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Abstract

Cryogenic forced convective boiling under terrestrial and microgravity conditions for the development of cryogenic fluid management
on orbit is studied. The experiments are conducted in a low mass velocity region (100–300 kg/m2 s) that is easily influenced by gravity,
and fluid behavior observations and heat transfer measurements are performed simultaneously. These experiments aim at understanding
the effect of gravitational acceleration on the relation between the flow behavior and thermal characteristics during the quenching of the
tube by a cryogenic fluid. The heat transfer increases under microgravity conditions, and results from an increase in the quench front
velocity.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

During the re-ignition of a rocket engine in space, when
a small amount of the residual propellant is transferred
from the tank to the combustion chamber, it is important
to precisely understand whether the phenomena that occur
in space differ from those on the ground [1]. In addition to
this, cryogenic propellants such as liquid hydrogen, liquid
oxygen and liquid helium will require to be managed on
orbit for future space transportation systems such as a sys-
tem for fuel resupply on orbit [2]. Cryogenic fluid manage-
ment on orbit is an area of technology that will be common
to all future space missions [3].

To clarify the effects of gravity on heat transfer during
tube quenching by cryogenic fluids, we investigated cryo-
genic forced convective boiling under microgravity condi-
tions. Microgravity flow boiling, unlike pool boiling [4]
and adiabatic two-phase flow, has not received significant
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attention in the past. In particular, experiments on cryo-
genic flow boiling in microgravity have hardly been con-
ducted to date. This is due to the fact that this is by far
the most difficult and complex boiling experiments [5]. To
our knowledge, only one other experimental report, that
by Antar and Collins [6], deals with this subject. They
investigated flow patterns and heat transfer during a
quenching process using a NASA KC-135 aircraft. They
employed a quartz tube with an ID of 1.05 cm and a stain-
less tube with an ID of 0.432 cm for the visual recording of
the flow patterns and measurement of the outer wall tem-
perature, respectively. However, these experiments did
not report the heat transfer characteristics of the quenching
process, such as the heat flux and heat transfer coefficient.
In addition, the terrestrial and microgravity experiments
were generally not conducted under the same mass velocity
condition. Hence, the heat transfer characteristics of cryo-
genic flow boiling during tube quenching in microgravity
need to be studied further.

Here, we present the results of our microgravity experi-
ments. These experiments were conducted at the Japan
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Nomenclature

g0 normal gravity acceleration (=9.8 m/s2)
1g terrestrial conditions
lg microgravity conditions
G mass velocity (kg/m2 s)
T temperature (K)
R resistance (X)
uq quench front velocity (m/s)
uI liquid velocity at the inlet of the test section

(m/s)
q heat flux (W/m2)
qG heat generated by the gold film (W/m2)
cp specific heat of the tube (J/kg K)
r coordinate of radial direction (m)

z coordinate of axial direction (m)
ID inner diameter of the tube

Greek symbols

a heat transfer coefficient (W/m2 K)
q density of the tube (kg/m3)
j thermal conductivity of the tube (W/mK)
d tube wall thickness (m)

Subscripts
l liquid
w inner wall of the tube
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Microgravity Center (JAMIC) from 1999 to 2002, and
were specifically aimed at understanding the heat transfer
characteristics and flow pattern during the quenching of
a tube in ambient conditions using liquid nitrogen as the
test fluid.
2. Experimental apparatus and procedure

2.1. Experimental apparatus

A schematic diagram of the experimental apparatus
used in this study is shown in Fig. 1, and a detailed drawing
of the test section is given in Fig. 2. For safety consider-
Fig. 1. Schematic diagram of the flow configuration used in the
microgravity experiment.
ations, LN2 is selected as the test fluid in the present exper-
iments; in addition, LN2 is a suitable model fluid, because
its surface tension, boiling point and evaporative latent
heat are similar to liquid oxygen and liquid hydrogen com-
paratively well. The apparatus mainly consists of the test
section, LN2 and GN2 tanks, air compressor (HITACHI
BEBICON 0.2LP-7S), vacuum pump (ULVAC DA-15D),
data logger (HP 34970A), and 2-set CCD cameras (TOS-
HIBA IK-M40). The test configuration is made to fit
within a 425 � 870� 918 mm3 frame at the JAMIC. The
same apparatus is used in both the terrestrial tests and
microgravity tests.

The test section consists of a transparent heated tube [7],
that is surrounded by vacuum insulation and is vertically
oriented under terrestrial conditions. The tube is made of
pyrex glass, and it has an ID of 7 mm and a wall thickness
of 1 mm. The temperature measurement length is approxi-
mately 50 mm, and its inner wall is uniformly coated with a
transparent gold film with a thickness of the order of
0.01 lm. The film is used as a resistance thermometer to
directly evaluate the inner wall temperature averaged over
the entire temperature measurement length. In this study,
the thermostatic bath was used to examine the relationship
between a resistance of the film and its temperature. Addi-
tionally, the transparency of the film allows visual observa-
tion of the flow behavior through the wall. Both ends of the
tube are coated with a thick layer of silver film for use as
electrodes and are in contact with a brass flange, as shown
in Fig. 2. Several ring sheets made of aluminum foil are
inserted between the tube and brass flanges to remove addi-
tional electrical resistances and prevent thermal deforma-
tion. The brass flanges are used for power supply and to
seal the tubes with O-rings. The upstream and downstream
ends of the copper tube serve as the entrance and exit sec-
tions, respectively. The length of the copper tube is decided
as the maximum allowable length restricted by the appara-
tus height in the microgravity facility employed. The LN2

reservoir tank is located directly below the test section.
The passage exit is opened to the outside.
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Fig. 2. Detailed view of the test section with the transparent heated tube.
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Fig. 3. An example of gravitational acceleration in the JAMIC drop shaft.
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2.2. Outline of the drop shaft experiments

The Japan Microgravity Center (JAMIC) had a drop
shaft located at Kamisunagawa, Hokkaido (currently inop-
erative). The drop shaft was the largest in the world, with a
free fall section of approximately 500 m, and was capable
of producing a microgravity environment with a duration
of about 10 s [8]. An experimental capsule that is dropped
in the free fall section consists of a thruster module, a pay-
load module, and a bus module with the coordinate axes.
In order to compensate for the air drag on the capsule dur-
ing free fall, the position of the outer capsule can be
roughly compensated by thrusting gas from the thruster
module. The space between the inner capsule (where the
experimental apparatus is installed) and the outer one
(the payload module) is evacuated, so that the inner cap-
sule is not affected by air drag during free fall. The free
space in the entire experimental apparatus in the inner cap-
sule is 0.87 m (W) � 0.87 m (D) � 0.90 m (H), with a max-
imum payload weight of 500 kg. We used half (0.425 m
width) of this space.

A typical example of the variation in the gravity level
during the drop shaft experiments is shown in Fig. 3. After
the capsule is released, the magnitude of the z-axis acceler-
ation (referred to as gravity level) is nearly zero. Small dis-
turbances decrease 0.5 s after release. Neglecting these
disturbances, the duration of 10 s with a reduced gravity
level of 10�4–10�3 g0 is the longest achieved worldwide in
terms of both quantity and quality. The acceleration in
the braking zone is less than 10 g0 in the z-axis direction.

The duration for which microgravity conditions were
achieved �10 s – was too short to observe the tube quench-
ing phenomenon in the various boiling regimes, which
included film boiling, transition boiling, and nucleate
boiling. In the present study, we decided to focus on exper-
iments dealing with the influence of gravity in the neighbor-
hood of the important solid–liquid contact line (quench
front) in the quenching phenomenon.
2.3. Calibration of thin gold film

For evaluating the inner wall temperature [7], the elec-
tric resistance R is directly calculated from R ¼ ðV =V 0ÞR0

by using a simple circuit as shown in Fig. 4, where R0 is
the value of the standard resistance connected in series
and V and V0 are the voltages across the resistances R
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Fig. 4. Electric circuit for the measurement of the resistance of the
transparent heated tube.
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and R0, respectively. In the present study, in order to deter-
mine the relation between the resistance R and temperature
Tw, a very low electric voltage (50 m VDC) is applied, so as
not to increase the inner wall temperature; here, the tem-
perature of the film is assumed to be the same as that of
the thermostatic bath with the submerged tube. In this test,
these data was measured to an accuracy of 6.5 digits. As an
example of the calibration test, the inner wall temperature
averaged over the entire temperature measurement length
of the tube, Tw, was found to be proportional to the resis-
tance of the thin gold film, R, as shown in Fig. 5. The tem-
perature coefficient of the film determined from the figure is
73.0834 (K/X), and this gradient remained almost constant
for the duration of the experiment. However, the value of
the y-intercept was required to be fixed for every experi-
ment. Accordingly, this calibration test was conducted
before and after each experiment, and the calibration curve
was determined from the average of these tests.
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Fig. 5. Calibration test for the relation between the temperature and
resistance of the thin gold film coated on the inner wall of the tube in the
cryogenic temperature region.
2.4. Measurement of mass velocity

In the present study, the Dewar vessel of the LN2 tank is
made of pyrex glass, and it can be used to observe LN2

behavior during the experiment. Therefore, the mass veloc-
ity can be derived by measuring the displacement of the
LN2 surface in the tank. Since the JAMIC capsule
mounted with the experimental apparatus is sealed, we
can also determine the amount of evaporation of liquid
nitrogen in the microgravity experiments from capsule
pressure measurements. Additionally, the method of mea-
suring mass velocity using the pressure difference between
the inlet and outlet of the test section [6] is compared with
the abovementioned methods, and the average mass veloc-
ity is determined. Fig. 6 shows the average mass velocity G

vs. GN2 pressure based on these measurement methods
under terrestrial and microgravity conditions. The results
indicate that the average mass velocity measurement of
cryogenic fluids using our experimental apparatus is a lin-
ear function of the GN2 pressure under different gravity
conditions.

2.5. Experimental procedure

The experiments were conducted using LN2 at mass
velocity G = 100–300 kg/m2 s. This mass velocity range is
nearly equal to the velocity of fuel transfer in the re-igni-
tion of the rocket engine on orbit. An air compressor is
employed for controlling the system pressure changed by
natural evaporation of LN2 before the microgravity exper-
iment started. This compressor is operated when the pres-
sure exceeds 0.11 MPa, and is stopped when it becomes
less than 0.10 MPa. The amount of LN2 used in the micro-
gravity experiments did not exceed 500 ml in accordance
with JAMIC restrictions.
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Initially, GN2, whose pressure is controlled by a pres-
sure regulator, expels the LN2 from its tank to the test sec-
tion. The start signal runs to get the quench front in
microgravity a few seconds before microgravity com-
mences. LN2 passes through the tube from its bottom,
and the flow direction is against gravity under 1g. The ini-
tial tube temperature is maintained at room temperature
(about 300 K). The flow behavior in the tube and LN2 tank
is observed by CCD cameras. The fluid temperatures at the
inlet and outlet of the test section and the outer wall tem-
perature of the tube are measured with K-type thermocou-
ples. The standard estimation errors of the thermocouples
are within ±0.2 K.

The acquired data and photographs of flow behavior in
microgravity are synchronized with the aid of a micrograv-
ity starting signal from the support system installed at
JAMIC. A data logger with seven isolated channels is used
for the measuring voltages, which include four thermocou-
ples, the voltage of the thin gold film, the standard resis-
tance, and the microgravity signal, with a sampling
frequency of 10 Hz.
3. Results and discussion

3.1. Heat transfer characteristics

Fig. 7 shows a comparison between the inner wall tem-
perature histories for the lg and 1g experiments under
G = 170 kg/m2 s. The quenching time in which the inner
wall temperature changed from 300 K to the LN2 temper-
ature (77.3 K) under microgravity conditions was shorter
than that under terrestrial conditions; the quenching time
in the case of 170 kg/m2s was 13.0 s under 1g and 11.5 s
under lg. In the case of this figure, the cooling rate appears
to be higher at reduced gravity. For a more detailed consid-
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Fig. 7. Inner wall temperature histories for average mass velocity 170 kg/
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eration, a comparison of the quenching time as a function
of the mass velocity for all the 1g and lg experiments con-
ducted in this study are shown in Fig. 8. The quenching
time under microgravity conditions was a maximum of
about 20% shorter than that under terrestrial conditions;
the difference decreases with increasing average mass veloc-
ity. In our experimental conditions, we observe that the
influence of gravity almost disappears when the average
mass velocity exceeds 250 kg/m2 s.

Next, we consider heat transfer characteristics such as
heat flux under microgravity conditions. The heat flux qw

and heat transfer coefficient aw at the inner wall of the tube
are given by

qw ¼ �k
1

r
oT
or
;

and

aw ¼
qw

T w � T l

where k, r, and Tw are the thermal conductivity of the tube,
coordinate of radial direction, and inner wall temperature,
respectively. Notice that Tw, qw and aw are averaged value
over the entire temperature measurement length of the
tube. The liquid temperature T1 is calculated as the average
of the inlet and outlet fluid temperatures.

The boiling curve is shown in Fig. 9. The pattern of the
boiling curve under lg is similar to that under 1g, as shown
in Fig. 9. However, from this figure, we observe that qmax

and qmin under lg are about 1.4 times and 1.2 times larger
than those under 1g, respectively. Furthermore, qmax � qmin

under lg is about 0.8 times smaller than that under 1g. This
shows that the required heat quantity in transition boiling
under lg is less than that under 1g, indicating that LN2

came in contact with the inner wall at an earlier time. In
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fact, the integration values of the heat flux during the
quenching in 1g and lg were almost the same. The relation
between superheat and the heat transfer coefficient at the
inner wall of the tube is shown in Fig. 10. It is evident that
heat transfer coefficients under lg are larger than those
under 1g, and the difference between the heat transfer coef-
ficients increased as the superheat decreased.

Now, let us consider the influence of gravity in the rela-
tion between heat flux and mass velocity. Fig. 11 shows the
maximum heat flux qmax under 1g and lg. The difference
between qmax under microgravity and terrestrial conditions
does not change with the increase in mass velocity; how-
ever, the qmax under microgravity conditions is larger than
that under terrestrial conditions. This result is correspond-
ing to a short quenching time under lg, as shown in Fig. 7.
From the above results, it is evident that the heat transfer
in cryogenic forced convective boiling in a low mass veloc-
ity region under lg is more promoted than that under 1g.
3.2. Quench front velocity

The present experiments were aimed at obtaining tem-
perature measurements and visual recordings simulta-
neously, but clear photographs could not be captured,
because of the moisture caused by the boiling of LN2 in
the tube. However, we successfully observed the advancing
quench front, as shown in Fig. 12. The advancing speed of
the quench front was determined from these photographs.

The relation between the quench front velocity and aver-
age mass velocity is shown in Fig. 13. The quench front
velocity under lg increases up to 20% from that under
1g, and the difference between the quench front velocity
under 1g and lg decreases with an increase in the average
mass velocity. Here, we introduce the dimensionless
quantity uq/uI; the relation between this quantity and the
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average mass velocity is shown in Fig. 14. From this figure,
it is evident that the dimensionless velocity under micro-
gravity conditions increases up to 20% from that under
1g, and the difference between this velocity under 1g and
lg decreases with increasing mass velocity. This implies
that the gravity force affects the quench front velocity
under 1g and thus the quench front velocity under 1g

becomes smaller than that under lg. This increasing trend
of the quench front velocity coincides with the increasing
trend of the heat transfer and the decreasing trend of the
quenching time under microgravity, as shown in Figs. 11
and 13, implying that they were closely related. However,
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it is still unclear as to why the quench front velocity is fas-
ter under microgravity conditions than under terrestrial
conditions, which is an important issue that remains to
be addressed. At present, it is assumed to be due to the
notable wettability of liquid on the quench front (gas–
liquid contact line) in microgravity. The relation between
the quench front velocity and the gravity force is an issue
that requires detailed study in the future.

Let us consider the energy balance equation at any posi-
tion of z from the bottom of the tube, since the difference in
the quench front velocity affects the heat transfer of the
cryogenic flow boiling [9]

ðqcpÞwdw

oT w

ot
¼ jwdw

o2T w

oz2
þ o2T w

ox2

� �
� qw þ qGdw; ð1Þ

where the generated heat qG may be regarded as 0 in our
experiment. Assuming that the tube is flat plate in this
equation because the tube wall is thin, x is the coordinate
of wall thickness direction.

Assuming that the quench front velocity is constant, the
temperature distribution in the z-direction does not change
its form when moving to an upper position. Thus, the first
term on the right-hand side of Eq. (1) can be reduced to the
following:

o
2T w

oz2
¼ 1

u2
q

o
2T w

ot2
: ð2Þ

Using Eq. (2) and qG = 0, Eq. (1) becomes

qw ¼ dw �ðqcpÞw
oT w

ot
þ jw

u2
q

o
2T w

ot2
þ o

2T w

ox2

 !
: ð3Þ

The variations in the temperature of the inner wall of the
tube with time are plotted in Fig. 15. As seen in this figure,
the oT w=ot (the averaged value over the entire temperature
measurement length) gradients between 6 and 6.5 s, which
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Fig. 15. Typical oT w=ot histories (average mass velocity 240 kg/m2 s,
under lg).
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coincide with the passing of the quench front in the tube,
have a large negative value and exert a dominant effect
on qw. Due to the negative o2T w=ot2, qw increases with
increasing uq in Eq. (3). This explains why qmax under
microgravity, which commences with the passing of the
quench front in the tube, is larger than that under 1g, as
shown in Fig. 11. The relationship between the maximum
heat flux and quench front velocity is shown in Fig. 16.
The maximum heat flux increases as an exponential func-
tion of the quench front velocity and is independent of
the gravity level. It was concluded from these results that
the increase in the heat transfer under microgravity condi-
tions was caused by the increase in the quench front
velocity.

4. Conclusion

In this paper, heat transfer during tube quenching by a
cryogenic fluid under microgravity conditions was investi-
gated. The microgravity experiments were conducted at
JAMIC using LN2 as a test fluid, and a transparent heated
tube was employed for observing fluid behavior and mea-
suring heat transfer during tube quenching. These experi-
ments were aimed at understanding the relation between
the flow behavior and thermal characteristics during tube
quenching by a cryogenic fluid under microgravity condi-
tions, and they were conducted in a low mass velocity
region (100–300 kg/m2 s) that is easily influenced by grav-
ity. Simultaneous measurements of the thermal characteris-
tics and quench front velocity were successfully carried out,
and the results are summarized as follows:

(1) The heat transfer and quench front velocity increase
in microgravity.

(2) The heat transfer and quench front velocity under
microgravity conditions increase up to 20% from
those under 1g, and the difference in the heat transfer
characteristics under 1g and lg decreases with
increasing mass velocity.

(3) The relationship between the increase rates of the
heat transfer and quench front velocity is illustrated
by considering the heat balance equation; further,
the maximum heat flux increases as an exponential
function of the quench front velocity and is indepen-
dent of gravity.

It is concluded from these results that the increase in the
heat transfer under microgravity conditions is caused by
the increase in the quench front velocity.
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