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Abstract
The flow boiling heat transfer characteristics of subcooled air-dissolved FC-72 on a smooth surface (chip S) were studied in
microgravity by utilizing the drop tower facility in Beijing. The heater, with dimensions of 40×10×0.5 mm3 (length × width
× thickness), was combined with two silicon chips with the dimensions of 20×10×0.5 mm3. High-speed visualization was
used to supplement observation in the heat transfer and vapor-liquid two-phase flow characteristics. In the low and moderate
heat fluxes region, the flow boiling of chip S at inlet velocity V = 0.5 m/s shows almost the same regulations as that in
pool boiling. All the wall temperatures at different positions along the heater in microgravity are slightly lower than that in
normal gravity, which indicates slight heat transfer enhancement. However, in the high heat flux region, the pool boiling of
chip S shows much evident deterioration of heat transfer compared with that of flow boiling in microgravity. Moreover, the
bubbles of flow boiling in microgravity become larger than that in normal gravity due to the lack of buoyancy Although the
difference of the void fraction in x-y plain becomes larger with increasing heat flux under different gravity levels, it shows
nearly no effect on heat transfer performance except for critical heat flux (CHF). Once the void fraction in y-z plain at the
end of the heater equals 1, the vapor blanket will be formed quickly and transmit from downstream to upstream along the
heater, and CHF occurs. Thus, the height of channel is an important parameter to determine CHF in microgravity at a fixed
velocity. The flow boiling of chip S at inlet velocity V = 0.5 m/s shows higher CHF than that of pool boiling because of the
inertia force, and the CHF under microgravity is about 78–92% of that in normal gravity.
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Introduction

Boiling heat transfer is considered as a highly efficient
approach for heat transfer dissipation due to phase change.
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In resent five decades numerous studies on pool boiling
heat transfer have been conducted under different gravity
levels (Di Marco 2003; Kim 2003; Ohta 2003; Zhao 2010;
Colin et al. 2017). Compared with the results in normal
gravity, the pool boiling heat transfer was enhanced in the
low heat flux region, remained the same in the moderate
heat flux region and deteriorated significantly in the high
heat flux region (Zell et al. 1984; Oka et al. 1995; Kim
et al. 2002; Herman Merte 2004; Raj et al. 2012; Dhir et al.
2012). In addition, the pool boiling heat transfer at low
heat fluxes was found to be enhanced but the critical heat
flux (CHF) was deteriorated in microgravity through the
application of acoustic field (Sitter et al. 1998) and electric
field (Di Marco et al. 2003). Very recently, the experimental
investigation of pool boiling on a smooth silicon chip and
micro-pin-finned chips in microgravity were conducted by
Xue et al. (2011, 2013) and Zhang et al. (2014), they found
that the heat transfer performance including heat transfer
coefficient (HTC) and CHF can be improved significantly
by the existence of micro-pin-fins. Therefore, the surface
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modification can be a very effective way to enhance pool
boiling heat transfer in microgravity. However, flow boiling
heat transfer is much more complicated in mechanisms than
that of pool boiling. The documents of flow boiling heat
transfer in microgravity (μg) are very deficient even it can
provide an effective process to prevent the formation of
massive bubbles (Celata 2007).

The limited literature of flow boiling heat transfer at
different gravity levels show that the main attention is paid
to the boiling heat transfer performance and its flow pattern
(Celata et al. 2007, 2009; Ohta 1997; Kawanami et al.
2007; Baltis et al. 2012; Narcy et al. 2014), flow boiling
in micro/mini channels (Luciani et al. 2008; Brutin et al.
2013), bubble dynamics in convection boiling heat transfer
(Serret et al. 2010; Ma and Chung 2001a), the boiling HTC
in the low heat flux region (Ma and Chung 1998; Saito et al.
1994) and CHF (Ma and Chung 2001b). The results of Ma
and Chung (1998, 2001a) and Saito et al. (1994) indicated
the similar trend that the bubble departure diameter in
μg becomes larger than that in normal gravity, and this
tendency deceases with the increase of inlet velocity,
indicated that the influence of gravity level diminishes with
increasing inlet velocity. These results provide valuable
data to study the two-phase flow and bubble dynamics
under different gravity levels. However, only a little
literature about the CHF of flow boiling heat transfer under
microgravity has been published. Ohta (1997) obtained
limited flow boiling CHF data in microgravity at high inlet
quality, but noted that he could not measure CHF accurately
in the absence of local wall temperature measurements
along the heated wall. Ma and Chung (2001b) investigated
subcooled flow boiling of FC-72 across a heated 0.254 mm
platinum wire by a 2.1 s drop tower. They found that the
CHF was significantly lower in microgravity. However, the
differences in both HTC and CHF between μg and 1 g

decreased with increasing flow rate. Zhang et al. (2005)
tested a series of CHF at different inlet liquid velocities
in a single-sided heating rectangle channel under normal
and microgravity conditions and found that the heat transfer
performance is very similar to the previous studies (Ohta
1997; Ma and Chung 2001b). Besides, the influence of
gravity almost vanished and the flow boiling is inertia-
dominant as the inlet liquid velocity above 1.5 m/s. Konishi
et al. (2015a, b) conducted the flow boiling experiments in a
rectangular channel fitted with two opposite heating walls at
liquid inlet velocities of 0.1–1.9 m/s, and the double-sided
heating can get better heat transfer performance than that of
single-sided heating at the same inlet velocity and heat flux.

From the previous literature review, it can be found that
the research of CHF correlations and mechanistic models
of flow boiling heat transfer in microgravity are extremely
lack, despite extensive pool boiling and two-phase flow
data and visualization results are available in the literature

(Konishi and Mudawar 2015). As is known, the CHF of
flow boiling is affected by many factors, such as inlet
velocity, geometry parameter of channel (Baldassari and
Marengo 2013) and heater (Kureta and Akimoto 2002).
Therefore, it is not reasonable to use a constant threshold
velocity, such as 1.5 m/s in Ref. Zhang et al. (2005),
for the inertia-dominant flow boiling in different gravity
conditions. The regulation of the threshold velocity for
inertia-dominant flow boiling heat transfer under different
conditions should be investigated systematically. In the
present study, the flow boiling heat transfer characteristics
of subcooled air-dissolved FC-72 on a smooth surface
were studied in microgravity by utilizing the drop tower
facility in Beijing. High-speed visualization was used to
supplement observation in the heat transfer performance and
vapor-liquid two-phase flow characteristics.

Experimental Apparatus and Test
Procedures

Experimental Apparatus

The flow boiling heat transfer test facility system is presented
schematically in Fig. 1. The test system comprises the pipeline
system, testing section, data acquisition and visualization
system. İn our previous study (Honda and Wei 2003),
we have conducted the experiment to study the effects
of degassed FC-72 and gas dissolved FC-72 on boiling
heat transfer performance of micro-pin-finned surfaces. The
results showed that at low heat fluxes just after incipience,
the dissolved air significantly enhances heat transfer but
the effect diminishes with increasing heat flux similar to
that observed for the flat surfaces and the microporous,
square finned surfaces by Rainey et al. (2003). Thus, the air-
dissolved FC-72 was used in the present study. With regard
to the pipeline system, the working fluid (FC-72, Tsat =
56 ◦C) was pumped by a mini pump. The volume flow rate
(Qv), which was measured by a turbine flowmeter (ZHLW-
6 0-600 L/h), was adjusted by a potentiometer. A tank with
a capacity of 2 L and with a rubber bag was used to maintain
the pressure of pipeline system at 1 atm. In this study, the
liquid subcooling (�Tsub) is approximately 15 K (which
was sustained by an auxiliary heater, a condenser, and a PID
temperature controller), and the liquid temperature (Tb) was
measured by a platinum resistance thermometer (Pt-100A).

The test section with a size of 545 × 80 × 43 mm3

was made of polycarbonate to allow visualization. The flow
boiling heat transfer occurred in a rectangular channel with
the cross-sectional dimensions of 12 × 3 mm2. The heater,
with dimensions of 40 × 10 × 0.5 mm3 (length × width ×
thickness), was combined with two silicon chips, each with
the dimensions of 20×10×0.5 mm3. For the heater, the test
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Fig. 1 Schematic diagram of the
experimental apparatus

chip was a P doped N-type silicon chip with the resistivity
of 1–3 �·cm, and thus the heater was based on Joule
heating under the application of DC power. The distance
from the heater to the inlet of rectangular channel is 60
times greater than the hydraulic diameter (Dh = 4.8 mm);
therefore, the flow state on the heater can be regarded as
fully developed turbulent flow. As illustrated in Fig. 2a,
the silicon chip was connected to a programmable DC
power supply by using two 0.25 mm diameter copper wires
that were soldered to the side surfaces of test chip at the
opposite ends by using ultrasonic welder (SUNBONDER
USM-5). The test chip was bonded onto a plexiglass plate by
using adhesive with thermal insulating glue (MOMENTIVE
RTV-108, k = 0.12 W·m−1·K−1) to minimize heat loss.
Next, the chip unit was packaged in the plexiglass base
through the use of a thicker layer of heat insulation glue
(as shown in Fig. 2b). Therefore, it can be considered
that the heat transfer only occurs effectively on the upper
surface of the test chip. Figure 2c shows the details of chip
unit. Four 0.15 mm diameter T-type thermocouples for wall
temperature measurements were attached to the back of the
test chip by thermal conductive adhesive, each separated by
the same distance of 10 mm.

A high-speed digital camera (VITcam CTC) with a lens
(ComputarMLM-3XMP) operating at 1000 frames per sec-
ond, at a resolution of 512 × 1280 pixels was used for
visualization. Simultaneously, four 25-Hz CCD cameras
were installed in front of the display panel of tur-
bine flowmeter, differential pressure transmitter, high-speed

camera and temperature controller to monitor the opera-
tional state of the test system. Two standard resistances in
series (R1 = 5 k� and R2 = 100 k�) connected to the test
chip in parallel were used to measure the heating voltage
(UH) across the silicon chip in the circuit, and the heat-
ing current (IH) through the silicon chip was measured by
a hall senor. The gravity level was obtained by a gravity
acceleration sensor. Ultimately, the wall temperature (T1-
T4), the pressure drop (�P ), the heating voltage (UH) and
the heating current (IH) were transmitted to a data acqui-
sition system (DI710-UHS). In the present study, the data
acquisition system (DI710-UHS) can only collect voltage
signal with 0-5V. Before conducting experiment in the drop
tower, the calibration experiments were performed. The cir-
cuit principle and the diagram of acquisition system are
shown in Fig. 3. A standard resistance, R = 250�, was used
to measure the voltage across the hall sensor, and two stan-
dard resistances in series (R1 = 5 k� and R2 = 100 k�)
connected to the test chip in parallel were used to measure
the heating voltage (UH) across the silicon chip, and thus the
voltage signal across the silicon chip can be converted to 0-
5V. Finally, the calibration correlations can be expressed as
follows:

IH = 0.15966UHall − 0.01895 (1)

UH = 21.25756(U1 − 0.0059) (2)

and the calibration curves are shown in Fig. 4.
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Fig. 2 Schematic diagram of the
test section: a Test chip
Soldering, b Chip heating
module, and c Chip unit

Test Procedures

In the present study, FC-72 was chosen as the working
fluid without degasification processing because a previous
study (Zhang et al. 2014) proved that the existence of non-
condensable gas merely influences the onset of nucleate
boiling, whereas the heat fluxes of this study are much
higher than that at the onset of nucleate boiling. The inlet
liquid velocity, V = 0.5 m/s corresponding the mass

velocity G = 815.7 kg/m2·s, was chosen. The flow boiling
heat transfer and bubble behavior on a smooth surface (chip
S) were studied in microgravity by utilizing the drop tower
facility in the CAS Key Laboratory of Microgravity. The
microgravity level (μg) is approximately 10−2 ∼ 10−3g0 in
the free-falling period, where g0 is gravitational acceleration
in terrestrial condition. The working fluid in the pipeline
was heated to 41 ◦C before the test chip was heated. Next,
the test chip was heated under a set constant input voltage to

Fig. 3 The circuit principle and
the diagram of acquisition
system
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Fig. 4 The calibration curves of UH and IH

initiate boiling on the heater wall in terrestrial gravity before
the release of drop capsule, and the heat transfer reached
a steady state after 2.5 min approximately. Afterwards,
the drop capsule was released to achieve a 3.6 s effective
microgravity environment. During the process, the bubble
behavior on the heated surface was captured by the high-
speed camera before and after the release of the drop capsule
for 4.096 s, the period of observation was divided into
two parts according to the gravity acceleration signal: the
first section (0.205 s) is in terrestrial gravity before release,
whereas the second section (3.891 s) is in microgravity after
release. Note that the experiment for each heat flux was
conducted with only one test run because of the limitation
of experimental resources. To ensure the reproducibility
and reliability of the experimental data, experiments of
flow boiling heat transfer in terrestrial gravity were also
conducted for comparison. Table 1 shows the detailed
experimental conditions of a smooth surface in microgravity
at V = 0.5 m/s.

Uncertainty Analysis

In this study, the uncertainty of platinum resistance
thermometer is 0.23 ◦C. As shown in Table 1, the maximum
experimental operation error of liquid temperature is 0.3 ◦C.
The minimum temperature of the working liquid is 40.5 ◦C.
Therefore, the uncertainty of liquid temperature is 1.4%.
In addition, the error of the wall temperature of the heater

is 0.3 ◦C, and its uncertainty is approximately 0.73%. The
input heat flux of heater can be calculated as

q = UH · IH

L · b
(3)

where L and b represent the length and width of heater,
respectively. The uncertainty of input heat flux (�q) mainly
originates from the uncertainty of the error of the heating
voltage and the heating current as well as the tolerance of
silicon chip manufacturing. The uncertainty of heat flux can
be calculated as

�q

q
=

((
�UH

UH

)2

+
(

�IH

IH

)2

+
(

�L

L

)2

+
(

�b

b

)2
)1/2

(4)

where �UH, �IH, �L and �b are the error of the heating
voltage, the heating current, the length of the heater and
the width of the heater, respectively. In this article, the
measurement uncertainties for �UH/U , �IH/I , �L/L,
and �b/b are 0.1%, 0.14%, 0.5% and 0.5%, respectively.
For UH and IH, the reality values were measured by Agilent
voltmeter and ammeter, and the measured values were
calculated based on Eqs. 1 and 2. Besides, the uncertainties
of L and b are caused by processing error. The total heat loss
�qtot comprises the uncertainty of the input heat flux (�q),
the heat loss through substrate conduction (�qcon) and the

Table 1 Experimental
conditions of chip S in
microgravity at V = 0.5 m/s

Run# Subcooling �Tsub (K) Heating voltage UH (V) Heating current IH (A) Heat flux q(W/cm2)

1# 14.8 17.1 1.69 7.2

2# 14.9 21.8 2.10 11.4

3# 14.7 23.7 2.25 13.3

4# 14.8 28.0 2.59 18.2

5# 14.7 31.5 2.70 21.3
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heat loss of the fluctuation of volume flow rate (�qV). The
uncertainty of total ratio of heat loss is calculated as

�qtot

q
= �q

q
+ �qcon

q
+ �qV

q
(5)

According to the heat loss simulation results of O’Connor
and You (1995), the ratio of heat loss through substrate
conduction �qcon/q is approximately 5.0%. The fluctuation
of the volume flow rate during the experiment (maximum
fluctuation of volume flow rate is approximately 7.0%)
can also influence the critical heat flux. According to
the experimental results in normal gravity, the uncertainty
caused by the fluctuation of volume flow rate �qV/q

is approximately 0.8%. Here, the repeatability experiment
was performed three times, thus the uncertainty, �qV/q,
between measured and averaged values of heat flux caused
by the fluctuation of volume flow rate can be calculated.
Thus, the uncertainty of heat flux is less than 7.0%.

Results and Discussion

Heat Transfer Performance

Figure 5 shows the pool and flow boiling curves of
smooth surface at different gravity levels. �Tsat represents
the wall superheat which is the difference between Tw

and Tsat. Figure 6 shows the average wall temperature
measured by four thermocouples (T1-ave, T2-ave, T3−ave and
T4−ave) at different gravity levels for all the run tests
except for the last unsteady point at inlet velocity V =
0.5 m/s, respectively Meanwhile T1-ave, T2-ave, T3-ave and
T4-ave at different gravity levels are calculated by the
arithmetic mean of the data during the normal gravity period
of − 4 − 0 s before release and microgravity period of

0 − 3.6 s after release. Moreover, Tw is the average value
of wall temperatures measured by four thermocouples
((T1-ave+T2-ave+T3-ave+T4-ave)/4), and Tsat is the saturation
temperature of working fluid. As shown in Table 1, five
run tests under microgravity conditions were conducted
at five different heat fluxes (7.2 W/cm2, 11.5 W/cm2,
13.3 W/cm2, 18.2 W/cm2, and 21.3 W/cm2), respectively.
For comparison, the experimental results of pool boiling on
a smooth silicon chip in microgravity conducted by Xue
et al. (2011) are also listed.

As shown in Fig. 5, two heat transfer regions are
marked as low and moderate heat fluxes region and
high heat flux region. In the low and moderate heat
fluxes region under normal gravity and microgravity, flow
boiling and pool boiling with smooth surface show similar
trends, that the heat transfer is slightly enhanced in
microgravity. From Fig. 6a, it can be seen clearly that
the wall temperature increases along the flow direction
at a constant heat flux in the low and moderate heat
fluxes region (7.2 W/cm2, 11.5 W/cm2, and 13.3 W/cm2),
and almost all the wall temperatures at different positions
in microgravity are slightly lower than that in normal
gravity, which indicates slight heat transfer enhancement.
The lowest wall temperature T1-ave, at different heat fluxes
are attributed to the fluid entering the heated region
as subcooled liquid at the lowest temperature. The wall
temperature initially increases downstream as a result of
both gradual rise in liquid temperature and vapor layer
development. This trends are quite different from the results
of flow boiling experiments of subcooled FC-72 in a vertical
rectangular channel (2.5 mm × 5 mm × 114.6 mm,
width × height × length) with single-sided heating wall at
liquid inlet velocities of 0.1−1.9 m/s conducted by Konishi
et al. (2015a). They found that for a fixed heat flux, the
wall temperature increases from the leading edge of the

Fig. 5 Pool and flow boiling
curves of chip S at different
gravity levels
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(a) The data in the present study   (b) Comparison with the data of Konishi et al. [32]

Fig. 6 Wall temperatures along flow direction measured by four thermocouples at different gravity levels

heated wall to a maximum immediately downstream from
the middle, before decreasing again toward the exit. For
the first stage of increasing from the leading edge of the
heated wall to a maximum, it is attributed to the same reason
mentioned above. While for the second stage of decreasing
again toward the exit, they pointed that the vapor generation
also causes gradual acceleration of the flow, which is good
for enhancing heat transfer and therefore decreases wall
temperature. The net effect of these two opposing trends is
to achieve maximum wall temperature shortly downstream
of the middle, before acceleration dominates heat transfer
and reduces wall temperature toward the exit. However,
we did not find the second stage in our experiment, and
there are two possible reasons. The first one is that the
length of the heater and the height of the channel of Konishi
et al. (2015a) are larger than that in our experiment, and

it can provide enough distance and space to develop to
the second stage mentioned above. Secondly, we can see
that the increment of wall temperature of Konishi et al.
(2015a) in Fig. 4b is larger than that in our experiment. It
is might be attributed that the liquid subcooling of Konishi
et al. (2015a) is lower than that in the present study.
Furthermore, the vapor layer is more easily to develop along
the heater surface in vertical channel. But for the horizontal
channel in the present study, the microgravity level (μg)
is approximately 10−2 ∼ 10−3g0, and the buoyancy force
is still working. Therefore, the vapor layer development
is not as fast as in vertical channel. Thus, the effect of
microgravity on vertical flow and horizontal flow is slightly
different.

In the high heat flux region, much evident deterioration of
heat transfer can be observed in microgravity for pool boiling

Fig. 7 Wall temperatures at
different gravity levels at inlet
velocity V = 0.5 m/s
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of chip S in microgravity as shown in Fig. 5. The reason for
the general increase in the mean heater surface temperature
of pool boiling heat transfer is that the coalesced large
bubble with large contact area on the heater surface can
not depart from the heater surface and gradually dryout at
the bottom of the coalesced large bubble in microgravity.
However, the flow boiling of smooth surface in microgravity
only shows slight deterioration of heat transfer, such as
q = 18.2 W/cm2 shown in Figs. 5 and 6. This is attributed
to that the inertia force can take the bubbles away from the
heater surface much easier than that of pool boiling.

Generally, the flow boiling of smooth surface at inlet
velocity V = 0.5 m/s shows almost the same regulations

as pool boiling in the low and moderate heat fluxes region
that all the wall temperatures at different positions in
microgravity are slightly lower than that in normal gravity,
which indicates slight heat transfer enhancement. While
the pool boiling of smooth surface shows much evident
deterioration of heat transfer compared with that of flow
boiling in the high heat flux region. In addition, the flow
boiling of smooth surface at inlet velocity V = 0.5 m/s
shows higher CHF than that of pool boiling, which is mainly
due to the inertia force. Obviously, the HTC of the entire
pool boiling heat transfer process is lower than that of flow
boiling. The main reason is that the liquid subcooling of
pool boiling is 41 K, which is much larger than that of flow

(a)  q = 7.2 W/cm2 (b)  q = 11.5W/cm2

(c)  q = 13.3 W/cm2 (d)  q = 18.2 W/cm2 

(e)  q = 21.3 W/cm2

Fig. 8 Visualization images at different gravity levels at inlet velocity V = 0.5 m/s
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boiling. Moreover, forced convection combined nucleate
boiling dominant the heat transfer process, so the HTC is
lower than that of pure nucleate boiling.

Bubble Behaviors

The mean wall temperature (Tw-ave = (T1 + T2 + T3 +
T4)/4) and bubble behaviors corresponding to heat fluxes
of 7.2 W/cm2, 11.5 W/cm2, 13.3 W/cm2, 18.2 W/cm2 and
21.3 W/cm2 at different gravity levels at inlet velocity V =
0.5 m/s are shown in Figs. 7 and 8, respectively. It should be
noted that the time entering microgravity condition was set
to 0 s, and flow boiling was in the stage of normal gravity
when t < 0, while t > 0 means in the stage of microgravity.

In the low and moderate heat fluxes region (7.2 W/cm2,
11.5 W/cm2, 13.3 W/cm2), it is clearly to see from
Fig. 7 that the mean wall temperature (Tw-ave) remains
nearly constant both in normal gravity and microgravity
conditions. This indicates that the reduction of gravity does
not deteriorate the heat transfer but slightly enhance the
performance in the low heat flux region (as shown detailed
in Fig. 6). Figure 8a and e shows the visualization images
at different gravity levels at inlet velocity V = 0.5 m/s. In
normal gravity, for q = 7.2 W/cm2 as shown in Fig. 8a,
only a few nucleation sites are activated (t = −0.1 s).
The small bubbles are driven along the heated wall by
liquid shear and drag forces, and grow in size because
of further evaporation as well as coalescence with other
bubbles. With increasing heat flux, more nucleation sites are
activated and more bubbles can be found. Besides, bubble
coalescence behaviors become much vigorous from inlet to
downstream along the flow direction, as shown in Fig. 8b–
e. After entering microgravity, for q = 7.2, 11.5, and
13.3 W/cm2, coalesced bubbles become larger than that in
normal gravity due to the absence of buoyancy. With time
increasing from 1.0 s to 3.0 s in microgravity as shown in
Fig. 8a–c, there is no obvious change in bubble behavior.
In the high heat fluxes region with increasing heat flux
to 18.2 W/cm2, it can be seen in Fig. 7 that the mean
wall temperature is still constant in both normal gravity
and microgravity conditions, and only slightly increases in
microgravity (as shown detailed in Fig. 6). At this heat
flux, the vapor bubbles number significantly increases in
both normal gravity and microgravity, and coalescence
occurs continuously among adjacent bubbles which become
vigorous and frequent in microgravity. The size of coalesced
bubbles increases gradually with time increasing from 1.0
to 3.0 s in microgravity as shown in Fig. 8d. This is
because more nucleation sites are activated at high heat
flux, and small bubbles coalesce with each other easily in
the absence of buoyancy. The upstream activity quickly
coalesces with each other and develops into large vapor
patches in the downstream of heater surface as shown in

Fig. 8d. However, the inertia force can still take these vapor
patches away. Thus, the steady state boiling heat transfer
can be maintained. With further increasing heat flux to
21.3 W/cm2, the wall temperature remains constant before
release but increases quickly after entering microgravity,
indicating heat transfer crisis occurs as shown in Fig. 7. As
for the bubble behavior, many large vapor patches can be
found in normal gravity as shown in Fig. 8e. While the large
vapor patches can still be taken away by the inertia force
of fluid, and thus shows the steady boiling heat transfer.
However, the bubble flow transits to wavy flow quickly
along the whole heated wall after entering microgravity
(t = 1.0 s), and the whole heater is covered by the vapor
As a result, no fresh liquid can be supplied to heater surface
for evaporation, and the corresponding wall temperature
increases sharply. Finally, the CHF occurs.

For further analysis, a fixed region is chosen for analysis
as marked by red outline as shown in Fig. 8. The method
of picture binarization by MATLAB was used, and the
bubble shape profile can be detected clearly. Although
the size and number of the bubbles can not be calculated
accurately, the ratio of total area of bubbles to the fixed
region marked by red outline (total area of bubbles and
fluid), Abubble/Abubble+fluid, can be calculated exactly based
on binarization image by statistical method. Generally, the
Abubble/Abubble+fluid can represent the overall size change
of bubbles before and after entering microgravity in x-y
plane, and also represent the void fraction in x-y plane,
αx−y , captured by camera from the top view of channel (not
an accurate void fraction in a fixed x-y plane in the flow
channel). As shown in Fig. 9, the average values of αx−y

during the normal gravity period of − 0.205 − 0 s before
release and microgravity period of 0–3.6 s after release at
q = 7.2 W/cm2, 11.5 W/cm2, 13.3 W/cm2 and 18.2 W/cm2

Fig. 9 Void fraction in x-y plane, αx−y , captured by camera from the
top view of channel at different gravity levels
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Fig. 10 CHF results at different
gravity levels at inlet velocity
V = 0.5 m/s

Fig. 11 Bubble behaviors of
heat transfer crisis at different
gravity levels at
q = 21.3 W/cm2
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are calculated, respectively. Correspondingly, the average
values of αx−y in normal gravity and microgravity are
7.5% and 8.6%, 28.1% and 29.5%, 39.5% and 41.7%, and
66% and 80%, respectively. This indicates that the bubbles
after entering microgravity exactly become larger than that
in normal gravity due to the lack of buoyancy For q =
21.3 W/cm2, the values of Abubble/Abubble+fluid are 1 in both
microgravity and normal gravity according to the bubble
behaviors as shown in Fig. 8e. It is interesting to found
when αx−y is larger than 1, indicating the bubbles occupy
the entire x-y plane, the heat transfer can still maintain
stable. So we divide the entire heat transfer process in both
microgravity and normal gravity into two regions according
to the values of αx−y : region I (αx−y < 1) and region II
(αx−y = 1). In the region I, the bubbles coalesce with each
other and accumulate in the channel, and then occupy the
entire x-y plane gradually with increasing heat flux. In this
region, steady heat transfer can be maintained. In the region
II, the bubbles have occupied the entire x-y plane, but CHF
did not occur because there is still some space in y-z plane
of the channel. Once the bubbles occupy the entire y-z plane

at the end of the heater the vapor blanket will be formed
quickly and transmit from downstream to upstream along
the heater, and CHF occurs. Thus, the height of flow channel
has a significant effect on CHF.

Critical Heat Flux and Heat Transfer Mechanisms

Critical heat flux is a very important parameter for
boiling heat transfer, especially for engineering application.
Figure 10 shows CHF results at different gravity levels
at inlet velocity V = 0.5 m/s. In this figure, the
complete boiling curve on ground was obtained by the same
experimental methods as in the drop tower before release,
and it shows a good agreement with the data in the drop
tower before release. From Fig. 10, it can be seen that the
CHF of chip S with inlet velocity of 0.5 m/s is 23.2 W/cm2

under terrestrial gravity, and the CHF under microgravity is
18.2–21.3 W/cm2 which is about 78–92% of that in normal
gravity. Further analysis of bubble behaviors at CHF was
performed as shown in Fig. 11. It shows the entire process
of bubble behaviors of heat transfer crisis.

Fig. 12 Flow boiling heat
transfer mechanisms in a
horizontal rectangle channel
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From Fig. 11a, it shows the bubble behaviors before
entering in microgravity (t = −0.1 s) at q = 21.3 W/cm2,
and massive bubbles generate, coalescence and flow to the
downstream, and thus small vapor patches are formed at
the downstream. The wall temperature remains nearly a
constant as shown in Fig. 7, and the small vapor patches can
still be taken away by the inertia force of fluid, and thus
shows the steady boiling heat transfer. While after entering
in microgravity as shown in Fig. 11b–e, small vapor patches
coalesce with each other to form the large vapor patches.
Afterwards, the large vapor patches continue to coalesce
with each other to form the vapor blanket with increasing
time as shown in Fig. 11f–l. The bubble flow transits to
wavy flow very quickly from downstream to upstream along
the heater, and the corresponding wall temperature increases
sharply as shown in Fig. 7. As a result, the whole heater is
covered by the vapor, and no fresh liquid can be supplied to
heater surface for evaporation. Finally, the CHF occurs.

Flow boiling heat transfer mechanisms in a horizontal
rectangle channel are shown schematically in Fig. 12. From
Fig. 12a, some isolated bubbles appear, and the bubbles
in microgravity become larger than that in normal gravity
due to the lack of buoyancy. In this situation αx−y < 1
and αy−z < 1, gravity shows nearly no effect on heat
transfer performance and it covers the low and moderate
heat fluxes region, because the inertia force can take the
isolated bubbles away in time due to the small void fraction.
In Fig. 12b, αx−y = 1 and αy−z < 1, the bubbles do not
occupy the entire channel, especially at the end of the heater.
In this situation, the inertia force can still take the bubbles
away from the heater surface. In Fig. 12c αx−y = 1 and
αy−z = 1, once void fraction αy−z at the end of the heater
equals 1, the vapor blanket will be formed quickly and
transmit from downstream to upstream along the heater, and
thus CHF occurs. In microgravity, the void fraction αy−z at
the end of the heater is much easier to reach 1 than that in
normal gravity due to relative large bubbles at the same heat
flux. Thus, the height of flow channel determining αy−z has
a significant effect on CHF at a fixed velocity.

Conclusions

In this study, the flow boiling heat transfer on a smooth
surface of subcooled air-dissolved FC-72 was investigated
in normal gravity and microgravity. The main conclusions
are listed as follows:

(1) The flow boiling of smooth surface at inlet velocity
V = 0.5 m/s shows almost the same regulations
as pool boiling in the low and moderate heat fluxes
region, which all the wall temperatures at different
positions in microgravity are slightly lower than that

in normal gravity, indicating heat transfer is enhanced.
Without inertia force, the pool boiling of smooth
surface shows much evident deterioration of heat
transfer compared with the flow boiling in the high
heat flux region.

(2) For the flow boiling of smooth surface at inlet velocity
V = 0.5 m/s, the bubbles in microgravity exactly
become larger than that in normal gravity due to
lacking buoyancy, but show nearly no effect on heat
transfer performance except for CHF.

(3) For the flow boiling heat transfer in microgravity,
inertia force play a key role to control the heat transfer
process. Obviously, the threshold velocity for the
inertia-dominant flow boiling under different gravity
conditions is larger than 0.5 m/s in our experiment The
CHF under microgravity is about 78–92% of that in
normal gravity at V = 0.5 m/s.

(4) Flow boiling heat transfer mechanisms are summa-
rized. When αx−y < 1 and αy−z < 1, gravity shows
nearly no effect on heat transfer performance. When
αx−y = 1 and αy−z < 1, the inertia force can still
take the bubbles away from the heater surface. When
αx−y = 1 and αy−z = 1, the vapor blanket will
be formed and the bubble flow transits to wavy flow
very quickly from downstream to upstream along the
heater, and CHF occurs. Thus, the height of flow chan-
nel determining αy−z has a significant effect on CHF
at a fixed velocity.
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Nomenclature A, Area (m2); b, Width of the heater (mm); CHF,
Critical heat flux (W/cm2); Dh, Hydraulic diameter (mm); g0, 1g,
Earth gravity level (m/s2); G, Mass velocity (kg/m2·s); IH, Heating
current (A); k, Thermal conductivity,(W/m·K); L, Length of the heater
(mm); q, Heat flux (W/cm2); Qv, The volume flow rate (m3/s);
R1, R2, Standard resistance (k�); t , Time (s); Tw, T1, T2, T3, T4,
Wall temperatures (◦C); Tw-ave, T1-ave, T2−ave, T3-ave, T4-ave, Average
wall temperature (◦C); Tb, Bulk temperature (◦C); Tsat, Saturation
temperature (◦C); UH, Heating voltage (V); V , Inlet liquid velocity
(m/s); �P , Pressure drop (kPa); �Tsat, Wall superheat = Tw − Tsat
(K); �Tsub, Fluid subcooling = Tsat − Tb (K).

Greek symbol αx−y , Void fraction in x-y plane captured by camera
from the top view of channel; αy−z, Void fraction in y-z plane at the
end of the flow channel; μg, Gravitational acceleration in microgravity
(m/s2).
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