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THE task of a propellant expulsion system is to supply
gas-free propellant on demand to spacecraft thrusters for

the duration of the mission. For orbital spacecraft, which
may experience periods of adverse or near zero-gf accelerations,
the expulsion system must assure that all or portions of the
propellants are in contact with the tank outlet; that gas is
prevented from entering the tank outlet during thruster
startup; that pressurization gas entrained in the settling
propellant bulk does not enter the tank outlet; and that pro-
pellant vortexing, gas pull-through, and propellant slosh do
not significantly reduce the system expulsion efficiency.

Many types of positive propellant expulsion systems have
been developed for orbital spacecraft, each with advantages
and problems, as summarized in Table 1. Development of
these devices usually centers on. mechanical testing in simu-
lated prototype environments. Although performance of
these devices has been good, the reliability concern of the mis-
sion planner increases when very long missions are considered
because there are no established accelerated life testing tech-
niques. Recent experience with capillary systems has shown
that they satisfy expulsion system requirements as well as the
desire for passive simplicity. Indeed, the question of long-
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life is reduced to the ability of the propellant tank shell itself
to survive the mission from the standpoint of corrosion and
gas evolution.

The first capillary propellant expulsion system was orbited
about 6 years ago. Since then, there has been a steady
growth in industry interest and experience with these systems.
This survey highlights their principles of operation in
relation to various expulsion requirements, analysis tech-
niques for system design and operational behavior, methods
of performance testing, materials compatibility and selection,
methods of structural testing, and flight experience.

Capillary Propellant Management Concepts

Two basic approaches to capillary propellant management
have evolved: 1) partial retention, and 2) total communica-
tion systems. Partial retention systems (Fig. la) retain only
a limited quantity of propellant at the tank outlet and have
essentially no control over the bulk propellant behavior.
Capillary forces position enough propellant at the tank outlet
to supply the engine during restart flow transients and to
sustain flow until bulk propellant settling occurs. Partial
retention devices are generally limited to unidirectional thrust
applications, since they rely upon thrust to provide propellant
settling; an exception might be an application where small
volumes of propellant are withdrawn from the outlet reser-
voir to supply lateral thrusters followed by axial thruster
firing to allow bulk propellant settling and refill of the reten-
tion device. A further restriction is that temperature gra-
dients which tend to evaporate liquid propellant from the
tank outlet and condense propellant vapor away from the
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outlet cannot be tolerated for sustained periods of time.
Partial retention devices tend to be smaller, lighter and less
costly than total communication devices, and they can be
designed to withstand moderately high adverse accelerations.
These advantages must be evaluated in light of the operational
complexities of refilling the device after each engine firing.

Total communication devices (Fig. Ib) maintain communi-
cation from the tank outlet to the bulk propellant throughout
the spacecraft operational life. They can be designed for
either unidirectional or multidirectional thrust systems and
place no refill constraints on the number or duration of engine
firings. They impose essentially no limit on thermal gradi-
ents since the capillary communication elements replenish
any evaporative losses at the outlet end of the tank. How-
ever, because they typically must retain propellant over the
entire length of a tank, they are weaker propellant retainers,
heavier, and more complex than the equivalent partial re-
tention devices.

Partial Retention Designs
One of the earlier partial retention approaches1 is the system

used on the current Agena vehicle. The containment screens
are sized to retain propellant against approximately l-g nega-
tive and ^-g lateral accelerations. Several seconds of high-0
thrusting are needed to expel all gas from under the contain-
ment screen, and for this reason, the propellant management
system normally allows only two or three engine starts with
deoriented propellants. For those missions where propellant
is oriented over the tank outlet at restart or the burns are
long, there are no limitations on the number of restarts the

Table 1 Positive expulsion system comparison

Expulsion
system Strong points Problem areas

Piston

Bladders

Metallic
bellows

Elastomer! c
diaphragm

Positive displacement;
variable initial ullage
gas volume

Much development and
flight experience;
adaptable to most
tank geometries and
initial gas ullage
volume

Good compatibility;
predictable perfor-
mance adaptable to
varying tank geome-
tries and initial ullage
volumes

Good expulsion effi-
ciency; trouble free
and repeatable dia-
phragm geometry
during expulsion

Metallic
diaphragm

Rolling
diaphragm

Capillary
systems

-SECONDARY VELOCITY-
CONTROL PLATE

Good compatibility;
not sensitive to pro-
pellant slosh

Good compatibility;
not dependent on
initial ullage volume

Variable initial ullage
volumes and tank
geometry; good com-
patibility and overall
expulsion performance

Fig. 2 Improved Agena design.

Heavy; leakage; jam-
ming due to cocking
or corrosion; limited
to cylindrical tanks

Long term compati-
bility; gas permea-
tion; poor expulsion
efficiency; folding
geometry conducive
to pinhole leaks

High weight; cocking
during expulsion;
high Ap required for
expulsion

Poor wear character-
istics during pro-
longed propellant
slosh; poor long life
compatibility; limited
to spherical tank
geometry with signifi-
cant initial ullage
volume

Limited to spherical
tank geometry; mod-
erate AP required
for expulsion

High AP, required for
expulsion; limited to
cylindrical tank
geometry

Demonstration of ex-
pulsion performance
with full-scale proto-
type units at l-g is
limited by capillary
strength of propel-
lants.
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propellant management system can supply. The external
sump arrangement is used to allow improved draining efficiency
relative to an internally located device.

To extend the capability of the current Agena system to
allow multiple burn operation without the need for minimum
burn time requirements and to allow incorporation of an
integral secondary propulsion system which also feeds from
the main tanks, the Improved Agena design2 shown in Fig. 2
was devised. Propellant retention is accomplished with
screens at the top and around the base of the internal assem-
bly, in a similar manner to the current Agena system opera-
tion. The nested semispherical baffles within the internal
assembly provide tapered passages which provide a passive
capillary filling action whenever propellant is brought into
contact with the base of the internal assembly shell. The
shielded vent tube allows refill to occur when the propellant
management assembly is covered over with propellant. The
graduated holes in the nested baffles, the gas arrester screen,
and the velocity control plate combine to control the main
engine start transient low-g surface dip and prevent gas inges-
tion into the outlet.

A simpler system is used on the Apollo.3 Screens at the
outlet end of each tank retain propellant over the outlet dur-
ing coast periods against any adverse acceleration loads.
Prior to engine start, propellant settling rockets position all
propellant at the outlets, so the system serves primarily to
keep gas out of the tank outlet during coast.

The capillary device used on Mariner '71 as a gas arresting
system in the event of bladder gas permeation is shown in
Fig. 3. If pressurization gas is present next to the device,
it will be drawn into the first stage of the trap until liquid
settles over the perforated surface of the device. During a
series of short burns, additional gas will be taken in, but the
internal perforated elements prevent it from reaching the
outlet. During a longer burn, gas will be hydrostatically ex-
pelled from the device, allowing further operations of the
propulsion system. The labyrinth passages and many geo-
metric features are necessary because the tanks are loaded and
boosted in an upside-down attitude and must tolerate large
tilt angles.

Total Communication Approaches

In principle, the simplest design for total communication
consists of lining a propellant tank with a screen or perforated
sheet adjacent to the tank wall, as pictured in Fig. Ib. Typi-
cal examples of this approach4 are the tanks used on the X-15
Flight Research Vehicle5 and a number of drone missiles.

CENTRAL
STANDPIPE

PERFORATED
EXPULSION
CONE

PRIMARY
SEPARATOR

UPPER RECEIVER
ASSEMBLY

SCREEN
WINDOWS

FILTER/GAS
ARRESTER SCREEN -

Fig. 4 62-in.-diam hydrazine tank design.

When the space between the tank wall and the liner is filled,
the perforations keep the liner full against adverse accelera-
tions while allowing communication from the tank outlet to
any bulk propellant location on the wall of the tank.6 Since
all propellants on tank materials are good wetters (low con-
tact angle), propellant will always be wall bound in a loca-
tion dictated by the acceleration environment. Thrust or
acceleration loads can be applied in any direction and propel-
lant flows from the bulk puddle through the liner, along the
annular wall-to-liner gap, and to the outlet. For tanks filled
completely on the ground, the liner-wall gap is full at liftoff;
when ullage volumes are present at liftoff, capillary action is
relied upon to draw propellant into the gap after injection
into a low-g acceleration environment.

For larger tanks where the weight of a complete liner be-
comes excessive, an alternative approach is to construct
galleries which connect the outlet to possible propellant loca-
tions but do not communicate with the entire tank wall sur-
face. An example of this is the 62-in.-diam spherical hydra-
zine tank design7 shown in Fig. 4. This tank is placed in
orbit approximately half-full. The galleries fill by capillary
action after injection, and communication to the outlet is
provided throughout the mission.

A cross-baffle design (Fig. 5), well suited for very low-g
applications, is being evaluated for use in the Viking orbiter
tanks. In a low-g field, propellant location and surface
shape are dictated by the geometry of the baffles. The de-
sign shown has tapered baffles which bias the propellant over
the tank outlet but still provide communication from the out-
let to all other portions of the tank. As acceleration loads

Fig. 5 LRC/JPL cross
baffle concept.

Fig. 3 Propeflant standpipe and acquisition trap as-
sembly.
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Fig. 6 Current Agena system.

increase, the number of baffles can be increased; the only
limitation on capillary strength is the ability to construct
devices with large numbers of baffles and the weight penalties
which may result. To permit propellant feed to the outlet
during lateral acceleration, the baffles can be extended to the
wails of the tank; the baffle-to-tank-wall intersections then
also become communication paths to bring liquid to the tank
outlet.

If the mission requirements include known high accelera-
tions which tend to displace propellant from the outlet, fol-
lowed by a low-g period prior to propellant withdrawal, a
small outlet retention screen can be used in conjunction with a
total communication device as shown in Fig. 5. Because of
its small size, the outlet screen will withstand the high adverse
acceleration and keep the outlet filled, and a total communica-
tion device like the cross concept will draw propellant back
into communication with the outlet screen after the distur-
bance passes.

Capillary System Flight Experience

Surface tension/capillary systems have been flown on
spacecraft and upper stages such as Agena, Apollo and Tran-
stage as well as on drone aircraft such as MQM-74A (North-
rop) and Firebee II (Ryan). Flight service of smaller capil-

Table 2 Summary of flight experience

Flight
application

Current Agena

Apollo Service
Module

Basic function

Propellant retention and propellant
supply during low-g restarts

Propellant retention and gas phase
flow blockage during propellant
settling

Num-
ber of
flights

>120

11

Apollo Lunar
Excursion
Module

Transtage

ATS Cesium Ion
Propulsion
Subsystem

MQM-74A
Drone

Firebee II Drone

Propellant retention in feed line

Gas phase flow blockage during
propellant settling

Vapor phase propellant feed

Gas phase flow blockage

Gas phase flow blockage

6

20

o

322

9

"VELOCITY \
CONTROL PLATE OUTLET
ASSEMBLY DUCT

Fig. 7 Agena oxidizer sump assembly.

lary propellant management feed systems has been demon-
strated on spacecraft by Electro Optical Systems auxiliary
ion propulsion systems on the Applied Technology Satellites
(ATS) IV and V. These systems are listed in Table 2.

Current Agena System Requirements

This discussion covers the current Agena propellant man-
agement system only; a system for Improved Agena, dis-
cussed later, has not yet been implemented in flight. The
system now in use (Fig. 6) was initially flown in 1964. More
than 120 flights have been made with this system, which
eliminated the requirement for ullage rockets and improved
payload capability by reducing the amount of residual pro-
pellants. Since it was incorported as an engineering improve-
ment on an operational vehicle, its design was constrained by
the geometry arid propulsion system requirements listed in
Table 3. Each propellant tank is equipped with a sump.
The oxidizer sump assembly is depicted in Fig. 7; the fuel
sump is similar. Each consists of a very oblate spheroidal
cavity capped with a containment screen shaped as a cone
frustum which extends upward into the bottom of the pro-
pellant tank. The volumes contained between the screens
and the propellant isolation valves (see Fig. 6) are 0.67 ft3

and 0.51 ft3, corresponding to 65.5 Ib of contained oxidizer
and 25.0 Ib of contained fuel, respectively. These amounts
are sufficient to supply the engine during low-g engine start
and reorientation of the bulk propellant to the tank bottoms.
After reorientation, the propellants refill the sumps, maintain-
ing the engine propellant supply until engine shutdown or
propellant depletion. The pleated screen assemblies (Fig. 7)
prevent the liquid/gas interface (surface dip) from penetrating
the sump outlet during low-gr restart and act as gas barriers
during sump refill. In the oxidizer sump, a velocity control
plate assembly reduces the peak propellant velocity of the
flow turning the corner into the sump outlet duct, delaying
depression (high-gr surface dip) of the liquid/gas interface into
the outlet during propellant depletion.

Most Agena vehicles fly in a nose forward attitude, so at-
mospheric drag tends to deorient propellant away from the
tank outlets. Because of main engine thrust tailoff and the
thrust produced by a propellant vent system (to evacuate
engine feed lines), there is a settling acceleration that nominally
exceeds drag deceleration for about 30 to 40 min after engine
shutdown, and no bulk propellant motion occurs. If the
coast period, between first and second burn exceeds 90 min,
the drag force becomes dominant even for +3 G venting
thrust conditions, regardless of orbit altitudes, and the Agena
definitely relies on the containment screens. If a screen were
to fail to work, the next engine operation would occur with
severe gas ingestion, even if propellant were repositioned at
the outlets prior to engine ignition (the sump cannot refill
unless a relatively high settling acceleration is provided).
Ground tests, which intentionally introduced pressurization
gas into the engine, have shown the transient characteristics
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to be expected from the turbine speed, chamber pressure, and
pump inlet pressure if gas ingestion occurs. Of 27 Agenas
that have flown with coast periods long enough to assure de-
oriented propellants, 22 experienced vehicle maneuvers just
prior to engine restart which settled propellant over the out-
lets, and 5 restarted with deoriented propellants (as con-
firmed by accelerometer records). In all cases restart was
successful and subsequent chamber pressure behavior was
normal with no apparent gas ingestion.

The gas arrester screen and velocity control plate are also
designed to allow maximum tank draining. The Agena de-
pletion point values used for mission planning were derived
from l-g bench testing and have been confirmed by flight
checks using two techniques. One consists of noting the
behavior of the pump inlet pressure-time histories. As the
propellant level drops in the tank, the change in hydrostatic
pressure per second at the pump inlet becomes more rapid due
to the head-volume characteristics of the spherical tank bot-
tom; the changes follow definable trends that allow liquid
level at any time to be relatively well defined. The second
technique, which is more accurate, takes advantage of the
operating characteristics of the propellant dump system,
which dumps all residual propellant overboard after final
engine burn. Tank pressures remain constant during the
initial liquid phase dumping and then decay when propellant
vapor and pressurization gas dumping begins. Since liquid
dump flowrates are predictable, the duration of the constant
tank pressure period after dump valve actuation defines the
mass of liquid dumped, which is subtracted from the liquid
onboard at shutdown to define residuals within ±2 Ib.

Apollo SPS System Requirements

The Apollo Service Propulsion System (SPS, Fig. 8) is
required to perform multiple engine firings following essen-
tially 0-0 coast periods, which may have been interrupted by

adverse vehicle accelerations caused by the reaction control
subsystem (RCS) and docking maneuvers with the Lunar
Excursion Module (LEM). To ensure liquid feed to the
engine during the start sequence, propellant settling thrust
from the RCS is used in conjunction with a capillary propel-
lant retention reservoir to minimize the amount of RCS pro-
pellant required. The initial configuration of the retention
system consisted of the central reservoir only. The reservoir
was designed to retain 4 ft3 of propellant at the engine inlet
at all times. The reservoir contains two capillary barriers,
each consisting of a 0.060-in.-diam perforated sheet sand-
wiched between two layers of -J-in.-cell honeycomb, to prevent
displacement of propellant within the reservoir by pressurant
gas during low-gravity lateral accelerations. In addition,
the screens prevent large bubbles that may be entrained in the
liquid from entering the feed line. The lateral screens trap
the bubbles. As the gas accumulation increases to the point
where the liquid flow pressure drop across the barrier ex-
ceeds the bubble restraining pressure, the gas is forced through
the screen in the form of small bubbles which can be satis-
factorily digested by the engine.3

Subsequently the performance was improved by adding two
umbrella screens (perforated plates) nested into the lower
dome of the tank to prevent displacement of propellant pres-
surant gas at the reservoir inlet during 0-g coast and to pre-
vent foamed propellant from entering the reservoir during
SPS burn following RCS propellant settling. As liquid de-
scends to the bottom of the tank, there is considerable turbu-
lence and intermixing with the pressurant gas. The umbrella

Table 3 Agena propellant management system
constraints and requirements

Propulsion system thrust
Minimum impulse bit
Number of restarts

Propellants
Maximum allowable reorienta-

tion gas ingestion
Maximum steady adverse ac-

celeration
Longitudinal
Lateral

Minimum expulsion efficiency
Maximum flowrate during low-g

Preflow conditions
Maximum steady flowrates

Geometric constraints

16,0001b
30,000 Ib-sec
one (multiple demonstrated in

flight)
UDMH/IRFNA
Negligible

1.2 X 10-20o
5.0 X 10-300
99.9%
48 Ib/sec (oxidizer)
18 Ib/sec (fuel)
40 Ib/sec (oxidizer)
15 Ib/sec (fuel)
60-in.-diam tanks,

hemispherical ends, offset
pump inlet locations
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Fig. 10 Transtage pro-
pellant acquisition sys-

tem.

screens maintain relatively clear propellant beneath them with
nearly all of the foaming restricted to the partially settled
propellant above the upper screen.

The flow divider baffle at the base of the stillwell was added
to increase the lateral acceleration level at which draining of
liquid from below the umbrella barriers would occur when the
tank was less than half full. Under these conditions, the
propellant in the stillwell will drain out, providing a potential
path for the pressurant to enter below the umbrella screens.
This gas flow wrill be arrested by the 0.023-in. hole size screen
around the periphery of the flow divider baffle. Additional
improvements that have been suggested, but not incorporated
to date, include antisiphon holes in the stillwell and additional
retention screens.

As of April 1970, 11 Apollo SPS flights had taken place.
The first two contained only the central reservoir, but the
umbrella barriers were included on the others. Except for
the first suborbital flight, which revealed an inadequate struc-
tural design, no difficulties were encountered. Operation was
satisfactory on all flights. Several engine restarts were ac-
complished following various maneuvers and coast periods.
Sufficient telemetry monitoring is performed to detect any
significant gas ingestion in the engine feed line. Indication
of the specific tankage malfunction could be obtained from the
feed line interface pressure or the injector inlet pressure as-
sociated with that propellant while the engine chamber pres-
sure and the vehicle integrating accelerometer (AF) would
detect the presence of gas phase flow in either propellant.
Ground testing has demonstrated the capability to detect
mixed phase flow with the pressure measurements and es-
tablished their characteristic behavior for this condition.
The sensitivity of the AF measurement is sufficient that it
would also detect any appreciable change in the engine thrust
level as would be associated with gas ingestion in the feed
system. Based upon the flight data (Table 4), the propellant
management system performed in a satisfactory manner.

Lunar Excursion Module

Although the LEM tankage does not use a capillary propel-
lant management system as such, an inverted metal can writh a

Table 4 Numbers of Apollo systems
flights through April 1970

SPS missions

Sub orbital
unmanned

Earth orbital

Lunar orbital
Total

Flights
4«

2

56

11

LEM missions

Unmanned Earth
orbital

Manned Earth
orbital

Lunar landing
Lunar orbit
Circumlunar

(aborted lunar
landing mission)
Total

Flights

1

1

2
1
1

6

RESERVOIR—-- .̂

HIGH VOITACE
INSULATOR.

a First two flights did not use umbrella barriers.
^ Last flight was aborted with only single SPS mid-course burn.

Fig. 11 Ion propulsion system schematic.

perforated barrier over the open end (Fig. 9) is used. The
design is essentially the same for both propellant tanks and
both descent and ascent stages. The inverted can retains
propellant under negative accelerations, whereas the perfo-
rated plate prevents drainage due to lateral accelerations.
Bulk propellant settling is accomplished prior to low-g main
engine restarts with the ACS thrusters. Although it is dif-
ficult to determine whether propellant migration away from
the tank outlets occurred on any of the flights, satisfactory
engine operation was achieved on all flights.

Transtage

The Transtage employs a capillary screen barrier at each
tank outlet (Fig. 10) to prevent large entrained gas bubbles
from entering the feed duct. It is operationally the same for
the fuel (A-50) and oxidizer (N204) tanks. The tanks con-
tain false bottoms with check valves to prevent propellant
migration awray from their outlets. Prior to main engine
restart, a propellant settling maneuver is accomplished with
the ACS engines. Any gas bubbles larger than 0.035-in.-
diam that were entrained as a result of the propellant re-
orientation would subsequently be blocked from passage into
the main engine feed line by the screen. Although the need
for this barrier has not been established in flight, the Tran-
stage has performed many \ow-g restarts with up to three
engine burns per flight without detectable premature gas in-
gestion by the engine system.

Cesium Contact Ion Spacecraft Auxiliary

Five cesium contact ion propulsion systems employing sur-
face tension propellant feed have been flown. These micro-
thrust systems (Fig. 11) were designed to provide a portion
of the stationkeeping requirements (east-west disturbance in-
duced by the triaxial Earth) of geosynchronous spacecraft.
The thruster is a single-aperture contact ion engine with a
segmented accelerating electrode for thrust vectoring and re-
dundant thermionic electron emitters for ion beam neutraliza-
tion. Cesium propellant is supplied to the thruster by a sur-
face tension zero-gr feed system with a thermally actuated
valve. Thrust is adjustable in 5-/>t Ib steps between 0 and 20
H Ib by adjustment of power to the vaporizer.

The propellant feed system is a modified version of systems
previously developed by Electro-Optical Systems.8-9 Surface
tension forces establish and maintain stable liquid-vapor
interfaces and transport the liquid from the reservoir to the
vaporizing area. The propellant storage reservoir, shown
disassembled in Fig. 12, consists of a cylindrical volume
enclosing a fin array. The gap between fins tapers from the
outside toward the central axis of the reservoir. There are 120
fins with a spacing of 0.064 in. between fins at the outside edge
of the array. Liquid Cs in the area between fins is forced
towrard the central axis of the reservoir and into contact with
a porous nickel rod which carries it to the vaporizing surface.

The capacity of the unit is 50 g of cesium, sufficient for a
2-yr mission at 60% duty cycle. The porous rod is 40%
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Fig. 12 Ion system
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dense foam nickel approximately 2 in. long by -J- in. in diam-
eter. It extends from the rear of the reservoir through the
mounting flanges and up the thruster feed tube to the va-
porizer heater section. The feed system operates in a closed-
loop mode; i.e., deviations from the required beam current
cause more or less power to be delivered to the vaporizer.
The vaporizer is able to cool rapidly by heat conduction to the
reservoir and is heated rapidly by the vaporizer heater.
Thus, rapid response times can be achieved both in turning on
and in turning off the system. Prior to flight, operation of the
feed system was demonstrated by laboratory, 0-gr drop tower,
and C-131 aircraft testing.

Of the three flight systems (five cesium engines) flown to
date, orbital testing of only two engines has been possible.
No data were obtained from two of the flights because of
other vehicle malfunctions. The successful testing of the two
ion engines was onboard the Applications Technology Satel-
lite, ATS-IV.10 During ion engine tests, numerous thrust
level commands were sent to the engines. Telemetry data
indicated satisfactory feed system response and operation.

Target Drone Applications

Another application of capillary propellant management
systems is on turbojet-powered target drones.5-11 Although
the basic requirements are considerably different than most
spacecraft systems, the same design considerations and basic
capillary theory apply. The drones typically utilize JP-4 or
-5 as a fuel and are ground-launched with a single continuous
engine burn. During powered flight they may perform
flight maneuvers that preclude conventional gravity orienta-
tion of the fuel at the tank outlet. Previous fuel withdrawal
techniques utilized various combinations of accumulators,
flapper valves, check valves, or other mechanical devices.
Currently, two drones, the Northrop MQM-74A and the
Ryan Firebee II, use capillary systems. Subsequent dis-
cussion is restricted to the MQM-74A (Fig. 13), but operation
and design concepts are essentially the same for both systems.

During operation, the capillary elements act like gas-phase
check valves as long as at least one of them is in contact with
the fuel. Elements are located in the fore and aft ends of the
fuel tank to ensure liquid contact during climbs and dives.
Inverted metal cups or hoods over the elements form fuel
reservoirs around the elements during negative-gr maneuvers.
Each hood contains a small hole in the top for venting during
tank filling. The capillary elements are constructed of stain-
less steel wire cloth in the 10-ju, effective pore size range.
Pleated material is used to increase the flow area to obtain
a low-pressure-drop design. The retention capability of the
wetted material is sufficient to prevent vapor break-through
under the operational acceleration environment. Figure 13
illustrates the system operation under two different accelera-
tions. It is of interest to note that surface tension forces
also tend to prevent water (which may have been introduced
into the tank as a contaminant) from entering the fuel system
in the submerged portion.

As of March 13, 1970, 322 launches of the Northrop MQM-
74A were conducted on 159 different vehicles for a total flight
time of approximately 121 hr, and 9 flights had been con-

METAL HOODS
(NEGATIVE-g
RESERVOIR)

TO PUMP

NEGATIVE-g MANEUVER

Fig. 13 Flight propellant orientation modes.

ducted with the Ryan Firebee II, with no apparent problems
encountered in the expulsion system operation.

Although the operational target systems do not have te-
lemetry to detect malfunctions, during the early part of the
MQM-74A program the fuel system was monitored by te-
lemetry. The data consisted of fuel flow and fuel pressure,
which are both quite sensitive to mixed phase flow. Northrop
reported that no interruption of fuel flow was detected prior
to fuel depletion.

Propellant Expulsion System Analysis

Bulk Liquid Static Behavior

The propellant surface shape under \ow-g orbital conditions
can be predicted accurately by available analytical techniques.
Liquid in a container will seek a location and shape which pro-
duces the minimum total potential energy for the volume of
liquid. The differential equation and boundary conditions
describing the liquid surface under these conditions have been
derived.12 The resulting differential equation is nonlinear
and cannot be transformed into an equation with a closed-
form solution; numerical integration must be applied.

Digital computer solutions have been developed for several
propellant tank geometries and a range of acceleration
levels.13-14 Elliptical approximations to several simple geom-
etries have also been derived.15 Graphical solutions to sur-
face shapes, including relatively complex tank geometries,
have also been successfully employed using Kelvin's tech-
nique.16 Since any desired accuracy may be obtained, de-
pending on the computation time expended, graphical solu-
tions are particularly useful during comparison of expulsion
system design alternates. When a design is frozen, graphical
techniques may be applied more accurately, or a digital com-
puter program can be written to cover the specific geometry of
interest.

In tanks containing the total communication type of expul-
sion system, the concept of stability is not of interest and
the fluid reaches its minimum potential energy condition re-
gardless of the previous acceleration history of the tank, but
for tanks which contain only partial retention devices, the
concept of stability must be introduced. For these cases liquid
will tend to remain in a given location in the tank, in spite of
a deorienting acceleration, until a critical level of acceleration
is reached; this level is referred to as the "stability limit"
and is characterized by the dimensionless Bond number.
For spherical tanks, there is no actual stability limit, and the
liquid moves freely in response to any applied acceleration.
For other tank geometries, the liquid tends to remain at one
end until a finite stability limit is reached and then settles in
the direction of the applied acceleration. The stability limit
for these tanks is a function of both the contact angle (which
is near zero for the most propellants) and the direction of
the applied acceleration. Stability limit results have been
derived for most tank geometries likely to be employed. 14-17~19
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Bulk Liquid Dynamic Behavior

When an acceleration in excess of the stability limit is ap-
plied to a tank that does not contain internal devices, the
propellant settles to the opposite end of the tank in a mode
which depends on the initial liquid surface shape. For the
normal \ow-g spacecraft condition when the initial liquid
surface shape is highly curved prior to the application of ac-
celeration, the wall-bound reorientation process can be satis-
factorily described analytically,20-21 and the geysering which
frequently results from this type of reorientation can be pre-
dicted. However, details such as reorientation sheet leading
edge thickness, leading edge settling time, and pressurization
gas entrainment have only been treated approximately; em-

Table 5 Example of propellant
management system analysis7

Event Description

1 Pad hold—gassing, condensation, gumming, etc.
2 Boost—entrapped gas clearing, condensate seal-off clear-

ing, slosh wetting
3 Coast—capillary fill, bulk propellant orientation, etc.;

seal-off due to slosh carry-over
4 Maneuver—short duration accelerations, slosh
5 Propellant transfer—steady primary mode and backup

mode expulsion
6 Thruster start—transient feed from various propellant

locations by primary and backup modes
7 Thruster burn—by primary, backup, and combined modes
8 Thruster shutdown—reorientation slosh carry-over after

shutdown, heat soak
9 Propellant depletion—slosh, surface dip, propellant hang-

up due to flow restriction and capillary effects
Phenomena involved in event

Capillary retention
Pressure loss
Filtration
Structural integrity
Gas entrapment in outlet and clearing of

same
Compression of entrapped gas
Gallery hole capillary "seal-off"
Seal break
Forward gallery capillary fill

(gas ejection)
Gallery bubble growth and bubble travel
Gallery bubble shrinkage
Gallery/tank-wall fillet feed
Flow and capillary change due to

hole stoppage
Heat soak-back
Outlet gas arresting
Propellant entrapment

Requirements affecting performance of event
Propellant quantity
Propellant flowrate
Propellant temperature
Body acceleration and sequence of events
Thrust alignment
Propellant storage
Flight pressurant:
Tank preparation (e.g., cleaning and

passivation)
Pad life:
Orbit life:

Design elements involved in event
Fill and drain system
Pressuri/ation system
Capillary fill vent screen
Gallery windows
Gallery wall surface finish
Gallery cross section area
Gallery/tank spatial relationship
Gas arrester/filter arrangement
Gallery base support structure
Gallery cross-sectional form

Events
3-8
5-7
5,7
2
2,5-7

5-7
1,2,8,9
1-3,7,8
3-7

3-7
3
3-7
6-9

3,8
3-9
9

3-8
5-7
3
All 9
6-9
3-7
3-7
3-9

1,3-7
3-7

1,2
1
1-3
All 9
1-3,7
3,5-9
1,3-9
All 9
2-5
2-7

pirical definition of these quantities is required if accurate in-
formation is needed. Through conservation of dimensionless
parameters, the test results derived by various researchers1-22-23

can be applied to predict many new conditions of interest.
The sudden withdrawal of liquid from a container during

\ow-g conditions forms a depression in the bulk liquid surface
that may penetrate the tank outlet in some cases. Analytical
techniques to describe this startup surface dip adequately
have not been developed, and simulation testing is required to
produce useful data on the behavior of a given tank design.
The geometric complexity of many tank outlets contributes to
the problem and may limit the usefulness of analytical effort
in this area. This area represents one of the major gaps in the
analysis of capillary system performance.

For situations where a drainage surface dip develops in an
established flow situation, such as occurs at the time of pro-
pellant depletion, existing prediction methods and numerical
results can be employed prior to development testing of a
particular design.22-24-25 Test results are available for com-
parison with the analytical predictions.1-26-27

Empirical Inputs for Design

The capillary retention capability of a screen or perforated
material can be predicted from a knowledge of hole geometry
and kinematic surface tension,17 but this prediction will
usually be somewhat optimistic. For this reason, the ratio
of actual to theoretical retention capability (</>) must be tested
with the propellant and screen/perforated material of interest,
using a test apparatus such as described in the following sec-
tion. Similarly, for retention in other expulsion system de-
vices, such as the corners of intersecting baffles or parallel
plates, theoretical retention capabilities may be derived, but

Table 6 Performance testing summary"

Domi- Scale
nant ratio

varia- Dominant (Lm/
bles&Mission event numbers" Lp)

Capillary fill'-*
Gallery and gallery standoff fillet

Capillary retention
Bubble sensitivity to evaporation
Steady flight acceleration
During primary (gallery) mode

withdrawal
During backup (fillet) mode

withdrawal
Shock

Low-gr propellant withdrawal
Thruster operation
Propellant transfer
Backup fillet mode
Expulsion efficiency^

Thruster firing
Propellant transfer

Propellant reorientation
Gas ingestion

0,0-,/,/z We,Re,Fr*

g,<r,e Bo
g,cr Bo

Bo,We,Re

Bo,We,Re

Bo,We>

Fr,Wed

FT,We
Fr,We

Fr,We
Fr,We,Re

~2Ul

i

J*
TIT?

g,<r,I,V TO"?

a All are 1-g bench tests, except first, which is low-0 drop test; all are with
water as test fluid, but second also is IPA.

b g = acceleration; a = surface tension; I = inertia; // = viscous force;
v = velocity effects; and e = evaporation.

c The dimensionless numbers (Bo — Bond, Fr = Froude, Re = Reynolds,
Ri = Richardson) and discussions on similarity testing are given in Refs.
1,13, and 17.

^ Since Bo — We/Fr, satisfying both the Fr and We numbers also satis-
fies the Bo number.

e For transient processes, such as propellant flow buildup and decay during
thrust valve opening and closing, time scaling is also required.

f Simulation of screen gas barriers requires conservation of We.
0 Quantitative prototype results, such as gallery fill times and residual pro-

pellant, must be obtained by appropriate scaling of model test results.
* Simulation of prototype gas bubble buoyant/inertia effects requires

conservation of Ri = gL(pL — p g ) / V z p L . (For normal test fluids piiquids ^>
Pgas and Ri can be replaced by Fr~1}.

i Scale ratio chosen for suitability with facility test equipment.
3 Analyses and tests have shown that the major system impact is arresting

of the fluid disturbance.



FEBRUARY 1971 SURFACE TENSION DEVICES FOR PROPELLANT ACQUISITION 91

the limited test results to date show that empirical correction
factors again will be needed.

System designs often include screen elements to delay or
prevent the entrance of gas into a tank outlet during startup
or drainage surface dipping (or during a slosh which partially
uncovers the outlet. Analytical methods have been useful in
approximate screen sizing,17 particularly where severe surface
dip conditions are not experienced. However, the transient
nature of the dip to be arrested and the complex geometry
typically encountered in expulsion devices do not permit ac-
curate analytical description of more violent surface dip be-
havior characteristic of multistart pump-fed propulsion sys-
tems, and therefore simulation testing must be employed.1-28

Performance Testing
Model testing based on similarity principles has been used

for years to predict the prototype performance of aircraft,
missiles, ships, water flow, etc.29-30 The fundamental prin-
ciple of similarity testing is that conservation of the governing
dirnensionless groups will yield identical scaled behavior of
the model arid prototype. To assure that a spacecraft pro-
pellant management system design satisfies all mission re-
quirements, the prototype operational sequence must be de-
nned, and similarity tests conducted conserving the model
and prototype dimensionless groups by proper specification of
the model size, acceleration, flowrate, and other environmental
test conditions to assure that fluid behavior in each model
represents the scaled performance of the propellant in each
respective prototype operational sequence being evaluated.
Simulation techniques and subscale test equipment1-31"35 have
provided extensive data demonstrating the accuracy of scaling
results. These techniques are currently employed to verify
analytical predictions and to obtain data where analytical
methods are not practical.

For example, the propellant management system for a
62-in.-diam, spherical hydrazine tank7 was not designed for
capillary propellent retention in a l~g acceleration field, since
this would require prototype screen holes of about 0.00003-in.
diameter. To assure that the chosen design would meet the
mission requirements, the complete operational sequence was
formulated (Table 5), and the propellant management system
performance was shown to satisfy all requirements by a com-
bination of analyses and tests. Each function in Table 5 was
analyzed or tested to assure compliance with the mission re-
quirements. The choice of analysis or test was based on two
elements: 1) confidence in analysis techniques and 2) the
degree of mission operational complexity and applicability of
previous test data to this particular system. The events
selected for evaluation by similarity testing are summarized in
Table 6. They were analyzed to determine the dominant

forces controlling each event and were then evaluated to de-
termine the best test method. Following this, the dominant
dimensionless groups were determined and used to calculate
the model scale and test conditions. Results of these analyses
are also summarized in Table 6.

In many cases, the test method, test fluid, and scale ratio
are not unique. One or more parameters may be selected and
the others follow. In general, 1-0 bench tests are simpler, less
time consuming, and cheaper if the calculated model sizes
are reasonable. Consider capillary fill of the gallery as shown
in the first mission event of Table 6. The scale ratio is identi-
fied as -gV for drop tower (0.01 g0) testing with water as the
test fluid. For a l~g bench test, the scale ratio would become
about 2-75-0. The whole 62-in.-diam prototype tank would be
reduced to about 0.3-in. for the model, which is unacceptable
considering boundary-layer effects and test visibility. Since
the drop-towrer capsule acceleration is variable, it is set by
specifying water as the test fluid and choosing a scale ratio
large enough to eliminate boundary effects and provide good
model visibility. Similarly, specifying a test fluid with half
the kinematic surface tension of water would require a reduc-
tion of the model scale to about-^ or, alternatively, a reduction
in the model acceleration by a factor of 2. Although similar-
ity testing allows great freedom in choosing at least one of the
test variables, caution must be exercised in setting the scale
ratio when quantitative results are required. For depletion
point testing, small scale ratios can result in significant errors
since small model volumetric biases are magnified by the cube
of the scale ratio.

Test Methods

The best technique is the one which closely simulates the
prototype environment and is simple, reliable, convenient,
and inexpensive. Generally, no one technique satisfies all
these requirements, but l-g bench testing in one or more forms
comes closest. In cases where the prototype acceleration is
within two orders of magnitude of Igr, withdrawal and static
and dynamic propellant behavior may be readily simulated
through model sizing and test fluid substitution. This
type of bench testing is applicable to transient and steady-
state propellant withdrawal evaluation and to testing of pro-
pellant static retention and bulk settling once the settling
mode and downflow rates have been determined.1'12'13'17'27-35 ~38

For very low prototype acceleration environments, techniques
for reducing the propellant body forces must be applied. In
some cases, a good simulation is obtained in Ig by using im-
miscible test fluids writh near identical densities. In this mari-
ner, the low buoyancy of the substitute propellant simulates
the \ow~g body forces on the prototype propellant.12'13'3

Table 7 Similarity test approach comparison

Type Approach Application Strengths Limitations

l-g bench

Immiscible test
fluids

Electro-magnetic;
field

Aircraft testing

Drop tower

Use dimensionless groups
to scale model size,
test fluid properties,
and test conditions

Immiscible test fluids
with similar densities
reduce body forces

Colloidal suspension of
magnetic particles
"supported" by elec-
tromagnetic field

Keplerian trajectories
used to produce
weightlessness

"Free fall" of test plat-
form

Evaluate propellant with-
drawal, bulk static and
dynamic behavior

Evaluate bulk propellant
configurations

Evaluate propellant with-
drawal, bulk static and
dynamic behavior

Evaluate propellant with-
drawal, bulk static and
dynamic behavior

Evaluate propellant with-
draw!, bulk static and
dynamic behavior

Convenience; controlled test
conditions; rapid turn-
around and low cost

Convenience; controlled test
conditions; rapid turn-
around and low cost

Variable body forces and pre-
cise control of test condi-
tions

Produces true \ow-g environ-
ment for relatively long
periods

Precise control of test condi-
tions; reasonable test turn-
around; variable body
forces

Model size becomes small at
low prototype accelera-
tions; does not duplica te
\ow-g initial conditions

Limited to static bulk eval-
uations

Model size limited by size
of magnet; does not pro-
vide \ow-g simulation of
gas or vapor phase

Poor control of g magnitude
and initial conditions;
relatively expensive and
time consuming

Relatively short test period;
small models for modest
facilities
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Fig. 14 Static and dynamic retention test apparatus.

Another technique recently developed uses a colloidal sus-
pension of magnetic particles in the test fluid which is "sup-
ported" by an electromagnetic field. The field strength is
adjusted to simulate the low-gr body forces on the prototype
propellant.33'35'37

Low-0 aircraft testing techniques12'13'17 based on Keplerian
trajectories yield relatively long periods (^32 sec) of low-g
environment at the expense of rather uncontrolled initial con-
ditions and higher test cost. From the experimenter's point
of view, drop-testing is the most satisfactory \ow-g technique
and has received the most attention. 12,13,17,23,39-42 ^he ex_
periment platform is enclosed in a drag shield, which absorbs
the aerodynamic drag while the experiment platform free-
falls or is accelerated to a prescribed acceleration by a con-
stant-force spring or cold-gas thruster. Experiment times
have been extended to 10 sec with "pop up" facilities, such as
the one at NASA Lewis Research Center. Generally, a
simple free-fall tower of ^100 ft with usable free-fall time of
~2.3 sec is sufficient to simulate the prototype event. The
following paragraphs present typical propellant expulsion

HOLE DIAMETER - (INCHES X 10 )

0.50
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HYDRAZINE IN AIR
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Fig. 16 Restart test apparatus.

and bulk behavior data obtained from these tests, and Table 7
compares several test approaches.

Bench Testing at lg

In some cases, high degrees of precision may be obtained
by bench-testing; in others, approximations of complex
phenomena may be obtained rapidly to enhance understand-
ing and suggest approaches for analysis and design. For
example, propellant retention with typical materials of con-
struction can be determined with good precision. It de-
pends on fluid surface tension and the contact angle of the
fluid on the retention device at all points along the gas/liquid
interface. Different fluids and materials of construction
behave quite differently13-43'44; each combination must be
tested in a manner simulating actual flight loading.

The preferred method of testing for static retention is shown
in Fig. 14. The fluid is supported by individual meniscuses
at the screen grid in a manner similar to the flight loadings.
The fluid external to the tube is drained until the test grid will
no longer support the head, and the breakdown point is re-
corded. Repeatability is determined for several "design"
grid samples, then the grid is loaded to near demonstrated
capability to assure longevity of the retention under simu-
lated flight conditions of grid material, propellant, and gas

HOLE DIAMETER - (INCHES X 1013)

Fig. 15 Static retention test results.

Fig. 17 Low-g surface dip
development.
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Fig. 18 Improved Agena
surface dip.

(pressurant and propellant vapor). Data are recorded as
percent of theoretical capability based on equivalent grid
radius, propellant surface tension, and contact angle. Results
for several fluids, grid constructions, and grid sizes are shown
in Fig. 15. The range of results demonstrates the importance
of this type of testing to expulsion system design.

Dynamic retention is usually associated with the hydro-
static expulsion of gas from a retention device as shown in
Fig. 14. For hydrazine, the dynamic retention head capabil-
ity was almost twice that of static retention, (0 « 1), demon-
strating the importance of accurate simulation of the flight
grid loading. Use of static test results might predict much
less gas trapped under the retention device than would be ex-
perienced in flight.

Transient propellant withdrawal is another key problem
faced by the expulsion system designer.26 •27 •36 •45 ~48 The prob-
lem is magnified for multistart spacecraft equipped with
pump-fed propulsion systems where significant quantities of
one or both propellants are withdrawn from the propellant
tanks before thrust chamber ignition. For a unidirectional
thrust multistart system, it is common to equip each tank
with a small sump at the outlet to supply propellant to the
thruster until vehicle acceleration settles the propellant to
the tank bottom and refills the sump. A combination of
sump geometry shaping and screen placement is employed
to prevent the liquid/gas interface from being depressed into
the tank outlet. The geometry shapes the propellant velocity
profile while the capillary forces arrest depression of the inter-
face. Nonaxisymmetric sump geometries do not lend them-
selves to accurate analyses, and design concept performance
must be verified empirically. An example of specialized
bench testing equipment is shown in Fig. 16. It utilizes a
closed plexiglass box to pressurize the sump model and valves,
and evacuate receivers equipped with orifice assemblies cali-

'EFLECTION DISC
100 MESH SCREEN

JACK

DEFLECTION RING

TANK SECTION

PLASTIC TANK
BOTTOM

•PLASTIC SUMP

Fig. 19 Geysering and refill equipment.

brated to control the profile. The valves have linear flow
areas vs poppet travel, so that linear flowrate ramps may be
obtained by regulating the valve opening times. After valve
opening, the prescribed steady flowrate is provided by the
calibrated orifices until the downstream volume is filled. By
suitable arrangement of valves, orifices, and volumes, the
desired combination of ramp or step changes in flowrate,
steady flowrates, and flow durations are obtained to simulate
the prototype flow transients. Over-all system calibration is
conducted by substituting a graduated cylinder for the sump
model. Test results are recorded with a high-speed camera.

An understanding of the basic phenomena, supported by
analyses of the governing equations and boundary conditions,
is required to determine the appropriate dimensionless scaling
parameters. For the Agena and Improved Agena vehicles1-2

and the Froude and Weber numbers were determined to be
the appropriate scaling parameters (Table 8). Based on the
prototype propellant properties, flow transients, and vehicle
acceleration, the model scale as well as test fluid and flow
transients were determined. Models were tested to simulate
restart of the Agena pump-fed engine at about 0.02 g.
The surface dip phenomenon was highly exaggerated rela-
tive to l-g performance. The pictures in Fig. 17 illustrate
the development of a low-g surface dip in a ^-scale model of
the oxidizer sump. The screen shown in Fig. 7 was pleated to
provide a larger flow area and was developed through experi-
mentation to suppress the liquid-surface dip. The mesh size
of this screen was chosen so that surface tension forces exceed
inertia forces (We « 1), and consequently, no gas penetra-
tion occurs; rather, as seen in Fig. 17, a flattening or spreading
of the surface dip takes place over the screen. The picture
sequence clearly indicates that the surface dip is dominated by
the flow inertia. Tests conducted with an early design con-
cept for the Improved Agena system showed that the surface

Table 8 Agena similarity testing comparison*

Mission events

Agena type

Improved

Operational

Item

Dominant numbers0

Test method
Model scale
Dominant numbers0

Test method
Model scale

Capillary
pro-

retention

Bo
1-0
"4
Bo
1-0
1

Low-0

restart6

Fr,Wed

1-0
i-i
Fr,Wed

1-0
i

Propellant
reorien-

dynamics

Fr,Re
1-0a
Fr,Re
1-0
1

Sump

High-0

Bo,

l>i
Bo,
1-0
1

We',Rih

We',Rih

refill

Low-0

Fr,We',Rih

Drop tower
i i
T" 6"
NA
NA
NA

Expulsion

High-0

Fr,W,#e
1-0
1
Fr,T7e^, Re
1-0
1

efficiency^

Low-0

Fr,Wef
1-0
i-i
NA
NA
NA

* Footnotes are the same as given for Table 6.
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Fig. 20 ATS-F arid -G
design concept.

depression penetrated the gas arresting screen (Fig. 18a).
The final design concept (Fig. 2) included increased capillary
baffle freeflow (perforations), a velocity profile shaping plate
below the gas arresting screen, and modified external sump
geometry which eliminated the gas penetration as shown in
Fig. 18b.

For a unidirectional thrust system, initiation of engine
thrust will reorient the bulk propellant to the tank bottom.
The geometry of the propellant downflow depends upon the
propellant configuration prior to engine thrust, the vehicle
acceleration, and the tank dimensions and internal geom-
etry. 1,12,17,49-52 i^ prototype reorientation geometry and
downflow rates must be determined by analysis and low-g
testing. Once determined, the reorientation may be simu-
lated with bench test equipment to provide data for evaluating
the effect of reorientation on vehicle dynamics, to determine
the capability of the sump design to prevent pressurization gas
ingestion, and to evaluate the sump refill performance.

Figure 19 is a schematic of a representative reorientation
test apparatus. The test fluid is allowed to accelerate under
freefall to the desired velocity in a manner simulating the
predetermined reorientation mode. The two important test
components are the properly scaled tank bottom and the
fluid reservoir; the latter is equipped with a quick opening

hatch arid a screen stretching across its bottom. On top of
the screen is a deflection disk that shapes the reorienting flow
during the test. The reservoir is filled and the test fluid
retained within the reservoir by air pressure, since the liquid
interface is stabilized within the properly sized screen mesh
by surface tension forces. To initiate the test, the hatch is
opened rapidly, producing a free surface above the test fluid.
The initial downflow tends to drop straight to the tank bot-
tom and must be deflected toward the wall by the deflection
ring. In the prototype tank, there is only one free surface,
and the liquid will follow the wall, as exemplified by the down-
flow in an inverted cylindrical container, if the free surface is
riot disturbed when reorientation is initiated. In the model,
the liquid follows the wall once the flow accelerates because of
the radial inertia of the liquid leaving the reservoir (vena
contracta effect). The downflow thickness may be adjusted
by proper sizing of the deflection disk within the reservoir.
The propellant reorientation characteristics of the Apollo
tank geometry were evaluated with bench test equipment.40

Fluid viscosity, which affects the boundary-layer thickness
during orientation, is unimportant for significant quantities of
propellant, since the phenomenon is generally inertia-dom-
inated. Therefore, by conserving the Fr to which the re-
orienting propellant is subjected, geysering can be readily
investigated in a model. To evaluate the refill characteristics
of a sump or stillwell, scaling of tank outflow rates and capil-
lary devices must be accomplished to properly represent the
prototype propellant behavior.

Low-g Testing

Although simple l-g bench testing is preferred, in many
cases, it may not be practical. Simulation of a \ow-g field
usually requires a significant reduction in model size that
at some point becomes too small, considering visibility,
boundary layer effects, and acceptable model and measuring
scale dimensional tolerance. For example, small model and
scale dimensional errors may yield unacceptable accuracy
limits when test results are scaled to prototype conditions.
Also, some testing requires a low-g fluid interface geometry

Process variables

Table 9 Factors obscuring material definition—example for metal

Material parameter affected

Residual impurities

Furnace environment \____
Alloying elements /

Lubricants }
Total material pickup />———
Work direction J

Furnace environment ]
Time and temperature^ ——— -
Quench rate J

Process

Extraction from ore

i
—--——Melt———

Shaping

Filler amount
Heat affected zone

Thermal
treatment

--Welding—

Furnace environment ]
Time and temperature (
Thermal gradients f
Quench rate j

Process bath
Composition

Referee fluids
Number cycles
Stress rate

l.

Thermal
treatment

Pickling,
•••passivation,-

cleaningi
——Testing-

/ Inters t i t ia l gases
{Bulk composition

[Surface macros! ructure
-—{Grain size

[Grain orientation

f Grain growth
\Interstitial gases

— Metallurgical distribution

| Grain growth
j Interst i t ial gases
^Metallurgical transformation
[Residual stresses

Surface macrostructure

Fatigue

etc.
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for initial conditions. One or more of these constraints
necessitate reduction to zero gravity testing; a free-fall
facility12'13'17 is used for such testing.

Tests conducted in support of conceptual design studies for
the version of the ATS-F and -G propellant acquisition system
proposed by the General Electric Co. are illustrative of the
use of low-g test techniques. The selected capillary device
was a sheet metal right-angle cross along the central axis of a
spherical tank (Fig. 20). It was predicted that the low-0
propellant configuration would not be significantly perturbed
by anticipated spacecraft lateral disturbances. In drop-
tower tests, the model was allowed to free fall until the near
zero-0 propellant configuration was established, then a pho-
tocell beam was interrupted by the drag shield and initiated
a cold-gas thruster to simulate the anticipated lateral dis-
turbance, which, as predicted, did not perturb the propellant
configuration. If the spacecraft disturbance had been pro-
duced by a reaction control thruster, propellant withdrawal
could have been simulated by connecting the tank outlet to a
valve and evacuated container. The valve could be actuated
along with the cold-gas thruster; for accurate simulation,
both valve and thruster poppets must be light and mounted
in such a way that their actuation does not disturb the simu-
lated propellant configuration. Simulation test techniques
applied to the 62-in.-diam tank hydrazine and Improved
Agena Propellant Management System and the ATS-F and
-G hydrazine propulsion system design were based on the
scale model performance test results. The model accelera-
tions, propellant withdrawal rates, and timing were scaled by
conserving the governing dimeusionless parameters, deter-
mined by prototype event analysis. Test technique validity
for these development applications was demonstrated by
comparison of predicted and flight performance and by ground
test cross-checks where the same dimeusionless parameter
values were obtained with models of different scale ratios.

Material Compatibility and Selection

Materials selected, including contained fluids as well as
materials of construction, must be compatible with the total
system environment. Among many factors encompassing
total environment are those introduced during material pro-
cessing (e.g., impurities) and during system fabrication (e.g.,
contaminants). Thus far, the large number of factors has
stymied the development of a systematic means for selecting
materials.

It has been common practice in other technologies to toler-
ate some amount of system deterioration due to incompatibil-
ity and to make provision for restoration through mainte-
nance, repair, and replacement. This practice contributed
to the lack of refinement of material selection technology to
the level necessary for spacecraft. The use of more reactive
propellants, longer mission durations, and vanishing weight
margins aggravate the problem. The goal for material
technology advancement may be stated as the ability to
select materials which will cause less system deterioration
than that which would result in the minimum acceptable
level of performance at any point in the mission. The basic
cause of incompatibility is thermodynamic instability—the
tendency for materials collectively to reduce themselves to a
lower energy state form. In the process they may lose
desired attributes or generate new constituents detrimental
to reliability. Knowing the interaction pathways accessible
to the system, it should be possible to predict its state at any
time if the state at time zero is known. However, even the
determination of the interaction details by laboratory tests
under isolated conditions using material test coupons is a
major undertaking because of the numerous initial and re-
sulting factors to be characterized and controlled. Predicting
the progressions of the interactions in an expulsion system is,
of course, even more difficult. Yet the study of interaction
variables in their simplest terms is the approach which has

contributed the most to a methodology of material selection.
Any measures which would decrease the number and range of
variables would lessen the breadth of the required meth-
odology. Observe the numerous processes typically used in
metal fabrication, for example, in Table 9. Each process is
plagued by its own variables; one can appreciate the total
variability possible in the end product. At present the
processes are controlled to some degree by specifications such
as the MIL Standards. The adequacy of such standards and
quality controls need re-examination.

Much data has been accumulated for virtually all the
materials and propellant combinations of interest,53"57 so that
it should be possible to select a system configuration free of
gross incompatibilities, but specific tests may be needed; for
example, to resolve stress corrosion and flow decay prob-
lems.58'59 An additional obstacle to the development of a
satisfactory methodology for long missions is the fact that
there is no longer adequate time to characterize the time
factor itself. A way must be found to compress the effects
of the entire mission duration into a much shorter time span.

Some advantages of surface tension propellant acquisition
devices, from the standpoint of material compatibility are
1) they can be constructed from virtually all metals, and
choosing metals common to the rest of the system should
eliminate galvanic couples and simplify joining procedures;
and 2) they are passive devices arid thus, not subject to cyclic
stresses or plastic deformation which might result in stress
corrosion or corrosion fatigue. The principal unknowns re-
garding their use are how well the interfacial forces (e.g.,
wettability), and the propellant's surface tension (a) endure.
From the relatively short missions flown to date, there is no
evidence of deterioration of a surface tension properties with
age, but this possibility must be investigated. Decreasing
with time has been reported for a class of liquids known as
long-chain colloidal electrolytes.60 Over a period of several
days, a was observed to decrease and eventually level out to
~ 50% of the initial value in the worst case. A comparable
change in propellants could, in most cases, be compensated for
by over-design. Tests in this area are in preparation at the
Jet Propulsion Laboratory (JPL). The apparatus will
provide a closed environment for a screen and propellant and
a means of periodically measuring the bubble point of the
screen. The bubble point can be equated to the capability of
the propellant liquid/vapor interface at the screen to support
a Ap, and it is a measure of both wetability and a. Thus,
except for changes in screen equivalent pore size—which
would be determined after completion of the test, the test
results will be relevant to all surface-tension device designs.
The considerable material surface area afforded by the screen
should serve to accelerate any incompatibility effects.

Other compatibility studies at JPL include a two-phase
effort begun in 1962 for the Earth-storable propellants. In
the first phase, 274 materials (elastomers, ceramics, and
metals) and the propellants N204, N2H4, N2H4—N2H5N08
mix, and unsymmetrical dimethyl hydrazine (UDMH) were
placed in sealed glass capsules, and the pressure rise was
monitored using Bourdon tube gages, under controlled tem-
perature conditions. The test coupons were partially im-
mersed in the propellants. Some of the tests lasted 1500
days.61'62 Phase II, which is underway, incorporates some
basic refinements. The stainless steel Bourdon tube has
been replaced with an external strain gage on the glass
capsule, to eliminate any interaction between the gage
material and the propellant/test coupon system. Automatic
data acquisition and automatic data processing are being
incorporated. The program will include dissimilar metals in
contact, dissimilar metals not in contact, welded coupons,
brazed coupons, plated coupons, and stressed coupons. A
program goal is to maintain a high degree of control over-all
phases of specimen preparation. Pre- and post-test analyses
will determine changes in weight, color, and surface condition,
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Fig. 21 Curved cor-
rugation element.

and subtle effects, such as intergranular corrosion. Any
decomposition products also will be analyzed. Materials for
use with the space storable propellants OF2, B2H6, and F2 are
being selected. The major portion of the program will expose
typical materials to the propellants at — 230°F. Effects of
temperature, gas-liquid interface, welding, dissimilar ma-
terials, and stressed conditions will be simulated where prac-
tical. Other major current activities include studies on the
formation and behavior of clogging materials in propellants,
the effects of high levels of nuclear radiation upon the physio-
chemical properties of propellants and materials, and ac-
celerated testing techniques.

Manufacturing

Propellant management systems flown to date have been
made from commercially available materials and built in
normal airframe manufacturing facilities. Special tooling
has been of shop-aid variety. Designs now being considered,
however, may create a need for greater use of clean rooms and
less common manufacturing techniques such as electroform-
ing, metal spraying, and electrical discharge machining.
Much of the propellant management system manufacturing
has involved square-weave stainless steel sintered joint
meshes ranging from 85 X 85 to 400 X 400 wires/in. They
have been developed into cones, pleated discs, plain discs,
and other two- and three-dimensional shapes. The three-
dimensional shapes have been generated by wrapping and
folding techniques which preclude stretching and hole dis-
tortion.

Screen-to-screen attachments have normally employed
direct resistance spotwelding through overlapped joints.
Screen-to-sheet metal attachments have been done both by
direct spotwelding and by sandwiching the screen between
the sheet metal and a doubler and spotwelding the assembly.
Stainless screen is being attached directly to aluminum sheet
by resistance spotwelding. The heat and pressure introduced
by the electrodes causes aluminum from the sheet to flow
through the screen openings and, with the aid of the molten
aluminum capillarity, around the wires so as to bond the mesh
to the sheet. The bond gives the external appearance and the
strength of a simple spotweld. All of the joints discussed are
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Fig. 22 Gallery assembly acceptance test.

structurally stronger than the adjacent wire mesh. Also,
the spotwelding procedure results in minimal screen hole
distortion, which causes no appreciable capillary degrada-
tion. Distortion occurs only in the immediate area of the
spot where the small gap at that point between the locally
distorted screen and the mating part produces a backup
capillary as strong or stronger than that of an undistorted
screen hole.

The need for minimal weight has led to thin wall construc-
tions. One assembly now in production is nearly 5 ft in
diameter and is constructed of 0.012-in. aluminum (Fig. 4).
Flat areas of this assembly are beaded simply for the cosmetic
purpose of preventing unsightly waving of those areas as the
result of heat treatment. Another assembly, not so thin-
walled but by necessity a submaximal efficiency pressure
vessel form, is prestressed by internal pressurization prior to
finish machining; this is done to prevent plastic deformation
and associated excessive over-all dimensional growth in service.
This prepressurization, which also serves as a proof pressuriza-
tion, enables a considerable saving compared to what the
vessel would weigh if its walls were simply thickened suffi-
ciently to achieve the required structural rigidity in service.

One of the future designs may entail aluminum panels of
less than 1 mil thickness (Fig. 21). These panels may be
deeply and sharply corrugated, i.e., pleated over their entire
dimensions, and for strength reasons, the pleat axes (fold
lines) may be curved. When the manufacturing of these
elements is undertaken, the decision must be made whether to
develop such surfaces by first pleating along straight lines
and then warping the pleat axes into the desired curves by
successive mechanical dies—or by direct generation of the
element through electroforming, metal spraying, high-energy
forming, etc. Further, the decision must be made whether to
form such parts from blanks preshaped to come out to the
right final over-all dimensions after forming, or to trim to size
after generation of the pleats by staking several elements
together and grinding away excess material, or to trim by
electric discharge machining, by chemical dip, by precision
cutting torch, etc.

Assembly and Handling

Subassemblies consisting, in part at least, of screen ele-
ments are generally joined by mechanical fasteners or by
welds of a kind which permit removal and replacement of a
defective assembly. In the case of internal joints, the close-
ness of the connection usually need be only sufficient that the
capillary capability of gaps at that point is equal to or greater
than the capillary capability of screens used in the assembly.
Until now, this has usually meant that gap widths in the con-
nection could be permitted to be as much as one half (a factor
depending on the ratio of the capillary capability of a one-
dimensional opening, i.e., gap, to a two-dimensional opening,
i.e., screen hole) the screen hole dimension.

Attachments of subassemblies to the total propellant
management assembly and the tank shell must provide suffi-
cient structural compliance to avoid excessive assembly
stresses and high stress interactions due to pressurization.
Further, the installation interface between the total assembly
and the tank shell must permit access for tank cleaning and
inspection of interior welds.

Future designs will incorporate such details as multilayered
twilled screens. Such components will be very difficult to
clean after assembly because of the contaminant catching na-
ture of the twilled mesh and because of the relative inacces-
sibility of the middle layers of screen. The screen layers prob-
ably will be cleaned first and assembled under clean-room con-
ditions, after which they must be protected from contamina-
tion. Certain elements of other future designs are expected
to be structurally delicate in free-state form, even though not
so in completed flight assemblies. These will require more
careful assembly techniques than employed to date.
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The handling of these systems to date has been little differ-
ent than that of average aerospace flight equipment. When
stored, some subassemblies are kept in heavy plastic en-
velopes and others in polyurethane boxes. Frequently the
time space between cleaning and assembly is short enough
that subassemblies are simply held in the clean room until
installation. Certain shop-aid variety protective devices,
such as sheet metal covers for screens and plastic bumper
strips for thin sheet metal parts, are used during the fabrica-
tion process. Greater handling care will be required for
certain future assemblies owing to probable use of very thin-
walled parts and multilayered, fine mesh, twilled screens, as
just discussed.

Acceptance Testing

Structural and performance acceptance tests are commonly
performed on propellant management assemblies prior to
their installation in tanks. A representative structural test
is that of proof pressurization (which serves the dual purpose
of a fabrication process pressurization as previously discussed).

Final verification of capillary performance capability of all
systems produced to date is accomplished prior to installation.
A rapid, economical, and accurate check on the capillary
acceptability of both screen installations and relevant struc-
tural joints can be obtained by bubble testing. Defective
locations can be visually pinpointed and identified for de-
tailed inspection and subsequent disposition. Further, the
procedure can give an accurate accounting for microscopic
geometric peculiarities of individual holes that affect the ratio
of actual to ideal capillary capabilities.

Many different setups are feasible for bubble testing a
given component. The choices among candidates are made
after consideration of test fluid availability, handling, and
compatibility; initial special tooling cost; recurring labor
cost; technician training requirements; clarity of test results;
test background during development modelling; etc. The
usual setup utilizes shop-aid variety special fixtures, water
with corrosion inhibitor additives, and air normally available
in clean rooms.

One example of a bubble test is that performed on a screen
device designed to contain liquid within a housing under
adverse accelerations. This test is performed simply by
lowering the housing into the water tank, allowing the as-
sembly to fill with water, capping the outlet of the housing,
lifting the assembly (now full of water) from the tank, settling
it on the shelf, and then observing the containment screen for
water leakage (dripping). The criterion is zero dripping.
This is a severe overtest relative to flight requirements and is
performed to establish maximum confidence in the system.
The representative setup of an assembly performance ac-
ceptance test of a propellant management system recently
entering production is shown in Fig. 22a. The specific test
item is half (^90° segment) of one of the gallery arms (loops)
shown in Fig. 4. In this test, the ends of the assembly are
capped with end-plate fixtures, after which the assembly is
lowered into the tank shown and allowed to fill with water.
Air is then introduced through the upper draft tube. Water
is displaced from the assembly down to the inside level de-
picted, and gas bubbles from the lower end of the lower draft
tube. The upper halves of the gallery windows (screen)
shown and weld joints in the upper half of the assembly are
observed for the escape of gas bubbles. The criterion is zero
bubbling. In this setup, the screen holes and joints at the
assembly centerline are tested at minimum acceptance levels.
Screen holes and joints above this point are somewhat over-
tested—in accordance with the relative distance by which the
point in question is above the lower end (outlet) of the low^er
draft tube. After the test is observed in this position, it is
turned over, so that what was previously the lower half be-
comes the upper half in the next test. If again zero bubbling
is observed, the part is performance accepted.

Summary and Conclusions

Adequate design concepts for capillary propellant expul-
sion systems have been developed to satisfy current and
anticipated mission requirements. There is sufficient flight
experience to verify performance on short-duration, storable-
propellant missions. Performance analysis and simulation
test techniques are adequately developed and proven. The
long-life mission materials selection and compatibility problem
is recognized, but adequate design data are available for short
missions. Currently available fabrication and acceptance
test methods are adequate for existing and anticipated design
concepts.

The areas warranting further industry attention are: 1)
development of accelerated materials compatibility evalua-
tion including effects on design structural elements, the pro-
pellant chemical and capillary physical properties, and rates
of gas evolution; and 2) the extension of Earth-storable capil-
lary propellant expulsion system design technology to space-
storable and cryogenic propellant expulsion systems.
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