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1. Introduction

Flow boiling is widely used in thermal management systems.
With the development of aerospace technology, the study of flow
boiling heat transfer under microgravity is of great significance to
the heat dissipation of electronic devices and the thermal manage-
ment for space equipment (Konishi and Mudawar, 2015a). How-
ever, the difficulty in obtaining microgravity conditions leads to
costly experiments. In addition, the ability to conduct flow boil-
ing heat transfer experiments is restricted due to the complex-
ity of the experimental system. Therefore, only a few experiments
of flow boiling in microgravity have been reported (Celata, 2007;
Zhao, 2010).

The gravity level has an obvious influence on the flow boiling
heat transfer performance, including the heat transfer coefficient
and the critical heat flux (CHF) due to the notable change of buoy-
ancy. Different trends of the flow boiling heat transfer coefficient,
including a slight enhancement (Luciani et al., 2008; Baltis et al.,
2012; Zhang et al, 2018a), deterioration (Ma and Chung, 2001;
Ohta, 1997) and no difference (Zhang et al., 2018b), have been
observed in microgravity at low and moderate heat fluxes com-
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pared to the trends in normal gravity. CHF decreases have been
observed in all relevant publications. In addition, compared to the
heat transfer performance at the CHF, it is easier to obtain similar
performances under different gravity conditions at low and mod-
erate heat fluxes. With the increase of the inlet velocity, the ef-
fects of the gravity levels on the flow boiling heat transfer coeffi-
cient in the low and moderate heat flux regions were weakened,
and almost no difference in the flow boiling heat transfer coeffi-
cient was observed (Ma and Chung, 2001; Ohta, 1997; Zhang et al.,
2018b, 2005; Ohta, 2013; Konishi et al., 2015b). Although the in-
creased inlet velocity weakens the influence of gravity on the CHF,
a decrease in the CHF has always been observed under micrograv-
ity conditions, even in the cases of high inlet velocities (Ma and
Chung, 2001; Zhang et al., 2018b, 2005; Konishi et al., 2015b).
Therefore, investigations of the flow boiling CHF under micrograv-
ity conditions are of great significance for guiding the design and
operation of thermal management systems in microgravity.
Because flow boiling experiments in microgravity are not con-
venient, obtaining the value of the flow boiling CHF in microgravity
by simulated experimental tests conducted on the ground is a very
convenient and economical approach. Changing the orientation of
the heating surface can directly affect the buoyancy of the bub-
bles and thus, the flow boiling heat transfer performance. There-
fore, this method is usually used to study the effects of gravity on
flow boiling heat transfer (Kirk et al., 1995; Merte et al., 2002;
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Nomenclature

CHF critical heat flux (W/cm?2)

F, buoyancy (N)

Fep contact pressure force (N)

Fau unsteady drag force (N)

Fy hydrodynamic pressure force (N)
Fm Marangoni force (N)

Fgs quasi-steady drag force (N)

Fs surface tension (N)

Fy shear lift force (N)

g gravitational acceleration (m/s2)
H height of channel (mm)

I heating current (A)

L length of heater (mm)

P pressure (atm)

q heat flux (W/cm?)

Qs heat of forced convection (W)
Qtc heat of transient conduction (W)
t time (s)

T, average wall temperature ( °C)
T; liquid temperature ( °C)

Tsat saturation temperature ( °C)

Tw wall temperature ( °C)

u heating voltage (V)

Vv liquid flow velocity (m/s)

w width of heating surface (mm)

Greek symbol

1) orientation of heating surface (°)
i Angle of bubble incline
Subscripts

con conduction loss

\Y volume flow rate

min minimum

sat saturated

sub subcooled

ug microgravity

Bower and Klausner, 2006; Lv et al., 1998; Zhang et al., 2002).
However, no feasible method for simulating the flow boiling CHF
in microgravity has been reported in the literature. Based on the
experimental study of flow boiling with different orientations of
the heating surface, Kirk et al. suggested that if the flow veloc-
ity exceeds the threshold value, the effects of the orientation, and
thereby gravity, on flow boiling heat transfer can be completely ne-
glected. However, the threshold value of flow velocity must be de-
termined by experiments in microgravity (Kirk et al., 1995). Merte
et al. proposed that the flow boiling characteristics in micrograv-
ity might be approximated by downward horizontal flow boiling
in earth gravity when the liquid velocities (V) are in the range of
5-10cm/s based on the analysis of dimensionless numbers, includ-
ing the two-phase Richardson number, the two-phase Weber num-
ber, and the Bond number (Merte et al.,, 2002). However, there
are no experimental results to validate this criterion. Similarly,
combining the analysis of the Jakob number and a dimension-
less flow rate parameter, Bower and Klausner established a grav-
ity dependent/independent regime map using the variation of the
Nusselt number coefficient to distinguish the threshold of gravity-
independent heat transfer (Bower and Klausner, 2006). However,
this gravity-dependent/independent regime map is only effective
for flow boiling heat transfer in the low and moderate heat flux
regions, and the CHFs under different orientations of the heat-
ing surface still show obvious deviations under this condition. Lv

et al. proposed an equivalent criterion for simulating flow boiling
in microgravity by ground tests (Lv et al., 1998). They pointed out
that the flow boiling heat transfer performance in microgravity can
be approximated when the wall temperature distribution of points
along the test section has no sudden change, and the difference
of the heat transfer performance between downward vertical flow
boiling and upward vertical flow boiling in normal gravity can be
negligible. However, to meet the equivalence criterion, the experi-
mental conditions are too rigorous; in particular, the flow velocity
is too high for space equipment. Zhang et al. conducted a series
of experiments with different inlet velocities under different ori-
entations of the heating surface (0-360° with the increments of
45°) in normal gravity and compared the results with their ex-
perimental results in microgravity. Then, they proposed that the
critical inlet velocity at which the influence of gravity on the CHF
can almost be neglected is 1.5m/s for single heated conditions
(the ratio of the flow boiling CHF in microgravity to that in nor-
mal gravity, qcur-;g/qcnr-18, is larger than 0.9) (Zhang et al., 2002;
Zhang et al., 2005). The flow velocity should normally be con-
trolled within 1.0m/s from the perspective of economics and op-
erational safety. Therefore, the critical inlet velocity is not practical
for application under most conditions.

In summary, there are three shortcomings in simulating the
CHF of flow boiling under microgravity conditions by ground tests
in the literature: 1) not enough attention has been paid to the sim-
ulation of the CHF; 2) most criteria lack experimental validation;
and 3) the proposed critical flow velocity for simulating the CHF
of flow boiling in microgravity is too high for practical applications
under most conditions. Therefore, it is very beneficial to provide
a convenient and economical experimental method in earth grav-
ity to approximate the CHF of flow boiling in microgravity with a
wide range of practical applications in space equipment.

In this study, a method for approximating the CHF of subcooled
flow boiling in microgravity by ground tests is proposed based on
the analysis of bubble dynamics and data from the literature. The
method was validated by the drop tower experiment, and was fur-
ther explained by a modified heat flux partitioning model in sub-
cooled flow boiling.

2. The conjecture of the method

There are two kinds of bubble dynamic behaviours in the flow
boiling heat transfer: bubble sliding and bubble lift-off. The occur-
rence of these two behaviours leads to the formation of volumetric
voids in the superheated liquid layer, thereby forming a quenching
effect by the subcooled liquid and taking away a large amount of
heat, as shown in Fig. 1 (Basu et al., 2005a, 2005b).

The existence of the buoyancy influences the bubble sliding
and bubble lift-off behaviours and thus affects the value of the
CHF. The results of Basu et al. indicated that bubble sliding and
bubble lift-off have a significant impact on the CHF of flow boil-
ing (Basu et al., 2005a, 2005b). By analysing the effects of bubble
sliding and bubble lift-off on transient heat conduction in normal
gravity and microgravity, it is possible to find suitable ground ex-
perimental conditions to approximate the CHF of subcooled flow
boiling in microgravity.

The force analysis of a single bubble in subcooled flow boiling is
shown schematically in Fig. 2, where ¢ represents the orientation
of the heating surface, and the naming scheme for ¢ is illustrated
in Fig. 3. The single bubble force-balance model in subcooled flow
boiling (Klausner et al., 1993; Zhang et al., 2014) can be expressed
as

ZFx:I:sx+Fqs+qux+I:bx (1)

ZFy:Fsy+quy+Fsl+EDy+Fh+FCp+En (2)
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Fig. 1. The effects of bubble sliding and bubble lift-off on flow boiling heat transfer.
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Fig. 3. Naming scheme for the orientation of heating surface.

Table 1
The effects of the orientation of heating surface on bubble behaviour.

) Fox Effect on bubble sliding  Fyy Effect bubble lift-off
0 =0 0 >0 +
(0°, 90°) >0 + >0 +
90° >0 + = 0
(90°, 180°) >0 + <0 -
180° =0 0 <0 -
(180°,270°) <0 - <0 -
270° <0 - =0 0
(270°,360°) <0 - >0 +

where F;, Fgs, Fqy, Fy, Fg, Fn, Fep, and F, represent the surface ten-
sion, quasi-steady drag force, unsteady drag force, buoyancy, shear
lift force, hydrodynamic pressure force, contact pressure force, and
Marangoni force, respectively. The bubble slides on the heating sur-
face when XFx > 0 and XF, < 0. While XF; > 0, bubble lift-off
occurs on the heating surface.

The components of the buoyancy F;, along the bubble sliding
direction Fy, and the bubble lift-off direction Fy, under the orien-
tation of ¢ are given by

Fox =F,cosg (3)

Fy = Fysing (4)

Then the effects of the orientation on the bubble behaviour can
be obtained based on Egs. (1)-(4), as shown in Table 1, where
“4+”, “-” and “0” in the third and fifth columns indicate that the
buoyancy has advantageous, disadvantageous and no effects on
bubble sliding/lift-off. When the gravitational acceleration g— 0,
Fyx =Fuy =0, and the buoyancy has no effect on bubble sliding and
bubble lift-off in microgravity. In fact, it is impossible to obtain
the same flow boiling phenomenon as the microgravity condition
in normal gravity conditions because the effects of buoyancy can-
not be eliminated in normal gravity. What we can do is find the
condition(s) in which the effects of bubble sliding on flow boil-
ing are opposite to those of bubble lift-off and then obtain the
same value of the CHF in microgravity by the ground tests. When
90° < ¢ < 180°, buoyancy is beneficial to bubble sliding, but it is
an obstruction to bubble lift-off. Then, the enhancement of flow
boiling heat transfer due to the strengthened bubble sliding effect
and the deterioration of flow boiling heat transfer due to the weak-
ened bubble lift-off effect can be partially offset. Hence, for this
case, it is possible to find an orientation in the range of (90°, 180°)
for which the value in normal gravity is close to that in micro-
gravity for the same conditions. Similarly, when 270° < ¢ < 360°,
buoyancy is good for bubble detachment, but it is not conducive to
bubble sliding in normal gravity. The effects of bubble sliding on
flow boiling heat transfer are opposite to those of bubble lift-off
when the orientation of the heater is in the range of (270°, 360°).
Therefore, it is also possible to find an orientation in this range to
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Fig. 4. The comparison of CHF data in microgravity and in normal gravity with the orientations of 135° and 315°

obtain the same value as that in microgravity for the correspond-
ing conditions. However, for other cases, the effects of buoyancy
under different gravity levels on flow boiling heat transfer can-
not be equal to each other. Then, it is possible to achieve the flow
boiling CHF on the ground that approximates that in microgravity
when 90° < ¢ < 180° and 270° < ¢ < 360°

Usually, from the perspective of the feasibility and convenience
of the experiments and to obtain similar buoyancy effects on the
bubble dynamics (|F,x|=|Fpy|), an increment of 45° in the orienta-
tion was adopted to investigate the effects of the heating surface
orientation on flow boiling heat transfer. Therefore, the CHF results
for 135° (the median of 90° and 180°) and 315° (the median of
270° and 360°) in normal gravity and the CHF data for 0° in micro-
gravity were used for comparison. Zhang et al. (Zhang et al., 2002,
2005) and Konishi et al. (Konishi et al., 2015b, 2015c) systemati-
cally studied the effects of the orientation and the gravity levels
on the flow boiling CHF. However, the results of Konishi et al. were
obtained from flow boiling experiments in a rectangular channel
with opposite double-side heaters. The bubble behaviour under
two opposite double-side heating is much more complex than that
of single-side heating due to the merging of vapour bubbles gen-
erated by the downstream double-side heaters. Therefore, the re-
sults of Konishi et al. (2015b) and Konishi et al. (2015c) were not
compared in this study. Further, data on the flow boiling CHF with
different orientations in normal gravity under the corresponding
conditions were tested in the present study (Zhang et al., 2018b).

The CHF data from the literature for 0° in microgravity and in
normal gravity with different orientations are shown in Fig. 4. It
can be observed from Fig. 4 that the CHF with an orientation of
315° (qcHr-3150) is less than that of 135° (qcyr.1350) under the cor-
responding conditions. In addition, the CHF for 0° for each case
in microgravity (qcur-ug) is in the range of qcpp3ise and qeur-1350
In other words, it can be assumed that the influence of buoyancy
on the flow boiling CHF under microgravity when ¢ = 0° is in
the range of that on the flow boiling CHF when ¢ =315° and that
on the flow boiling CHF when ¢ = 135° Therefore, the CHF of sub-
cooled flow boiling can be approximated in microgravity using the
range of qcyr-315c and qcyr-135¢ in normal gravity under the corre-
sponding conditions.

3. Experimental validation
3.1. Experimental apparatus

To verify the feasibility and correctness of the method, a series
of subcooled flow boiling CHF data of FC-72 in microgravity were
obtained through drop tower experiments in Beijing.

The drop tower experimental setup is similar to that reported
in our previous studies (Zhang et al., 2018a, 2018b), as shown in
Fig. 5. The test system consists of a fluid circulating system (in-
cluding a pump, a potentiometer, a valve, pipelines, a rectangular
channel, a tank, and a rubber bag), a testing section (including a
DC power source and the heated surface), a data acquisition and
visualization system (including thermocouples, a hall sensor, a data
acquisition system, two standard resistances, two light sources and
a high speed camera), and a fluid temperature controlling system
(including an auxiliary heater, a condenser, and a temperature con-
troller).

To facilitate the adjustment of the heated surface, silicone tubes
were used as the pipelines of the experimental system. The rub-
ber bag was fixed on the top of the tank and used to maintain
the experimental pressure at 1 atm. The test section with a size of
545 x 80 x 43 mm3 was made of transparent polycarbonate for vi-
sualization. A high-speed camera with a recording speed of 1000
fps was fixed on the top side of the heated surface. Two halogen
bulbs were fixed on the two opposite sides of the high-speed cam-
era at an angle of 45° The working fluid is FC-72 (Ts3t =329K at 1
atm), and the subcooling of the working fluid is (ATg,,) 15+ 0.5K.

As shown in Fig. 6, P-doped smooth silicon chips with a thick-
ness of 0.5mm and a width of 10mm were used as heating sur-
faces. The resistivity of the silicon chip is 1-3 Q.cm. Two cop-
per wires were soldered on the two opposite ends of the silicon
chips using the ultrasonic bonding method. The heating surface
was Joule heated by a program-controlled DC power source, and
flow boiling heat transfer occurred in a rectangular channel with
a width of 12mm. To decrease the heat loss, the heating surface
was bonded to a plexiglass plate and then packaged in a plexi-
glass base with heat insulation glue with a thickness of 1.5 mm.
The thermocouples were pasted on the bottom side of the heat-
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Fig. 5. Schematic diagram of the experimental setup.
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Fig. 6. Schematic diagram of the test section: (a) Test chip soldering, (b) Chip heating module and (c) Chip unit.
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Table 2

The experimental conditions and results on the ground.

Case number  L(mm) V(m/s) H(mm) ¢ (°) ger (W/cm?)  qenr/qenros
L40VO5H3 40 0.5 3 0 234 100%
135 20.4 87.2%
315 18.3 78.2%
L20VO5H3 20 0.5 3 0 244 100%
135 23.0 94.3%
315 20.8 85.2%
L10VO5H3 10 0.5 3 0 274 100%
135 26.0 95.0%
315 23.8 86.9%
L40V10H3 40 1.0 3 0 26.8 100%
135 255 95.1%
315 23.6 88.1%
L40VO5H5 40 0.5 5 0 24.8 100%
135 221 89.1%
315 203 81.9%

ing surface with a thermally conductive adhesive at a distance of
10 mm.

3.2. Experimental procedures

Due to experimental resource limitations, only 9 drop tower
tests were conducted in this study. The critical flow veloc-
ities reported in the literature, ie., 15m/s as reported by
Zhang et al. (2005), are very high for the application of the
thermal management system of space equipment. The range
of flow velocities in the present study, 0.5-1.0m/s, requires
much less energy consumption by the system and is more suit-
able for the application to space equipment (Chiaramonte and
Joshi, 2004; Zhang et al., 2005). Furthermore, the results of
Zhang et al. (2005) indicated that this approximation method can
also be used under the flow velocities of 0.5-2 m/s. Therefore, the
flow velocity is not the main variate of the present study.

Considering the influences of the heater length (L), flow ve-
locity (V) and channel height (H) on the subcooled flow boiling
CHF, five cases (L40VO5H3: L==40mm, V==0.5m/s, H==3 mm;
L20VO5H3: L==20mm, V==0.5m/s, H==3mm; L10VO5H3:
L==10mm, V==0.5m/s, H==3mm; L40V10H3: L==40mm,
V==10m/s, H==3mm; L40VO5H5: L==40mm, V==0.5m/s,
H==5mm) of experiments were conducted to validate the
method.

Before the drop tower experiments, the CHF values of three ori-
entations (¢) of the heating surface (0°, 135°, and 315°) for each
case were tested in normal gravity. Only the high heat flux re-
gion of the boiling curve that approaches the CHF was measured
in the present study. To obtain the CHFs in normal gravity, the in-
crements of heat flux were less than 0.3 W/cm?. For each heat flux,
the wall temperatures were monitored carefully to prevent the
heated surface from burning up. When the CHF reaches a certain
value, the wall temperatures increases dramatically, and the power
is shut down in the meantime. The experimental conditions and
results in normal gravity are listed in Table 2. It can be found from
Table 2 that qcyr-315- is always less than qcyr.135- under the corre-
sponding conditions, which is similar to the results of single side
heating in a rectangular channel, as reported in Zhang et al. (2002).

After measuring the CHFs of these three orientations, the oper-
ating conditions of the drop tower experiments can be obtained.
Because the microgravity environment last for only 3.6s, we can
only obtain the results of one heat flux for each drop tower exper-
iment. Therefore, instead of a precise value, only the range of heat
flux values that contains the CHF in microgravity can be obtained
(Zhang et al., 2018a, 2018b). On the premise that this hypothesis
is true, the CHF in microgravity will be in the range of qcyr.315°
to qcur135 for each case. Therefore, the range of heat fluxes of

the drop tower experiments are within the range of qcyr.315- to
qcur-135- for each case. Therefore, to ensure the success of every
drop tower experiment and to avoid the burning up of the heating
surface, the drop tower test with lower heat flux which is qcyr_315,
was conducted firstly in normal gravity for each case. For instance,
as with case L20VO5H3, the set value of the heat flux for the
first drop tower test was 20.8 W/cm2. Subcooling was maintained
at 154+ 0.5K before DC power was applied. Next, the heating sur-
face was heated under a constant input voltage to initiate boiling
on the heater in terrestrial gravity before the release of the drop
capsule for approximately 2.5 min until the flow boiling reached a
steady state. Then, the drop capsule was released, and the high-
speed camera was triggered to record. The pre-triggered time of
the high-speed camera was set as 0.205s. Therefore, the bubble
behaviours of the heated surface before and after the release of the
drop capsule were recorded for each drop tower test. According to
the flow boiling heat transfer performance at the lower heat flux
of each case, the set value for the second run of the drop tower
test for each case can be decided. Finally, the heat transfer perfor-
mance at the higher heat flux of each can be tested by repeating
the procedures mentioned above. More details on the experimental
setup and the test procedures can be found in our previous articles
(Zhang et al., 2018a, 2018b).

The heating voltage (U) and heating current (I) signals recorded
by the data acquisition system were converted by two standard re-
sistances and the hall sensor, respectively. The measured flow boil-
ing heat flux of q can be calculated as follows:

Uu-I
q= W (5)

where L and W represent the length and width of the heating sur-
face, respectively. The uncertainty of the measured heat flux can
be calculated as

S0 G

In this study, only the data approaching the CHF were recorded
(the minimum heat flux in this study is 18.2W/cm?2). The mea-
surement uncertainties for AU/U, AIfl, AL|L, and AW|W are 0.1%,
0.014%, 0.5% and 0.5%, respectively. Therefore, the uncertainty of
the measured flow boiling heat flux is 0.7%. Considering the
heat conduction loss through the substrate of the heating surface
(Aqcon/q) and the effects of the fluctuation of the volume flow rate
on the heat flux (Aqy/q), the uncertainty of the total heat flux is
calculated as
Aot _ AG | Adeon  Ady

==+ + (7)
¢ 9 q q
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Fig. 8. Comparison of bubble behaviour in different gravity conditions for L20VO5H3.

The thermal conductivity values of the plexiglass base and the
heat insulation glue are approximately 0.2 W/m-K and 0.15W/m K,
respectively. According to the one-dimensional Fourier law, the
heat loss through the substrate of the heating surface is estimated
to be less than 1.5%. The maximum uncertainty caused by the
fluctuation of the volume flow rate Aqy/q is approximately 1.1%.
Therefore, the uncertainty of the total heat flux is less than 2.0%.

3.3. Experimental results

Due to experimental resource limitations, only 9 drop tower
tests were conducted in this study, and each test was only con-
ducted one time. The gravity level in microgravity (u.g) is approxi-
mately 10~2 to 10-3 g, and g is the gravitational acceleration on the
ground. The free-falling period of microgravity during each drop
tower test is 3.65s.

The flow boiling heat transfer performances of L20VO5H3 for
different gravity levels are shown in Fig. 7 and Fig. 8, where the
time at which the microgravity condition began was set to 0s, and
the flow boiling is in normal gravity when t < 0 and in micrograv-
ity when t > 0.

As for q=21.0W/cm?2, as shown in Fig. 7, the wall tempera-
tures (T; and T, in Fig. 7(a) are the wall temperatures measured
by the two thermocouples, and T, represents the average value of
T; and T,) and the heating current are found to remain steady un-
der different gravity levels. In addition, it can be observed from
Fig. 8 that the heating surface is covered by a large number of
bubbles in normal gravity (t=—0.1s). Under the condition of mi-
crogravity (t=0-3.6s), the coalescence behaviour of the bubbles
increases slightly, which results in the occurrence of large \1apour
patches downstream of the heating surface. Therefore, the differ-
ence of the bubble behaviour between the microgravity condition
and the normal gravity condition is very small except for the slight
serious bubble coalescence in microgravity. Zhang et al. reported

that for flow boiling on a smooth surface with a length of 40 mm,
there is almost no deviation in flow boiling heat transfer and bub-
ble behaviour except for the CHF (Zhang et al., 2018a). Therefore,
it can be concluded that the flow boiling is still in the stable state
and the CHF has not occurred at q=21.0W/cm? in microgravity.

At g =23.0W/cm?, the wall temperatures increase sharply when
t=0.8s (as shown in Fig. 7). Because the heating voltage (U) was
constant during the experiments and the material of the heating
surface is P-doped silicon, the resistance of the heating surface in-
creases with the increase of the wall temperature. Therefore, the
heating current (I) decreases obviously as the wall temperatures
increase. The bubbles are generated vigorously on the heating sur-
face in normal gravity (t=-0.1s), while a large \1apour film was
observed on the heating surface at t=0.7s. When t=2.0s, the
heating surface was entirely covered by the \1apour film. This phe-
nomenon indicated that a very rapid transition from nucleate boil-
ing to film boiling has occurred after entering the microgravity
condition. Therefore, it can be inferred that the CHF has occurred
at this heat flux. Then, the CHF in microgravity for this case can be
inferred to be between 21.0 W/cm? and 23.0 W/cm?.

Similarly, the range of the CHF for the other cases can be
obtained. The test conditions and results of the CHF in micro-
gravity are listed in Table 3. According to the results reported in
our previous study (Zhang et al.,, 2018b), the CHF of the smooth
surface for L40VO5H3 is between 18.2 and 21.3W/cm? in micro-
gravity, and the CHF when ¢ =0° for this case in normal grav-
ity is 23.4W/cm?2, which is very close to the value reported in
Zhang et al. (2018b) (23.2W/cm?). Furthermore, q=18.2W/cm? is
very close to the qcyr.3150 of L40VO5H3. Therefore, the results of
q=18.2W/cm? in Zhang et al. (2018b) were also used for the vali-
dation of this method. According to the results of Table 3, the rela-
tionship of the CHF in normal gravity under ¢ =135° and ¢ =315°
and the CHF in microgravity can be compared, as shown in
Fig. 9.
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Table 3
The results of CHF in microgravity.

Case number ¢ (W/cm?)  q/qcuro- Whether the CHF has occurred  qcup-ug/ enr-o0

L40V05H3 18.2 77.8% No 77.8%—83.8%
19.6 83.8% Yes

L20V0O5H3 21.0 86.1% No 86.1%—-93.9%
229 93.9% Yes

L10VO5H3 24.2 88.3% No 88.3%—-95.0%
26.0 95.0% Yes

L40V10H3 23.7 88.1% No 88.1%-92.2%
24.7 92.2% Yes

L40VO5H5 20.1 81.0% No 81.0%-87.1%
21.6 87.1% Yes

1.1
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Fig. 9. Comparison of CHF regions at different gravity levels.

It can be found from Table 3 and Fig. 9 that the flow boil-
ing CHF under microgravity conditions is in the range of qcyr.315°
and qcyr135c for each case. These results suggest that the sub-
cooled flow boiling CHF in microgravity can be approximated by
the range of qcyr.3150 and qcyr.135- in normal gravity under the
corresponding conditions. Therefore, the method for approximating
the CHF of subcooled flow boiling in microgravity is feasible and
valid for all the five cases. Furthermore, the maximum difference
of the CHF between 135° and 315° is only 2.2W/cm?2 (L20V0O5H3
and L10VO5H3), and the maximum deviation of the method for ap-
proximating the CHF under microgravity conditions in this study is
only 9.1%, which means that the method has the advantage of high
precision when obtaining the CHF of subcooled flow boiling in mi-
crogravity.

4. Conclusions

A method for approximating the subcooled flow boiling CHF
in microgravity by ground tests, in which the CHF in micrograv-
ity can be approximated by the range of CHFsi5- and CHFj35- in
normal gravity, was proposed. The method was validated by the
drop tower experimental results. The experimental data covered in
the present study are for single-side heated subcooled flow boiling
with the following range of parameters: pressure P=1 atm; inlet
velocity V=0.5-1.0 m/s; length of heater L =10-40 mm; subcooling
ATg,, =15K; and height of the channel H=3-5mm. Good agree-
ment was observed from the results of all five tested cases.

The study provides a new convenient, economical and precise
method to find the subcooled flow boiling CHF in microgravity by
ground tests.
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