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ABSTRACT
Technical data pertaining to storage of cryogenic propellants for space-vehicle auxiliary power systems are presented. These data describe principally two methods of storing and expelling hydrogen and oxygen propellants· Tank sizes
and weights are analyzed for various type missions, resulting
in comparative values which are suitable for preliminary design. Pressurization methods for expelling the propellants
are presented in schematic form with recent test results verifying the predicted characteristics. Finally, basic conclusions for space-mission cryogenic tankage are presented.
Tank System Requirements
Studies conducted by several agencies indicate that
hydrogen-oxygen propellant systems offer significant advantages over other propellants for short-time space missions.
The advantages include weight savings as reflected by excellent specific fuel consumption, and inherent ability of
the hydrogen to absorb large heat inputs.
The minimum-weight tank design cannot be made without
knowledge of environmental conditions and operating requirements. There is no one optimum tank system; rather, an
optimum design for each set of conditions. For proper design and analysis, the following information should be known.
A.

Usable quantities of propellants required and use rate
as a function of time. This is determined from power
generating and cooling system loads.

B.

Tank system temperature environment as a function of
time. Two main factors affect the temperature: external heat sources such as aerodynamic heating or solar

1. Submitted for publication to the American Rocket Society,
January 17, 1961.
2. Airborne Cryogenics System Group.
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and planetary radiation which involves orbital altitude
and eclipse periods : internal heat sources resulting
from combustion chambers, alternators, and electronic
equipment·
C.

Total mission time.

D·

Maximum acceleration through each axis of the vehicle.

E.

Required propellant pressure.

F.

Net positive suction head requirements.

G·

Vehicle dimension and geometry for tank installation.

ÏÏ. Type of mission, i.e., earth orbit and re-entry, space
probe, etc.
I.

Operating safety factors, and reliability desired.

J.

Available power supply for tankage controls.

The detailed information required for the design of a
minimum-weight cryogenic tank system is difficult to obtain
in the early stages of vehicle design. Therefore, final design of the cryogenic tankage should be delayed until these
factors are known, or the system should be overdesigned and
modified as information becomes available.
Principles of Storage and Expulsion
The storing and expelling of cryogenic fluids during
space missions requires several basic considerations which
are a function of the type of mission. Initially, all cryogenic fluids require special containers to maintain the fluid
in a desired state due to the low temperatures and low critical pressure points. For space flight, the containment of
the fluids creates additional problems due to the zero gravity and temperature environments.
During the time in which a space vehicle is in a zero
gravity flight path, special provisions must be made to insure delivery of the required mass flow rates of the respective propellants to their ultimate end destinations (i.e.,
heat exchanger, corabustor, reaction control jets, etc. ). If
the propellants are maintained in their tanks at pressures
below their critical pressure, both gas and liquid may exist.
The introduction of a zero "g" condition will then cause random dispersal of the liquid and the vapor within the tank.
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This dispersal of different density fluids creates a problem
in determining methods of propellant metering or pumping. In
the case of cryogenic propellants, this situation is complicated further by the fact that the ratio of vapor to liquid
will always tend to increase (due to evaporation) unless refrigeration means are employed.
There are four basic methods of tankage under zero "g"
environment to provide single-phase fluid delivery to the
feed system·
A.

The creation of an artificial force field by spinning or
accelerating the tank will separate the denser fluid.

B.

Utilizing insulated capillary tubes to provide isenthalpic expansion (providing a temperature and pressure drop)
to liquid entering the feed system, resulting in singlephase gas feed and recuperation of latent heat as re-

C.

Subcritical propellant storage with positive expulsion
methods utilizing a bladder, diaphragm, piston, or other
device which will positively separate the liquid from
the pressurization gas.

D.

An overcritical pressure propellant system which insures
a single-phase fluid supply under all environments.

This document considers technical data pertaining only to the
latter two tankage systems.
Positive Expulsion System
A positive expulsion system is defined as a system in
which the liquid is positively displaced from the tank by
some mechanical means. A separate bladder is usually used
to collapse about the liquid as expulsion takes place. The
object of positive expulsion techniques is to always maintain
liquid-vapor separation, thereby assuring single-phase liquid
flow to pumps or meters.
Tank operating pressure is always less than the critical
pressure of the liquid. Figure 1 illustrates a typical positive expulsion tank system.
In applying the positive expulsion method to cryogenic
systems, the following special considerations are in order:
Insulation must be very effective to maintain the liquid
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in single-phase condition. The operating pressure used
must he high enough, and the heat input low enough, to
maintain the liquid in a subcooled state. Equilibration
of the liquid temperature during zero "g" by forced mixing is a probable requirement to prevent boiling.
To minimize heat transfer to the liquid, the pressurization gas temperature should not be greater than the
liquid temperature, and the gas must not be condensable
at liquid temperature.
Design Principles
A.

Tank Sizing: Determine the -weight of fluid required,
including -whatever margin is required for possible mission changes. Two per cent is added to this quantity
to allow for liquid trapped in the folds of the bladder.
Volume is determined from the fuel load and the fluid
density at fill· At one atmosphere pressure, liquidhydrogen density is k.k-3 lb/ft3 and LOX density is
71.2 lb/ft3. (Reference 1)

B.

Heat Transfer and Insulation: The primary consideration
here is determining the lightest insulation system for
the allowable heat flux into the fluid stores and the
particular temperature environment.
In positive expulsion systems boiling must be prevented
by maintaining the liquid in a subcooled state. The
liquid is loaded at about one atmosphere pressure and
saturation temperature. It is then pressurized and
thereby subcooled. The allowable heat leak during the
mission is that heat necessary to raise the liquid temperature to the saturation temperature at the operating
pressure or to a minimum NPSH value. A weight trade-off
study is made by summing the "weight of the insulation
required to limit the heat leak to the allowable and the
weight of the tank skin as required to contain the pressure (see below). An optimum operating pressure and insulation system is determined by finding the minimum
weight.
A number of insulation systems are available for positive expulsion tanks. These include:
A rigid outer shell with the tank suspended on
cables, and the vacuum space filled with a multiple layer insulation (Ref.2) in unloaded condition.

598

SPACE POWER SYSTEMS
A nonrigid outer shell encapsulating and "bearing
upon a multiple-layer insulation or combination
of insulations such as: ceramic fibers over glass
fibers and radiation-shielding insulation·
Expulsion Bladder Design: The following rules summarize
design experience for cryogenic expulsion bladders:
1·.

A spherical bladder in a spherical tank is the
optimum shape·

2·

The bladder, when expanded, must closely fit the
tank.

3·

The bladder must not be bunched or· gathered; it
must be fabricated to shape·

h*

Tank walls must be smooth and free from irregularities·

5·

The best bladder material found to date is electrical grade Mylar (Ref· 3) film· The bladder
should consist of several independent layers·

(Ref· h)

Pressurizing and Expulsion Gas System: Figure 1 illustrates the most reliable system for storage and utilization of helium gas used in expulsion of the cryogenic
liquids· Helium gas is stored at liquid-hydrogen temperature and about 3000 psia in a small internal tank·
As fluid is withdrawn from the tank, a pressure regulator releases helium gas and maintains pressure·
For tank pressures between 20 and kO psia, helium gas
weight to expel liquid will be 7 to 10$ of weight of
hydrogen expelled· (Ref· 5)
Tank Design: The inner tank (the pressure vessel)
thickness is determined by two criteria:
1· Stress
2· Minimum fabricable gauge of the metal
under consideration·
In the case of spherical tanks, the first analysis can
utilize the following:
t

(Ref· 6 >

= 2S(F.S.)
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Where
t
P
S
R
F.S.

= Minimum Thickness
= Tank Maximum Pressure
= Allowable Stress at Maximum Possible
Tank Temperature
= Tank Radius
= Factor of Safety

For detailed analysis of such problems as discontinuity
stresses around the neck and point loads at the cable
attachment points, refer to texts such as Refs· 6 and 7·
Performance
A liquid-hydrogen positive expulsion system was built
as part of an effort to develop reliable bladders (Ref. 5)·
A spherical, unsilvered glass dewar was used for the tests,
and bladders of a variety of materials "were fabricated·
The bladders were designed under the concepts discussed
above. Material combinations such as Mylar film laminated
to dacron and orlon felt and multiple unbonded plys of plastic film were evaluated. (Ref. h)
The most successful bladder had no leaks at the conclusion of tests with 79 full cycles of liquid-hydrogen filling
and expulsion. It consists of three unbonded plys of l/2 mil
aluminized Mylar. Figures 3 ana ^ are photographs of the
test apparatus and control panel.
The success of this expulsion system is due not only to
the physical properties and construction method of the bladder, but also to the bladder being the same size and shape
as the dewar, and to the smooth inner surface of the dewar.
The tests show that positive expulsion systems can be
used for cryogenic storage. However, it has worked only in
the rather gentle environment of the laboratory and needs
to be proven under conditions simulating the severe conditions of acceleration, vibration, and shock of actual flight.
Overcritical System
the
and
The
can

An overcritical system is defined as a system in which
fluid pressure within the tank is greater than critical,
the tank is filled with a uniform high-density fluid.
advantage of an overcritical system is that the fluid
be withdrawn from the tank regardless of gravity condi600
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tions, and the system is reliable with no boost pumping or
mechanical means of expulsion· The fluid density -will be the
same throughout the entire volume at any time, and the system
is assured of the proper mixture ratio by weight·
One problem in the design of such a system is that the
thermodynamic properties data of the high-density overcritical fluids are limited (particularly for oxygen) which
results in limited accuracy in the theoretical analysis·
Also, the high pressure necessitates relatively thick-skin
gauges that impose a structural skin-weight penalty· In some
cases, this weight penalty is offset by the elimination or
minimization of pumps, valves, and mechanical expulsion
equipment·
For overcritical systems, the pressure and propellant
requirements and variable propellant use rates create a heat
transfer problem that lends itself to only an approximate
solution· The basic problem on overcritical tanks is to
maintain the required working pressure within the specified
limits. To accomplish this purpose, either the fluid in the
tanks must be pressurized by adding heat, gas must be added
during certain time increments of the mission, or a mechanical means of reducing the volume would be required· Where
available power is limited, the most feasible method of
maintaining tank pressure is to add hot gas when the tank
pressure drops to a minimum limit·
Figure 2 is a diagram of a typical overcritical system.
Heat can be added to the fluid by means of electrical resistance heaters in the tank or by added hot gas. Hot gas can
be obtained from an external heat exchanger in the vehicle
system and forced into the tank by means of a small compressor in the gas line. Equilibration fans should be installed
in the tank to circulate the fluid, thus raising the bulk
temperature more evenly and improving response characteristics. In either case, excessive pressure rise must be controlled by accurate heat input regulation.
Design Principles
A.

Tank Sizing: Supercritical tanks are sized by determining the usable quantity of propellant required and
the residual gas weight from Figures 6 and 7· Residual
gas weight is determined by considering the following
factors :
Minimum useful density of gas for heat
exchanger and combustors
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Maximum temperature of gas allowable
Maximum available heat for pressurization
Volumes are determined from initial temperature,
pressure, and density (Refs. 1, 8, 9, and 10). Typical
initial temperatures used are U5°R for hydrogen and
190°R for oxygen. Typical final temperatures are 120°R
for hydrogen and 3Ô0°R for oxygen.
Thermal Requirements: Overcritical tanks utilize heat
transfer to the stored fluid to maintain pressure as
fluid is "withdrawn. During the mission, temperature increases, fluid density decreases, and pressure remains
essentially constant.
The heat necessary to maintain pressure is:

4 =

Ρφ)

M

Where Q is the heat flux required to maintain pressure
/° is the density of the fluid in the tank
M is the mass flow rate out of the system
The heat may be added in the form of hot gas, and
the mass of hot gas may be obtained by substituting:
M (hot gas ) Δ h for Q. The A h is the difference in
enthalpy between the hot gas and the fluid in the tank,
and M (hot gas) is the hot gas mass flow rate.
This expression assumes virtually instantaneous response and has been applied successfully for preliminary
design.
Figure 8 shows the heat input rate required to
maintain pressure in hydrogen and oxygen tanks per pound
of fluid extracted plotted against per cent of loaded
fluid remaining in tank. Figure 9 shows the total heat
input required to maintain pressure. The values for oxygen are approximate only.
Heat Transfer and Insulation: The total heat leak allowable in overcritical systems is much larger than in
positive expulsion systems; however the rate of allowable heat leak is dependent upon the fuel and use rate.
The heat 'leak must never exceed the heat required for
maintaining pressure in the tank; and for a detailed
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analysis, mission environmental temperature and fuel
use rate are necessary·
D.

Tank Operating Pressure: The critical pressure of hydrogen is 12·7 atmospheres and 50·1 atmospheres for oxyygen· Systems should he designed to operate above these
pressures but as near to them as the fuel demand and
pressure control responses -will allow. For instance,
ant attitude control system, which requires large flow
rates for short-time periods, will require a higher
operating pressure in the tanks than a system that uses
fuel at a steady, predictable rate.

E.

Tank Design: Overcritical systems utilize the same
principles of pressure vessel design as the positive
expulsion systems.

F.

Hydrogen Properties: The thermodynamic properties of
equilibrium hydrogen have not yet been published, but
it is believed that the FVT data will not vary from that
of normal hydrogen by more than three per cent (See
Refs. 9 and- 11 for data). During the operation of overcritical hydrogen tanks, it is possible for the equilibrium composition of the hydrogen to change as the fluid
temperature rises. Part of the parahydrogen can reconvert to orthohydrogen (Ref. 12) and thereby increase the
heat required to maintain pressure. If this occurs, it
results in a slight increase in the heat sink capacity
of the hydrogen and increases the required capacity of
the pressurizing system.

Performance
A hydrogen expulsion system operating at pressures
greater than critical pressure has been successfully tested.
The test apparatus is shown in Figure 5· Pressure has been
maintained over a wide range of fluid use rates by the addition of heat. Both electrical heaters and hot gas addition
have been used with equal success. Flow rates of fluids out
of the system can be changed by a factor of ten and stabilized within two seconds.
Figure 10 shows results of two tests: one using an
electrical heater and one using open-loop gas for pressurization. The dewar holds approximately 17 pounds of hydrogen.
Heat input was manually controlled by an operator observing
a pressure gauge. Note the small pressure fluctuation.
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The heat required to maintain pressure in the tank has
"been analyzed theoretically, and test results agree -with
theory with a maximum error of 10$ in the twenty test runs
made to date·
Figures 11 and 12 show results of a study of tank system
weights. The systems were designed rather conservatively
with allowable stress in the pressure vessel taken at l60°F
and a maximum working stress of F^u/l#995· The total system
weights include all necessary components and the weight of
residual gases·
The tanks in Figure 11 were designed to withstand a continuous 280°F temperature environment, and those in Figure 12
were designed for 280°F with a one-hour l800°F re-entry·
Conclusions
The cryogenic storage and expulsion systems described
in this paper offer two available methods for supplying propellants to chemical power systems during space missions·
Positive expulsion of subcritical fluids is considered
very useful where the vehicle compartment temperatures are
less than 280°F and the space mission is less than eight
hours. In cases where the storage tanks must withstand an
environmental temperature of l800°F for short durations (reentry), the overcritical storage system offers more significant weight savings, particularly if the propellant is continuously used·
Figures 11 and 12 compare the two types of tankage systems for the 280°F and l800°F- environments. It is interesting to note that the overcritical system weight will remain
relatively unchanged for unlimited mission times, while the
positive expulsion system becomes prohibitively heavy for
even 21-day missions.
Finally, the present-day development status favors the
overcritical storage system because of the inherent simplicity of operation, reliability, and availability of all the
necessary system components.
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FIOURE 1
DIAGRAM OF A TYPICAL POSITIVE EXPULSION SYSTEM

FIGURE 2
DIAGRAM OF A TYPICAL OVERCRITICAL TANK SYSTEM
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FIGURE 3
POSITIVE E*RJLSI0N SYSTEM
TEST APPARATUS

FIGURE h
POSITIVE EXPULSION CONTROL
PANEL

FIGURE 5
OVERCRITICAL SYSTEM
TEST APPARATUS
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FIGURE 11
TAHK SYSTEM WEIGHT C0MPARISOJI
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FIGURE 12
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