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Experiments of Surface Tension Separator
for Propellant Feed System
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The effects of surface tension on propellant confinement in the feed tank of a plasma thruster, MPD arcjet
were experimentally investigated under high acceleration. Ethanol and ammonia were used in the fundamental
experiments so as to decide the kind of material and the specifications of the tank. The relationships between the
sustained liquid height and the capillary diameter were examined under various conditions. On the basis of these
data, the model of the propellant feed system was designed. Major results of ground tests were that, below 40
times Earth gravity, the liquid ammonia could be prevented from spilling out of the tank in any direction of
acceleration, and that the heat input through the tank wall was large enough to vaporize the liquid. Units of an
MPD arcjet with the same feed tank were installed aboard the MS-T4 satellite of the Institute of Space and
Aeronautical Science, University of Tokyo. The satellite was launched on February 17, 1980, and the arcjets
were successfully operated. It is possible to apply these principles to much larger systems such as space vehicles

and space shuttles.

Nomenclature
A, =cross-sectional area of cylinder
a =0,/p8
a, =0,/p8,
d, =diameter of fiber
g =acceleration
g, =acceleration by Earth gravity
H = packing length
h =maximum liquid height
L =latent heat for vaporization
{ =length immersed into liquid
L =total length of fiber
r. = capillary radius
ry =radius of fiber
Teq =equivalent radius of capillary
T, =saturation temperature
AT, =superheat for boiling
t =time
u =terminal velocity
v =specific volume
w =sustained weight
W,  =initially filled weight
o =porosity
0 =contact angle
K =permeability
v =kinematic viscosity
o =liquid density
o =surface tension
Subscripts
{ =liquid
K =solid
v =vapor
v =interface between liquid and vapor
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Introduction

NDER the circumstances of microgravity or g-jitter,

vapor cannot be easily separated from the liquid
propellant feed as is done under Earth gravity. Various
systems have been used for vapor separation.

One is to arrange a shut-off valve at the outlet of the tank
so that it can open only when the feed is required, and the
relieved liquid be heated and vaporized. Other systems may
involve a mechanical centrifugal system, a dielectrophoretic
control system, and so on. All of these methods need,
however, both extra energy and equipment for operation.

In contrast, a surface tension separator can prevent the
liquid from flowing out of the storage tank if it is packed in
appropriate capillaries. In short, this system has the following
advantages:

1) It does not need any peripheral equipment or energy.

2) The design can be made very compact.

In designing the evaporator tank with capillary con-
finement and integrating it in the feed system of space vehicles
or satellites, the following information was required:

1) The relation of the sustained liquid height to the
capillary diameter and porosity.

2) The effect of wettability (or contact angle) on liquid
behavior.

3) Evaporation characteristics (especially with respect to
the entrainment of liquid drops or particles out of porous
material).

Theoretical equations were solved as an ideal system in a
recent research development.! The material in practical use,
however, has some negative influence such as contamination
and adsorption on surface energy. So, experimental data
should be obtained with actual construction and material. To
establish a reliable design basis, some fundamental ex-
periments were made using ethanol and ammonia.

A surface tension type of zero-g reservoir was developed for
an ion microthruster system and operated successfully for the
satellite (ATS)-IV.23 The reservoir consisted of a cylindrical
volume enclosing a fin array (120 fins). The propellant was
stably sustained with surface tension force in the area between
fins. As a previous work for this ATS-IV development, the
reservoir with porous metal was designed to be operated in a
1-g, field, and also a vaporizer heater with capillary tubes was
considered to remove the liquid toward the engine. *
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The space shuttle reaction system (RCS) also had a surface
tension acquisition tank. RCS is required to supply gas-free
propellant during the low- and high-g operational en-
vironment (3.3g,).%¢ A fine-mesh screen was used for the
surface tension device. RCS and the screen supply the engine
or the vaporizer with the liquid feed.

In this MPD-thruster system, the requirement was unique.
The tank without a shut-off valve and a vaporizer at the outlet
had to store the liquid to supply liquid-free propellant vapor
intermittently during the low- and high-g environment (40g,).
Therefore, the fine capillaries should be used to confine the
propellant.

Other studies have also been done on the behavior of the
liquid enclosed in the tank. In this paper, the tank is designed
such that the liquid might not flow along the wall based on
earlier work.”:8

Evaporating liquid has an incipient boiling superheat on a
surface with cavities. Capillaries could be possible nucleation
sites. Thus, if boiling occurs in the tank, some disadvantages
such as entrainment of droplets, vapor-locking, etc., exist.

The heat of vaporization may be conducted through the
tank packing material and the cell wall and is primarily
dependent on the structural design of the tank. In order to
demonstrate performance, 2 model was fabricated and tested.

Fundamental Investigations
Material Wettability

A surface tension separator for a space propellant feed
system confines the liquid in the capillary. This enables one to
make the structure simpler with no other equipment or energy
except porous material, and the tank can be made very
compact. It is important to know the behavior of the
propellant in the porous matrix for each system.

First, wettability between the liquid and the porous medium
was investigated. Wettability is established by the contact
angle between the solid surface and the liquid. When contact
angles (6) on a solid surface were measured by using various
liquids having the surface tension (o,) and cos@ for an or-
dinate vs o, for an abscissa was plotted, the almost linear
relations in each solid was obtained as shown in Fig. 1. The
critical surface tension is defined as the surface tension at the
point where the above-mentioned line cuts the line: cosf=1. If
the surface tension is less than the critical surface tension, the
liquid spreads on the solid surface.

Zisman studied experimentally the wettability of many solid
materials and concluded the following -12:

1) Low-free-energy surfaces have smaller critical surface
tensions and some organic liquids having larger surface
tension than the critical surface tension could not spread on
polymers, waxes, or covalent compounds.

2) High-free-energy surfaces have larger critical surface
tensions and all liquids should spread on most metals and
other inorganic high melting solids if their surfaces are clean
and specularly smooth.

3) High-energy surfaces, however, have larger adsorption
forces. If the surface is not free from organic contamination,
the film adsorbed by the solid is so constituted that the
resulting film-coated surface is a low-energy surface even if
the film is monomolecular layer, and nonspreading occurs.

The experimental results of polytetrafluorethylene (PTFE)
and polyethylene are plotted in Fig. 1.%19 Surface tension
generally decreases with rising temperature and the liquid
does not spread at lower temperature, even though it could
spread at higher temperature on the same surfaces. For
example, surface tensions of NH, are shown at three different
temperatures on the horizontal axis of Fig. 1. Those materials
that cannot be used as a capillary matrix, can be used
preferably as the structure or baffle in the vessel.

Experimental data for solids such as glass, quartz, sap-
phire, stainless steel, gold, silver, and other metals are shown
by the dotted line: cos § =1, 11,13.14
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Zisman described the cleaning procedures for stainless
steel. He stated that no cleaning technique involving
solvents—including the Bureau of Aeronautics specification
method—was completely satisfactory. The only acceptable
method involved polishing the stainless steel on a cloth lap
with an aqueous slurry of y—A1,0,; the powder of A1,0,
was removed on a second lap wet with distilled water, then the
specimen was rinsed in hot freshly distilled water and dried in
a clean oven at 110°C.!! Some data for stainless steel and
noble metals which were not free from contamination are
shown in Fig. 1.12%'5 Several data of other steel and sapphire
show that contact angles do not seem to be zero around
6,=0.03 N/m.!13 Thus, stainless-steel fiber seems to be
difficult to clean once its surface is contaminated. Stainless-
steel fiber in commercial use (Naslon) was not wettable
against water and ethanol. Those results and compatibility
with NH; suggest that glass fiber, quartz fiber, and ceramic
fiber are better for practical use.

Predictions of Sustained Liquid Height

In the case where capillaries are arranged in the same
direction as acceleration, the following equation can be
derived for the maximum hydrostatic head supportable under
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Sustained height is proportional to @ divided by the con-
stant 7. The values of a for various liquid under Earth gravity
(g.),a,=0,/pg,, are shown in Fig. 2. The physical properties
are given in Refs. 16 and 17. The values of acetone and
ethanol are similar to the value of ammonia.

If the surface wettability is large enough, 8 is zero, and then
the maximum sustained heights (/4) are calculated with Eq.
(1) under 40 Earth gravities and are shown with r_ as the
parameter and a, for the abscissa in Fig. 3. The limit of the
radius for the design is derived from the figure. For example,
if 25 mm is required for # with ethanol, the radius should be 5
pim.

In ordinary fibrous layers, channel space and direction of
fiber are not uniform. If porosity and the diameter of fiber
are known, however, total surface areas are obtained and the
liquid height can be calculated under the condition of
minimum energy of the system.! The model is shown in Fig.
4. Assuming that the tank is a circular cylinder, total energy is
expressed by the following equation:

h
E(h)=pg So aAgzdz+27r, (£, =) oy, + 27arylo, + A,0y,
0}
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From dE (k) /dh =0 and Young’s relation, 4 is obtained.

_ 2argb, o, cosb
pgaAgH

and as {,/H is replaced by (1 —a)A,/wr3,

6 0
—2a Cos =ZGCOS (3)
ary/l1—a Teq
o
req = I—a Ty (4)

Ifry=0.5umandr,, =5 um, then, o =0.9 results.

Fundamental Experiments

Experiments with ethanol were made to compare with the
above calculations. Fibers of several different materials were
tested. They were packed with a porosity of about 0.95 after
cleaning. The capsule used for the test is shown in Fig. 5. The
capsule was rotated by mounting on a centrifugal separator.
Sustained liquid height was obtained from measuring the
weight before and after rotation. If the liquid filled the
capsule over the maximum weight which could be sustained
under acceleration 40 g,, extra liquid fell out of the capsule in
a short time and the residue was the maximum sustained
weight. A small amount of liquid was lost due to evaporation
into the atmosphere. The result is shown in Fig. 6.
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Figure 7 is a plot of liquid height against the diameter of
fibers. The curve expressed by the solid line in the figure is
similar to the values calculated by Eq. (3) when r, is equal to
10.2r, and 0 is zero, while r,,=15.7r, by Eq. (4), when
o =0.94. This shows that the sustained liquid 1.6 times as high
as predicted value was obtained when compared with
theoretical values. The microscopic observations (x 200) are
shown in Fig. 8. It is apparent that the fibers are completely
random. They form microchannels and the liquid is confined
against gravity. This is the main reason why the liquid was
sustained over the predicted height; other reasons are the
uncertainties in o and r,,.

Stainless-steel fiber (Naslon) was not wettable against
ethanol. Therefore, the sustained height is low. Ceramic fiber
(Kaowool) has good characteristics but it is found that small
pieces of fiber are entrained into vapor. From Fig. 8 the
ethanol height 20 mm is obtained by using fiber of 1 um diam.

Another experiment was made varying the length of
packing glasswool. The results are shown in Figs. 9 and 10.
Figure 9 is the plot of liquid weight against time. The curve
for H =20 shows that a slight quantity of ethanol spills out of
the capillaries a few minutes after the acceleration and the
weight approximates the maximum value to be sustained. The
slight decrease of this curve after equilibrium is due to the
evaporation at the opening. From the inclination, the rate of
evaporation was known to be around 15 mg/min. The curves
for H=40 and H=10 describe the overfilled case and the
underfilled case, respectively.
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In every run the extra liquid was lost in the initial phase of
several minutes. This is due to the delay of the flow through
matrix. From the analysis of the unsteady state, the velocity in
the matrix becomes

u="g(1-e 1) ©)
14

The time constant is very short. The terminal velocity is 4
mm/s for ammonia and 0.4 mm/s for ethanol under 40g,
according to this calculation. The flow takes 1 min to move
through a length of 20 mm. Consequently, the curve for
H =40 took some more time before reaching the equilibrium
state.

Figure 10 was replotted with the same data. The curves
show the portion of the sustained liquid compared with the
liquid at. § min after the acceleration exclusive of the initial
loss. The result shows the maximum height under 40g, will be
around 20 mm because there will be no loss except
evaporation in a capsule shorter than 20 mm in length.

Experiments with Ammonia
Comparison with Ethanol

Ammonia was used for the experiment to show the dif-
ference between the results obtained using ammonia and those
using ethanol. The capsule is shown in Fig. 11. It was sealed
hermetically after filling so that the diffusion of vapor may
not occur. The length of packing glasswool was 20 mm, and



324 ' ENYA ET AL.

(close) | Ammonia (close)
t 74

et 540ge |
====uE

4
Ethanol 40ge

05

Glass wool
fo=0.5‘-l

Sustained ratio Wwo

0 5 10 15 20
Time t {min)
Fig. 12 Data for ammonia under various accelerations.

é @ NH3-@-underfilled)
£40 @ Ethanol
E Glass woal
E 30 o= 0
g
S 20
2
(72}

10}

0 i | ]

0 50 100 150

Gravity ratio S/ge

Fig. 13 Sustained ammonia height vs acceleration.

the inner diameter was 10 mm. Porosity was 0.95. Ac-
celeration was changed from 40g, to 150g,. The volume of
spread liquid was measured with the scale on the glass
cylinder. A perforated baffle made of Teflon was used to
prevent ammonia from spilling out or spreading out. The
results are shown in Fig. 12. It is evident that no liquid spreads
out under 40g,. It is also shown that liquid loss increases
slowly (below 1 mg/min) for several minutes under the gravity
over 40g,, and finally becomes zero. The dotted curves
represent the data of ethanol, and they are of two types: open
type and closed type. The open-type data are the same as those
in Fig. 10. The results with ammonia are in good agreement
with those of ethanol in this range of temperature. Liquid
height was replotted to show its relationship to acceleration
(Fig. 13). The equivalent radius of capillary was 9.5 um.
Sustained liquid height was twice as high as the theoretical
value. This is assumed to be due to the effect of perforated
plate and nonuniformity of glasswool.

Experiments with the Model for Plasma Thruster

The model of the tank for the MPD arcjet was designed and
fabricated on the basis of these data. The specifications of the
thruster and the tank are given in Table 1; the model is shown
in Fig. 14. The length of each cell was reduced to 10 mm, and
four cells are connected in cascade to ensure separation. Thus,
the tank was so designed that the liquid may not spill out in
any direction when acceleration was below 40g,. The wall of
the cell makes it easy to conduct heat to liquid. The total
weight of the ammonia tank was 230 g, including the baffle
and cells (75 g) and the packing material (1.24 g). A view port
was used to watch the behavior of liquid. Evaporation was
controlled by the heater attached on the tank wall, and the
temperature of the surface was measured as was the vapor
flow rate and feed line pressure. Vapor of ammonia passed
through the flow meter and was absorbed into water.

The evaporation experiment was made at room temperature
with heater off at first. Ammonia was heated by the heat flux
from the tank wall with its heat capacity and was vaporized.

J. SPACECRAFT

Table 1 Specifications of MPD thruster and ammonia tank

MPD thruster
Propellant NH,
Power consumption 15w
Propellant flow rate (max) S mg/s
Specific impulse 2500 s
Impulse bit 0.5 Nms
Total impulse 1000 N ms
Ammonia tank
NH; storage weight 5g
Temperature 260-310K
Acceleration 0 ge-40 g, (normal)
. +5 g, (horizontal)
Tank weight 230 g
(Baffle, cells) (75g)

(Packing material) (1.24 g)

132mm

. 85mm ‘h
- |

SR L L L
gV unNEs

8p

Tank

Port Space
Gas vessel Baffle Glass wool

Fig. 14 Model of the tank for MPD arcjet.

The tank was cooled down in a short time, and eventually the
temperature fell to the equilibrium value. The rate of
evaporation became nearly zero. Second, the experiment was
made at a constant wall temperature with heater on and off.
The results are shown in Fig. 15. It was shown that the
maximum rate for evaporation could be kept at about 1
liter/min. This value is about 100 times as high as the required
rate. From this it is known that heat was conducted effectively
to the liquid through the cell wall. Undesirable behavior such
as vapor lock was not observed.

Superheat for incipient boiling is expressed as follows (Ref.
18):.

AT =20,T;(v,—v,)/r.L 6)

If r,=50 um, AT, =1K, and if ., =10 pm, AT, =5 K. Ac-
cording to this calculation, the superheat of boiling is very
large if capillary is fine as in this case. It is difficult to reach
boiling.

Flight Test on MS-T4 Satellite

Two units of a flight model, which are the same as that used
in the ground tests, were constructed and integrated in the
MPD arcjet system. The arcjets were aboard the MS-T4
satellite of Institute of Space and Aeronautical Science,
University of Tokyo, which was launched March 17, 1980
from Kagoshima Space Center.

From the monitor signals transmitted from the satellite,
ammonia was found to be successfully confined under various
accelerations and vibrations, and to supply the system with
vapor. NH, vapor from the tank flowed through the filter and
the valve and entered the gas reservoir to be restored. The
reservoir with fast acting valve (FAV) supplied the arcjet with
the gas in response to the command signal (CHG). The
reservoir pressure (Pr) of FAV in MPD arcjet was regulated as
follows. The valve, which controls the gas supply from the
storage tank, was actuated by the command signal (JET ON)
from an electronic interface unit (IU). The reservoir pressure
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Fig. 16 Pressure regulation characteristics of thruster No. 1 during
flight test on March 26, 1980.

Pr was received and processed by the IU. The IU judges
whether Pr is larger than a specified upper limit or less than a
lower limit and sends shut-off or open command signals to the
valve. This feedback loop functioned properly, as shown in
Fig. 16. The FAV reservoir pressure was maintained between
the two limits. The feed rate depended mainly upon the heat
flow rate from the outside into the tank since the tank was
controlled in a passive way.

When the arcjets were fired once every 32 s with the valve
closed, the reservoir pressure of No. 2 unit decreased steadily
as shown in Fig. 17. The No. 1 unit was not operated in this
case and the slight decrease in Pr indicates the leakage rate of
the No. 1 FAV. From the difference between the pressure
reduction rate of the two units, the net propellant flow rate of
No. 2 unit was found to be about 2 mg/s and to coincide with
the design value. When the vapor in the pressurized line as
well as the reservoir of the No. 1 unit was drained, the
pressure decreased as shown in Fig. 18. The temperature drop
of the No. 1 tank wall is also shown in Fig. 18. Parameters for
the No. 2 unit are included for comparison.

Conclusion

Design bases for the surface tension separator were ob-
tained from the experiments with ethanol and ammonia. The
capillary diameter must be small enough to confine the liquid
against large acceleration. The materials of the fiber must be
wettable for the propellant.

Sustained liquid height tends to be higher than predicted.
A dry baffle was effective to prevent the liquid from spread-
ing.
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Fig. 18 Pressure change and temperature drop of thruster No. 1
during draining the vapor in the pressurized line and the reservoir on
April 13, 1980.

The model of the tank for plasma thruster was tested with
ammonia. The liquid was sustained in the porous medium
against acceleration, and no type of entrainment was ob-
served. The required rate of evaporation was obtained.

The performance was demonstrated with the test of the
tank designed and fabricated for the MPD arcjet which was
launched aboard MS-T4.
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