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Abstract

Recent systems analyses of Electric Orbit Transfer Vehicles
(EOTVs) have shown the significant performance advan-
tages of using hydrogen arcjet propulsion systems relative to
comparable ammonia arcjet systems. One of the most
difficult and critical problems associated with the use of
hydrogenarcjets is storage and supply of the liquid hydrogen
(LHz) propellantduring the long-duration EOTV mission. It
is essential that the LH; storage system mass be minimized
in order to realize the performance benefits of a hydrogen
arcjet propulsion system. McDonnell Douglas Space Sys-
tems Company (MDSSC) has studied several unique tech-
niques (0 minimize the storage system mass, including
designs that utilize multi-layer insulation (MLI), thermody-
namic vent gas supply to the arcjets, a liquid acquisition
device, and a vapor-cooled shield. These early design
studies also include an alternate to a vacuum-jacket for
thermal protection during ground hold, that incorporates a
thin foam layer on the tank and a gaseous nitrogen purge
system for the MLI. The remaining principal structural
components are the LHj tank and tank support. Under
National Aerospace Plane (NASP) work, MDSSC has de-
veloped and demonstrated a very thin, low-weight compos-
ite LH tank which is impermeable to Hy. Studies to date
have shown that use of this low-density, high-strength
material for the fabrication of the LH; tank and support
structure, in parallel with the aforementioned techniques
promises storage and supply system mass fractions of about
15% for missions approaching one-year duration.

Glossary
MLI  Multilayer insulation
LAD Liquid acquisition device
TVS Thermodynamic vent system
VCS  Vapor-cooled shield
H; Hydrogen
GHy Gaseous hydrogen

LH; Liquid hydrogen

EOTV Electric orbital transfer vehicle
LEO Low earth orbit

GEO Geosynchronous orbit

NASP National aerospace plane

TF  Tankage fraction
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I. Introduction

A number of recent systems analysis studies!? have been
performed that quantify the performance benefits of using
EOTVs for near-earth transfer of military and commercial
satellites relative to current chemical upper stages. Specific
impulse trade studies have been conducted to determine the
optimum electric propulsion system for performing these
missions. Results indicate that arcjets utilizing hydrogen
propellant appear optimum for both LEO-GEO and LEO-
GPS missions. In particular, Hy arcjets operating in the
1000 s to 1300 s specific impulse bandwidth have been
shown to offer the best performance and cost effectiveness
in a number of system parameters studied>.

Hydrogen arcjets have received growing attention in the last
several years. A number of designs are currently being
tested both in governmentagency and industrial facilities. A
difficultand critical problem associated with the use of these
systems in an operational EOTV is the storage and supply of
the LH, propellant during the inherently long trip times
required. It is essential that the LH; storage system mass be
minimized in order to realize the performance benefits of a
hydrogen arcjet propulsion system. The hydrogen must be
stored as a liquid, and will encompass a large volume due to
its low density. The hydrogen storage system mass fraction
(tank system mass / propellant mass held) has been at issue
for some time. The objective of this paper is to address the
LH; storage and supply system issues and requirements,
design features, and technology requirements needed to
enable such systems use on future operational EOTVs.

II. LH; Storage and Supply System
Issues and Requirements

The basic requirement for the LH; storage and supply sys-
tem is to provide gaseous hydrogen (GH>) to the Hj arcjet,
asneeded, at the required pressure, temperature and flowrate
for the duration of the EOTV mission. In order for Hp arcjets
to achieve the high efficiencies desired, it is likely that they
must operate with GHy inlet pressures of 100-150 psia. If
hydrogenis stored as high pressure gas, oras cold supercritical
fluid at pressures above 190 psia (as is done for the Space
Shuttle fuel cell supply), the storage tank must be very
heavy-walled. Analyses indicate that supercritical storage
systems will have heavy tankage mass fractions (storage
system mass/LHy mass) of 40% or more. Conversely,
storage of LH; at subcritical conditions, of the order of 25-
30 psia, can be achieved with very lightweight minimum
gage LHj tanks. As will be shown below, such subcritical
storage systems can have tankage mass fractions of 15% or
less.
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The effect of heavy tankage mass fractions (TF) on EOTV
missions performance is shown in Figures 1 and 2. Increas-
ing TF from subcritical storage (15%) to supercritical stor-
age (40%) reduces the vehicle payload fraction from 35% 1o
25%, resulting in essentially a 30% payload reduction pen-
alty.

0.35 pr=r—rr
2 -
031 —
—— . —— —_—
g o .
6 027 P s -1
g ey {53
B 7 Pt e T ]
3 - N J
Sonl - TF = 40% it v
x it o
£ 3 - -
/ -
3 / -
019 F LEO-GEO Mission (DeltavV=6000 m/s)
Specific Power = 25 W/kg 9
L Trip Time = 200 days
L PCU efficiency = 90%
015 adaal s R e e IR SRR SN TN B
800 900 1000 1100 1200 1300 1400 1500 1600

Isp (s)

Figure 1. Hydrogen Tankage Fraction Effects on Payload
Fraction As a Function of Specific Impulse

Trip ume for EOTVs is an important issue, and depends
strongly on uncertain variables such as payload, trajectory,
specific impulse, power density and efficiency, burn sched-
ule, etc. The limit trip time shown in Figure 2 is the minimum
trip time achievable with no payload, and is useful only for
comparison of parameter sensitivities without consideration
of payload differences. Increasing TF from 15% to 40%
increases limit trip time from about 64 days to 82 days (Isp-
1100 sec) - about a 30% increase. It is likely that the actual
trip times for EOTV:s flying probable trajectories will also
show a 30% increase for such TF increases. It is clearly
desirable to reduce TF as much as possible in order o
maximize payload and minimize trip time. This is most
readily achieved by use of subcritical LH; storage. Long-
term subcritical storage of LH; has never been demonstrated
inorbit, although large, long-term storage vessels have been
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Figure 2. Limit Trip Time vs. Specific Impulse for Various
Hydrogen Tankage Fractions

builtand demonstrated on the ground®. However, long-term
storage systems for low-pressure liquid helium have been
flown in orbit (e.g., COBE, CRRES, eic.).

Subcritical storage of LH, has a number of system fluid
management implications, including low-gravity venting,
low-gravity liquid acquisition, and low-gravity slosh man-
agement, in addition to long-term storage/thermal control.
These fluid management issues are not a concern with
single-phase supercritical storage. Basically, we are trading
flight-proven, easily operable, but heavy supercritical stor-
age for nonflight-proven, lightweight subcritical storage
with significant operability issues.

Using subcritical LHj storage to achieve low mass fractions
will require a method of compressing the GH, supplied to
the arcjet to achieve inlet pressures up to 150 psia. Thanks
to the very low GH; flowrates (0.15 g/sec for 30 kW arcjet)
and the need to warm the GH3 to near-ambient temperatures
(500°R), use of a compact positive-displacement compres-
sor forthe GHy is envisioned. Such an ambient temperature
compressor, operating at a pressure ratio of perhaps 4, and
drawing on the order of 500 W, should not be a significant
development problem and could be a derivative of hardware
used for military aircraft cryogenic sensor cooling.

Pressure control of the LHj storage system is intimately
connected to thermal control, in that the vent rate of the LH;
tank, (o keep the tank at constant pressure, is proportional (o
the heat leak into the storage tank. In order to vent a
subcritical LH; tank in low gravity, where the location of the
ullage vapor bubble in the tank is uncertain, a thermody-
namic vent system (TVS) will be required. Because of the
welting characteristics of LHj, a surface tension device can
be used to provide liquid and exclude vapor in low gravity.
A TVS uses liquid provided from this device and passes it
through a heatexchanger in contact with the fluid in the tank,
or integrated with the insulation system around the tank. The
liquid passing through the heat exchanger is first expanded
to a lower pressure (and temperature) and is then vaporized
in the heat exchanger by extracting heat from the tanked
fluid. The vaporized liquid is vented, and the TVS is
thermodynamically equivalent to oriented venting on the
ground. TVS in both active (combined with a mixer) and
passive versions have been under development for nearly 30
years?,

The vented Hy leaves the TVS as saturated vapor at LH; tank
tlemperature, and still has a great deal of cooling capacity.
This vented H, would be used to cool the LH; tank supports,
plumbing, and instrumentation on its way to the arcjet. An
electric heater of about 200 W power would be used to heat
the GH; to near-ambient temperatures (~500°R) prior to
reaching the compressor and arcjet.

The Hy vapor vented by the LH; storage tank will be used as
the supply to the arcjet. Therefore, in order to keep the LH;
at constant (saturation) pressure, the multi-layer insulation
(MLI) system on the LH; tank must be designed for a heat
leak which corresponds to the desired vent rate. The effects
of heat leak into the tank from supports, plumbing and



instrumentation must be considered as well. For a 30 kW
arcjet EOTV transferring payloads from LEO to GEO, the
LH; required is about 3200 Ib, which will require a 770 fi3
tank (about 10 ft diameter cylinder by 10 ft long). For this
size of tank it is anticipated that the non-MLI heat leak can
be limited to about 20 btu/hr (equivalent to about 0.1 Ib/hr of
vent flow). Thus, the heat leak through the MLI requires the
bulk of the venting flow, and the MLI thickness must be
appropriately sized to provide the required arcjet flowrate,
as shown in Figure 3. Since the typical EOTV mission is of
- the order of six months (=200 days), the necessary MLI
thickness is about 25 layer-pairs (one layer double-alumi-
nized-mylar reflector and one layer of dacron net spacer).
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Figure 3. MLI System Performance

A significant issue in using the vent gas for propellant feed
to the arcjet arises because heat leak into the tank occurs
throughout the EOTV mission, while arcjet propellant de-
mand occurs only during thrusting periods when the EOTV
is in sunshine. In LEO, the sunlit/shade ratio per orbit is
about 60%/40% (see Figure 4). In addition, uncertainty in
exact heating rates through the MLI and other heat leaks,
leads to uncertainty in the required vent rate needed to keep
the tank at constant pressure. This heat leak uncertainty is
accomodated by designing the thermal control system so
that the maximum expected heat leak through the MLI, heat
leaks, and penetrations is less than the equivalent vent flow
rate at end-of-life. Additional tank heat input to provide
higher vent flow rates will be provided by an in-tank electric
heater. Preliminary analysis indicates that the storage tank
pressure excursions during shading and outflow will only be
a few hundredths of a psi. Thus, the storage tank acts as its
own accumulator in taking care of heat flow and shading
vent flow variations. A downstream accumulator may only
be required to accomodate compressor/regulator dynamics.
The regulator design must be able to provide significant
flowrate variations to accomodate variations in arcjet elec-
tric power from beginning-of-life to end-of-life.

As mentioned above, a screen surface-tension liquid acqui-
sition device (LAD) would be used to provide reliable liquid
supply to the TVS, and on to the arcjet. This LAD would not
have to be large (probably about 1-2% of the tank volume)
10 acquire the needed TVS flow. During periods of arcjet
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Figure 4. EOTV Eclipse Fraction Variation with Trip Time

operation, the thrust (~10"g) would probably position the
bulk LH at the “bottom” of the tank, but during shaded, non-
thrusting coast, drag (~10-7g) would probably move the LHp
to the “top” of the tank. A single channel LAD extending the
length of the tank along the tank wall would probably be
adequate for thisrather benign acquisition environment. This
rather deliberate movement of the bulk LH; from the tank
“bottom” to “top” could cause some sloshing and center-of-
gravity movement which can probably be easily controlled
with in-tank slosh baffles and the on-board attitude control
system.

The EOTYV will be exposed to orbital debris and micromete-.
orites during flight. Analysis currently in progress suggests
that the MLI thermal protection system, when a heavy fabric
outer face-sheet is used, and when integrated with a vapor-
cooled shield used as a TVS, will provide reasonable mi-
crometeorite/debris protection for the LHj tank. The LH,
tank may also be insulated with about 0.5 in. of closed-cell
polyurethane foam to allow the use of gaseous nitrogen
(GNy) as a MLI purge gas for ground loading rather than
GHe. The foam prevents GN; condensation on the colder
LH; tank. This foam layer, although used for ground hold
protection, will also provide additional protection against
micrometeorite/debris impact.

Even atminimum gage, the LH; tank is the single most massive
part of the LH; storage and supply system. Current tank
fabrication technology under development for NASP uses

! very thin, lightweight, and strong graphite epoxy composites

for large LHj tanks. As described below, this technology
may be available in time to provide minimum weight LH,
tanks for EOTVs.

III. LH; Storage and Supply System Design Features

The integrated LH; storage and supply system which ad-
dresses the issues and satisfies the requirements described
above will contain the design features shown in Figure 5. The
thermal protection system uses foam and GNa-purged MLI
for ground loading/ground hold operation, integrated with a
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Figure 5. The integrated LH, storage and supply system

utilizes many design features to keep tankage mass
fractions below 15%.

vapor-cooled shield TVS for venting. An internal parallel
TVS/mixer may also be used for backup pressure control.
An internal electric heater is used to compensate for heat
leak uncertainties and provide precise TVS vent flow. The
vent flow is provided to the TVS(s) from a screen surface
tension LAD inside the tank through a Joule-Thomson
expander. Allofthe ventflow isused first for cooling of tank
supports, plumbing and instrumentation, and then to supply
the arcjet. The vent flow is heated to ambient temperature
with an electric heater before being mechanically com-
pressed to the required pressure to feed the arcjet. A
microprocessor-based control system senses storage condi-
tions and operates valves, heaters, and compressors as re-
quired.

For the EOTV LHj storage system described above, a sys-
tem mass estimate is shown in Table 1.

Table 1. SEOTV LH; Storage System Estimated Mass

ltem Est. mass (lb)
Tank 174
Supports 58
Insulation and shielding 70
TVS (VCS) 68
LAD, plumbing, heaters, compressor, valves 100
Total dry hardware 470
Total LHo 3238

Inert mass fraction =0.15

The tank mass shown in Table 1 was based on graphite epoxy
composites of the type being developed and demonstrated
with LH under the NASP program. Fora similar tank made
from aluminum, the tank mass would nearly double, increas-
ing the overall mass fraction to about 20%.

IV. LH; Storage and Supply System
Technology Requirements

The technologies applicable to the EOTV LH; storage and
supply system must be developed through a combination of
flight demonstrations and ground tests. The high perfor-
mance, lightweight graphite epoxy composite LHp tank
being developed for NASP is currently undergoing ground
testing under combined thermal, structural, and cryogenic
loads. Additional development tests of this tank are planned
over the next two years.

The foam insulation and GN,-purged MLI has been devel-
oped for the Centaur IT launch vehicle, and the use of a VCS
integrated with MLI has been developed and demonstrated in
a ground test*. On the other hand, demonstration of low-
gravity LHj tank pressure control using an internal TVS will
require a flight demonstration. Similarly, LHj acquisition and
supply in low-gravity will also require a flight demonstra-
tion. Although LADs used to acquire storable propellants
have been flying for years in the Space Shuttle Orbital
Maneuvering System, LADs have not yetbeen demonstrated
with cryogenic propellants like LH>.

The control of sloshing and propellant dynamic effects in
low-gravity has been extensively studied using computer
codes such as FLOW 3D¢, yet the effectiveness of baffles
designed using such codes will have to be demonstrated
through flight tests.

The Hy propellant supply and control system, including
plumbing, valves,compressor,and accumulator can be readily
developed through ground testing. Instrumentation such as
temperatures, pressure, and capacitance probes for ground
loading can be demonstrated through ground testing. How-
ever, low-gravity LH, quantity gaging is a significant tech-
nology gap which must be developed and demonstrated
through flight demonstrations. Very low flowrate LHp
regulation and flowrate gaging is currently being developed
and may be capable of ground testing.

From the above considerations, it appears thata dual ground-
flight development program is necessary to develop the LHp
storage and supply technology required for EOTVs. The
flight development program could use subscale hardware
piggybacked on other flight experiments to save costs and
provide timely data.



V. Conclusions

Top-level systems analyses have shown that hydrogen arcjet
propulsion systems offer optimum characteristics for appli-
cation to electric propulsion upper stages. A key issue
involved with using these systems on an EOTV is the mass
of the liquid hydrogen storage and supply system. This
paper has addressed some of the issues, requirements, and
design features of a LH, storage and feed system that could
meet the requirements of low weight and high performance.
Use of composite tanks and support structures in parallel
" with advanced pressure and thermal control techniques have
shown that LH, storage and supply system mass fractions of
15% are feasible for EOTV missions approaching one year.
Realization of such a system will require a hardware devel-
opment program that is a mix of both ground and space
validation.
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