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Behavior of Subcooling Jet Injected into a Bulk Liquid in a Tank
under Normal- and Micro-gravity Conditions
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Abstract

In the future exploration for deep space, cryogenic fluid will be used as propellant and oxidizer for spacecraft. The increasing of tank pressure 
is caused by boil off gas (BOG) induced by heat leakage into the tank from the surrounding environment. Reducing of BOG is derived from 
destroy of thermal stratification of a bulk liquid in the t ank. Therefore, development of Thermodynamic Vent System (TVS) for the purpose of 
prevent of loss of cryogenics propellant in future space system is needed. TVS combining jet mixing, spray, and heat spot removal by forced 
cooling using Electro-hydro-dynamics is under consideration by authors. Destroying thermal stratification without venting by using subcooling 
mixing jet will be developed for a key technology of TVS. In this paper, the behavior of the mixing jet by visualization method and description 
about the motion of the jet with a simple one-dimensional model without heat transfer is reported. In our simple dynamic model, a single sphere 
droplet as the tip of the jet is assumed and an equation of the motion is applied for the droplet. The results of analysis model and experimental data 
taken by shadowgraph system are compared. In addition, microgravity experiment is performed, and flow behavior in microgravity is described.
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1. Introduction

For the future space transport system, the improvement of the
performance of the propulsion systems is required to increase the
payload weight. In order to achieve long-term space exploration
for the future space activity planning, thermal management tech-
nology for a cryogenic propellant storage tank is an important is-
sue 1–3). The cryogenic propellant storage tank suffers loss of the
propellant due to boil-off, that is induced by heat leakage into the
tank from the surrounding environment. To control the tank pres-
sure within its structural limitation, the boil-off gas (BOG) should
be released from the tank to the space. Schaffer and Wenne an-
alyzed that the boil-off rate considerably influenced the payload
weight in long-term missions to explore Mars 4).

Concept of the zero boil-off (ZBO) and/or reduced boil-off
(RBO) researched by NASA Glenn Research Center 5–7) has de-
veloped as a pressure control method of cryogenic storage tank
by synergistic application of passive insulation 8), active heat re-
moval 9,10), and forced mixing within the tank 11). They published
many reports about ZBO/RBO studies 12–15) including the exper-
iment in space 16).

Authors started the researches about Thermodynamic Vent
System (TVS) 17,18), which is a method of destroying the thermal
stratification by mixing subcooling jet supplied from the bottom
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of the tank as shown in Fig. 1. In addition, TVS combining jet 
mixing, spray, and heat spot removal by forced cooling based on 
Electro-hydro-dynamics is under consideration. Imai et al. re-
ported the numerical analysis and verification ground test using 
liquid nitrogen about the destruction of thermal stratification by 
jet mixing 19).
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Fig. 1 Concept of subcooling jet mixing for thermodynamic
vent system.
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About the jet mixing of the liquid in the tank, CFD simu-
lations 19–22) have been reported. Regarding jet mixing experi-
ments in microgravity, few numbers of experiments have been 
conducted by Aydelott 18). He reported the results from the axial-
jet mixing of ethanol in 10-cm-diameter containers under zero-, 
reduced-, and normal-gravity conditions, and identified the four 
distinct jet flow patterns in microgravity; ( 1) dissipation of the 
liquid jet in the bulk-liquid region, (2) geyser formation, (3) col-
lection of the jet liquid in the aft end of the tank, (4) liquid cir-
culation over the aft end of the tank and down the tank wall. To 
destroy of thermal stratification by mixing jet, it is important that 
the jet reaches the liquid surface at least as shown in Fig. 1 (pat-
tern (1)) or pattern (4). However, there were not experimental 
reports about direct observation of subcooling jet behavior in a 
bulk liquid for above-mentioned purposes.

Therefore, our study is focusing on the relationship between 
the behavior of the subcooling jet injected into the bulk liquid 
in the tank and the mixing effect to destroy of thermal stratifica-
tion. Here, we report to illustrate the behavior of the mixing jet 
by visualization method and to attempt description about the mo-
tion of the jet with a simple one-dimensional model without heat 
transfer.

Nomenclature

CD : drag coefficient [-]
Re : Reynolds number [-]
Fr : resistance force [N]
Fi : inertia resistance force [N]
Fv : viscous drag [N]
Fg : gravitational force [N]
v : velocity [m/s]
t : time [sec]
T : temperature [◦C]
∆T : temperature difference [K]
d : diameter of droplet assuming the tip of jet [m]
V : volume of the droplet [m3]
S : cross section area of the droplet [m2]
m : mass of the droplet [kg]
Hl : liquid height in the tank [m]
ṁ j : flow rate of subcooling jet [mL/min]
ρ : density [kg/m3]
µ : viscosity [Pa·s]
Subscripts
b : bulk liquid in the tank
j : jet
0 : initial condition

2. Experiment

2.1 Experimental apparatus

Figure 2 shows the experimental apparatus used in this study. 
The main components of the apparatus are a pump (GA-
V21.J8FS.A, Micropump), a Coriolis flow meter (FD-SS02A, 
Keyence Co.), a reservoir tank for subcooling jet, a test tank, pres-
sure sensor (AP-C30, Keyence Co.) and thermocouples. The test 
tank is made by SUS306, and the dimensions of the tank inside 
are 150 mm in height × 75 mm in width × 26 mm in depth, so 
the volume of the tank is 292.5 mL. For the observation the flow 
behavior inside the tank, the quartz glass window is set at the both 
sides of the tank. Four ceramic heaters are installed on each side 
wall of the tank to warm-up for liquid in the tank. In order to 
measure the temperature distribution along the axial direction in-
side the tank, two groups with eight thermocouples which have a 
diameter of 1.0 mm are arranged near the center of the tank and 
near the wall. The interval between each thermocouple in line is 
20 mm.

The jet nozzle is located at the center of the tank bottom. The 
nozzle shape is a circular tube with an inner diameter of 0.5 mm 
and an outer diameter of 1.56 mm, and it is projected 13 mm-
upward from the bottom of the tank.

There are two types of observation systems, the shadowgraph 
and high-speed camera system for ground experiments and back-
light and CCD system for microgravity experiments. The field of 
view of the shadowgraph and high-speed camera system (SS50 
and k8-USB, KATOKOKEN Co. Ltd.) is 48 mm in diameter, and 
the frame rate of high-speed camera is set at 1,000 fps. The frame 
rate of the CCD camera (IK-CU44/IK-C44H, Toshiba Co. Ltd.) 
is 30 fps.

Temperature data and pressure data are collected using a data 
logger (LR8400/LR8501, HIOKI E.E. Co.) with a measurement 
rate of 100 Hz.

FC-72 which is a kind of Fluorinert produced by 3M, is used 
as a test fluid.

2.2 Experimental procedure and conditions
Experimental parameters are liquid height in the test tank Hl , 

flow rate of subcooling jet ṁ j , subcooling jet temperature T j  and 
bulk liquid temperature in the tank Tb. Firstly, the liquid height in 
the tank Hl is set, and the liquid is heated by a ceramic heater up 
to the target temperature. After Tb reaches the target temperature, 
we turn off the heater power and wait until the temperature differ-
ence in the axial direction of the liquid in the test tank is nearly 
constant. The reservoir tank for subcooling jet neither heating 
nor cooling, so subcooling jet temperature Tj is kept around the 
ambient temperature. Therefore, temperature difference between 
subcooling jet and bulk liquid in the test tank depends on heating 
power of ceramic heaters. Under the steady state of the tempera-
ture field in the bulk liquid, subcooling jet is injected into the bulk 
liquid during 2 seconds.

Microgravity experiments are conducted in a drop-tower, COS-
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Fig. 2 An experimental set-up.
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Fig. 3 As an example of gravitational acceleration data. The
capsule dropped at t = 0 sec, and the subcooling jet is
injected for 2 seconds after 0.5 seconds from the capsule
dropped.

MOTORRE, operated by Uematsu Electric Co., Ltd. COSMO-
TORRE has 50 m in height, and its microgravity period and level 
are about 2.5∼3 seconds and 10−2 ∼ 10−3 G. In the microgravity 
experiment, the subcooling jet is injected for 2 seconds after 0.5 
seconds from the capsule dropped, as shown in Fig.3.

In this study, the range of experimental parameters are set as 
follows; Hl = 75 ∼ 100 mm, ṁ j = 5 ∼ 110 mL/min, Tj = 5 ∼ 20 
◦C and Tb = 30 ∼ 45 ◦C.

3. Simple dynamics model for subcooling jet

In order to estimate the motion of the tip of the subcooling 
jet injected into the bulk liquid, one-dimensional simple dynamic 
analysis is discussed. Here we assume a single sphere droplet as 
the tip of the jet and an equation of the motion is applied for the 
droplet. In the case of the subcooling droplet pushing from the jet 
nozzle into the liquid in the tank as shown in Fig. 4, the motion 
of the droplet can be expressed by the following equation;

m
dv
dt

=−Fr−Fg , (1)

where m, v, t, Fr and Fg are mass of the droplet, velocity of the
droplet, time, resistance force applied to droplets from the sur-
rounding fluid, and gravitational force, respectively.

Fr is switched to inertial resistance Fi and viscous resistance
Fv depending with Re = ρ jvd/µ j as a function of the droplet
velocity v,

Fr =

Fi =CD
(ρ j−ρb)Sv2

2 for Re > 1,

Fv = 3πµdv for Re < 1,
(2)

where CD, S and d are drag coefficient, cross section area, πd2/4,
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Fig. 4 The simple model for jet motion. (a) A droplet model assuming the tip of subcooling jet, (b) Actual image of the subcooling jet
behavior in the bulk liquid, (c) An illustration of expansion rate of the jet core in a radial direction.

and diameter of the droplet, 0.5 mm, respectively. In this study,
we assume the shape of droplet is a sphere, then, CD = 0.47 is ap-
plied. The jet has an unsteady behavior, and its velocity strongly
depends on time. It is difficult to define the value of CD under
such situation, so here we applied the constant value for CD. ρ j

and ρb in eq. (2) are densities of droplet and bulk liquid. Since the
droplet temperature is lower than that of bulk liquid, ρ j is large
compared to ρb. The droplet velocity at Re = 1 is small because
the diameter of droplet, d, is only 0.5 mm. For an example of
a droplet at 25 ◦C which has ρ j= 1680 kg/m3 and µ j = 0.00064
Pa·s, the velocity corresponding to Re = 1 is 0.762 mm/s. This
means that the inertial resistance has a great influence on the mo-
tion of the droplet.

The gravitational force Fg of the subcooling droplet in the bulk
liquid that is higher temperature compared by the droplet is

Fg =
(
ρ j−ρb

)
Vg, (3)

where V is a volume of the droplet, V = πd3/6. Therefore, equa-
tion (1) can be written

m
dv
dt

=

−CD
(ρ j−ρb)Sv2

2 −
(
ρ j−ρb

)
Vg for Re > 1,

−3πµdv−
(
ρ j−ρb

)
Vg for Re < 1.

(4)

In the case of Re>1, velocity v and distance of x-direction x
under the initial conditions of v = v0 and x = 0 at t = 0 are

v =

√
A
B

tan

{
−t
√

AB+ tan−1

(
v0

√
A
B

)}
, (5)

x =−
ln
∣∣∣∣cos

{
−t
√

AB+ tan−1
(
v0

√
A
B

)}∣∣∣∣
A

−
ln
∣∣∣∣cos

{
tan−1

(
v0

√
A
B

)}∣∣∣∣
A

. (6)

Similarly, v and x can be calculated for Re<1,

v =−B
C
+

(
v0 +

B
C

)
exp(−Ct) , (7)

x =−B
C

t−
(
v0 +

B
C
)

exp(−Ct)
C

+
v0 +

B
C

C
, (8)

where A, B and C in equations (5)∼(8) are

A =
CD
(
ρ j−ρb

)
S

2m
, B =

(
ρ j−ρb

)
Vg

m
, C =

3πµd
m

. (9)

Now we consider that the subcooling jet expands in radial di-
rection when the jet goes through the bulk liquid. In this exper-
iment, the jet diameter is 1.5 times larger than initial diameter 
of the core part of the jet when the jet moves 48 mm in the x-
direction as shown in Fig. 4 (b) and (c). As mentioned before, 
inertial resistance has a large effect on the motion of the droplet, 
and here the effect of the expansion of the jet in the radial di-
rection is applied to the resistance coefficient C D. Therefore, we 
introduce the following modification to the inertial resistance co-
efficient CD at an arbitrary position x,

CD =CD|x=0×
(

1+
0.5x

0.048

)
= 0.47

(
1+

0.5x
0.048

)
. (10)

In this analysis model, it is note that the motion of droplet near
the liquid surface in the tank is not discussed. The simple dy-
namic model here is estimated how high the subcooling jet rises
in the bulk liquid. The motion of droplet including surface tension
force at the liquid surface will be considered in the future.

360402–4



Behavior of Subcooling Jet Injected into a Bulk Liquid in a Tank under Normal and Low Gravity Conditions

0.0 [s] 0.1 [s] 0.2 [s] 0.3 [s] 0.4 [s] 0.5 [s] 0.6 [s] 0.7 [s] 0.8 [s] 0.9 [s]

0.0 [s] 0.1 [s] 0.2 [s] 0.3 [s] 0.4 [s] 0.5 [s] 0.6 [s] 0.7 [s] 0.8 [s] 0.9 [s]

0.0 [s]

(a) mL/min

mL/min

mL/min

(b)

(c)

0.1 [s] 0.2 [s] 0.3 [s] 0.4 [s] 0.5 [s] 0.6 [s] 0.7 [s] 0.8 [s] 0.9 [s]

1.0 [s] 1.1 [s] 1.2 [s]

·mj = 11.13

·mj = 16.24

·mj = 50.28

(d) Observed area

Field 2

Field 1

1
0
0
 m

m

φ48 m
m

Thermocouples

Liquid surface

JetNozzle

Liquid surface

Liquid surface

φ48 m
m

Fig. 5 Serial images of the subcooling jet motion taken by shadowgraph system. The flow rate of jet injected into bulk liquid in the
test tank under various flow rate conditions; (a) ṁ j = 11.13 mL/min, (b) ṁ j = 16.24 mL/min, (c) ṁ j = 50.28 mL/min. All the
experiments are conducted at Tj = 19.2 ◦C, Tb = 33.3 ◦C, Hl = 100 mm. (d) Observation area of the shadowgraph system. The
shadowgraph system has 48 mm in diameter as a field of view, and two field images of Field 1 and Field 2 were acquired in
separate experiments under the same flow rate of subcooling jet.

4. Results and discussions

4.1 Ground experiment

Subcooling jet motion in the bulk liquid
Firstly, the comparisons between the results of the ground test 

and simple dynamic model discussed in the previous section are 
described. Figure 5(a)∼(c) shows the serial images of subcooling 
jet motion taken by shadowgraph system in ground. All the ex-
periments are conducted at Tj = 19.2 ◦C, Tb = 33.3 ◦C, Hl = 100

mm. The flow rates of jet injected into bulk liquid in the test tank 
were carried out at (a) ṁ j = 11.13 mL/min, (b) 16.24 mL/min,

(c) 50.28 mL/min. The shadowgraph system has 48 mm in diam-
eter as a field of view, and, as shown in Fig. 5(d), two fields of 
view, “Field 1” and “Field 2”, were acquired in separate ex-
periments under the same experimental conditions. The images 
obtained from two separate experimental fields o f v iew a re syn-
chronized by the starting time of injection of the jet. Therefore, 
note that the jet motions between the two fields are not completely 
synchronization but reasonably one.

The position of the tip of the jet was extracted from serial shad-

x-direction of the jet tip were plotted in Fig. 6. The position and 
velocity were derived from those images until the jet tip reached 
the highest position. In these figures, the experimental data be-
tween Filed 1 and Field 2 is in blank, because the data in this re-
gion cannot take by shadowgraph system. In addition, the results 
of the dynamic analysis model under the same conditions are also 
shown in Fig. 6. The initial velocities of the subcooling jet for 
each flow rate, v 0 were 0.945, 1.379 and 4.268 m/s in both model 
and experiment. In the early stage where the time is less than t = 
0.2 sec, the velocity of the jet tip in the experimental data is slow 
and it tends to rise with time. This trend which is found only ex-
perimental data is due to unstable pump driving in the early stage. 
After that, the velocity gradually decreased, and the experimen-
tal data coincide with the results of analysis model. By contrast, 
the tip velocity of the jet in the early stage for dynamic analysis 
model is drastically slow down due to inertial resistance. Then, 
the velocity for dynamic analysis model gradually decreases and 
approaches a constant value, -5.663 mm/s, because viscous resis-
tance and gravitational force are balanced finally.

The time variation of x-position of the tip of the jet in exper-
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H
ig

h
es

t 
p

o
si

ti
o
n

 o
f 

th
e 

ti
p

 o
f 

th
e 

je
t 

 [
m

]

0

0.12

0.10

0.08

0.06

0.04

0.02

Flow rate of subcooling jet, mj [mL/min]

0 10 20 30 40 50 60

Experimental data (1G)
 Analysis model (μG)

 Analysis model (1G)

Fig. 7 Comparison of experimental data and analysis model
for the highest position of the tip of jet. Three exper-
imental conditions are same as Fig. 5(a), (b) and (c).
The analysis model is calculated at at Tj = 19.2 ◦C, Tb =
33.3 ◦C. The gravitational acceleration in microgravity
is set at 1×10−3 G.

time

mj = 6.73 mL/min(a) 

mj = 31.75 mL/min(b) 
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Fig. 8 Behavior of subcooling jet near the liquid surface at
the flow rate (a) ṁ j = 6.73 mL/min, (c) ṁ j = 31.75
mL/min, (c) ṁ j = 107.8 mL/min. All the experiments
are conducted at Tj = 14.0 ◦C, Tb = 28.6 ◦C, and Hl =
75 mm.

imental data is delayed compared with the analysis model. This 
delay is due to the velocity profile in the early stage. There is 
such a difference of time histories, however, the highest positions 
of the jet tip for the analysis model are roughly the same as the 
experimental data.

Figure 7 shows the highest position of the tip of the jet in the x-
direction as a function of flow rate of the jet, ṁ j. The results of 
analysis model both in ground and microgravity are also illus-
trated in this figure. E xperimental values o f m aximum h eight as 
pointed by open symbols are low compared to analysis model, 
and its difference between them is larger with decreasing flow 
rate of the jet. However, these differences are not large, the dif-
ferences are less than 1.2 cm. The analysis model is applied to 
the prediction of the maximum height of the jet in microgravity 
conditions (1 × 10−3 G), the height is approximately 2 cm higher 
than that in ground condition due to the gravitational force term 
is negligibly small.

Subcooling jet motion near the liquid surface
The one-dimensional simple dynamic analysis model de-

scribed in previous section covers only the jet motion in the bulk 
liquid. Therefore, the surface tension acting on the jet at the liquid 
surface is not taken into consideration. Here, as an example, the 
behaviors of the subcooling jet near the liquid surface obtained by 
the shadowgraph images are explained. Figure 8 shows the jet 
motion near the liquid surface at three different flow rates; (a) ṁ j 
= 6.73 mL/min, (c) 31.75 mL/min, (c) 107.8 mL/min. At a low 
jet flow rate as shown in Fig. 8(a), the jet tip did not reach the 
liquid surface, however, in the case of moderate jet flow rate in 
Fig. 8(b), the jet reached the liquid surface and then moved 
along the surface in the radial direction. Finally, the jet distributed
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Fig. 9 Flow behavior in microgravity under the jet flow rate;
(a) without jet injection, (b) ṁ j = 25.4 mL/min, (c)
ṁ j = 70.2 mL/min. All the experiments are conducted
at Tj = 16.2 ◦C, Tb = 30.2 ◦C, and Hl = 75 mm.

downward due to gravitational force. The liquid surface was un-
ruffled and stabilized during jet injection at moderate flow rate. At 
a high flow rate of the jet as shown in Fig. 8(c), the jet behavior 
was similar basically to the moderate flow rate except the motion 
of the liquid surface. The liquid surface was shaken violently, and 
formation of geyser was observed on the surface. These flow pat-
tern were reported by Aydelott 17,18). In order to explain these jet 
behaviors, the surface tension will be incorporated into the anal-
ysis model in the future study.

4.2 Microgravity experiment

Except for the CCD/Backlight system used as an observation 
method instead of the shadowgraph system, microgravity exper-
iment was conducted with the same configuration as the ground 
experiment. The flow behavior in microgravity is shown in Fig. 9. 
Motion of subcooling jet in the bulk liquid could not observed by 
the CCD/Backlight observation system, however, the pene-
trating jet flow was found under high flow rate condition. The 
gravitational force term of the eq. (3) in the analysis model has 
not large effects for the jet behavior compared with the inertial 
resistance. In the high flow rate such as over 50 mL/min, the dif-
ference of highest position of the tip of subcooling jet between 
ground and microgravity conditions is smaller than 20 mm from 
the result of analysis model as shown in Fig. 7. In addition, 
the flow rate of the non-penetrating jet in the ground condition as

shown in Fig. 8(c) is higher than highest flow rate in micrograv-
ity condition. Therefore, even in considering the effect of surface 
tension force at the liquid surface, it is hard to suppose that the 
subcooling jet penetrates the liquid surface under microgravity 
condition. It suggests that the penetrating jet flow in the 
Fig. 9(c) is caused by a flow in which the bulk liquid located just 
above the jet is pushed up due to the injection of the jet. To 
consider this issue, a microgravity experiment for observation of 
subcooling jet behavior with a shadowgraph system will be 
planned.

5. Conclusions
In order to estimate the motion of the tip of subcooling jet in-

jected into the bulk liquid, the behavior of the jet by visualiza-
tion method and description about the motion with a simple one-
dimensional dynamic analysis model without heat transfer were
reported in this study. We assumed a single sphere droplet as the
tip of the jet in the model, and an equation of the motion was ap-
plied for the droplet. The results of analysis model and image data
taken by shadowgraph system in ground experiment were com-
pared. The trend of the tip velocity with time was well-matched
excepting for the early stage where the time is less than t = 0.2
sec. And the highest positions of the tip for the analysis model
were roughly the same as the experimental data.

From the microgravity experiment using the drop tower, unique
flow behavior was observed. For more detailed study about jet be-
haviors, the surface tension will be incorporated into the analysis
model and a microgravity experiment for observation of the sub-
cooling jet behavior with a shadowgraph system will be carried
out in the future study.
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