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ABSTRACT

A Space Shuttle liquid oxygen/hydrogen Reaction Control System (RCS) design analysis has been
performed. The system concept considered eliminates propellant conditioning equipment and de-
livers the propellants to the engines in a liquid rather than a gaseous state. This paper provides
system design analyses results and compares various means of implementing the concept on the
basis of weight, technology requirements and operational considerations. Additionally, weight
comparisons are made between cryogenicoxygen/hydrogen system requirements, These comparisons
show that the liguid oxygen/hydrogen system concept could effect marked weight reductions in the

Space Shuttle orbiter total impulse range,

1. INTRODUCTION

To provide the technology base required for the Space Shuttle
design, the National Aercnautics and Space Administration
(NASA) has sponsored several lechnology programs related to
Reaction Control Systems (RCS). Among these were a series of
studies to provide system design data for selection of preferred
system concepts and delineation of requirements for comple-
menting component design and test programs. The initial syslem
study programs considered a broad spectrum of system concepts,
but because of high vehicle impulse requirements, coupled with
safety, reuse and logistics considerations, only ecryogenic
oxygen and hydrogen propellants were considered. Also, engine
pulse mode ignition unknowns and concern regarding distribution
of cryogenic liguids eliminated liquid-liquid feed systems as
candidate concepts. Therefore, only systems which delivered
propellants to the engines in a gaseous state were considered
for the Reaction Control System. The results of those initial
studies are reported in References (1) through (4). These
studies indicated that a design approach using heat exchangers
to thermally condition the propellants and turbopumps to provide
system operating pressure would best satisfy requirements for
a fully reusable Space Shuttle, A system concept of this general
type is illustrated by Figure 1.
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The NASA contracted®® with McDonnell Douglas Astronautics
Company~East (MDAC-E) in July 1971 for additional study
of the Shuttle Reaction Control Systems. One task in this study
was to investigate aliernate concepts which could both improve
performance and reduce the technology concerns associated
with fast start up turbopumps in a reusable system application
reguiring many restarts during each mission. Both gaseous and
liquid propellant distribution were considered in the exploratory
effort but the most striking study results were obtained with a
system concepl based on delivery of liquid propellants to the
thrusters.

Figure 2 illustrates the liguid Op/Hg (LOX/LH9) RCS concept.
The propellants are slored as subcooled liquids in low pressure
tankage. Small motor operated pumps supply system operating
pressure and are used in conjunction with bellows iype liquid
accumulators using blowdown helium pressurization. Under
pulse mode operating conditions, the thruster assemblies are
normally supplied by the pressurized liquid accumulators.
When, due to thruster usage, the helium pressure in the ac-
cumulators has decayed to a prescribed level, the pumps are
restarted and the accumulators are recharged with propellant.
For steady state firing the pumps can be sized to provide full
system thrust, or the pumps and accumulators can operate in
unison to satisfy large single impulse demands. This system
design approach was fouad to provide significant weight savings
and a marked reduction in system complexity. This paper de-
scribes the analyses and results obtained for the LOX/LH»
system concept.

2. SYSTEM DESIGN REGUIREMENTS

The orbiter stage for which the LOX/LHo RCS studies were
conducted is illustrated in Figure 3. Vehicle characteristics
are based primarily on the results of MDAC-E studies of fully

* Member AIAA

*=Contract (NAS 9-12013) ““Space Shuttle Auxiliary Propulsicn
System Design Study’ under the technical direction of M.
Dayrell Kendrick, Propulsion and Power Division, Manned Space-
craft Center, Houston, Texas.
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reusable orbiters and boosters defined in Reference (5). A dis-
tinguishing fealure of the orbiter conliguration is thal the main
engine propellant tanks are internal, resulting in = relatively
large orbiter stage. Most of the design studies described hevein
use this orbiter as a reference configuration. The exceptions
are in the system weight comparisons of Section 6. These show
RCS weight at design requirements corresponding to smaller
orbiter configurations of the type designed to use external, main
engine tankage.

Reference (8) provides the detailed analyses and rationale used
to develop the RCS requirements labulated in Figure 3. The
RCS uses 33 engines at 1,150 lb of thrust each to provide
three-axis attitude control. Thrust level and engine arrangement
aré designed such that, with the failure of any two control en-
gines, the system will still provide torgue levels sufficient for
safe vehicle entry. The total impulse of the system is 2,95
millien Ib-sec. This includes total impulse for both attitude
control and vernier translation maneuvers of 20 ft/sec. These
requirements serve to define the basicsyslem design parameters,
viz., engine size and storage tank capacity. However, for the
systems considered here, two additional, interrelated require-
ments affect the supply system design. These are: {1) system
thrust level, in terms of the maximum number of engines fir-
ing simultaneously; and (2) the maximum system total impulse
expended during any single maneuver. These are important be-
cause they affect pump, pressurization, and liquid accumulator
design within the RCS,

As shown in Reference (6), the svstem must sustain a maximum
thrust of 5,570 1b, based on five engines firing simultaneously.
This correspends to the use of four control engines for a trans-

lation maneuver and the equivalent of one additional engine for
vehicle attitude control during maneuver. The maximum total im-
pulse during any single maneuver is shown in Reference (6) to be
166,000 Ib-sec, based on- coelliptic AV reguirements for a re-
supply mission. These added constraints set the design criteria
for the propellant supply system and establish an envelope for
tradeoffs between pump flowrates and storage capacities of
high pressure liguid accumulators. For example, in a system
design without liguid aceumulators, the pumps must be capable
of satisfying flow demands for full system thrust. Conversely,
if the high pressure liguid accumulators are sized to provide
166,000 lb-sec, the pump flow rates required during the maneuver
could, theoretically, be zero. However, average impulse expen-
diture rate during entry determines the minimum pump size. The
average system thrust level during entry and, hence, the mini-
mum equivalent pump flow is shown by Reference (6) to be 250
b thrust. The total entry impulse (500,000 Ib-sec) is much
greater than the maximum single impulse bumn but the time for
its expenditure is relatively long. The pump is designed for
continuous operation during entry; avobe average demands are
met by accumulator supplementation.

3. LIQUID SYSTEM OFERATION
The liquid hydrogen storage conditions are shown in [Figure 4.
Hydrogen is stored at near saturation conditions and pumped in-
to liquid accumulators at supercritical pressures. The aceumu-
lators operate in a blowdown mode and their pressure levels are
selected to provide minimum system weight, considering the
pressure margins required to insuve liguid propellants when the
pressute is throttled as low as 200 psia (minimum chamber pres-
sure), For “l&_bt, conditions, the hydrogen density changes from
4.4 10 3 /5, Liquid oxygen storage, shown in Figure 5 uses
subeooled ligquid propellant provided by either pumping or
helium pressurization. As the oxygen is stored suberitically, as
much as 256 BTU/Lb could be absorbed withoul two phase operas
tion. For thse* conditions, the oxygen density could vary from
72 to 60 Ibf/f3,
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Two primary questions arose with liquid propellant use. First,
can a liguid distribution system be designed to provide suffi-
ciently low propellant heating such that density changes are
held to levels low enough for satisfactory
It can be seen from Figure 6 that at all pressure levels of in-
terest, signiticant hydrogen density changes to levels below 3.0

en ”Hle ope eration?
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H)/t't‘3 will occur if hydrogen temperature changes are not con-
trolled.

Cryogenic propulsion systems developed to date have used
propellants stored and distributed near saturation conditions,
Thus, any heating resulted in propellant vaporization and large
propellant density changes. Thege latter problems are avoided
in the liquid system by operating with highly subeooled liquid
propellants which can absorb some heat input without propellant
vaporization. In fact, the hydrogen could be delivered super-
critically. To fully define the system thermal characteristics
required that much of the liguid system design effort be directed
toward detailed thermal analysis.

The second gueslion concerns the feasibility of liguid ignition
in a pulse mode engine. Although the ignition temperature limits
are significantly lower than those previously considered, a re-
view of ignition phenomena with engine manufacturers revealed
no fundamental reasons that would make liquid ignition doubtful.
Additionally, NASA has initiated lechnology programs by en-
gine manufacturers to fully define engine ignition aspects re-
lated to system design. Detailed examination of ignition was
bevond the scope of the current study.

The storage conditions sbown in Figures

gn at

on the basis of system thermal and des
initially defined system therual characteristics,

that heating rates were low enough to control hydrogen density
changes. Alternate system designs were then evaluated to de-
termine the most desirable system configuration in terms of
weight and technology requirements. System thermal and design
analyses results are summarized in the sections following.

4, THERKAL AMALYSIS

The first step in the system analysis was Lo establish propel-
lant temperature rise limits and then to examine the practicality
of the limits with respect to the allowable line heat leak with
varying rates of propellant usage. Propellant temperature change
effects on engine operating characteristics are shown in Figure
7. The major effect is an increase in engine mixture ratio as
hydrogen temperature increases. Oxygen temperature effects are
shown to be minor for the temperature range of interest and
oxygen temperature can be allowed to increase lo near satura-
tion (225°R}, To maintain a reasonable design range on engine
combustion temperatare (4.0 < Mg < 5.0) the hydrogen tempera-
ture must be limited to approximately 630R, At this temperature
both thrust level and specific impulse are reduced 3% below
the design values, primarily due to mixture ratio ehanges. The
only other parameter found to be affected by temperature changes
was the injection velocity. As propellant temperatures increase,
the injection velocity increases, but again, if the hydrogen
temperature is limited to 65°R, these changes are minimal.
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The practicality of a 65°R hydrogen temperalure 1imit was ex-
amined by determining equilibrium mean propellant temperatures
in the feed lines as a function of heating and hydrogen usage
rates. From this it was found that high propellant usage could
effectively remove all incoming heal and maintain chilled lines
as shown in Figure 8 The smallest practical hydrogen usage
rate would be associated with a # 900 vehicle deadband. This
would result in temperatures above B50R for aniicipated heating
rates in excess of 25 BTUvhr. To limit the hydrogen lempera-
ture to B5°R, the usage rate could be increased. For example,
increasing the nsage rate by a factor of 3 (by decreasing the
deadband to + 89 would result in an eguilibvium hydrogen
temperature less than GOOR for a 25 BTU/hr heating rate. This

higher propellant utilization introduces a weight penalty on the
nt Shattle vehicle studies

1

order of 1/2 1h per hour{more rece

have shown that a vehicle deadband of = 5° is more desivablel.
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At this design poiul no system weight penalty would be incurred
due to propellant heating., All other operating conditions, such
as fine atiitude control maneuvers, require much larger usage
1 propellant to carry away inceming

and would remove suffic

s results

heat, maintaining chilled propellant and lines. Sin
were obtatned for oxveen bul were much less restricting than

{for hydrogen.

The data shown in Figure § are for eguilibrium conditions where
the entire heating vate s untformly distributed through the total
feed system propellant mass. To determine actual temperature
gradients and peak heating rates, the manifold shown in Figure
9 was designed. The manifold consists of vacuum jacketed
propellant lines with multilayer isolation (MLD between the
inner and outer lines, One manifold is provided forward and one
aft in the vehicle, A complete ring manifold was used to elim-
inate lapped or stagnant propellant regions. Usage of any
engine will result in propellant flow through both sides of the
manifold, ecirculating all propellant in the manifold with each
engine firing. The outer line is maintained al approximately
5200 by the vehicle surroundings. The inner line, however, is
chilled 10 40°R during filling. Both angular and linear compensa-

tors are provided to accommodate inner line thermal contraction,
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input considerations included heal leak through inner line
spacers (required to prevent MLI crushing) and axial conduction
down the lines. Aluminum feed lines were used to conduct the
incoming heal away as rapidly as possible from heat short loca-
tions snd minimize local peak temperatures. Conduction through
the liquid was neglected as it contributed little to the thermal
characteristics. Real fluid and line properties were utilized in
the analysis. The distribution system model considered the
main supply line from the propellant tank to the manifold and
included heat shorts at junctions with branch feed lines to each
wing tip and engine group. A bellows tank was included io pro-
vide for fluid thermal expansion that resulted from heaiing.
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Initial propellant distribution system analyses were exploratory
in nature to determine what, if any, modifications should be
made in the (eed system design to achieve low heating rates.
The hydrogen temperatures obtained from these initial studies
are shown in Figure 11, It was assumed that no engines were
firing and no propellant was used. This is a conservative as-
sumption which resulted in caleulation of high localized heating
rates. As shown, significant thermal spikes were obtained at
the engine/feedline junctions. However, the maximum tempera-
ture at the end of one hour was B0PR. This temperature was
much lower than originally anticipated for a condition in which
the propellant was slagnant. One reason for the low temperalore
i1s that any heat inpul, near the tank or upstream in the line,
locally expands the propellant, moving it away from the heat
source, allowing migration of fresh, cooler propellant into heat
short areas downstream. Significant heating is also evident at
the wing lines tied directly to the main line, and from the inner
line supports spaced, in this case, at 10 fi intervals along the
line, Closer line support spacing was investigated to determine
if there would be any significant changes in the temperature
profile. As shown in Figure 12, decreasing the feed line spac~
ing from 10 o 2-1/2 feet does not significantly change the
maximum temperature encountered, although it does slightly
increase the bulk propellant temperature. Thus, closer line sup-
ports could be utilized with little temperature effect, Oxvzen
temperatures, shown in Figure 13, are similar to those of hydro-

gen except tha! the nominal temperature limit (2239R) is not

encountered until much later. Again, temperature spikes are
seen at each engine line junction and smaller spikes are evi-
dent where the wing line joins the main feed line and at each

inner ling spacer,
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The preceding data indicaied that some engine heat 1nput con-
trol was mandatory if satisfactory hvdrogen lemperature limits
were 1o be achieved. A simple tubular thermal standoff, similar
10 those commonly employed for hydrazine an hydrogen peroxide

engines, was evaluated to determine its effectiveness. The
standoff selected was a stainless steel tube 174 inch in diam-
eter and 6 inches long. Pressure drop through this tube is on
the order of 20 psi. Prepellant heating at the engine valve
junction with this type thermal standoff is shown in Figure 14,
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With the standoff, the temperature limit at the engine valve is
not achieved until approximately seven hours as opposed to
approximately one hour without the thermal standofT. The hydro-
gen distribution system temperature profile with thermal stand-
offs employed and propellant usage simulated are shown in
Figure 15. The large temperature spikes associated with the
engine line junctions have been removed and the only signifi-
cant heating is from the wing line input and inner line supports.
Maximum propellant temperalures from these and similar data
are shown as a function of time in Figure 16 for two deadbands.
The hydrogen lemperature would stahilize at the limit of 65°R,
12 to 14 hours afler the start of the mission for a vehicle atti-
tude deadband of approximately 80, Beyond this time, no further
temperature increase 1s encountered as the propellant heat in-
put is balanced by the heat removed through propellant usage.
The oxygen temperature with thermal standoffs and engire usage
are shown in Figure 17. These temperatures are much below
the 225°R limit assigned, indicating there are no significant
problems with oxygen thermal control.
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5. SYSTEM DESIGN

The preceding analyses show that thermal management of
liquid propellants in the APS distribution system is feasible
1f proper attention is given to thermal insulation and isolation
of major heat inputs such as thruster heat soakback. The re-
mainder of the study effort was directed toward system design
and sizing considerations. A hybrid system, using fully pres-
surized oxygen and pumped hydrogen, was selected as a base-
line from which alternate implementation option studies were to
proceed. This system approach is illustrated by Figure 18. The
oxygen side of the system operates fully pressurized and a
hydraulic motor pump/liquid accumulator combination is used
for the hydrogen. Using fully pressurized system introduces a
weight penalty, but since the oxygen is less than 20% of the
total propellant volume, this penalty is small and allows simpli-
fication of system design and reduces development risk.
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TOTAL WEIGHT = 5053 LB

Fr = 700 FSIA

MR = 4.0

L1Q ACC TOTAL VOLUME = 6.3 FT3

LIQ ACC PRESSURE = 2%3 PSIA TO 64 PSIA

y HYDRAULIC
~— ¥ HOTOR PP

BELLDHS
Liguin
VACUUM JACKETED FEED ACCUMULATORS
_ LINE AND HANIFOLDS
{4
f 3
,’_Ek_ T eweme ',E,} . i
LB asessues O igure 1

The baseline liguid system, Figure 18, which includes the
component redundancy necessary lo satisfy Shuttle failure
criteria, weighs 9053 lb. Minimum sysiem weight, shown in
Figures 19 and 20, is provided at a 200—psia chamber pressure
and @ 4.0 mixture ratio. The effect of line sizing on system
weight is shown in Figure 21, System weights are affected more
by oxygen line diameter due to the relatively large residual
oxygen weight. An oxygen feed line diameter of 1.0 in. was
selected to minimize system weight. Since the weight sensi-
tivity to line diameler was less with hydrogen, a 1.5 in diameter
was selected on the basis of line heat transfer. This size pro-
vides additional heat capacity (larger liquid residuals) for a
small weight penalty.
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A baseline hybrid system weight breakdown is shown in Figure
22, A large portion of the system weight is associated with the
propellant feed lines (728 pounds), the oxygen pressurization
system, motors and pumps and liguid accumulators.

Several allernate design approaches to the baseline were in-
vestigated Lo reduce systemweight and/or simplify system inter-
actions, These included alternate pressurizations, feed lines,
and pumping eptions. A comparison of feed line and pressuri-
zalion options is given in Figure 23. The vacuum jacketed feed
lines represent a large (23%) portion of the system inert weight.
The use of nonjacketed lines could reduce system weight by
365 1b. However, without jacketed lines, the HPI would be ex-
posed to potential handling and atmospheric damage and would,
at least, require a soft purge bag for protection. Further investi-
gation of the technology risks involved with nonjacketed lines
is warranted before selection of this option.

The use of a motor driven oxygen pump would save 355 1b but
this weight improvement 15 not justified when the additional
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complexity and development cost is considered. Storing Lhe
oxvegen pressuwrant in the hydrogen tank will save 127 1b and
would require the addition of a passive, structural heat ex-
changer to heat a small quantity of helium to liguld oxygen

Temperatures.

The remaining option, a fully pressurized system, would result
in an excessive weight penalty of 1545 Ib. Although this weight
penalty is prohibitive for operational use, the concept could be
used on an interim basis for the first few flights and updated
later to a high performance conflguration.

o addition to the optlons described above, altemate pump de-
signs were considered. The choice of pump lype and power
epurce was not readily apparent from system considerations
alone. Various design approaches weve available ranging from
high-speed, high flowrate designs to small pumps operaling
for relatively long durations. Also, alternate design points

were available to reduce pump power requirements, thereby
simplifving pump designs and/or reducing  the Auxil

Unit (APU) inierface complexity. This could be ac

m accumulator capacity, Lo lower

eithe g the maxin

s pequirements, or by lowering accumulator pres-

pump

a function of pump horsepower and maximum

aecumilator pressure 1s shown in Figures 24 and 25. The opti-
mizations shown are for the design chamber pressure of 200
psia, and also for a fixed accumulator capacity which n tum
With pump flow rate fixed, pump horse-
e only. The data pre-

lixes pump [dow rate.
power is a function of accumulator press
cented in Figures 24 and 25 reflect the effect of variations in
stem weight in terms of both the

accumulaler pressure on
actun! pressure {(Figure o4) and the pump horsepower required
to produce that pressure (Figure 25). As shown, minimum weight
is achieved at 600 psia accumulaior pressure and the correspond-

ing pump horsepower 18 127,
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As deseribed in Section 2, the lguid RCS concept allows some
flexibility in pump and accumulator design, e.g., system single

burn tolal impulse requirements can be satisfied by a high [low
rate pump or by the combined pump and accumulator fow capa-
bility must be the equivalent of 250 1b thrust and, at this pump
Tow rate, the accumulator must be sized to provide 157,000 1b-
After the

maneuver, the pumps would continue to operate, recharging the

sec to meet the largest maneuver requirements.

accumulators to full capacity in approximately 17 minutes, In-
creases in pump flow capacity result in proportional reductions
in accumulator capacity. Figure 96 provides the relationships
between pump flow and acewmnlator capacity necessary o
satisfy both system thrust and maximum single burn impulse
reyuirements. An increase in the number of pump. starts is in-
herently associated with reductions in accumulater capacity.
In the extreme, with no liquid accumulator, pump operation
would be required for each engine firng, imposing severe de-
mands on pump cycle life. However, even small liguid accumu-
lators elfect marked reductions in the number of pump cycles
required. Figure 27 velates the number of pump-aceumulator
operating cycles in each mission to the liguid accumulator

storage capacity.

The effects of pump-accumulator resizing per the above criteria

ets
are shown in Figure 28 fer other chamber pressures (the 200

wwn in Figure 240, Agaln, as

psia curve 1s a duplicate of that

imalator capacity and pump flow rate arve fixed

in Figure 24, act

dotted line of Figure

as o function of b

Simiar wel
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obtained for other accumulator sizes, are shown in Figure 29,
These data indicate that the liquid system can accommodate a
large range of pump design points for a small weight penalty.
For example, the design pump power can be reduced from 127 10
20 hp, for a 100 Ib weight penalty, by increasing accumulator
capacity from 17 to 70 1b. This could be accomplished al mini-
mum welght by also lowering chamber pressure from 200 to 150
psia but this would reduce the allowable heat transfer (lower
heal capacity margin) and would not save sufficient weight to
be recommended. Instead, the alternate design points shown in
Figure 30 are most attractive. These data show that reductions
from 600 to 400 psia, and increases
from 17 to 60 lb can greatly reduce

in accemulator pressure,
in accwinulator capacity,
pump power requirements for a
in accumulator capacity are particularly attractive
number of cycles required to provide the attitude control im-
pulse requirements can be reduced from 40 10 8 cycles. This
would reduce the total cycle life requirements (inciuding 10
steady-state cycles) from 50 to 18 per mission, thereby simpli-

small weight penalty. Increases
in that the

fying the APU interface,

Considerable design ilexibility is available since, for a small

welght penalty, a large vange of pump requirements can be ac-
commodated, This could g
development program by allowing relaxation of technology risk

ally relieve the pump design and
through an overall system design compromise. Since the weight

difference between design point optiens was small,
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5750 b, Also, both electvic and hydraulic power sources were

investigated.

A comparison of pump types is shown in Figure 31. Centrifugal
pumps were shown to be heavy and inefficient at the lower
specds associated with either hydraalic (10,000 rpm) or electric
motors (22,000 rpm). To be acceplable, pump speeds near 100,000
rpm would be required. For this reason, centrifugal pumps for
a hot gas turbine drive. However

this application necessitate or,
a liquid system pump would present considerably less technology
gaseous system turbopump. With liguids,

all weight

risk than the previous
the accumulator capacily
penalty, therchy allowing slower pump acceleration and in-
creased bearing life. As a in a tubopump gaseous
systen, the H—sec start time associated with state-of-the-art
bearing acceleration limits in long life machines (25,000 to
30,000 rpm/see) would result in a 1000 Ib weight penalty. In
addition, the liquid system can accommodate a wider pump
be much casier to integrate

can be increased for a st

contrast,

performance range, and it would
the pump into the system than in
performance can also affect operation of the propellant heat ex-
shangers. In fact, no significant technology probleims are antic-
turbopumps.

gaseous syslems where pump

ipated with liquid APS hydrogen

In addition to the centrifugal pumps described above, piston,

and vane type, positive displacement pumps were also

evalualed, These pumps require slower operating speeds, on

the order of 10,000 rpm, and are more adaptable to hvdraulic

lo be heavy,

The piston pumps were found

and ela

due to the large 1[:3\‘ capacities associated with low hviiogen

density, This requived large pistons and heavy rotors which

. Both gear and vane

Itmited pump operating speed iDs appeny

- hydrogen

1 plston pumps.,

The

pumping
o and simpler than

better sulted fo

to be

the niston t
ne piston i

ave i

These pumps
to a hydrogen vane

s

preferred pump type is a vane pump,
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pump designed and demonstrated by Pesco Productls, This work
was part of a General Elecivic Company contract, “‘Final Pump-
/Liquid Methane, J85 Control Sys-

ing System Liquid Hydroge
tem,”" performed for NASA Lewis Research Conter, Considerable

material developmenl was accomplished, and no critical, new

technology effort is anticipated,

The effect of power source on system weight 1s swmmarized in
Figure 32. Except for the centrifugal turbopump concept, which
is shown to be the lightest, the weights are for vane type posi-
tive displacement pumps. & hydraulic pewered pump is weight
competitive and could be provided for 150 1o 300 1b, depending
on pump outlet pressure. Electric motler concepts, limited to the
APU electrical output of 15 KW (20 hp), would weigh 300 o 500
Ib more than the turbopump system. Finally, a small DC motor
operating from fuel cell power would result in a penalty of ap-
proximately 800 1b,
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Based on these dala, the turbopump system is the preferred con-
cept. A simplified turbopump sysltem schematic is shown in
Figure 33. This is the lightest and simplest syslem and, most
umporlantly, would operate independent of the APU. Thus, the
pumps could be operated at any time, the APU could remain in-
active throughout the orbital phase of the mission, and resizing
of APU electric or hydraulic systems would not be required,
The second choier would be a hvdraulie motor operated, vane
pump which is attractive from a weight standpoint, but would

interface significantly with the APU.
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6. SYSTEM COMPARISON AND CONCLUSIONS

The effort deseribed in the preceding sections was based on a
fully reusable orbiter with internal tankage. Other phases of the
contract effort (Reference 7) considered storable monopropel-
lants for external tank orbiter vehicles, A comparison of the
LOX/LHs concept with both monopropellant and bipropellant
syslems was made o determine their relative weights, Two ex-
ternal tank orbiter vehicles, corresponding Lo a simple, low
risk Marvk I vehicle to be improved later 1o a higher performance
Mark II configuration, are defined in Figwre 34, The impulse
requirements for these vehicles range from 1.3 (109) 1b-sec for
the Mark I vehicle to 1.7 (106) Ib-see for the Mark 11 vehicle.

BASELINE ORBITER FOR STORABLE RCS STUDIES

HARK, | HARK 1l

WEIGHT (INSERTION) (L5W) 207,200 228,700
FAYLOAD (LBH) 5,000 £5,000
LENETH (FT) 1202 1203
HUMBER OF THRUSTERS L] [
THRUSTER THRUST (L) 600 600
TOTAL IMPULSE (LB-SEC) 13215 1s2rlP
Figure 34

The study results suggest lwe approaches to the evolution of a
high performance system for a Mark [T vehicle. Figure 35 shows
these approaches. One approach starts with a gaseous hydrogen-
liquid oxygen syslem. The system uses liguid oxygen because
the weight penalties associated with avoidance of oxygen pumps
are small and liquid oxygen distribution presents no essential
problem. Gaseous hydrogen is used because the engine ignition
requirements are state-of-the-art, Pratt and
Whitney RL—10 engine. This system could be updated for a
Mark II concept by either increasing the gas generalor operating
temperature { Reference (81, thereby increasing system efficiency,
or by utilizing a liquid turbopump system which eliminates the

similar to the

gas generalor and gascous accumulator. The decision as t
which means of improvement is most alfractive could be made
on the basis of the relative status of technology demonstration

programs in the areas of liquid ignitien and high ter

heat exchangers,
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The second apgproach shown in Filgure 35 starts with a simple,
fully pressurized liguid-liquid syslem for the Mark [ vehicle.
Later a turbopump and liquid aceumulator could be added 1o the
hydrogen side providing a high performance Mark IT design.

A weights comparison for systems ntegrally mounted in the
vehicle 1s shown in Fiegure 6. Monopropellant hydrazine and
storable bipropellant system welghts were taken from the pre-
liminary Task C effort (Reference (99, The Mark I and Mark 1
total impulse values are noted. For the Mark I vehicle, use of
fully pressurized liquid oxygen/liguid hydregen would e
slightly heavier than a hydrazine RCS system, but this systein
could be updated to a pumped liguid bydrogen/pressurized liquid
oxygen system for the Mark Il vehicle, and would be approgi-
mately 3,000 pounds lighter than the hydrazine system. The
comparison shown in Figure 36, is for integrally mounted 8ys-
tems. However, the toxic hydrazine and storable hipropellant
systems are best designed for installation in removable mod-
ules to allow rapid removal of the propellanis and transportation
to a remole decontamnination site. Since the oxygen/hydrogen
propellants are not toxie, the modular approach is unnecessaty,
A more valid comparison then would be between integrally in-
stalled cryogenic concepts and modular storable concepts. Weight
comparisons on this basis are shown in Figure 37,

It should be noted that the total impulse values for both Mark I
and Mark Il are higher for modular systems due to control cross
coupling effects that result with modular system engine in-
stallations. Further penalties are assessed against the modular
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and integral systems because of the effect of increased strue-
twal weight. Vehicle studies show that welght penalty equal to
40 percent of the total inert systemweight is required to account
for resizing the aerodynamic surfaces, landing gear, ete. With
these effects included, the fully pressurized liquid oxygen/
liguid hydrogen system for the Mark I vehicle is shown in
Figure 37 to weigh less than a hydrazine system and enly SUD
lbs more than a storable bipropellant system. Subsequent devel-
opment of a pomped liguid hydrogen system for the Mark II
vehicle would increase the welght savings to nearly 4,000
pounds. Thus, liquid oxygen/liguid hydrogen systems offer large
potential weight savings for the Space Shuttle.

10
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