to ach- on boiling are severely suppressed and can then be conducive to
ieve better heat transfer performance in microgravity. Boiling is a very revealing the mechanisms underlying the phenomena.
complex process due to the interrelation of numerous factors, such as the Research on boiling in microgravity has a history of more than 60
roughness of the heating surface, liquid properties, liquid subcooling, years since the 1960s. The characteristics of nucleate pool boiling in
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Nomenclature

Cg non-condensable gas concentration (ppm)

Ax thickness of the substrate of the integrated micro heater
(m)

2o terrestrial gravity (m/s?)

H Henry’s constant (mole/(mole-Pa))

h heat transfer coefficient (W/(m?K))

Ly, characteristic length (m)

Nu Nusselt number (-)

Ra Rayleigh number (-)

Gr Grashof number (-)

Pr Prandlt number (-)

P liquid pressure (kPa)

q heat flux (W/cm?)

T temperature (°C)

T; temperature at the i th local temperature sensor (°C)
CHF critical heat flux (W/cm?)

Greek

a thermal diffusivity (m?/s)

s volume expansion coefficient (K1)

y thermal conductivity (W/(m-K))
density (kg/m>)

T time (s)

v kinematic viscosity (m?/s)

cp specific heat capacity (J/(kg-K))

u dynamic viscosity (Pa-s)

o surface tension coefficient (N/m)

heg latent heat of vaporization (kJ/kg)

Subscripts

bulk bulk liquid

back, b  back-side of the substrate of the integrated micro heater
top, t top-side of the substrate of the integrated micro heater
sat saturation

sub subcooling

wall inner wall of the boiling chamber

v vapor

l liquid

microgravity have been investigated by various research groups. Many
comprehensive reviews on the progress in this field, for example, those
by Straub [1], Di Marco and Grassi [2], Kim [3], Ohta and Baba [4],
Colin et al. [5], Zhao [6] and Hong [7], among many others, are now
available. Thus, only recent studies closely relevant to the present study
are summarized here.

Among all the kinds of working fluids used in previous experimental
studies, FC-72 is commonly utilized in microgravity experiments
because it has a lower boiling point and is chemically stable. Experi-
ments on pool boiling of FC-72 or n-perfluorohexane at 1 bar on flat
heaters were conducted by Kim et al. [8], Henry and Kim [9], Henry
etal. [10], Rajand Kim [11], and Raj et al. [12-14] in KC-135 parabolic
flights. Boiling bubble behavior as well as contact line movement was
recorded from the side and bottom of the heater. During the parabolic
flights, the experiments went through a high-g (1.8 go) process and a 25 s
low-g (1072 gg) process. The effects of the gravity level, subcooling,
heater size and dissolved gas concentration on pool boiling heat transfer
were investigated in these experiments. Moreover, Raj et al. [15] con-
ducted pool boiling experiments of n-perfluorohexane in the Micro-
heater Array Boiling Experiment (MABE) facility aboard the
International Space Station (ISS). The heating element was a7 x 7 mm?
microheater array. Apart from all the factors that affect boiling heat
transfer described in previous works, the effect of pressure was also
investigated during the in-orbit experiment. From these works, a gravity
scaling parameter was developed to predict the microgravity boiling
heat transfer process from boiling data obtained in earth gravity
experiments.

To avoid the effect of the heater edge, Kawanami et al. [16] used a
larger transparent heater array, which was 76 mm in diameter and 2 mm
in thickness, with 88 pairs of temperature sensors and a mini-heater to
observe the local heat transfer and vapor bubble dynamics in micro-
gravity pool boiling aboard the ESA 49th parabolic flight. The bubble
behavior was found to be strongly affected by the fluctuation of gravity
in low g and affected the heat transfer performance differently in various
liquid subcooling conditions. At high subcooling, heat transfer was
enhanced in the positive low-g period because of the enhancement of
microlayer evaporation and decreased in the negative low-g period
because of bubble detachment. However, under low subcooling condi-
tions, the trend was reversed: in the positive low-g period, bubbles
became larger, and a dry patch formed underneath the bubbles, leading
to deterioration of heat transfer, and in the negative low-g period, the

heat flux increased because of enhanced bubble detachment.

Dhir et al. [17] and Warrier et al. [18] reported results of the
Nucleate Pool Boiling eXperiments (NPBX), also housed in the Boiling
eXperiment Facility (BXF) on the ISS. The microgravity varied from 1.7
x 1077 goto 6 x 1077 g during the in-orbit flight. The heating element
was a 1 mm thick and 89.5 mm diameter aluminum wafer with five
cavities located on the surface. The working fluid was n-per-
fluorohexane, with the dissolved gas concentration varied from 46 ppm
to 737 ppm. In the nucleate boiling regime, a large bubble formed from
the coalescence of multiple bubbles, moved to the middle of the heater
surface and acted as a vapor sink absorbing smaller bubbles generated
on the surface. The normalized heat transfer coefficients for nucleate
pool boiling were found to be weakly dependent on the gravity level.
The heat transfer rate in microgravity was compared to the literature
results and was found to depend on the heater size and fluid confine-
ment. Although the NPBX and MABE experiments were both carried out
in the same device on the ISS, the heating surfaces used by the two were
different, and the obtained heat transfer boiling curve data differed
between the two; thus, they cannot be directly compared.

Zhao et al. [19] investigated pool boiling of FC-72 in microgravity by
using a flat 15 x 15 mm? Al,O3 ceramic substrate with a multi-metal
alloy heater. The experimental facility was aboard the Chinese recov-
erable satellite SJ-8, which could supply a microgravity condition of a
gravity level between 1073 go and 10~ g during in-orbit flight. At high
subcooling, boiling bubbles had smooth surfaces and small sizes, so
nucleate boiling and local dry areas coexisted on the surface. At low
subcooling, bubble nucleation was intensified by the surface oscillation
of the coalesced bubbles. The critical heat flux (CHF) values obtained in
microgravity were only approximately one-third of those in terrestrial
conditions under similar pressure and subcooling. Moreover, Xue et al.
[20] studied the nucleate pool boiling of subcooled FC-72 on a smooth
square silicon chip with dimensions of 10 x 10 x 0.5 mm?® in short-term
microgravity utilizing the Beijing drop tower and in normal gravity. An
experimental study of pool boiling heat transfer was conducted for
micro-pin-finned surfaces with different pitches (45, 60, and 75 pm) and
configurations by Zhang et al. [21]

Di Marco and Grass [22-23] conducted pool boiling experiments of
FC-72 on a heating element consisting of a square 20 x 20 mm? layer of
40 nm thick gold sputtered over a ZnS substrate in the presence of an
electric field in terrestrial and reduced gravity. A microgravity envi-
ronment of 10~* 8o or lower was obtained during the in-orbit flight of the
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Foton-M2 unmanned space mission. The analysis of the boiling patterns
showed that the void fraction in microgravity was increased compared
to that in terrestrial conditions. Although nucleate boiling could still
occur in micro-g, the heat transfer performance was partially degraded.
With the application of an external electrostatic field, boiling heat
transfer was significantly improved under both normal and microgravity
conditions.

Schweizer et al. [24] investigated the wall temperature and heat flux
distributions on a 25 ym stainless foil during nucleate boiling in the
presence of an electric field and in variable gravity. The microgravity
results were obtained during the 50th ESA parabolic flight. The tem-
perature distribution was measured via infrared (IR) thermography, and
the local heat flux to the liquid was computed by applying an unsteady
energy balance. The boiling bubbles did not detach from the heating
surface due to the absence of buoyancy in microgravity, and a rapidly
heating adsorbed film region surrounded by a cool evaporating region
formed in parabolic flight experiments.

The behavior of a single vapor bubble of FC-72 in microgravity was
investigated by Fisher et al. [25] The microgravity experiments were
carried out on the 53rd ESA Parabolic Flight Campaign aboard the
Airbus A300 Zero-G, which could provide 22 s of a microgravity envi-
ronment of -5 x 1072 gy to 5 x 1072 go. The flat heater with an artificial
nucleation site consisted of a CaF substrate coated with a heating layer
of pure chromium and a chromium-based emissivity layer, which real-
ized IR thermography measurement of the local temperature under a
single growing vapor bubble. A local temperature drop and a high heat
flux could be observed in the three-phase contact line region by using
the heater with a higher thermal capacity, in which the behavior was
similar to that with a thin heating element. The influence of liquid
subcooling of single vapor bubble was discussed by Narayan et al. [26,
27]. The bubble dynamics characteristics of isolated single bubble in
subcooled de-ionized water were investigated, and the condensation and
thermal capillary convection characteristics of bubbles were revealed.
Moreover, microlayer dynamics during the growth process of a single
bubble under subcooled nucleate flow boiling was reported by Sinha
et al. [28]. These works highlighted the importance of subcooled liquid
conditions during the complex phenomena of nucleate pool boiling heat
transfer.

Recently, a multiscale boiling investigation which is called RUBI was
conducted on the ISS by Sielaff et al. [29] and Nejati [30]. A detailed
investigation of the growth of bubbles, the influence of shear flow, and
the influence of an electric field within the same test facility using FC-72
as the working fluid was performed. Further work is being done on
sharing and optimizing evaluation algorithms and procedures, focusing
on specific aspects of the bubble behavior in various boiling situations
[31,32].

Similar to the expounded previous projects, to study the bubble dy-
namics in isolated single bubble pool boiling and the local heat transfer
inside the heating element during the boiling process, we developed the
facility SOBER-SJ10 (Single bubble pOol Boiling ExpeRiment aboard SJ-
10), utilizing an integrated microheater as the heating and measuring
element. The former ground experiment results and measurement
methodology were reported by Wu et al. [33]. In-orbit pool boiling ex-
periments were successfully conducted in April 2016. The data from the
single bubble and normal pool boiling experiments were carefully
analyzed afterward. In this paper, only the normal pool boiling experi-
ment results are presented, including the single-phase heat transfer
performance, nucleate pool boiling process in microgravity, nucleate
pool boiling curve in normal and microgravity and film boiling results in
microgravity. The present results are mainly compared to classical heat
transfer coefficients and previous studies that also used FC-72 as a
working fluid to avoid discussing the effects of liquid properties on
boiling heat transfer in the present paper. The comparison of pool
boiling curves of FC-72 shows the effects of the heater size, degree of
subcooling and non-condensable gas concentration on pool boiling heat
transfer.
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Note that although the existing microgravity boiling experimental
results have indicated that microgravity boiling can stably exist with
properties quite different from the theory based on terrestrial research,
due to the complicated factors of boiling, the existing microgravity ex-
periments, whether space experiments or ground-based short-term
microgravity experiments, can only be limited to a binary comparison of
boiling in the presence and absence of gravity [34]. Gravity in these
studies cannot be used as an independent variable, which makes
revealing the mechanism of gravity in boiling difficult.

2. Experimental facility

SOBER-SJ10 is one of the 27 selected experiments in the mission SJ-
10 [35]. The SOBER-SJ10 device, with an outer envelope size of 400
mm x 296 mm x 280 mm and a total weight of 24.8 kg, is mainly
composed of an air-proof capsule, a boiling cha36mber, an electric
control box (ECB) and two charge-coupled device (CCD) components
(Fig. 1). The latter three components are installed inside the air-proof
capsule, which is made of aluminum alloy. The pressure inside the
air-proof capsule is nominally 100 kPa, while the external pressure of
the device is approximately 48 kPa aboard the SJ-10 satellite in orbit
[36].

2.1. Boiling chamber and its accessory components

A schematic of the boiling chamber is shown in Fig. 2. Its main
accessory components include a liquid chamber, a cover plate with two
end caps, a bellows as the pressure regulator, eight film preheaters, an
integrated microheater, a pre-data acquisition board (pre-DAB) along
with its support, three light-emitting diode (LED) lighting components,
two observation components, and an electric connector. Detailed
description is available in Wu et al. [33].

The total height of the liquid chamber is 234 mm, while its cross-
section is designed as a regular octagon with an inscribed circle diam-
eter of 150 mm to facilitate the installation of the accessory components.
Degassed FC-72 with an effective volume of approximately 2.8 L is filled
inside the liquid chamber, acting as the working fluid. Eight film pre-
heaters with a total heating power of 60 W are fixed on the outer walls of
the chamber, which are used to adjust the bulk liquid temperature from
the ambient temperature to a nearly saturated value at the corre-
sponding pressure. Two Pt1000 resistance temperature detector (RTD)
temperature sensors fixed on the inner wall are used to adjust the liquid
temperature in the boiling chamber.

The integrated microheater, which will be described in detail in the
following section, is fixed at the center of the pre-DAB, which is installed
at the bottom of the liquid chamber with an inclination angle of 15° Two
Keller® PAA-4LD digital absolute pressure sensors are fixed on the two
sides of the integrated microheater, which are used to simultaneously
measure the pressure inside the boiling chamber and the temperature of
the bulk liquid near the integrated microheater. For the bulk liquid
temperature measurements, the uncertainties are +0.2 °C in the range
from 20 °C to 80 °C according to the pre-calibration results.

Three LED lighting components and two observation components are
alternately set in front of the heater. A beryllium bronze bellows, which
is welded on the cover plate, acts as a pressure regulator to maintain the
pressure inside the liquid chamber approximately constant during the
preheating and boiling processes with the help of a constant background
pressure environment inside the air-proof capsule.

2.2. Integrated microheater

The integrated microheater is fabricated by the MEMS technique.
The substrate of the integrated microheaterisa 10 mm x 10 mm x 2 mm
quartz glass wafer. The thickness of 2 mm was determined based on a
prior numerical study by Zhang et al. [37] and Li et al. [38]. Fig. 3 shows
the electronic circuit configurations, which were fabricated by using the



P. Liu et al.

Upper
Capsule

Sealing
Ring

Lower
Capsule

Cover Plate

Bellows

Bellows Stop

Preheater

G <
Sealing Rings

Observing o
Components @

Pre-DAB

International Journal of Heat and Mass Transfer 216 (2023) 124556

Electerical
Connectors

Sealing Ring

Liquid Chamber

Preheater

Lighting
Components

Pre-DAB Support

Fig. 2. Exploded view of the boiling chamber.

standard photolithography technique for patterning of the sensor design
and magnetron sputtering for film deposition on the top and back sides
of the substrate. The top side here refers to the side directly contacting
the liquid.

At the center of the top side, there is a pulse-heating bubble trigger
(BT) to excite a bubble nucleus by using the method of local overheating
(Fig. 3c). Around the BT, there are ten RTDs for measurement of the
local temperature on the heater surface, as shown in Fig. 3b, which are
uniformly distributed in the circumferential direction. The distances of

these local temperature sensors from the center of the BT are listed in
Table 1. For the sake of safety, the BT is composed of two parallel
platinum films with a size of 100 pm x 20 pm and a spacing of 20 pm.
Each local temperature sensor is composed of a serpentine strip of a
platinum film covering an area of 55 pm x 50 pm.

On the back side of the substrate, as shown in Fig. 3d, a serpentine
strip of a platinum film of approximately 5000 A in thickness acts
simultaneously as the main heater to provide the input power for
maintaining the boiling process and the temperature sensor to measure
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Fig. 3. Circuit configurations on the substrate of the integrated microheater: a)
top-side view, b) enlarged view of the center on the top side, c) enlarged view
near the bubble trigger, d) main heater on the back side.

the average temperature on the back side of the substrate, which will be
used in the evaluation of the heat flux to the working fluid.

A kind of plastic package, chip on board (COB) encapsulation, is used
to encapsulate the integrated microheater as an independent electronic
component (Fig. 4). Two printed circuit boards (PCBs) of 1.6 mm
thickness are used to provide electric connections and mechanical sup-
port for the integrated microheater. The substrate, as well as all gold
wires, is packaged on the PCBs by using the packaging adhesive DOVER
DE108. An uncovered test area with a diameter of approximately 5.5
mm can directly contact the liquid, which is referred to as the heater
surface in the following. It is slightly lower than the chip surface.
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Fig. 5 shows the circuit principle diagram relevant to the integrated
microheater. The 10 local temperature sensors are divided into 2 groups.
Each group has 5 sensors connected in series to a set of parallel precision
resistors (RM11 or RM12). Each set has two precision resistors with a
nominal resistance of 1000.0 Q and a precision of 0.01%, acting as a
reference resistance to measure the current across it and the local tem-
perature sensors in the same circuit loop. The voltages across the local
temperature sensors are then used to calculate the resistances of the
sensors, which provide measurements of the temperature at the loca-
tions of the sensors based on the calibrated relationship between the
temperature and the resistance of each sensor.

The BT is connected to the pulse power supply (P-1) through a pro-
tective resistor (R0O1), while the main heater is connected to the

Vref Vref

AINO7
AINO06

AINOS

AINO4 —
AINO3 —
AINO2
AINOT T _ \
=
~
]
AINOJ [] RO1
AVSS
— N
RM22 AINL7
RO02
AIN16 AIN18
PGND =

Fig. 5. Circuit principle diagram relevant to the integrated microheater.

Table 1
The distances r; of local temperature sensors from the center of the bubble trigger.
No. T1 T2 T3 T4 T6 T7 T8 T9 T10
r; (mm) 0.55 0.35 0.15 0.25 0.45 1.00 0.85 0.65 0.75 1.00
packaging adhesive gold wires

PCBs

substrate

leads

Fig. 4. Schematic of the integrated micro heater with a COB package (not to scale).
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adjustable power supply (P-2). They are all connected to a precision
resistor (R02) with a nominal resistance of 0.43 Q and a precision of
0.1%, which acts as a reference resistance to measure the current across
it. Two series precision resistors (RM21 and RM22) with a much larger
resistance of 4.7 kQ than the main heater (4 Q) are connected in parallel
to the main heater. The voltages across resistor RM22 are used to
calculate the resistance of the main heater, which can provide mea-
surements of the average temperature on the back side of the substrate of
the integrated microheater based on the calibrated relationship between
the temperature and the resistance of the main heater.

2.3. Data acquisition and video records

Analog signals, including the voltages relevant to the integrated
microheater and the outputs from the sensors of the experiment, are
sampled, encoded, packaged, and transmitted to the payload manager in
the sealed module of satellite SJ-10. Since the facility SOBER-SJ10
cannot be recovered after space flight, all the data and the recorded
video images are transmitted back to the ground through the remote
transmission system when the satellite SJ-10 flies over mainland China.

A high sampling frequency of 500 Hz is used during the boiling phase
for the signals relevant to the integrated microheater, namely, the
voltages across the 10 local temperature sensors, main heater, and 3
reference resistances for the corresponding current measurements to
obtain an adequate time resolution.

Two Watec® WAT-660D CCDs are installed in two orthogonal di-
rections to obtain videos of the shape and motion of the growing bubble,
which can be used to reconstruct the true shape of the growing bubble.
Furthermore, these images can act as a redundancy backup for each
other to improve reliability. The video is recorded at a sampling rate of
25 fps (frames per second). The analog video signals of the two CCD
cameras are first converted into BT656 digital video signals and then
encoded by using H.264 video compression format with a resolution of
720 (H) x 480 (V) pixels. The two compressed digital video signals, as
well as the high-frequency sampling data mentioned above, are pack-
aged by the FPGA unit and then transmitted to the payload manager
through an LVDS interface.

3. Experimental procedure and data reduction
3.1. Experimental procedure

The planned space experiment lasts for approximately 15 h and is
divided into 5 stages according to the bulk liquid temperature. Except
for the first stage, which is carried out at ambient temperature, the other
four stages begin with a preheating phase to adjust the bulk liquid
temperature to 4 different design levels, namely, 35, 40, 45, and 50 °C.
The adjusted range of the bulk liquid temperature is verified to be no
more than +1.0 °C on the ground. A slightly wider range or over-
shooting of the bulk liquid temperature is evident in space experiments
compared with ground experiments, caused by the deterioration of
natural convection in microgravity.

There are two boiling modes designed in the experiments. One is the
so-called single bubble boiling mode, in which a bubble nucleus will be
excited by the activated pulse BT and then grow under the heating of the
main heater on the back side of the substrate of the integrated micro-
heater. The input of the heating voltage is kept constant throughout each
phase with a period of 180 s and is increased step-by-step in the suc-
cessive phases. The other is the normal pool boiling mode, in which the
BT is not activated, while the input of the heating voltage of the main
heater is adjusted, increasing step by step. The period of each step
successively decreases from the maximum value of 150 s at the lowest
heating power to the minimum value of 60 s at the highest heating
power. As shown in Fig. 6, there are 5 boiling phases (B.1 ~ B.5) in each
stage, among which the first 4 boiling phases are designed as the single
bubble boiling mode, while the last phase is the normal pool boiling
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Fig. 6. Designed heating voltages on the main heater in a typical stage.

mode. For brevity, abbreviations of the boiling phases, such as GE7/2.5
and SE1/3.2, are used in the following sections. Here, GE7/2.5 refers to
the fifth boiling phase of the second stage in the seventh ground
experiment, while SE1/3.2 refers to the second boiling phase of the third
stage in the first space experiment. Before each boiling phase, there is a
calm phase (C.1 ~ C.5) to achieve a uniform temperature field in the
vicinity of the integrated microheater. The first calm phase has the
longest duration of approximately 30 min to achieve a uniform tem-
perature after liquid preheating, while each of the other four calm
phases lasts for 15 min for recovery of the temperature field near the
heater after the previous phase of single bubble boiling.

In addition to completing the whole experimental process stage by
stage, it can also be started from the beginning of any stage by manually
adjusting the timing code. Fig. 7 shows the variation in the bulk liquid
temperature, pressure inside the liquid chamber and corresponding
saturated temperature in space experiments. In total, 4 space experi-
ments with the same parameters were conducted during space flight
after the successful launch of the recoverable satellite SJ-10 on April 6,
2016. The first space experiment (SE1) performed on April 10 is the
planned experiment with the whole process of 15 h. The others are
extended space experiments with only one stage of 3.5 h, which were
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Fig. 7. Variations in the bulk liquid temperature, pressure inside the liquid
chamber and corresponding saturated temperature in space experiments.
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performed on April 19 (SE2), 23 (SE3), and 25 (SE4). Although the
telemetry parameters indicate that it started off successfully, the scien-
tific data of the last experiment (SE4) were not transmitted back to the
ground because the electricity of the satellite battery ran out. Thus,
scientific data are available only for the first three space experiments. In
addition, 7 ground experiments, referred to as GE1 to GE7, were per-
formed on the ground before the space flight.

3.2. Syn-Calibration of temperature sensors of the integrated microheater

As mentioned above, both the main heater and local temperature
sensors of the integrated microheater are made of thin platinum films,
which may exhibit obvious zero shifts. To avoid the effects of zero shifts
on the calculated values of the measured temperatures, a syn-calibration
procedure for the main heater and local temperature sensors has been
proposed for the calibrations on the ground [33], in which the syn-
chronous data sampled in the corresponding experiments with a negli-
gible electric heating effect or even without any effect of heat input from
both the main heater of the integrated microheater inside the working
fluid and the preheaters outside the boiling chamber are used.

Fig. 8 shows, for example, the syn-calibrations for local temperature
sensor T6 in the ground experiments before the space flight. The average
bulk liquid temperature based on the temperature outputs from two
Keller® PAA-4LD digital absolute pressure sensors is used as the refer-
ence temperature. Fig. 8 shows that there exists an obvious zero shift
with a systematic trend. The uncertainties of local temperature sensors,
however, are confirmed to be less than +1.0 °C by using the syn-
calibration procedure. Furthermore, caused by the uncertainty in the
pressure measurement, the uncertainty of the saturated temperature of
FC-72 is +0.5 °C. Thus, the uncertainty of the wall superheat is no more
than £1.5 °C.

However, in space experiments, an unexpected change in the
temperature-resistance relationship of the local sensors and the main
heater occurred. Fig. 9 shows, for example, the comparison of the re-
sistances of the same local temperature sensor T6 obtained from SE1 and
GE7. The measurements of the bulk liquid temperature in both experi-
ments are also shown in the same figure. Generally, the resistances of the
local temperature sensors, corresponding to the temperature of the
heater surface, are higher in space than their counterparts on the
ground, which is caused by the deterioration of heat transfer in micro-
gravity. Compared to the resistances before the corresponding boiling
phase, obvious drops in the resistances are observed when the heating
power is switched off, which cannot be observed in the ground experi-
ments. Furthermore, the resistances in the following stages are obvi-
ously lower in space experiments than those in the corresponding stages
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Fig. 8. Typical syn-calibrations of local temperature sensor T6 on the ground.
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Fig. 9. Typical changes in the resistance of local temperature sensor T6 in SE1
and GE7.
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with the same bulk liquid temperature in both ground experiments and
previous space experiments. The combined action of the overheating in
the normal pool boiling phase in each stage and the subsequent strong
cooling process may cause some effect of annealing of the thin Pt film of
the sensors, resulting in increasing electrical conductivity of the thin
film sensors and decreasing resistance. The syn-calibration procedure
mentioned above is then not applicable to data reduction in space ex-
periments, even though it is successfully applied to data reduction in
ground experiments.

Based on detailed data analysis, a modified syn-calibration proced-
ure is proposed to achieve an accurate temperature-resistance rela-
tionship of local temperature sensors, which is used in the following data
reduction process.

First, the temperature coefficients of the resistances, or the slopes of
the linear fitting curves of the resistances versus the corresponding
temperature, are determined by averaging the following two kinds of
data for each sensor. As shown in Fig. 10, the first kind is the quasi-
steady-state data during the preheating phases, including the first pre-
heating phase S1 in SE1 and the preheating phases S2 and S3 in SE2 and
SE3, respectively. The second kind is the steady-state data without the
influence of the combined action of overheating and the subsequent
strong cooling process. The available steady-state data, S4'/S4 in SE2
and S5'/S5 in SE3, are found only in the extended space experiments SE2
and SE3, in which there is no boiling phase before the preheating phase
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Fig. 10. Different methods for determining the resistance-temperature co-
efficients of local temperature sensors in space experiments.
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and then no change in the electrical performance of each sensor after the
corresponding preheating phase. Fig. 11 shows the five data points ob-
tained from the processes mentioned above. The deviation is within
+0.6%. The above modified syn-calibration procedure is verified by
using ground experiment data. The uncertainty of local temperature
measurement is estimated to be within the range of +1.0 °C both on the
ground and in space.

Additionally, the relatively thick film thickness of the main heater, as
well as its isolation from the working fluid, is found to result in its
performance being different from those of the local temperature sensors.
The overheating in the normal pool boiling phase in each stage has no
obvious influence on the electrical performance of the main heater.
Thus, the following syn-calibration procedure is used for calibrating the
relation between the back-side temperature and the measured signals of
the heating voltage Uy across AIN16 and AIN17 shown in Fig. 5 and the
reference voltage Ur across AIN17 and AIN18. Considering that the
temperature distribution in the vicinity of the integrated microheater
may be relatively uniform before the main heater is electrified, the bulk
liquid temperature will be equal to the back-side temperature of the
substrate of the integrated microheater and correlated to the outputs Uy
and Ug immediately after the main heater is electrified. Fig. 12 shows
the difference between the bulk liquid temperature and the calculated
heating temperature immediately after the main heater is electrified.
The uncertainty will evidently also be within the range of +1.0 °C both
on the ground and in space.

3.3. Data reduction for nominal and transient heat flux

Heat conduction inside the substrate is a transient process, especially
at the beginning of heating and after boiling inception. The process,
however, will tend to a steady state, or at least a quasi-steady state in the
statistical sense, after a sufficiently long time in the experiments using
the steady heating method. A one-dimensional, steady-state heat con-
duction equation, namely,

g5 = AAT [ Ax = 2(Tpaek — Tp) / Ax €Y}

is used to calculate the nominal steady heat flux across the substrate of
the integrated microheater. Moreover, a genetic algorithm-based model
is constructed for the one-dimensional transient inverse heat conduction
problem inside the heating solid wall during the boiling process [39].
Based on this algorithm, the transient heat flux on the top side and back
side of the substrate during boiling processes can be calculated with high
accuracy and robustness, which is verified by a benchmark based on the
transient half-plane heat conduction problem with an accurate solution.
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Fig. 11. Resistance-temperature coefficient of local temperature sensor T6.
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Fig. 12. Deviation of the calibrated back-side temperature both on the ground
and in space.

Typical temperature and heat flux data in SE1/1.5 are shown in Fig. 13.
Here, the top-side temperature is calculated by averaging the outputs of
the ten local temperature sensors on the heater surface, while the
back-side temperature is calculated based on the outputs relevant to the
main heater. The thermal diffusivity/conductivity 4 of the substrate of
the integrated microheater takes the corresponding value at the average
temperature of the back- and top-side temperatures.

3.4. Non-condensable gas concentration

A degassing procedure with repeated vacuum application and heat-
ing is used to reduce the air concentration in the bulk liquid. A separate
test indicates that the residual air concentration will be lower than 200
(umoles of air)/(mole of FC-72). The real air concentration in the bulk
liquid filled in the liquid chamber is estimated using Henry’s law,

¢, = Hp, (2

based on the measured bulk liquid temperature and pressure inside the
liquid chamber during the ground thermal test of the SOBER-SJ10 de-
vice before the launch and during the first calm phase of stage 5 in SE1
(Fig. 14). The gas partial pressure p; above the liquid is determined by

200+ SE1/1.5

Ty = 17.3°C
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~ |t
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~ |
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Fig. 13. Temperature and heat flux on the top and back sides in SE1/1.5.
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Fig. 14. Non-condensable gas concentration in ground thermal test and space
experiments.

Pg = Protal — p.\-ar(Tbulk) (3)

where pg,¢ is the saturation pressure of the liquid at the measured bulk
liquid temperature Tpyk, While peota; is the total pressure above the gas—
liquid surface.

During the ground thermal test of the SOBER-SJ10 device before the
launch, there is a sharp decline in the pressure inside the liquid chamber
with decreasing bulk liquid temperature to near 0 °C. There is then an
abrupt jump to a nearly constant value, with a very slight decrease with
further decreasing temperature below —1 °C. This indicates that a
vapor/air phase exists above the liquid inside the liquid chamber, which
is caused by the fixed volume after the bellows stop is activated.
Considering the static pressure difference of 3.0 kPa caused by the
height of the gas-liquid surface compared to the pressure sensors in
normal gravity, the air partial pressure above the liquid can be estimated
as 24.2 kPa.

During the first calm phase of stage 5 in SE1, the CCD images show
that a large vapor bubble generated in the previous normal pool boiling
phase did not completely condense into liquid because of low subcooling
and insufficient condensation time. Excluding the effects of bulk liquid
temperature adjustment and the small curvature of the existing vapor
bubble, the air partial pressure above the liquid can be estimated as 27.7
kPa.

Henry’s constant H in Eq. (2) is shown to be a function of tempera-
ture only. However, detailed data on constant H variation with tem-
perature are unavailable. Considering the results from different studies
[40-42], a value of 5.5 x 10~8 ™l /(mole-Pa) for the Henry’s constant of
air in FC-72 is used in the present study. No data are available for ni-
trogen dissolved in FC-72. The air concentration can thus be estimated
as1.3~1.5 x 10° (umoles of air)/(mole of FC-72) based on the test data.

4. Results and discussion
4.1. Single-Phase heat transfer

Fig. 15 shows the measured results of single-phase heat transfer
without boiling in both space and ground experiments. Several
commonly used empirical correlations for single-phase natural convec-
tion (Table 2), as well as the data of other research projects [18,43-47],
are also shown for comparison. The applicable range of parameters of
different correlations is extrapolated to cover the low Ra in micro-
gravity. Here, based on the equivalent diameter L, = 4, where A and P
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Fig. 15. Single-phase heat transfer in normal and microgravity conditions.

Table 2
. Parameters of natural convection correlations.

Author(s) Correlation for natural convection

McAdmas Nu = 0.54Ra'/*, 10*<Ra <10’
Nu = 0.15Ra'/3, 107 <Ra <10

Goldstein Nu = 0.59Ra'/*, 1<Ra <200

Nu = 0.96Ra'/%, 200<Ra <10*
Nu = 0.738Ra’13, 5<Ra <156
Nu = 0.546Ra®1%4, 156<Ra <5 x 10°

Kobus-Wedekind

denote the effective heating area and the corresponding perimeter of the
heater surface, respectively, the Nusselt number (Nu) and the Rayleigh
number (Ra) are defined as follows:

Nu = hL/, /ﬂ = th /j« (Tm,; - Tbu/k) (4)

Ra = gﬂ(Ttop - Tbulk>LZ /l/ll (5)

in which h, g and g denote the heat transfer coefficient, heat flux and
gravity, respectively, while 4, §, v and a denote the thermal conductivity,
expansion coefficient, kinematic viscosity and thermal diffusivity of the
fluid, respectively.

According to Zhao et al. [48] and Wang et al. [49], the total
quasi-stable-state acceleration aboard satellite SJ-10 during its in-orbit
flight is approximately 2 x 107® gy, caused by atmospheric friction
and the tidal force. The quasi-stable-state acceleration is approximately
107 go to 10> gy when the attitude thrusters work and not more than 3
x 1075 gy, caused by the attitude angle rate. A value of 2 x 1076 gy is
used for the residual gravity in calculating Ra because no attitude
thrusters worked according to the requirements of the space experi-
ments of SOBER-SJ10. All natural convection experiments on SJ-10
were conducted at approximately atmospheric pressure with sub-
cooled liquid. Note that data were obtained at earth gravity
(Ra=10*-10% and microgravity (Ra=10"2-10"1) before nucleate
boiling occurred. For a period of time after each heating state change in
Fig. 15, the input heat flux q, and output heat flux q; tend to be
consistent, and quasi-stable natural convection is established. Replaying
the recorded CCD video, there clearly exist discrete shadow stripes
swaying away from the heater surface after the main heater is switched
on and before the incipience of boiling. This provides some evidence of
the existence of single-phase natural convection in the present space
experiments.
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A fairly good agreement between the present ground experiment
data and the natural convection correlations of Kobus-Wedekind and
Goldstein is maintained, which shows that the experimental measure-
ment and the heat flux calculation method are reliable. However, the Nu
value predicted by the natural convection correlation is smaller than the
experimental results in microgravity. This is due to the existence of
gravity fluctuations in the space experiment, which drives the flow of
liquid near the heating surface and induces convection.

Kostoglou et al. [50,51] analyzed experimental data of heat transfer
from submillimeter spheroidal heaters in different gravities of parabolic
flights and found that no natural convection heat transfer appears for Ra
smaller than a threshold value of approximately 0.55 based on the
present characteristic length definition. The Ra in the present space
experiments is in the range of 0.3 to 1 at 2 x 10~® go. Considering the
upper limit of the residual gravity, however, the actual value of Ra may
be right-shifted by approximately one order of magnitude and then may
be slightly greater than the above threshold value of 0.55. Regardless of
the presence or absence of fluctuations in gravity, single-phase heat
transfer of the flat plate still exists in low Ra conditions. The experi-
mental data in microgravity are still in good agreement with the pre-
dictions of the Goldstein correlation for single-phase natural convection.

4.2. Pool boiling phenomena in microgravity

Fig. 13 shows a typical history of the average temperature on the top
and back sides of the substrate of the integrated microheater and the
nominal heat flux across the substrate or transfer from the heater surface
to the working fluid in SE1/1.5, a typical normal pool boiling phase with
the highest subcooling of 40.1 °C in the present space experiments. The
transient bottom surface input heat flux qp, top heating surface heat flux
qt and pseudo-steady-state heat flux g5 calculated based on the steady-
state formula are shown simultaneously. The pressure inside the liquid
chamber is 100.2 kPa and remains constant throughout the boiling
phase. The corresponding bubble behavior is shown in Fig. 16.

When the experiment starts and the main heater switches on, the
initial heating voltage is 2 V. As shown in Fig. 13, the input heat flux of
the bottom surface qy, initially rapidly decreases, while the heat flux of
the heating surface q; rapidly increases. The two heat fluxes gradually
become the same, which indicates that the heat conduction inside the
substrate becomes steady. No bubbles are observed, so it is a single-
phase heat transfer process. After 150 s, the heating voltage of the
main heater switches to 3 V, and the temperatures of the top and bottom
surface rise thereupon. At 228 s, the average temperature of the top
surface reaches 94.7 °C, and then, boiling begins to occur on the surface.

(a) ng SE1/1.5

Fig. 16. Bubble behavior in space and ground experiment. (a) SE1/1.5; (b)
GE7/1.5 The labels correspond to different heating power steps.
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From the CCD image in Fig. 16(a) IIa, the first bubble is explosively
generated due to the extremely high superheating on the surface. The
bubble mass absorbs massive heat from the liquid and the surface
adjacent to it, which causes a drastic temperature drop on the top sur-
face, followed by a temperature decrease on the bottom surface. The
subsequently generated vapor pushes the first generated bubble away
from the surface, and the remaining part forms a smaller bubble cluster.
This bubble cluster is maintained on top of the heater surface and
continuously absorbs small bubbles generated adjacent to it. However,
because the bulk liquid is subcooled, the volume of the bubble cluster
decreases because of condensation on the bubble cap, as shown in
Fig. 16(a) IIb. After the onset of boiling, the heat flux of the heating
surface will jump high and then rapidly decay. The calculated three
different heat fluxes qp, q; and qs gradually converge. Meanwhile, the
temperature of the bottom surface quickly decreases in the first 5 s after
the onset of boiling (at approximately 200 s), and then, the bottom
temperature becomes relatively constant. The steady states of the tem-
perature and heat flux indicate that the heat transfer inside the heater
becomes steady, and the experiment enters a steady nucleate pool
boiling stage.

At 270 s, the heating voltage switches to 4 V. The temperature of the
bottom surface rapidly increases in the first 10 s and reaches a relatively
constant value of 111.5 °C, which is 27.0 °C higher than that in the
previous stage IIb. Boiling bubbles continue to be generated, move and
merge on the top surface, and the bubbles are larger and generated more
frequently than in stage IIb, as shown in Fig. 16(a) IIl. The temperature
on the top surface only increases by 5.0 °C. No large bubble mass is
formed, so this boiling still belongs to the nucleate boiling process.

At 370 s, the heating voltage switches to 5 V, and the temperatures of
the top and bottom surfaces start to increase again. As shown in Fig. 16
(a) IV, the bubble mass absorbs small bubbles that are generated un-
derneath it as a vapor sink and continuously grows on top of the surface.
The top surface gradually becomes partially covered with vapor, which
reduces heat transfer from the heater to the bulk liquid. At the end of this
stage, the temperatures of the top and bottom surfaces are both
approximately 25.0 °C higher than those in the previous stage, while the
heat flux is slightly reduced. This indicates a deterioration in heat
transfer, and boiling becomes transition boiling.

At 420 s, the heating voltage switches to 6 V. The large bubble mass
continues to grow and finally completely covers the top surface, as
shown in Fig. 16(a) V. Before heating stops at 510 s, the temperatures of
the top and bottom surfaces reach 188 °C and 155 °C, respectively, while
the heat flux slightly decreases. The boiling gradually becomes film
boiling, and most of the heating surface area is covered by steam,
resulting in a further decrease in the heat transfer efficiency. After
heating stops, the temperatures of the top and bottom surfaces decrease,
and the bubble diminishes in size and completely condenses back to
liquid.

The bubble dynamics characteristics of the ground boiling are
simultaneously shown in the Fig. 16(b) for comparison. Relevant pic-
tures are taken from GE7/1.5 (stage III-V). Experiment status in GE7/1.5
is consistent with the space experiment. In normal gravity, the state of
nucleate boiling is maintained after the initiation of boiling, and the
bubbles generated by nucleation quickly leave the heating surface under
the action of buoyancy to form a strip-shaped trajectory.

Fig. 17 shows that under the same heating voltage, ground experi-
ments are always maintained in the nucleate boiling state. In space ex-
periments, boiling starts to transition into the film boiling region at a
CHF of 4.51 W/cm?, which indicates that the end of the nucleate boiling
stage under microgravity significantly corresponds to a lower heat flux
than that on the ground. This results from the difference in bubble shape
and the remaining vapor merging characteristic. Due to the lack of
buoyancy, the bubbles are always attached to the heating surface and
gradually grow, preventing contact between the heating surface and the
liquid. The existence of vapor will lead to deterioration of heat transfer
in a partial area of the heating surface, and the large vapor mass will
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after the onset of boiling. In some cases, when the heating stage is
changed, boiling quickly occurs, and the single-phase heat transfer does
not reach a steady state. Only a single number is used to indicate the
steady-state stage after boiling in this heating stage. Boiling more easily
occurs in the early heating stage as the temperature of the liquid
increases.

Nucleate pool boiling can be maintained under both normal and
microgravity under high subcooling conditions, and the heat flux ob-
tained in microgravity experiments is lower than that in normal gravity.
The burst of boiling is accompanied by a peak of the heat flux. The
overheating of the heating surface and its nearby liquid layer leads to
rapid vaporization, and a large amount of heat is absorbed from the
superheated liquid layer and the surface of the heating substrate,
resulting in a decrease in the wall temperature. After the burst of boiling,
the heat flux first decreases and then gradually increases as the tem-
perature of the heating surface increases. Its trajectory is the heat flux
curve.

After the onset of boiling, the generated gas merges on the heating
surface to form bubbles. When the liquid subcooling is high, the volume
of the bubble is small. The subcooled bulk far from the heating surface
will cause part of the vapor to condense and disappear, and the
continuous condensation at the top of the bubbles will maintain nucleate
boiling (Fig. 17, Fig. 18a). When the liquid subcooling is low, the
generated gas forms larger bubbles, covering most of the heating sur-
face. When the bubble size exceeds the heating surface, the temperature
of the heating surface sharply rises, nucleate boiling cannot be main-
tained for a long time, and transition boiling more easily occurs
(Fig. 18b, ¢, d).

Affected by the high bulk subcooling, the boiling under the condition
of a low heat flux is not fully developed. As shown in Fig. 17, there is a
certain deviation compared with the value predicted from the Rohsenow
correlation, but the deviation gradually vanishes with increasing wall
temperature. Additionally, such deviations diminish as the liquid sub-
cooling decreases. Under the same liquid subcooling, the initial heat flux
of the nucleate boiling curve under microgravity is much lower than that
on the ground. In addition, a relatively low CHF in microgravity is
observed when the boiling deviates from nucleate boiling and trans-
forms into transition boiling or film boiling. The locations of the CHF in
microgravity experiments are also plotted in Fig. 18. No nucleate pool
boiling data or CHF values are obtained in the b and d subcooling
conditions because the single-phase region is directly converted to film
boiling, in which the heating surface is quickly covered by bubble
clusters and CHF could not be captured.

For the cases shown in Fig. 18, the CHF varies from 0.59 to 4.51 W/
cm?. The predicted CHF values are obtained from the Kutateladze-Zuber
correlation suitable for saturated liquids. The Ivey-Morris semiempirical
CHF correlation [52] is also used to calculate the CHF in subcooled
boiling:

ax-z = 0.131p) g [o(p, — p,)g]"* @)

0.75 AT.thp

8
hyg

Genr = qx—z | 1+0.102(p,/p,)

Here, the observed and predicted CHF values are shown in Table 3.
The CHF values in microgravity experiments are obviously higher than
those predicted from the Ivey-Morris correlation, which indicates that
liquid subcooling has a great influence on the CHF in microgravity. The

Table 3

. Comparison of CHF in microgravity and normal gravity (unit W/ cm?).
Subcooling ( °C) 1 g Pre. ug Pre. pg Exp.
38.1 29.95 0.64 4.51
21.5 23.29 0.50 2.01
11.4 18.33 0.39 0.59
0 12.80 0.29 -
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vapor bubble characteristics in microgravity are different from those in
normal gravity. The CHF is related to the coverage of bubbles on the
heating surface, and the volume of the bubbles is simultaneously
affected by the liquid subcooling and heating power. Lower liquid
subcooling and higher heating power will result in larger bubble vol-
umes and easier complete coverage of the heating surface, resulting in
an easier transition from nucleate boiling to film boiling. Mechanisms
underlying ground-based CHF prediction correlations do not apply to
microgravity environments. Under microgravity, liquid subcooling, the
heating power and the bubble characteristics on the heating surface
have an important influence on the boiling state. Any correlations
developed for boiling and the CHF under microgravity conditions must
account for these factors.

4.4. Nucleate boiling experiment results under different subcooling
conditions

A comparison of nucleate pool boiling results in normal and micro-
gravity with different liquid subcooling conditions is shown in Fig. 19.
As shown in Fig. 19, the slope of the boiling curve increases with
decreasing subcooling. The steady states of nucleate boiling in micro-
gravity and normal gravity are marked with symbols. Moreover, the CHF
is not reached in ground experiments, so only the onset of nucleate
boiling in normal gravity is indicated by black dots. In microgravity,
bubbles maintain heat and mass transfer through evaporation at the
bottom and condensation at the top. Higher liquid supercooling will
increase the condensation rate of the gas-liquid interface of the bubbles,
inhibit the growth of the bubble volume, and improve the heat transfer
efficiency. When superheating is low, the heat transfer efficiency is
strongly influenced by subcooling, and increasing subcooling enhances
the heat transfer efficiency. However, in terrestrial gravity, the influence
of subcooling on the boiling curve decreases, and the boiling curves in
ground gravity tend to merge at a high heat flux with increasing
superheating. Compared to microgravity conditions, boiling on the
ground is less affected by liquid subcooling.

The NPBX results from Warrier et al. [18] and the MABE results from
Raj et al. [15] are also plotted in Fig. 19 and compared to the present
results. The NPBX utilized a polished aluminum disk 89.5 mm in
diameter with 5 artificial cavities on the top surface as the test surface.
Microheater arrays consisting of 96 individually controlled platinum
resistance heaters were used in the MABE. A heating area 7.0 mm in
diameter was used in the reported experiments, which is close to the
diameter of the heater in the present work. Both of these experiments
were conducted in the BXF utilizing the ISS as a microgravity research
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platform and perfluoro-n-hexane as the working fluid. The experimental
conditions for the results shown in Fig. 19 are presented in Table 4. As
shown in Fig. 19, an increase in subcooling enhances heat transfer in the
NPBX results and in the present results in both normal and microgravity.
The heat flux obtained in microgravity is lower than that in normal
gravity in all three studies. However, under close subcooling conditions,
the present results are close to the MABE results, in which the super-
heating is much higher than that in the NPBX under the same heat flux.
The heat transfer efficiency decreases with decreasing heater diameter.
When subcooling is increased in the present work, boiling has a higher
heat transfer efficiency, and the CHF point at the end of the nucleate
boiling curve corresponds to a higher heat flux. Higher liquid subcooling
suppresses the coverage of the heater surface by the stable spherical
bubble vapor mass, thereby increasing the wall superheating when
nucleate boiling reaches the CHF.

Note that due to the complexity of boiling, the position and data of
the boiling curves in these boiling studies are quite different when only
the heater is different and other experimental conditions are similar in
microgravity. This suggests that the boiling data of different heaters
cannot be directly compared with each other, which results in a lack of
sufficient directly comparable data to study the effect of gravity on
boiling. In view of this, the Gravity Scaling Law of Pool Boiling Heat
Transfer and Bubble Thermal Dynamic Behaviors project is proposed
[53]. The long-term stable variable gravity environment provided by the
Varying Gravity Rack of the China Space Station is planned to be used to
carry out the variable gravity boiling experiments, aiming to reveal the
effect of gravity on the boiling heat transfer.

5. Conclusions

Pool boiling experiments were successfully conducted onboard the

SJ-10 satellite. An improved method was developed based on the

data to solve the calibration problem. The uncertainties of the local

temperature and main heater temperature are no more than +1.0 °C
during the space experiments.

Single-phase convective heat transfer was observed in microgravity.

The present results indicate that single-phase convection could still

be maintained under lower Rayleigh number conditions, and the

extended classical correlations of natural convective heat transfer
could still predict the results in the present study.

The bubble behavior and heat transfer features during the onset of

pool boiling in microgravity are different from the results in ground

experiments, which indicates that the characteristics of bubbles on
the heater surface will have a strong effect on the heat transfer
process in microgravity.

e The comparison of pool boiling curves in normal and microgravity
conditions indicates that nucleate boiling curves under the same
subcooling partially overlap. The initial boiling under microgravity
conditions corresponds to a lower heat flux than that on the ground.

e As the degree of subcooling increases, under microgravity condi-

tions, the heat transfer efficiency of nucleate boiling and the CHF

increase. However, boiling is less affected by liquid subcooling in
normal gravity.
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Table 4
Comparison of experimental conditions.

Heater diameter Subcooling Pressure dissolved gas
(mm) Q) (kPa) content
(ppm)
SOBER 5.5 10-40 100.2-113.6 1300-1500
NPBX 89.5 7.6-13.5 125 261
MABE 4.2-7.0 11-26 101.0 <250
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