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Propellant management devices (PMDs) are a key component used to manage liquid propellant in a propellant tank under zero
gravity conditions. A microgravity drop tower test system was established to investigate the performance of a PMD. A single
module was used for the experiments, and the microgravity level was less than 3 × 10−3 g. Anhydrous ethanol was used as the
simulate liquid. Different volume fractions of liquid were used to study the influence of the PMD on performance management.
Experiments were conducted with the position of the container oriented in different directions. Changes in the gas-liquid
interface were studied during the test. This kind of vane transports liquid through the rectangular area between the vane and the
wall. The velocity flows along the vane of different liquid volume fractions in the tank were different at the beginning (t < 0:8 s)
compared with the end of the test. The liquid relocation time was less than 0.8 s while the liquid volume fraction was larger than
25%. The liquid relocation time was prolonged when the liquid volume fraction was less than 25%. The liquid climbing height
along the vane under microgravity increased as the volume fraction of liquid reduced. The climbing velocity of the liquid is half
reduction when the liquid volume fraction is small. The time for the liquid transferred from the top of the tank to the liquid
outlet can be obtained by climbing velocity. It shows that the maneuverability of the satellite decreases at the end of its life. The
above results are applicable to all propellant tank with vertical vanes. These results provide a favorable reference for further
optimized design of vertical vane-type propellant tanks.

1. Introduction

For liquid propulsion in a satellite, a propellant tank is used
to store the propellant. The tank is complex that requires
managing the liquid propellant under zero gravity to ensure
that liquid, rather than gas, is expelled from the tank. The
value and the direction of the gravity in space will affect the
liquid separation in a tank [1]. To provide a gas-free propel-
lant for thrusters of the propellant system in a satellite, the
propellant management device (PMD) is used to manage
the liquid and gas in a tank. PMD is also the key component
for a tank during the orbital refueling process [2]. PMDmust
be designed to ensure that the tank outlet is sufficiently
covered with liquid, and that it can transport liquid from
anywhere in the tank to the outlet [3]. A vane-type tank is a
new generation surface tension propellant tank, which has

no screen inside it. The PMD of a vane-type tank is com-
posed of a vane, a refillable reservoir, and other components
[4]. The liquid inside the vane type tank is driven by the cap-
illary force to the outlet of the tank.

Compared to screen channel liquid acquisition devices
(LAD), vanes are open acquisition PMDs. Two types of vanes
are used for the design of a vane-type propellant tank. One
type of vanes is parallel to the tank wall, and it transports liq-
uid through the space between the vane and the tank wall.
The flow rate of the liquid depends on the width of the vane
and the distance between the vane and the tank wall. The sec-
ond type of vane is perpendicular to the tank wall, and it
transports liquid through the rectangular area between the
vane and the wall [5, 6]. Vanes are particularly beneficial in
satellite systems requiring periodic station-keeping maneu-
vers because satellites only require occasional access to the
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propellant over the course of a long-duration mission [7]. A
lightweight vane is also ideal to reduce the weight of the pro-
pellant tank. Vanes are the key component of a propellant
tank [8]. A vane should be designed according to the value
of gravity and the flow requirement for the propellant system
[9, 10]. When a new vane type tank is invented, the perfor-
mance of the vane must be evaluated by the numerical or
experimental investigation [11].

Because of the high cost, only three experiments were
conducted in space with vane-type PMDs [12]. The first
experiment was performed in the Fluid Acquisition Resupply
Experiment-II (FARE-II) project to test the performance of a
vane using a simulant fluid on-board the shuttle mission
STS-57 [13]. The maximum achievable expulsion efficiencies
under adverse acceleration levels were tested [14]. The sec-
ond experiment was performed in the Vented Tank Resupply
Experiment (VTRE) project [15]. Twelve outer and twelve
inner vanes were mounted inside a small-scale plexiglass tank
so that the liquid distribution in the tank can be clearly
observed [16]. The third experiment was performed in an
on-orbit filling project. A 4 liter tank with a vane-type
PMD was sent into space using the rocket CZ-7 [17]. In orbit
experiments, the liquid distribution in the tank was stable. It
could only obtain the final gas-liquid distribution, and the
performance of the vane was hard to evaluate in the orbit
experiments.

One approach to evaluate the performance of a vane-type
PMD is the drop tower test. Rui et al. [18] used a sphere scale
vane tank to study the liquid-gas interface behaviors with
different acceleration vectors and different filling indepen-
dently. A series of stable equilibrium interface and reloca-
tion time was obtained. Bolleddula et al. [19] investigated
the capillary flow phenomena using drop towers and con-
cluded that compound capillary flows occurred spontane-
ously and simultaneously over local and global length
scales. Li et al. [20] studied the capillary flow in an asym-
metric interior corner in a vane-type surface tension tank.
Zhuang et al. [21] conducted an experiment on the fluid
storage characteristic of a refillable reservoir in microgravity.
Kang et al. [22] and Liu et al. [23] investigated the fluid-gas
interface in a vane-type surface tension tank by the drop
tower test.

The relocation time for liquid in a tank from an instable
state to a stable state is very important for the maneuverabil-
ity of a satellite, and it can provide some control data for the
attitude angle of a satellite. A new propellant tank should be
tested to prove whether it can be used in space with the grav-
ity level to provide gas-free propellant for thrusters. The drop
tower test can also prove whether the tank can be refueled in
space. In this study, a microgravity drop tower test system
was established. Different liquid volume fractions were used
to study the influence of the PMD on the liquid transport
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Figure 1: Drop tower test system.
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performance. Several experiments were also performed with
different directions of gravity. From the result of the drop
tower test, the gas-liquid distribution in the tank during the
whole life of the satellite decreases can be obtained. Another,
the relocation time is also the time for the satellite to recover
its attitude stability. From the drop tower test, the time for
the liquid transferred from the top of the tank to the liquid

outlet can be obtained. These results provide a favorable ref-
erence for the attitude control of a satellite.

2. Drop Tower System

Microgravity drop tower tests can be set up in a low
microgravity environment within short time intervals.
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Figure 2: Gravity value during the drop tower test.
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Experiments on the vanes and refillable reservoir were
carried out in microgravity conditions at the drop tower
of National Microgravity Laboratory (NML) [8]. The
NML free falling tower can maintain a microgravity condi-
tion in 3.5 s. The drop tower test system, as observed in
Figure 1, is composed of an experiment module, decelera-
tion recovery system, release system, control system, and
measurement system. The experiment module is the key
component of the system, and it can provide a micrograv-
ity environment during the fall drop process. The experi-
ment module is divided into two types, a double module
and a single module. For the double module, the space
between the internal module and outer module is vacuu-
mized such that there is no resistance from the atmosphere.
The internal module also free falls in the outer module. There
is no resistance to the internal module during the fall process.
The double module can provide microgravity between 10-4 g
and 10-5 g. g is the acceleration on the Earth’s surface. For
the single module, the microgravity level is between 10-2 g
and 10-3 g.

The experimental module is set up on the ground and
lifted to the top of the tower by a crane. The module is fixed
on the release system by an electromagnetic device. At the
beginning of the test, the release system is powered off and
the electromagnetic force disappears and the experimental
module free falls in the tower. The free fall height is 60m.
The deceleration recovery system consists of a high-
strength fiber net. The fiber net can avoid the damage of
the test equipment caused by the violent impact on the exper-
imental module. The resistance box can provide appropriate
resistance force for the fiber net. The whole test is controlled
by a control system.

The single or double module can be used separately for
the requirements of an experimental microgravity level.
Accordingly, single module is used for experiment of vanes
and refillable reservoir. The gravity value during the drop
tower test is observed in Figure 2. The microgravity level is
smaller than 3 × 10−3 g. Gravity gradually increases during
the fall process. The force caused by gravity is far less than
the force caused by the surface tension. The influence of the
gravity change on the flow can be ignored.

3. Test Model

A new vane-type propellant tank was chosen for our study,
which is shown in Figure 3. Vanes and refillable reservoir
are the main components of the PMD. The volume of the
tank is 2 liters. The tank has 4 large vanes and 4 small vanes.
The diameter of the tank is 90mm. The selection of the tank
size is based on the microgravity environment duration of the
drop tower test. The size should make sure that the liquid
relocation will be finished in a limited time.

The vane and tank casing are made of Plexiglas. The
vanes are fixed on the Plexiglas casing and perpendicular to
the container wall with a distance of 2mm. Microgravity
drop tower tests were carried out for different liquid volume
fractions. The effects of the volume fraction on liquid transfer
velocity were studied. For the drop tower test, the resistance
of the experiment module caused by air increases as the drop
velocity increases.

The vane-type tank is fixed on the fixture as illustrated in
Figure 4. Experiments with different gravity directions can be
performed by this fixture. The location of the gas-liquid
interface at the beginning is observed in the picture. A
high-speed camera was used during the drop tower test.
The changes in the climbing height of the gas-liquid interface
and velocities can be derived from the pictures. The
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Figure 4: Different directions for the test.

Figure 5: Camera for the measurement system.
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relocation time, which is the time from the initial state of the
liquid to the end of the flow of the liquid, can also be
obtained.

The contact angle can be tested by the following equation:

cos θ = σ23 − σ13
σ12

, ð1Þ

where σ12 is the surface tension coefficient between gas and
liquid, σ13 is the surface tension coefficient between gas and

solid wall, and σ23 is the surface tension coefficient between
solid wall and liquid.

The contact angle between anhydrous ethanol and
Plexiglas is 1° when the temperature is 22°C. The kinematic
viscosity coefficient of anhydrous ethanol is 10:556 × 10−4
Pa•s. The density of the anhydrous ethanol is 789 kg/m3.
The surface tension coefficient of anhydrous ethanol is
21.3 dyn/cm.

The camera used for the measurement system is shown in
Figure 5. The high-speed camera is set up in the experiment
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Figure 6: Liquid volume fraction is 5%
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module. The camera can film the whole process with 240 fps.
A ruler is pasted along the curved surface of the tank. The
unit of the ruler is millimeter. The location of the gas-liquid
interface at the beginning is observed in the picture. A
high-speed camera was used during the drop tower test.
The change in the climbing height of the gas-liquid interface
and velocities can be derived from pictures. From the ruler
scale, the distance that the liquid-gas surface has moved can
be obtained.

The top point of the gas-liquid interface in the hemi-
spherical part is on a circle across the axial of the tank. Before
calculating the distance, the center of the circle which is also
the center of the sphere must be located from the picture. The
top point of the gas-liquid surface and the center point of the
circle should be aligned. The crossover point of the line with
the ruler can be obtained. The distance Lo on the ruler can be
measured. The external diameter of the tank is Ro, and the
internal diameter is Ri. Further, the climbing height h for

a
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Figure 7: Liquid volume fraction is 25%
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the liquid in the hemispherical part can be calculated by the
equation h = Lo × Ri/Ro. In the cylinder part, the distance
can be calculated directly using the ruler scale.

4. Experimental Result

4.1. Drop Tower Test in the Vertical Direction. Five different
liquid volume fractions are chosen for the drop tower test
in a vertical direction. The chosen volume fractions are 5%,
25%, 40%, 60%, and 75%. Experimental results are shown

in Figures 6–10. At the beginning, anhydrous ethanol forms
a curved concave gas-liquid interface due to the surface ten-
sion and static pressure balance formed by solid, liquid, and
gas in the gap. When the experimental model begins to drop,
the gravity environment of the tank changes from 1g to 10-
3 g. At this point, the surface tension begins to play an impor-
tant role. The initial balance of the liquid inside the tank is
broken, and the surface is stretched along the vane inside
the tank. Under the effect of the surface tension, the liquid
begins to flow. The liquid in the tank flows from the place

a
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Figure 8: Liquid volume fraction is 40%
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with small curvature to the large curvature under the effect of
pressure difference until the potential energy attains mini-
mum. It is observed that the liquid climbs up rapidly along
the inner and outer vane guide plates but the outer vane liq-
uid climbs faster. After the liquid reaches the top of the blade,
the liquid forms a stable gas-liquid interface.

Figure 11 shows the climbing height during the drop test.
H is the climbing height, and Ls is the distance from the gas-
liquid interface from the bottom tip of the tank to its top.

Figure 12 shows the change of flow velocity along the vane
inside the tank during the drop test. The liquid climbing
height along the vane under microgravity increases as the
volume fraction of liquid reduces. The liquid velocity flows
of different liquid volume fractions along the vane in the tank
are different at the beginning (t < 0:8 s). The liquid relocation
time is 0.8 s when the liquid volume fraction is larger than
25%. The relocation time is prolonged when the liquid vol-
ume fraction is less than 25%. With the decrease of the liquid

a
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Figure 9: Liquid volume fraction is 60%
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volume in the tank, the liquid in the tank will distribute along
the space between the vane and the tank. The liquid climbing
height increases, and the relocation time is prolonged as the
liquid volume fraction reduces. The flow velocity is approxi-
mately 0.084m/s when the volume fractions are 25% and
40% and approximately 0.06m/s when the volume fractions
are 60% and 75%. When the volume fraction is set to 40%,
the top part of the small vanes does not get covered by liquid.
The liquid is affected by both large vanes and small vanes
during the climbing process, while only large vanes have an

effect on the liquid when the volume fractions are 60%. So,
the liquid at the beginning when the volume fraction is set
to 40% has a faster rate compared to the case with a fraction
of 60%. When the volume fraction is set to 75%, the liquid-
gas interface is in the upper hemisphere of the tank. The sur-
face diameter of liquid-gas is smaller than the cylinder part.
Smaller radius of curvature results in faster climbing rate of
liquid with a fraction of 75%.

At the beginning of the test, the fluid in the tank is initial-
ized by acceleration on the Earth’s surface. The potential

a
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Figure 10: Liquid volume fraction is 75%
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energy of liquid inside the tank is formed by the acceleration
on the Earth’s surface. In the drop tower test, the acceleration
on the Earth’s surface is changed into microgravity. The
potential energy of the liquid is released. Potential energy
exhibits a relationship with liquid volume. Potential energy
of the liquid is small with less fluid volume. The surface ten-
sion force of the PMD has a large proportion compared to
other forces. The resistance caused by the surface tension
force is sufficiently larger which drives the flow velocity to
decrease rapidly at the beginning when the volume fraction
is 5%. Hence, the fluid will spend more time reaching to
steady flow. At approximate 1.2 s, when the volume fraction
is 5%, the liquid flows from the cylindrical part to the top
hemispherical part of the tank. The resistance caused by the
surface tension force increases instantaneously due to the

geometry change. Hence, the flow velocity decreases at this
location.

The uncertainty of the scale is 0.1mm, and minimum Ls
is 23mm while the maximum uncertainty in measurements
for h/Ls is 0.4%.

According to the similarity criterion, the Bond number
(B0) and Weber number (We) are used for the experiment.

The Bond number is a dimensionless quantity deter-
mined by the influence of the surface tension, which is shown
as follows:

ρaL2

σ

� �
m

= ρaL2

σ

� �
p

= B0: ð2Þ

The Weber number is the ratio of the inertia force to the
surface tension force, which is shown as follows:

ρLv2

σ

� �
m

= ρLv2

σ

� �
p

=We, ð3Þ

where ρ is the density of the fluid, a is the gravity, L is the
length of the geometry, σ is the surface tension coefficient,
v is the velocity flow, m is the scaled model, and p is the
prototype.

The flow in the same Bond number and the Weber num-
ber has a relationship with time t as follows:

We =
ρL3

σt2
,

β = σ

ρ
:

ð4Þ

Then, the true time in the prototype of the tank can be
calculated by the result of the scaled model as

tp =
ffiffiffiffiffiffiffiffiffiffiffi
ρPL

3
p

Weσp

s
= tm

βm

βp

 !1/2
LP
Lm

� �3/2
: ð5Þ

For example, a propellant tank is 4 times larger than the
size of the above experimental model. The tank is filled by
the propellant with a volume fraction of 75%, and the density
is 1008 kg/m3. The surface tension coefficient of the propel-
lant is 69.8 dyn/cm. The relocation time can be calculated
by equation (5). The relocation time tm for the drop tower
test is 0.5 s.

tp = tm
βm

βp

 !1/2
LP
Lm

� �3/2

= 0:5 × 21:3 × 1008
69:8 × 789

� �1/2
× 4

1

� �3/2
≈ 2:5 s:

ð6Þ

So, the relocation time for the 4 times larger size tank is
2.5 s.
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4.2. Drop Tower Test in the Lateral Direction. Figure 13
shows the gas-liquid distribution where the liquid volume
fraction is 5% in lateral gravity. After entering the micrograv-
ity environment, the liquid in the tank flows along the vane of
the tank. The liquid on the side close to the gas inlet of the
tank flows to the top of the vane and ceases to flow. The liq-
uid on the left side close to the liquid outlet flows upwards,
and the outlets are completely filled by liquid. Most of the liq-
uid is collected at the outlet of the tank to meet the working
needs of the tank. Figure 14 shows the gas-liquid distribution

where the liquid volume fraction is 60% in lateral gravity. At
this liquid volume fraction, the bubble inside the tank will
gradually move to the middle close to the gas inlet.

5. Conclusions

A new vane-type propellant tank was experimentally studied
by the drop tower test. The liquid climbing height along the
vane under microgravity increases as the volume fraction of
liquid reduces. The liquid relocation time is shorter than

a

t = 0 s t = 0.5 s 

t = 1.0 s t = 1.5 s 

t = 2.0 s t = 2.5 s 

Figure 13: Liquid volume fraction is 5%
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0.8 s when the liquid volume fraction is larger than 25%. The
liquid relocation time is prolonged to 2 s when the liquid vol-
ume fraction is 5%. The liquid climbing height increases, and
the relocation time is prolonged as the liquid volume fraction
reduces. Most of the liquid is collected at the outlet of the
tank to meet the requirements of the thruster. The design
of a refillable reservoir should ensure that the liquid can be
smoothly discharged at the end. This experiment proves that
a vane-type propellant tank can be used in space with this
gravity level to provide a gas-free propellant for thrusters.
This kind of vane transports liquid through the rectangular
area between the vane and the wall. From the result of the
test, a specific law has been found. The liquid relocation time
is prolonged when the liquid volume fraction is less than
25%. The climbing velocity of the liquid is half reduction
when the liquid volume fraction is small. It shows that the
maneuverability of the satellite decreases at the end of its life.

The above results are applicable to all propellant tanks with
vertical vanes. A vertical vane can make sure the liquid is
transported with a maximum speed of 100mm/s when the
liquid volume fraction is more than 25%. The time for the
liquid transferred from the top of the tank to the liquid outlet
can be obtained. These results are very important for the con-
trol of a satellite during the whole life. The relocation time
provides a reference for the maneuverability of a satellite
and the altitude angle control of a satellite. The result of this
experiment also illustrates that this tank can be refueled in
space.

Nomenclature

B0: Bond number
We: Weber number
H: Climbing height

a

t = 0 s t = 0.5 s 

t = 1 s t = 1.5 s 

t = 2 s t = 2.5 s 

Figure 14: Liquid volume fraction is 60%
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L: Length of the model
Ls: The distance from the gas-liquid interface at the

beginning to the top point of the tank
g: Acceleration on the Earth’s surface
a: Acceleration
ρ: Density of the fluid
σ: Kinematic viscosity coefficient
m: Model tank
p: Prototype tank
v: Flow velocity.
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