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ABSTRACT

This report presents results from the first phase (Subtask A) of a study
defining the most attractive low pressure, oxygen/hydrogen auxiliary propulsion
subsystem (APS) for NASA space shuttle boosters and orbiters. The purpose of
Subtask A was to study candidate APS concepts and select the most attractive
approaches for the booster and orbiter stages of two reference space shuttles.

The second and final phase of the study (Subtask B) was a preliminary design

of the selected APS concepts. Results from Subtask B are presented in Report

MDC E0302, and a summary of overall study effort is provided in Report MDC EQ0293.
Finally, a design handbook containing detailed descriptions of the selected booster
and orbiter APS concepts is provided in Report MDC EO0301.

The Subtask A study approach through which the preferred booster and orbiter
APS concepts evolved was composed of:

(1) 1initial screening studies to reduce the large number of design alternatives

to a matrix of high wvalue concepts, and:

(2) detailed concept comparisons and trade-offs applying a common set of

criteria consistent with overall space shuttle goals and constraints.

The most important areas affecting APS concept selection were identified as the
propellant storage state (liquid or supercritical), propellant thermal conditioning
scheme (active heat exchanger/gas generator or passive heat exchanger), and pro-
pellant flow control (simple main engine tank mass addition or mass addition coupled
with downstream pressure or pressure—temperature control). The feasibility of each
approach was evaluated in terms of performance, simplicity, flexibility, development
and technology to establish recommended concept selections.

The preferred APS concepts for both booster and orbiter stages of the two
reference space shuttles use main engine propellant tanks as low pressure gas
accumulators. The Subtask A study demonstrated that propellant residuals trapped
in the main engine tanks are sufficient to meet booster APS propellant demands,
and may be supplied directly from the main tanks to the engine assemblies at tank
ullage pressures and temperatures. The orbiter APS requires separate liquid
propellant storage tanks to supplement boost residuals. Propellants from the storage
tanks are circulated through either active or passive heat exchanger assemblies
(depending on the number of +x axis manuevers performed by the APS) where they are

heated prior to injection into the main engine tanks. Warm propellant vapors from
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main engine tanks are mixed with additional 1liquid propellants in downstream liquid/

vapor mixers, then supplied to the engines at constant temperature and pressure

(constant density). This report contains a definition of candidate APS concepts,

as well as trade-offs and comparisons leading to selection of preferred concepts
for the reference space shuttles.
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1. INTRODUCTION

Auxiliary propulsion will be required for space shuttle attitude and transla-
tional control. Operating with the same propellants (i.e., oxygen and hydrogen)
as the shuttle main engine, these subsystems will have a minimum service life of
100 mission cycles without major overhaul or refurbishment. Two basic design
approaches have been conceived for the auxiliary propulsion subsystem (APS):

(1) a high pressure concept using turbopumps or turbocompressors to achieve
high operating pressure levels;

(2) a low pressure concept using main engine propellant tanks as an integral
part of the subsystem, and operating at main engine tank ullage
pressures.

This report deals only with the low pressure APS concept. It presents the scope

and results from the first phase (Subtask A) of a two-part McDonnell Douglas
Astronautics Company-East (MDAC-EAST) study effort under MSC Contract No. NAS 9-11012,
titled '"Space Shuttle Low Pressure Auxiliary Propulsion Subsystem Definition". The
study was performed for the National Aeronautics and Space Administration, Manned
Spacecraft Center (MSC), Houston, Texas, under the technical direction of Mr. N.
Chaffee. A subcontract was extended to Aerojet Liquid Rocket Company to provide
component weight and performance models.

The overall study objective was "to conduct preliminary auxiliary propulsion

subsystem studies, which would generate information and data, for use in the space

shuttle vehicle effort," and which would, "identify attractive APS concepts, define
their range of applicability and limitations and identify critical technology areas
and development priorities." The study was divided into two phases. The first,
Subtask A, was a conceptual subsystem definition phase designed to identify APS
concepts best suited to each of two reference shuttle boosters and orbiters. The
second phase, Subtask B, was a preliminary design of selected subsystems to
establish an in-depth understanding of subsystem design and operation. This report
presents results of Subtask A studies, only. Results from Subtask B are presented
in MDAC-EAST Report No. MDC E0302, and a summary of overall study effort is provided
in Report No. MDC E0293. Finally a design handbook containing detailed descriptions

of the selected booster and orbiter APS concepts is provided in Report No. MDC E0301.

1-1
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The Subtask A study demonstrated that propellant residuals contained in the
main engine tanks are sufficient to meet booster APS propellant demands and may be
supplied directly from main engine tanks to engine assemblies at ullage pressures
and temperatures. The orbiter APS requires separate liquid propellant storage to
supplement boost residuals. Propellants from the storage tanks are circulated
through heat exchanger assemblies when they are heated prior to injection into the
main engine tanks. Warm propellant vapors from the main engine tanks are mixed
with additional liquid propellants in a downstream liquid/vapor mixer, then supplied
to the engines at constant temperature and pressure (constant density). A descrip-
tion of Subtask A studies leading to selection of recommended low pressure APS
concepts is presented in this report. Included are the basic study approach,

a summary of vehicle and subsystem requirements, identification of candidate trade

study concepts, concept selections, and the study conclusions and recommendations.

1-2
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2. STUDY APPROACH

The Subtask A study approach through which the preferred booster and orbiter
APS concepts evolved was composed of;
(1) initial screening studies to reduce design alternatives to a matrix of
high value concepts, and
(2) detailed concept comparisons and trade-offs applying a common set of
criteria consistent with overall space shuttle goals and constraints.
Candidate concepts were compared in terms of performance, simplicity, flexibility,
development and technology applying common guidelines, permitting identification of

the most attractive concepts for further study. Studies conducted during Subtask
A included the following:

(1) Establishment of subsystem schematics.
(2) Establishment of subsystem balances including subsystem,
assembly and component steady-state pressures and temperatures.
(3) Preliminary definition of the environment in which the subsystem,
assemblies and components must operate.
(4) Level of assembly and/or component redundancy.
(5) 1Identification and general description of components and assemblies.
(6) Preliminary determination of subsystem, assembly and component weights
and volumes.
(7) Preliminary determination of component life requirements.
(8) Preliminary determination of engine propellant conditioning
requirements.
(9) Identification of critical technology areas.
(10) Sensitivity of the conceptual subsystem to the following:
(a) Component design O/F ratios.
(b) Propellant storage temperature and pressure.

(¢) Fluctuations in propellant storage temperatures and pressure

about the nominal values.
(d) Engine thrust and chamber pressure.
(e) Subsystem total impulse and single burn maximum impulse.
(f) Duty cycle and propellant usage rate.
(g) Minimum impulse bit.
(h) Reentry heating.
2-1
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(i) Required translational and angular acceleration and velocity
levels.

(j) Variations of residuals.

(k) Variations in feedline run lengths.

(1) Engines located so that no heat shield penetrations result.

A task description flow chart is provided in Figure 2-1. Initially, vehicle
propulsion subsystem requirements and design criteria were established by applying
the data of Appendix A. Then, for the basic low pressure APS concept, preliminary
screening studies reduced the number of potential subsystem assembly candidates
to a matrix of high value concepts. These assembly concepts were then evaluated
and compared to identify the most attractive approaches for propellant storage,
thermal conditioning, and propellant flow control. Due to the limited pressure
budget for the low pressure APS concept, and the sensitivity of engine performance
to injector inlet conditions, much of this effort was concentrated on propellant
flow control to define operational characteristics and resulting engine performance
for various control schemes. Component models were developed to assist subsystem
assembly weight trade-offs and to identify key technology requirements. Finally,
preferred approaches for subsystem assemblies were identified, resulting in
definition of baseline subsystems for each booster and orbiter vehicle. These
resulting subsystems were then weight-optimized and evaluated to determine their

sensitivities to variations in vehicle design and mission operating requirements.

2-2
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3. VEHICLE AND SUBSYSTEM REQUIREMENTS

Described in this section are the primary vehicle requirements and their im-
pact on APS design. APS engine thrust levels, number of engines, and mission
total impluse allocations for each booster and orbiter are identified.

A description of baseline space shuttles considered in the Subtask A APS
study and corresponding vehicle/mission requirements are provided in Appendix A.
These include mission timelines, maneuver and attitude control velocity and accel-
eration requirements, subsystem/component design criteria, and design characteris-
tics of the two reference space shuttles. Each of the reference shuttles consists
of two reusable stages, a booster and an orbiter. Shuttle A orbiter has a low
cross-range capability and is designed to reenter at a high angle of attack, to
minimize vehicle heating rates and temperatures. Shuttle B orbiter has a high
cross—-range capability and is designed for high performance in the hypersonic
flight regime. Planform drawings of both orbiters and boosters, showing APS in-
stallations selected for the Subtask A study, are presented in Figures 3-1 through
3-4, (Detailed APS installation drawings are provided in the Appendix B Configura-
tion Analyses.)

The baseline mission for both shuttles A and B was the logistics resupply of
a space station or space base. Only a single mission timeline was specified for
the booster, whereas three distinct mission timelines were specified for the or-
biter, corresponding to the number of +X axis maneuvers to be performed by the
APS. Three orbiter APS maneuver levels were considered:

(1) all translation maneuvers along all axes

(2) all translation maneuvers except those in the +X direction

greater than 50 ft/sec
(3) all translation maneuvers except those in the +X direction
greater than 10 ft/sec
The last two options assumed use of a separate orbit maneuver subsystem (OMS) to
provide additional required maneuver A V.

Total impulse time histories employed in Subtask A studies are shown in
Figure 3-5 for the boosters, and Figures 3-6 and 3-7 for orbiters. For those
missions in which the orbiter APS provided less than the total maneuver impulse
requirement, APS mission impulse included an allocation of 30,000 1lb-sec per
maneuver for settling liquid propellants in the OMS. The fraction of APS mission

3-1
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impulse required for pulse-mode limit cycle operation was determined applying the
minimum impulse bit-thrust correlation of Figure 3-8, in conjunction with the
vehicle inertia properties and attitude deadband requirements defined in Appendix A.
Figure 3-8 was derived from existing engine data for earth storable engines and

calculated data for cryogenic 02-H engines,

Vehicle maneuver and attitudezcontrol requirements, specified in Appendix A,
are tabulated in Figures 3-9 and 3-10 for orbiters and boosters, respectively.
Two translational and angular acceleration ranges are shown. The desired range
is bounded by the nominal minimum to nominal maximum values, whereas the acceptable
range is bounded by the minimum and maximum values specified. These requirements
were employed in conjunction with the vehicle moments of inertia, available con-
trol moment arms, and the mission failure constraints to define APS thrust levels.
The ground rules used to determine total APS thrust levels are summarized in
Figure 3-11. They provided for nominal minimum acceleration levels with all
engines firing, and for minimum acceleration levels with two engines out. The
number of engines was established so that minimum subsystem weight was achieved.
The same thrust level was required for all engines to minimize development re-
quirements, Mission performance requirements were satisfied with a booster A
configuration employing eighteen 2600 1b thrust engines and a booster B configura-
tion using sixteen 2000 1lb thrust engines. Similarly, orbiter mission requirements
were met with an orbiter A configuration of thirty-two 500 1b thrust engines, and
an orbiter B configuration having twenty-eight 1000 1b thrust engines. Engine
operational logic for these configurations are specified in Appendix B. A
summary of total impulse, thrust and maximum propellant flow requirements for the
booster and orbiter stages of both shuttles is presented in Figure 3-12. Pro-
pellant flow requirements were based on a maximum of five engines firing at a

given time,

3-9
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ORBITER A ORBITER B

ENGINE THRUST

LEVEL, 1B 500. 1000.
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BOOSTER A BOOSTER B
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LEVEL, LB
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TOTAL IMPULSE, 10° LB-SEC 475 475
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4. TRADE STUDY CONCEPTS

At the start of the Subtask A study, numerous potential candidates for the
various APS assemblies and components were conceived. The initial problem was to
reduce the number of candidates to a matrix of high-value concepts so that the
study could proceed on a timely basis. Therefore, preliminary screening studies
(Appendix C) were conducted on both an assembly and a component level to identify
the most attrqptive concepts. The major concept drivers were identified as the
propellant storage state (liquid or supercritical), propellant conditioning scheme
(active or passive), and propellant flow control (simple main engine tank mass
addition or mass addition coupled with downstream pressure or pressure-temperature
control). The following paragraphs discuss each design approach. Detailed
analyses, conducted to establish the most competitive position for each concept,
are presented in Appendices C through F of this report. 1In all, sixty-eight
concepts were chosen for continued examination. Selected component types and main
engine tank residual propellant utilization study results are also summarized in
this section, since they impact subsequent concept comparisons.

4.1 Propellant Storage - Competing propellant storage concepts which were

established for each of three orbiter mission timelines (+X axis maneuvers < 10 ft/
sec; +X axis maneuvers < 50 ft/sec; and all +X axis maneuvers) are illustrated in
Figure 4-1. As this illustration shows, both liquid and supercritical propellant
storage options were considered competitive for the low and intermediate velocity
level missions. However, because of the extreme weight penalty ( >10,000 1b)
associated with supercritical storage, only liquid storage was considered a viable
candidate for the high maneuver level mission. Different pressurization concepts
were employed for the liquid oxygen and hydrogen storage tanks. The liquid oxygen
tank employed a conventional cold-gas helium pressurization assembly; the liquid
hydrogen tank was pressurized by warm hydrogen gas extracted from the main engine
tank and compressed to the required ullage pressure. This latter concept was
selected as a result of an overriding weight advantage. In both cases, the liquid
oxygen and hydrogen tanks were nonrefillable and separate from the OMS. The over-
all weight advantage of separate tanks was slight, however, compared to the fully
integrated APS/OMS tankage approach.

Supercritical propellant storage was an attractive concept because the pro-

pellant is stored in a single phase, eliminating the need for a propellant acqui-

4-1
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sition device. However, the required storage pressures are high (250 to 800 lbf/inza
for hydrogen and oxygen, respectively) fesulting in a significant weight penalty for
large tanks. The supercritical storage concept shown in Figure 4-] was separate
from the OMS. For the low maneuver level mission, nonrefillable tanks were employed;
however, for the intermediate level mission, refillable tanks were selected in order
to reduce tank weight penalty. During expulsion, the supercritical propellant was
heated to maintain required feed pressures. The preferred heating concept for this
study employed an external active heat exchanger/gas generator circuit, wherein
circulated propellant was heated to a prescribed temperature, pumped to a higher
pressure, and then cycled back into the storage tank. This technique eliminated

the explosion hazard that may result from the gas generator exhaust products

leaking into the storage tanks and allowed the pump to operate at constant fluid
inlet density.

The thermal protection concept preferred for both liquid and supercritical
storage options employed reusable high performance insulation (HPI) enclosed in a
fiberglass outer shell. The HPI was pressurized during ascent to orbit, depres-
surized to vacuum on orbit, and repressurized during reentry in order to reduce the
fiberglass shell weight penalty.

4.2 Propellant Flow Control - Propellant flow control maintains engine thrust

and mixture ratio within prescribed limits. Four different approaches were selected
for further study for the orbiters, whereas only two were selected for the boosters.

4.2.1 Orbiter Propellant Flow Control - The four flow control concepts con-

sidered for the orbiters are illustrated in Figure 4-2, The concepts provided
progressively greater accuracy in control of engine inlet conditions. The first
concept evaluated was propellant mass addition. Main engine tank pressure was
allowed to decay during APS usage until a prescribed level was attained. The main
engine tanks were then resupplied with propellant from the APS storage tanks to
maintain minimum engine feed pressures. This approach provided limited engine
thrust and mixture ratio control. Only indirect control of engine inlet pressure
and temperature was exercised through resupply propellant energy level (mass and
enthalpy). The second approach also employed mass addition, but used differential
pressure regulators in the individual engine feedlines to control the difference
between hydrogen and oxygen injector inlet pressures. In this manner, accurate
control of engine mixture ratio was achieved; however, engine thrust still varied
over a wide range. This wide thrust variation was controlled in the third approach
by replacing the differential regulators with a main supply line pressure regulator
4-3
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near the outlet of the main engine tank. This regulator provided relatively

tight control of both thrust and mixture ratio as influenced by pressure, but off-
nominal excursions still occurred because of variations in gaseous propellant
temperatures. Precise control of thrust and mixture ratio was achieved in the
fourth approach through use of a liquid/vapor mixing chamber adjacent to the main
supply line pressure regulator. In this concept liquid propellant supplied from
APS storage tanks was mixed with vapor extracted from the main engine tanks.

Liquid inflow to the mixer was controlled using a cavitating venturi throttle

valve which maintained nearly constant mixer inlet pressure. As APS engine pro-
pellant demand and main engine tank pressure and temperature varied during the
mission, liquid flow to the mixer was throttled to maintain constant downstream
vapor temperature, thus ensuring constant vapor density at the engine injector inlet.
This concept permitted the engines to operate at near—optimum design conditions
throughout the mission, and reduced the vapor extraction rate from the main engine
tanks. In this manner minimum main engine tank pressure was maintained with lower
resupply propellant energies compared with the other flow control concepts.

4.2,2 Booster Propellant Flow Control - Studies presented in Appendix E

demonstrated that total booster APS impulse requirements could be satisfied com-
pletely using residual propellant vapors trapped in the main engine tanks following
boost, thus eliminating the need for propellant resupply (mass addition). For this
reason, only three concepts were considered for propellant flow control;
(1) a simple blowndown concept, wherein no control was exercised over
engine inlet conditions;
(2) a regulator concept employing differential pressure regulators
in the individual engine feedlines; and
(3) a regulator concept employing main supply line pressure regulators
adjacent to the main engine tanks.
This third approach was subsequently ruled out during booster APS screening studies
due to excessive weight penalty associated with pressure regulators and propellant
distribution lines.

4.3 Propellant Thermal Conditioning - Studies presented in Appendix C showed

that thermal conditioning of orbiter main engine tank resupply propellant was
necessary to maintain tank temperatures and pressures above levels needed to
sustain required engine thrust. Two concepts were evaluated for superheating the

propellant prior to injection into the main engine tank;
4-5
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(1) an active approach using a heat exchanger/gas generator assembly;
and
(2) a passive approach employing a heat-sink type heat exchanger.
Both are illustrated in Figure 4-3. Energy for the active concept was supplied by
a bipropellant gas generator, whereas energy required by the passive concept was
provided by the internal energy of the orbiter external structure (mass and internal
energy) and the incidental solar radiant energy flux. These two concepts were
evaluated in Appendix C for each of the three orbiter mission timelines, and the
following conclusions were reached:
(1) For the all-maneuver mission (i.e., when the APS performs all post-
separation maneuvers), passive heat exchanger weight and vehicle
surface area requirements were prohibitive. Only the active heat
exchanger concept, therefore, was considered practical for this
mission.
(2) For low and intermediate maneuver missions (i.e., those for which
the APS performs all +X axis maneuvers of 10 ft/sec or less, and all -
+X axis maneuvers of 50 ft/sec or less) both active and passive
conditioning concepts were welght competitive. Thus both were con-
sidered attractive candidates.

4.4 Engine Assemblies and Subsystem Components - Preliminary design and

operational analyses of engine assemblies and major subsystem components were alsc
conducted to define component baselines for Subtask A subsystem trade studies.
Results of these analyses are presented in Appendix D, and include a description
of the selected components, parametric weight and performance data used for APS
modeling. Concept selections for the primary subsystem components are summarized
below.

The selected engine concept consists of a coaxial element injector, fuel film
cooled thrust chamber, electrical spark igniter, and diaphragm type propellant
control valves. The gas generator assembly concept employs a cylindrical com-
bustion chamber, a coaxial element injector similar to that for the engine, and
electro-pneumatically actuated poppet propellant control valves. The basic
active heat exchanger concept selected for both the H2 and 02 propellant networks

was a concentric helical tube and shell design, using hot combustion gases from

the gas generator assembly to heat propellant flowing in the tubes. The approach

4-6
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selected for gaseous propellant pressure regulation was an iris-type pressure

regulator, employing a series of overlapping segments moved to control propellant

flow area (a concept similar to the aperture of a camera).

4.5 Residual Propellant Utilization - An important feature of the low pres-
sure APS concept is its potential use of main engine tank residual propellant vapors
and liquids trapped in tanks and propellant feedlines following boost. An evaluation
of the usability of propellant vapors in the tank is relatively straightforward;
it is based on assumed thermal environments and inventory of tank pressures and
temperatures during the mission, applying the classical laws for conservation of
mass and energy. A determination of residual liquid propellant usability is far
more complex, however, since it depends upon propellant capillary effects, vehicle
acceleration loads, main engine tank thermal environments, and APS propellant
usage rates. For the purpose of obtaining a reasonably simple, but realistic
model for predicting residual liquid vaporization rates, orbital flight data from
Saturn IV and IVB flights were correlated to define a vaporization model which
could be applied to the space shuttle. A discussion of this data correlation and
application to the shuttle is presented in Appendix E. Results for the orbiter are
summarized in Figure 4-4. As shown, only a small percentage of available LOX
residual is usable by the APS because APS usage and oxygen boiloff were not
coincident. Most oxygen boiloff was vented before major APS usage was required.
Studies for the booster showed that mission total impulse requirements could be
satisfied entirely using residual propellant vapors, and thus, no propellant
resupply was required.

4.6 Candidate Concept Matrix - The studies discussed in the above paragraphs

reduced the number of potential APS candidates to a manageable number of high value
concepts having competitive characteristics. These are summarized by the matricies
of orbiter and booster concepts shown in Figures 4-5 and 4-6. (More in-depth

concept matricies showing design alternatives considered during APS concept screen-

ing studies are presented in Appendix F).

4-8
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5. CONCEPT SELECTION

APS assembly concepts defined in Figures 4-5 and 4-6 for orbiters and boosters
were compared in order to establish recommended baseline subsystems for subsequent
Subtask B evaluations (Reference (b)). APS assemblies considered were propellant
storage, thermal conditioning, and propellant flow control. To ensure fair and
valid comparison, the candidate concepts were gauged to a common set of criteria
consistent with space shuttle requirements and goals. These selection criteria
were:

1) subsystem weight and volume

2) flexibility to mission changes

3) technology requirements

4) subsystem simplicity, and

5) development program requirements
Weighting applied to each criteria, along with the rationale used to apply the
criteria for concept comparison, is presented in Figure 5-~1.

To facilitate concept comparisons, the orbiter flow control assembly was
considered first, holding the remainder of the system in a baseline configuration.
The reference baseline was a liquid propellant storage assembly and an active heat
exchanger/gas generator thermal conditioning assembly. Having selected a preferred
approach for the propellant flow control function, alternate concepts for propellant
storage and thermal conditioning assemblies were evaluated. Since neither a pro-
pellant storage nor a thermal conditioning assembly was required for the boosters,
concept comparisons were limited to the flow control function only. Baseline APS
schematics, detailed subsystem weight breakdowns, overall subsystem mission opera-
ting characteristics, and subsystem sensitivities to design and mission requirements
were developed for both boosters and orbiters to conclude Subtask A definition
studies, Detailed results are presented in Appendix F. The following paragraphs
discuss these concept evaluation studies and the conclusions derived.

5.1 Propellant Flow Control Concept Selection - Much of the emphasis of the

Subtask A definition study was placed on evaluation of orbiter propellant flow
control concepts, because the flow control technique had a strong impact on engine
performance, propellant thermal conditioning requirements, and total subsystem

capability.

5-1
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SUBTASK A

Orbiter - Prerequisite to comparing orbiter subsystem concepts, APS mission
operation was investigated to identify optimum main engine tank resupply flow
rates, conditioning temperatures, and minimum main engine tank pressures. This
was necessary in order to establish the quantity of propellant which must be
supplied or tanked in addition to the residuals from the main engine tanks to
satisfy APS mission total impulse demands. These studies were conducted for each
candidate orbiter propellant flow control concept.

To clarify the approach employed in performing these studies, an example is
provided in Figures 5-2 through 5-5 for shuttle A orbiter APS using main supply
line pressure regulators for propellant flow control. Initially, simulated mission
duty cycles were analyzed with arbitrarily selected resupply flow rates and con-
ditioning temperatures. This allowed identification of the critical APS mission
phase where minimum main engine tank pressure was attained.

An example mission duty cycle is provided in Figure 5-2(a), where oxygen tank
pressure is plotted as a function of time for the intermediate velocity level
mission (+x axis maneuvers <50 ft/sec). As shown in Figure 5-2(a), the most critical
event occurred approximately 28 hours into mission, where main engine tank pressure
decayed below 24 lb/inza. Using the critical event identified in this manner,
parametric investigation of propellant resupply flow rate and temperature was con-
ducted holding constant the conditions unique to the critical event (i.e. total
impulse, initial main engine tank pressures and temperatures). Figures 5-2(b) and
5-2(c) illustrate how variations in resupply propellant conditioning temperature and
flowrate effect main engine tank pressure during the critical event. For an 02
resupply flowrate equal to the total engine flowrate, Iincreases in resupply
temperature reduced the pressure decay, and hence extended burn time capability.

A similar result was achieved if resupply temperature was held constant and ratio
of resupply to engine flowrate increased. The problem, therefore, was to identify
optimum ratio of resupply to engine flowrate, and then establish propellant
conditioning temperature required to maintain tank pressure above a minimum pres-
cribed level.

To find the optimum propellant resupply ratio, its effect on total propel-
lant requirements was investigated. Using the critical event of Figure 5-2(a),

Figure 5-3(a) defines the minimum conditioning temperature required to sustain

a final tank pressure of 20 1b/in2a (an arbitrary pressure level for illustration)

as a function of resupply ratio. The results were substantially similar
5-3
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»

to those shown previously in Figure 5-2(c) (i.e., as resupply ratio was increased,
required conditioning temperature was decreased). Figure 5-3(b) relates resupply
ratio to total propellant requirement. In this example, the corresponding minimum
conditioning temperatures defined in Figure 5-3(a) were employed with each resupply
ratio. As shown, minimum total propellant weight was achieved for a ratio of
resupply to engine flowrate of unity. This occurred because as resupply ratios
were decreased below unity, conditioning temperature was increased in order to
sustain tank pressure above 20 lb/inza. This, in turn, resulted in greater con-
ditioning assembly weight penalties. Conversely, as resupply ratios were increased
above unity, main engine tanks became overcharged and were subsequently vented to
avoid overpressure. Whereas, the above results were obtained using a main supply
line pressure regulator, identical results were obtained for the other flow control
concepts. Therefore, for each of the four candidate flow control concepts, a
resupply to engine flowrate ratio of unity was employed for concept comparisons.
With an identification of the critical event for each orbiter APS mission,
and a definition of the optimum ratio of resupply to engine flowrate, conditioning
temperatures required to sustain a final prescribed tank pressure during the
critical event were established. Results for orbiter A are shown in Figure 5-4,
where final main engine tank pressure is plotted as a function of conditioning
temperature. The effect of main engine tank final pressure on overall APS weight
is presented in Figure 5-5 for orbiter A. As shown, minimum subsystem weight was
achieved at a final tank pressure of approximately 22.5 lb/inza for low and inter-
mediate velocity level missions. However, for the high maneuver velocity mission,
minimum subsystem weight would be achieved well below 20 1b/in2a. For the purpose
of providing a consistent reference, a design tank pressure of 20 lb/inza and the
corresponding conditioning temperature were selected for the three mission
velocity levels, except for those cases where higher conditioning temperatures
were required to sustain main engine tank temperatures above the minimum allowable
engine inlet temperatures. A tabulation of selected conditioning temperatures for
each of the four candidate flow control concepts for orbiter A is provided in
Figure 5-6. These conditining temperatures, and a ratio of resupply to engine
flowrate of unity, were employed to define mission performance (engine thrust and
mixture ratio) variations and impulsive propellant requirements. Each of the
four flow control concepts were evaluated using computer simulations of the three

orbiter mission duty cycles. Results of these simulations are also tabulated in v
5-6
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ENGINE PROPELLANT
REQUIREMENT
( % OF TOTAL ) 90.11| 85.42183.75 | 90.11§ 85.42 |83.75 | 90.11| 85.42]83.75 | 96.8 |94.18 |89.58
RELATIVE SUBSYSTEM WT |1.048 {1.051 l1.041 |1.099 [ 1.068 |1.047 |1.085 | 1.061 1.0 1.0 1.0

1.045

9-S 3¥N9I4

FLOW CONTROL PERFORMANCE COMPARISON

o ORBITER A
o O/F = 3.0

o RESUPPLY W = ENGINE W

¥RESUPPLY CONDITIONING TEMPERATURE SELKCTED TO INSURE Hy AND O, ENGINE
INLET TEMPERATURES ARE MAINTAINED ABOVE 200°R, AND 300°R RESPECTIVELY .
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Figure 5-6, in terms of required conditioning temperatures, gas generator propellant,
engine propellant, and relative subsystem weight. As shown, propellant conditioning
was required in all cases except hydrogen resupply for low maneuver level, comnstant
density control. In that case, sufficient hydrogen conditioning was achieved by
main engine tank wall-to-vapor heating.

The constant density approach affords lowest subsystem weight. This results
from constant engine performance at optimum design conditions, and from reduced
weight of the thermal conditioning assembly. Less gaseous propellant is extracted
from the main engine tank since much of the total propellant flow is supplied as
liquid to a liquid-vapor mixer for control of engine inlet temperature. This, in
turn, reduces resupply flow and energy requirements for maintaining tank pressure,
consequently, heat exchanger size and gas generator propellant demand are reduced.
An additional advantage attributed to reduced thermal conditioning requirements is
greater capability in terms of engine thrust, mission total impulse and maximum
single-burn AV. Increases in these parameters can be accommodated for less sub-
system weight pemalty than for other flow control concepts. Results of the
comparison for each of the four candidate orbiter flow control concepts applying
previously established selection and weighting criteria, are shown in Figure 5-7.
Because of minimum subsystem weight and greater mission flexibility, the constant
density concept was selected as the preferred flow control approach.

Booster - Since the boosters do not require propellant resupply, only two
flow control concepts were compared: a simple blowdown concept, and a pressure
regulated concept using differential regulators for individual engine assemblies.
Simulated mission operational characteristics of both concepts are compared in
Figure 5-8 for booster A. As shown, the concepts afforded equivalent performance.
Final main engine tank pressures and total engine thrust were practically identical,
and engine mixture ratio remained relatively constant. Comparison of these con-
cepts applying the selection criteria is presented in Figure 5-9. Because of
minimum subsystem weight, inherent design/operational simplicity, and acceptable
flexibility to mission requirements, the blowdown concept was selected for both
space shuttle boosters.

5.2 Orbiter Propellant Storage and Thermal Conditioning Concept Selection -

Following selection of the constant density propellant flow control scheme, candi-
date propellant storage and thermal conditioning options were compared. To

provide valid comparisons, each subsystem concept was weight-optimized on the »
5-10
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MASS SUPPLY LINE THRUSTER CONST
SELECTION FACTORS ADDITION REGULATOR REGULATOR | DENSITY
TECHNOLOGY (20%)
— HARDVARE TECHNOLOGY EXTENSION (10) 10 6 8 5
- ANALYTICAL VERIFICATION (6) 6 6 6 IA
— DEMONSTRATED CONCEPT (4) 4 3 3 1
(20) (15) (17) (10)
SIMPLICITY (15%)
- NO. COMPONENTS (5) 5 3 1 2
- OPERATIONAL COMPLEXITY (5) 5 3 L 2
- SUBSYSTEM INTEGRATION (3) 3 2 2 2
- CONTROL REQUIREMENTS (2) 2 1 2 0
(15) (9) (9) (6)
WEIGHT AND VOLUME (25%)
- WEIGHT (1 PER 100 LB) 20 17 18 25
- VOLUME (1 PER 60 FT3)
(20) (17) (18) (25)
MISSION FLEXIBILITY (25%)
~ SENSITIVITY TO THRUST LEVEL (10) 3 5 7 10
- SENSITIVITY TO MAX. aVv (6) 0 2 3 6
- SENSITIVITY TO TOTAL IMPULSE (5) 3 3 3 5
- OPER. CONSTRAINTS, TIME 0 1 2 3
BETWEEN BURNS (4)
(6) (11) (15) (24)
DEVELOPMENT (15%)
- REQ'D COMPONENT DESIGN MARGINS (5) 0 2 4 5
- ENVIRONMENTAL SIMULATION (5) 2 4 5 L
- INTEGRATED TEST REQUIREMENTS (3) 1 2 3 1
- FACILITY REQUIREMENTS (2) 2 2 2 2
(5) (10) (14) (12)
TOTAL 66 62 73 77

y SELECTED

SELECTION OF FLOW CONTROL CONCEPT

1L61 AYVNINVT 62
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1

BOOSTER A BOOSTER B
BLOWDOWN REGULATED BLOWDOWN REGULATED
TECHNOLOGY (20 POINTS)
HARDWARE TECHNOLOGY EXTENSION (10) 8 7 8 7
PROPELLANT ACQUISITION (10) 10 10 10 10
(18) an (18) Qa7
SIMPLICITY (15 POINTS)
NUMBER OF COMPONENTS (6) 5 2 5 2
OPERATIONAL COMPLEXITY (6) 5 3 5 3
INTEGRATION COMPLEXITY (3) 3 2 3 2
FLEXIBILITY (25 POINTS) a3 7 (13) (7
SENSITIVITY TO THRUST LEVEL (12) 12 10 12 10
SENSITIVITY TO ENTRY TIME (8) 6 8 6 8
SENSITIVITY TO BOOST HEATING (3) 3 3 3 3
SENSITIVITY TO LIQUID RESIDUALS (2) 1 2 1 2
(20) (23) (22) (23)
WEIGHT AND VOLUME (25 POINTS)
240 LB (1PT) 25 22 25 20
(25) (22) (25) (20)
DEVELOPMENT (15 POINTS)
ENVIRONMENTAL SIMULATION (6) 4 5 4 5
INTEGRATED TEST REQUIREMENTS (6) 6 6 6 6
FACILITY REQUIREMENTS (3) 2 2 2 2
(12) (13) (12) (13)
TOTAL POINTS 90 82 90 80

6=6 3¥N9I4

BOOSTER APS CONCEPT COMPARISON
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basis of engine chamber pressure, mixture ratio, nozzle expansion ratio, and main
engine tank pressures, then analyzed to determine sensitivity to engine thrust and
mission total impulse. Results of these subsystem weight optimizations and sen-
sitivity analyses are presented in Appendix F, along with detailed subsystem
schematics. These data permitted quantitative comparison of propellant storage
and thermal conditioning concepts. Summaries of detailed concept comparisons are
tabulated in Figures 5-10 through 5-13 for orbiters A and B, at both low (+X axis
maneuvers <10 ft/sec) and intermediate (+X avis maneuvers < 50 ft/sec) mission
velocity levels.

Based on these comparisons, a specific propellant storage and thermal con-
ditioning concept was recommended for each orbiter and mission velocity require-
ment.

Referring to Figures 5-10 and 5-11 for orbiter A, and Figures 5-12 and 5-13
for orbiter B, it is seen that the liquid storage concept offered a clear advan-
tage in all categories of comparison, with the exception of technology requirements
for the low maneuver level mission, and was an obvious selection for the orbiters
at both low and intermediate mission velocity levels.

The choice among candidate thermal conditioning assemblies was less obvious
than that for the propellant storage state, particularly for intermediate maneuver
level missions. Figures 5-10 and 5-12 (for low maneuver level missions) demonstrate
the advantages of passive conditioning in the categories of technology, simplicity,
and subsystem weight. In terms of subsystem technology, the passive concept
possessed a clear advantage, since the heat exchanger was designed to accomodate
only a single low temperature fluid. Furthermore, subsystem start-up sequencing
was simpler and there were fewer assembly components. These factors were judged to
override reduced environmental sensitivity and non-integrated subsystem testing
afforded by the active concept. For intermediate maneuver level missions
(Figures 5-11 and 5-13 for orbiters A and B, respectively) passive conditioning
simplicity was compromised by additional integration complexity caused by the
larger heat exchanger surface area. In addition, the design was more sensitive
both to maximum velocity increment and to time required for vehicle surface
temperature recovery. Based on these considerations, active and passive condition~
ing concepts were rated essentially even for intermediate maneuver level missions
with the active conditioning concept possessing a slight point advantage due to

ease of vehicle integration.

5-14
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' PASSIVE ACTIVE
ON CRITERIA : -
SELECTI SUPERCRITICAL| LIQUID SUPERCRITICAL| - LIQUID
TECHNOLOGY (20 POINTS)
HARDWARE TECHNOLOGY EXTENSION (10) 7 8 4 5
PROPELLANT ACQUISITION (10) 7 6 7 S
(14) (14) (11) (10)
SIMPLICITY (15 POINTS)
NUMBER OF COMPONENTS (5) 4 5 2 3
OPERATIONAL COMPLEXITY (5) 4 5 1 2
INTEGRATION COMPLEXITY (3) 2 3 3 3
CONTROL REQUIREMENTS (2) 1 2 1 2
(11) (15) (7 (10)
FLEXIBILITY ( 25 POINTS)
OPERATING CONSTRAINTS (10) 8 8 9 9
SENSITIVITY TO MAX AV BURN (5) 3 3 4 4
SENSITIVITY 'O THRUST LEVEL (5) 2 5 2 5
SENSITIVITY TO TIME BETWEEN BURNS (3) 1 2 3 3
SENSITIVITY TO TOTAL IMPULSE (2) 1 2 1 1
(15) (20) (19) (22)
WEIGHT AND VOLUME (25 POINTS)
80 LB (1PT) 17 25 12 24
60 CU FT (1PT) 0 0 0 0
Qan (25) (12) (24)
DEVELOPMENT (15 POINTS)
ENVIRONMENTAL SIMULATION (6) 3 A 4 5
INTEGRATED TEST REQUIREMENTS (6) 3 3 5 5
FACILITY REQUIREMENTS (3) 2 2 1 3
(8) (9 (10) (13)
TOTAL (65) 83) ¢ (59) (79)

J SELECTED

SYSTEM CONCEPT COMPARISON (P/T CONTROL)

o ORBITER A

AV €10 FT/SEC
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PASSIVE ACT®VE
SUPERCRITICAL LIQUID SUPERCRITICAL LIQUID
TECHNOLOGY (20 POINTS)
HARDWARE TECHNOLOGY LXTENSION (10) 7 8 4 5
PROPELLANT ACQUISITION (10) 4 6 4 5
(11) (14) (8) (10)
SIMPLICITY (15 POINTS)
NUMBER OF COMPONENTS (5) 4 5 2 3
OPERATIONAL COMPLEXITY (5) 4 5 1 2
INTEGRATION COMPLEXITY (3) 2 1 3 3
CONTROL REQUIREMENTS (2) 1 1 1 2
(11) 2) () (10)
FLEXIBILITY (25 POINTS)
OPERATING CONSTRAINTS (10) 6 8 7 9
SENSITIVITY TO MAX AV BURN (5) 3 2 4 4
SENSITIVITY TO THRUST LEVEL (5) 2 5 2 5
SENSITIVITY TO TIME BETWEEN BURNS (3) 1 1 3 3
SENSITIVITY TO TOTAL IMPULSE (2) 1 2 1 1
(13) (18) (17) (22)
WEIGHT AND VOLUME (25 POINTS)
80 LB (1PT) 23 25 18 24
60 CU FT (1PT) 0 0 0 0
(23) (25) (18) (24)
DEVELOPMENT (15 POINTS)
ENVIRONMENTAL SIMULATION (6) 2 4 3 5
INTEGRATED TEST REQUIREMENTS (6) 2 3 4 5
FACILITY REQUIREMENTS (3) 2 2 1 3
(6) (9) (8) (13 f
TOTAL POINTS 64 78 58 79 '7

o SELECTED

SYSTEM CONCEPT COMPARISON

ORBITER A
AV<50 FT/SEC

(P/T CONTROL)
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PASSIVE ACTIVE
SELECTION CRITERIA SUPERCRITICAL LIQUID SUPERCRITICAL LIQUID
TECHNOLOGY (20 POINTS)
HARDWARE TECHNOLOGY EXTENSION (10) 7 8 4 5
PROPELLANT ACQUISITION (10) 7 6 7 5
4) (14) (11) (10)
SIMPLICITY (15 POINTS)

NUMBER OF COMPONENTS (5) 4 5 2 3
OPERATIONAL COMPLEXITY (5) 4 5 1 2
INTEGRATION COMPLEXITY (3) 2 3 3 3
CONTROL REQUIREMENTS (2) 1 2 1 2
(11) (15) (7) (10)

FLEXIBILITY (25 POINTS)
OPERATING CONSTRAINTS (10) 8 8 9 9
SENSITIVITY TO MAX AV BURN (5) 3 3 4 4
SENSITIVITY TO THRUST LEVEL (5) 2 5 2 5
SENSITIVITY TO TIME BETWEEN BURNS (3) 1 2 3 3
SENSITIVITY TO TOTAL IMPULSE (2) 1 2 1 1
(15) (20) (19) (22)
WEIGHT AND VOLUME (25 POINTS) 9 25 5 24
80 LB (1PT) 0 0 0 0
60 CU FT (1PT) (9) (25) (5) (23)

DEVELOPMENT (15 POINTS)
ENVIRONMENTAL SIMULATION (6) 3 4 4 5
INTEGRATED TEST REQUIREMENTS (6) 3 3 5 5
FACILITY REQUIREMENTS (3) 2 2 1 3
(8) (9) (10) (13)
TOTAL (57) (83)/ (48) (78)

YSELECTED

SYSTEM CONCEPT COMPARISON (P/T CONTROL)
' o ORBITER B
AV<10 FT/SEC

v ¥svians

SdV 3YNSS3¥d MOT

LL61 AYVONVT 62
£0£03 DQW LY0d3Y



8l-§

ABVE * ANVANWNOD STIANUVNONLSY SVIDNOT TTINNOAIOW

PASSIVE ACTIVE
SELECTION CRITERIA SUPERCRITICAL | LIQUID SUPERCRITICAL LIQUID
TECHNOLOGY (20 POINTS)
HARDWARE TECHNOLOGY EXTENSION (10) 7 8 4 5
PROPELLANT ACQUISITION (10) 4 6 4 5
(11) (14) (8) (10)
SIMPLICITY (15 POINTS)
NUMBER OF COMPONENTS (5) 4 5 2 3
OPERATIONAL COMPLEXITY (5) 4 5 1 2
INTEGRATION COMPLEXITY (3) 2 1 3 3
CONTROL REQUIREMENTS (2) 1 1 1 2
(11) (12) (7 (10)
FLEXIBILITY (25 POINTS)
OPERATING CONSTRAINTS (10) 6 8 7 9
SENSITIVITY TO MAX AV BURN (5) 3 2 4 4
SENSITIVITY TO THRUST LEVEL (5) 2 5 2 5
SENSITIVITY TO TIME BETWEEN BURNS (3) 1 1 3 3
SENSITIVITY TO TOTAL IMPULSE (2) 1 2 1 1
(13) (18) a7 (22)
WEIGHT AND VOLUME (25 POINTS) 17 25 9 25
80 LB (1PT) 0 0 0 0
60 CU FT (1 PT) (17) (25) (9) (25)
DEVELOPMENT (15 POINTS)
ENVIRONMENTAL SIMULATION (6) 2 4 3 5
INTEGRATED TEST REQUIREMENTS (6) 2 3 4 5
FACILITY REQUIREMENTS (3) 2 2 1 3
(6) 9 (8) (13)
TOTAL POINTS 58 78 49 80v

€1—6 33Nn914

v SELECTED

SYSTEM CONCEPT COMPARISON

ORBITER B
AV<50 FT/SEC

(P/T CONTROL)

v aisvians
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Propellant storage and thermal conditioning options were not compared for
high maneuver level missions, wherein all translational maneuvers were performed
by the APS, since studies of Appendix C showed a large advantage in favor of
liquid storage and active thermal conditioning for this mission.

5.3 Baseline Subsystems - Based on the foregoing concept comparison and

selection, recommended baseline subsystems were defined and are shown schematically
in Figures 5-14 through 5-16. Component redundancy was incorporated to comply with
mission failure constraints, which specify that the APS be fully operational after
one component failure and provide a safe reentry after two component failures.
Orbiter APS design characteristics and weight breakdowns are tabulated in Figures
5-17 through 5-22 for all three mission velocity levels. Similar data for the
booster are presented in Figures 5-23. 1In addition, substantiation of subsystem
performance is provided by Figures 5-24 through 5-31, which show histories for

main engine tank pressure, engine thrust, and mixture ratio during simulated mission
duty cycles. (0Off-design mixture ratio and thrust excursions, which occurred in

the orbiter low and intermediate velocity level missions, resulted when tank

2a;) Finally,

each candidate orbiter subsystem was analyzed to determine sensitivity to changes

pressure decayed below the design regulator outlet pressure of 20 1b/in

in vehicle design and mission requirements. This ensured that recommended concept
selections would not be invalidated by later vehicle changes. The possible changes
investigated were:

1) eliminating the fail-operational reliability requirement

2) doubling the attitude acceleration requirements

3) allowing no engine penetration of the heat shield

4) reducing main engine tank pressure, and

5) eliminating main engine tank residual liquids available for APS usage.
The effect of these alternate constraints on subsystem design is tabulated in
Figure 5-32. Subsystem linear weight sensitivities to these alternate constraints
are presented in Figures 5-33 and 5-34 for orbiters A and B, respectively. These
results indicated recommended baseline selections were valid over the expected

range of shuttle design and mission requirement variations.
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ORBITER A ORBITER B
02 Hp 0s

PROPELLANT STORAGE AND PRESSURIZATION

PROPELLANT WEIGHT, LB 24,06. 1037. 3112.

PROPELIANT STORAGE STATE LIQUID LIQUID LIQUID

PRESSURIZATION TYPE AUTOGENOQUS REGULATED AUTOGENQUS REGULATED

PROPELLANT SUPPLY PRESSURE,: IB/IN?A | (COMERESSOR) — HELIUM (COMPRESSOR) HﬁiigM

TANK VOLUME, FT3 2?3. L6.
PROPELLANT THERMAL CONDITIONING

HEAT EXCHANGER TYPE PASSIVE PASSIVE PASSIVE

MAXIMUM DESIGN FLOWRATE, LB/SEC 4.2 1.5 6.36

OUTLET PROPELLANT TEMPERATURE, °R 176. 122, 182.

(AT MAXIMUM FLOWRATE)

(SAT. VAPOR)

(504 QUALITY)

MAIN ENGINE TANKS

ABYVT * ARVASROD SIILNUVNCHLSY SYTONOUG TIINNOTIN

INITIAL PRESSURE, LB/IN A 33. 4L1. 4L1.

INITIAL TEMPERATURE 300. 300. 300.

OPERATING PRESSURE RANGE LB/INZA 43.-19.9 33.-18.4 41.-16.6 L41.-16.

OPERATING TEMPERATURE RANGE °R 299.-525, 527.-248 524 .-233.
PROPELIANT FLOW CONTROL CONSTANT CONSTANT CONSTANT CONSTANT

FLOW CONTROL TYPE DENSITY DENSITY DENSITY DENSITY

GAS SIDE REGULATED PRESSURE, 2LB/IN A 20. 20. 20. 20.

LIQUID INLET PRESSURE, LB/IN A . 30. 30. 30.

LIQUID INLET TEMPERATURE °R SAT.LIQUID  SAT.LIQUID SAT.LIQUID SAT.LIQUID

MIXER OUTLET TEMPERATURE, °R 300. 300. 300.
DISTRIBUTION SUBSYSTEM AND ENGINES

MAXIMUM FEEDLINE DIAMETER, IN 5.3 7.4 7.0

MAXIMUM FEEDLINE LENGTH, FT 69.0 124.0 124.0

MAXIMUM PROPELLANT FLOWRATE, LB/SEC 5.05 3.3 9.9

MAXIMUM NUMBER OF ENGINES FIRING 5. 5.,

DESIGN ENGINE THRUST, LB 500. 1000.

DESIGN INJECTOR INLET PRESS., LB/IN A 15.3 15.8

DESIGN CHAMBER PRESSURE, LB/IN A 13.3 13.8

DESIGN MIXTURE RATIO 3. 3.

EXPANSION RATIO 8. 8.

A1
L1-6 3¥NII4

ORBITER APS BASTCLINE DESIGN SUMMARY

[+}

+X AXIS MANEUVERS < 10 FT/SEC
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a

ORBITER A ORBITER B

PROPELLANT STORAGE AND PRESSURIZATION Hp 02 .o Hy 0,
PROPELLANT WEIGHT, LB 2019. 5627. 2534, 6861.
rrovLi Sroct smos G, S, | JD. et
PRESSURIZATION TYPE -

PROPELLANT SUPPLY PRESSURE, LB/IN2A |(COMPRESSOR) HELIUM | (COMPRESSOR) ~ HELIUM
TANK VOLUME, FT3 486. 8. 611. 102.

PROPELLANT THFRMAL CONDITIONING
HEAT EXCHANGER TYPE ACTIVE ACTIVE ACTIVE ACTIVE
MAXIMUM DESIGN FLOWRATE, LB/SEC 0.95 L.2 1.9 8.8
OUTLET PROPELLANT TEMPERATURE, °R 100. 265. 226. 190.

(AT MAXTMUM FLOWRATE)

MAIN ENGINE TANKS |
INITIAL PRESSURE, LB/INZA 43. 33. 41. L1.
INITIAL TEMPERATURE, °R 200, 300. 300. 300.
OPERATING PRESSURE RANGE, LB/IN°A | 43.-17.0 033.-19.2 | 41.217.2 41.-17.6
OPERATING TEMPERATURE RANGE, °R  |200.-528. 299.-52. | 259.-526.  265.-523.

PROPELLANT SLOU CONTAOL CONSTANT CONSTANT | CONSTANT  CONSTANT
FLOW CONTROL TYPE
GAS SIDZ REGUIATED PRESSURE, r8/Iv?s DERSITY DENSITY | DENSITY DENSTTY
LIQUID INLET PRESSURE, LB/INZA 0. . 30, 30 30
LIQUID INLET TEMPERATURE, °R SAT. LIQUID  SAT. LiQuID| sAT.”LiQUID  SAT. LIQUID
MIXER OUTLET TEMPERATURE, °©R 200. 300. 300. 300.

DISTRIBUTION SUBSYSTIM AND ENGINES -

MAXIMUM FEEDLINE DIAMETER, IN 5.5 5.2 7.4 7.0
MAXTIUM FESLINE LENGTH, FT 69. 69 124, 124
MAXIVMUM PROPELLANT FLOWRATE, LB/SEC|  1.67 - 5.0 3.3 9.9
MAXIMUM NUHBER OF ENGINES FIRING 5. 5.
DESIGN ENGINE THRUST, LB A 500. 1000.
DESIGN INJECTOR INLET PRESS., LB/INA 15.4 15.9
DESIGN CHAIBER PRESSURE, LB/INZA 13.4 13.9
DESIGN MIXTURE RATIO 3. .
EXPANSIGN RATIO 10. 10.

ORBITER APS BASELINE DESIGN SUMMARY

°© +4X AXIS MANFUVERS < <0 FT/SEC

visvians
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ORBITER A OKBITER B
K™ 0, H, 0,
PROPELLANT STORAGE AND PRESSURIZATION
PROPELLANT WEIGHT, LB 10643. 28029, 12526, 32538.
PRESSURIZATION TYPE N0 LGULAT N y
PROPELLANT SUPPLY PRESSURE, LB/IN%A (colémol}mson) nz}«:gml (coxmzafson) HE%UM
TANK VOLUME, FT3 2565. 118, 3019, 485.
PROPELLANT THERMAL CONDITIONING
HZAT EXCHANGIR TYPE ACTIVE ACTIVE ACTIVE ACTIVE
MAXT{UM DESIGN FLOWRATE, LB/SEC 1.2 L.3 2.2 9.5
OUTLET PROPELLANT TLMPERATURE, °R 236. 328, 288, 266.
(AT MAXL{UM FLOWRATE)
MAIN ENGINE TANKS 5
INITIAL PRESSURE, LB/IN"A L3. 33. L1, L1,
INITIAL TEMPERATURE, °R 200. 300. 300. 300,
OPERATING PRESSURE RANGE, LB/IN2A 43.-20.3 33.-20.5 41.-19.9 41.-19.8
OPERATING TEMPERATURE RANGE, °R 200.-529, 200.-529, 296.-526. 290.~523.
PROPEL“‘?‘,T LLOW, CONTROL CONSTANT CONSTANT CONSTANT CONSTANT
FLOW CONTROL TIPE 2. | DENSITY DENSITY DENSITY DENSITY
GAS SIDE REGULATED PRESSURE, LB/INA 20, 20. 20 20
LIQUID INLET PRESSURE, LB/IN?A 30. 30. 30, 0.
LIQUID INLET TEMPERATURE, °R SAT.LIQUID  SAT.LIQUID SAT.LIQUID  SAT.LIQUID
MIXER OUTLET TEMPERATURE, °R 200. 300, 300. 300.
DISTRIBUTION SUBSYSTEM AND ENGINES -
MAXIMUM FEGDLINE DIAMETER, IN 5.52 5.15 7.4 7.0
MAXIMUM FEEDLINF LENGTH, FT 69.0 69.0 124.0 12,.0
MAYIIUM PROPELLANT FLOWRATE, 1B/SEC 1.67 5.00 3.3 9.9
MAXIMUM NUMBER OF ENGINES FIRING 5, 5.
DESIGN ENGINE THRUST, LB 2 | 500. 1000.
DESIGN INJECTOR INLET PRESS., LB/IN“A 15.4 15.9
DESIGN CHAMBER PRESSURE, LB/IN2A 13.4 13.9
DESIGN MIXTURE RATIO 3. 3.
EXPANSION RATIO 10. 10.

ORBITER APS BASLLINE DESIGN SUIMARY

° ALL MANEUVERS
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LOW PRESSURE APS REPORT MDC EO0303

SUBTASK A 29 JANUARY 1971
APS WEIGHT ORBITER A ORBITER B
PROPELLANT
HYDROGEN (Hz) 802 1037
OXYGEN  (03) 24,06 3112
HYDROGEN TANK
PRESSURIZATION SYSTEM 122 128
TANK AND INSULATION 208 249
SCREEN 38 L7
OXYGEN TANK
PRESSURIZATION SYSTEM 17 23
TANK AND INSULATION 105 120
SCREEN 13 15

THERMAL CONDITIONING
GAS GENERATOR (H,)
GAS GENERATOR (03)

HEAT EXCHANGER (H.) 173

HEAT EXCHANGER (03) 280 413
DISTRIBUTION SYSTEM

LINES 406 450

CONTROLS (VALVES & REGS) 662 875
ENGINES 1613 2092

TOTAL 6672 8734

SUBSYSTEM WEIGHT SUMMARY '
® (CONSTANT DENSITY FLOW CONTROL

® LIQUID STORAGE/PASSIVE CONDITIONING

° =10 FPS

FIGURE 5-20
5-26

AMCDONNELL DOUGLAS ASTRONAUTICS COMPANY « EAST



LOW PRESSURE APS REPORT MDC E0303

SUBTASK A 29 JANUARY 1971
APS WEIGHT ORBITER A ORBITER B
PROPELLANT
HYDROGEN (H2) 2019 2534
OXYGEN (02) 5627 6861
HYDROGEN TANK
PRESSURIZATION SYSTEM 146 154
TANK AND INSULATION 421 487
SCREEN T 86
OXYGEN TANK
PRESSUFIZATION SYSTEM 37 50
TANK AND INSULATION 167 187
SCREEN 22 25

THERMAL CONDITIONING

GAS GENERATOR (Hz)} L5 53
GAS GENERATOR (02)

HEAT EXCHANGER (1{2) 128 269
HEAT EXCHANGER (0,) 255 277

DISTRIBUTION SYSTEM

LINES 405 451
CONTROLS (VALVES & REGS) 686 910
ENCINES 1703 2206
TOTAL 1735 14550

SUBSYSTEM WEIGHT SUMMARY

CONSTANT DENSITY FLOW CONTROL
LIQUID STORAGE/ACTIVE CONDITIONING

<50 FPS
FIGURE 5-21

5-27
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SUBTASK A 29 JANUARY 1971
APS WEIGHT ORBITER A ORBITER B
PROPELLANT
HYDROGEN (Hz) 10643 12526
OXYGEN (02) 28029 32538
HYDROGEN TANK
PRESSURIZATION SYSTEM 252 235
TANK AND INSULATION 1850 2016
SCREEN 220 2L5
OXYGEN TANK
PRESSURIZATION SYSTEM 180 234
TANK AND INSULATION 422 L64
SCREEN 65 72
THERMAL CONDITIONING
GAS GENERATOR (H2) L9 59
GAS GENERATOR (02)
HEAT EXCHANGER (HZ) 178 340
HEAT EXCHANGER (02) 278 326
DISTRIBUTION SYSTEM
LINES 405 L51
CONTROLS (VALVES & REGS) 686 910
ENGINES 1703 2206
TOTAL 44,960 52622
SUBSYSTEM WEIGHT SUMMARY
© CONSTANT DENSITY FLOW CONTROL
® LIQUID STORAGE/ACTIVE CONDITIONING
¢ ALL MANEUVERS
FIGURE 5-22

5-28
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_BOOSTER A _BOOSTER B_
Hy 0, H, 0,
° MAIN ENGINE TANKS
INITIAL PRESSURE, LB/IN?A 4L3. 33. 41. 26.
INTTIAL TEMPERATURE, °R 200. 300. 300. 300.
CPERATING PRESSURE RANGE, LB/INA 43.-36.2  33.-27.9 41.-33.4 26.-21.3
OPERATING TEMPERATURE RANGE, °R 200.-210.  300.-310 300.-311. 300.-310.
° DISTRIBUTION SUBSYSTEM AMD ENGINES
MAXTMUM FEEDLINE DIAMETER, IN 7.1 7.5 6.9 7.2
MAXTMUM FEEDLINE LENGTH, FT 76.0 76.0 85.0 85.0
MAXIMUM PROPELIANT FLOWRATE, LB/SEC 8.1 32.4 6.3 25.2
MAXIMUM NUMBER OF ENGINES FIRING 5. 5.
DESIGN ENGINE THRUST, LB 2600. 2000.
DESIGN INJECTOR INLET PRESSURE, LB/IN A 21,. 16.
DESIGN INJECTOR INLET TEMPERATURE, ©R . 200. 300. 300. 300.
DESIGN CHAMBER PRESSURE, LB/IN<A 22, 14.
DESIGN MIXTURE RATIO L. 4.
EXPANSION RATIO 2. 2.
°  SUBSYSTEM WEIGHT
ISOLATION VALVES, LB 367. 392. 324. 348.
FEEDLINES, LB 297. 328. 38L. 122,
ENGINE ASSEMBLIES, LB 1588, 1611.
OVERALL SUBSYSTEM WEIGHT, LB 2972, 3089.

€26 3ANIId

BOOSTER APS BASELINE DESIGN SUMMARY
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SUBTASK A

25

BOOST TANK
PRESSURE LBF/IN

MIXTURE RATIO

3000

R
3

ENGINE THRUST, lbe
)
o
@)
e}

2400

5-30

45

35

25

29 JANUARY 1971

INITIAL TANK VAPOR TEMPERATURES: H2 = 200°R 0, = 300°R
NO PROPELLANT RESUPPLY

BLOWDOWN
-,\-‘
\
=1 —1 2]

\\

'\4\

1 2 3 b 5 6 7
MISSION TIME, MINUTES

VEHICLE A BOOSTER APS OPERATIONAL CHARACTERISTICS

FIGURE 5-24
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o  INITIAL TANK VAPOR TEMPERATURE: 300°R
° NO PROPELLANT RESUPPLY

BLOWDOWN
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CONSTANT DENSITY PROPELLANT FLOW CONTROL
+X AXIS MANEUVERS < 10 FT/SEC
PASSIVE THERMAL CONDITIONING OF O, ONLY
RESUPPLY PROPELIANT TEMPERATURES
H, = 45°R (SATURATED LIQUID)
05 = 182°R (SATURATED VAPOR)
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LOW PRESSURE APS

SUBTASK A

= 100°R
= 265°R

© CONSTANT DENSITY PROPELLANT FLOW CONTROL
H

~ © +X AXIS MANEUVERS < 50 FT/SEC

° ACTIVE THERMAL CONDITIONING
© RESUPPLY PROPELIANT TEMPERATURES

2
2

REPORT MDC EO0303
29 JANUARY 1971
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7%

CONSTANT DENSITY PROPELLANT FLOW CONTROL
+X AXIS MANEUVERS <10 FT/SEC
PASSIVE THERMAL CONDITIONING
RESUPPLY PROPELLANT TEMPERATURES
Hy = 122°R
0, = 181°R (50% QUALITY)
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LOW PRESSURE APS

SUBTASK A

© CONSTANT DENSITY PROPELLANT FLOW CONTROL

° +X AXIS MANEUVERS<50 FT/SEC

o ACTIVE THERMAL CONDITIONING

o RESUPPLY PROPELIANT TEMPERATURES

5-36
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o ORBITER A AND B

o P/T CONTROL

DESIGN CONSTRAINT

_ORBITER A

ORBITER B

BASE

VAR

BASE

FAIL SAFE
NO. OF THRUSTERS
NO. OF VALVES & REGS. (LIQ/PAS)
NO. OF THERMAL COND. SYSTEMS
NO. OF PRESSURIZATION SYSTEMS

DOUBLE ATT. ACCELERATION
THRUST LEVEL, LBS

NO HEAT SHIELD PENETRATION
NO. OF THRUSTERS
/\ IMPULSE, LB-SEC

BOOST TANK PRESSURE
09 MAXIMUM VENT PRESSURE, PSIA
OPTIMUM CHAMBER PRESSURE, PSIA

NO LIQUID RESIDUALS
IMPULSE, LB-SECS <10 FPS
/\ IMPULSE, LB-SECS <50 FPS
/\ IMPULSE, LB-SECS ALL

32
62
3
3

16
32
2
2

134000
198000

378000

28
56

3
3

EFFECT OF ALTERNATE DESIGN CONSTRAINTS ON SUBSYSTEM DESIGN
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LOW PRESSURE APS
29 JANUARY 1971

SUBTASK A
6. CONCLUSIONS AND RECOMMENDATIONS

Numerous conceptual low pressure APS candidates were evaluated for the two
space shuttle configurations defined in Appendix A. The number of potential
candidates was reduced through prerequisite screening studies, and the remaining
concepts compared by applying a common set of criteria consistent with space
shuttle goals and constraints. This resulted in identification of recommended
baseline subsystems for each of two boosters and orbiters. Only one mission time-
line was considered for the booster vehicles, while three distinct timelines were
considered for the orbiters, depending upon the number of +X maneuvers performed
by the APS,

The most important result of booster analysis was that mission total impulse
requirements could be satisfied entirely using residual gaseous propellants con-
tained in the main engine tanks following boost. This eliminated the requirement
for both a propellant storage and a propellant thermal conditioning assembly. In
addition, it was found that satisfactory engine performance could be achieved by
allowing the subsystem to operate in a blowdown mode without exercising any control
over engine injector inlet pressure or temperature.

For orbiter missions it was found that additional propellant (separate from
the residual propellant contained in the main engine tanks) was required to satisfy
APS impulse demands. Storage of this additional propellant as a liquid in separate,
nonrefillable tanks provided the simplest design and was considered superior to
supercritical storage or integral storage with OMS propellant. Moreover, with only
one exception, it was found that thermal conditioning of propellant supplied to
the main engine tanks was necessary to maintain tank pressure and temperature
above the minimum limits required for reliable engine operation. The exception was
the minimum AV mission (i.e., +X Axls maneuvers <10 ft/sec) for shuttle A orbiter,
where it was found that injecting unconditioned liquid hydrogen into the main
engine tank maintained acceptable pressures and temperatures. In all other minimum
AV mission cases, propellant thermal conditioning was best achieved by using pas-
sive heat sink heat exchangers. However, due to prohibitive vehicle surface
area requirements for the passive heat exchanger, an active heat exchanger/gas
generator thermal conditioning assembly was preferred for maximum AV mission (in
which all vehicle maneuvers are performed by the APS), For the intermediate AV

mission (i.e., +X axis maneuvers <50 ft/sec) the passive and active heat exchanger

6-1
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LOW PRESSURE APS REPORT MDC E0393
SUBTASK A 29 JANUARY 1971

concepts were equally competitive. The active approach was rated slightly more
attractive, however, because of its weight advantage, reduced environmental sensi-
tivity, and nonintegrated subsystem test requirements.

Minimum orbiter APS weight and maximum mission flexibility were achieved by
supplying propellant to the engines at constant density, enabling the engines to
operate at constant thrust, and mixture ratio during major burns. This was
achieved by employing a liquid/vapor mixing chamber in the main propellant feedline
where liquid propellant was mixed with gaseous propellant withdrawn from the main
engine tanks. Both liquid and vapor flows were regulated to constant pressure
prior to mixing, and liquid flowrate was throttled as required to maintain constant
mixer outlet temperature. This approach allowed the engine to operate at optimum
design conditions for most of the mission, and reduced thermal conditioning assem-
bly flow and energy requirements.

Primary technology issues pertaining to low pressure APS are summarized in
Figures 6~1 through 6-6, and were recommended for additional in-depth study dur-
ing Subtask B. With regard to engine assemblies major emphasis should be placed on
minimizing chamber and valve weight. Additional design studies are required for
propellant storage to ensure performance of tank insulation following repeated vent
and repressurization cycles, and to devise a surface tension screen propellant
acquisition device which can be tested in a 1 g environment. In the area of pro-
pellant thermal conditioning, the optimal location for a passive heat-sink type heazat
exchanger requires better definition (i.e., vehicle fuselage, wings, or main engine
propellant tanks). The efficiency with which heat may be delivered from a passive
heat exchanger to the propellant fluid should be established, since not all of the
incident radiant energy or sink material internal energy can be usefully emploved.
Also pertinent to the study of propellant thermal conditioning are main engine
tank thermodynamics. Alternate schemes should be investigated to achieve greater
use of residual 1liquid propellant, and nonequilibrium effects such as propellant
stratification should be studied to determine their effect on thermal conditioninz
assembly flow and energy requirements. Finally, in the area of propellant fliow
control, mixing chamber design requirements (i.e., injector orifice size, spray
pattern, mixing length) and control requirements (liquid throttling, regulator

location, and instrumentation) should be determined.

6-2
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DESIGN POINT EVALUATION

SPECIFIED OPERATING REQUIREMENTS WITHIN
FUNCTIONAL LIMITS

THRUSTER PERFORMANCE BASED ON DEMON-

STRATED INJECTOR

MINIMUM IMPULSE BIT OF 15 LB-SEC REQUIRES

FAST PROPELLANT VALVES

KEY TECHNOLOGY AREAS

THRUSTER DESIGN SHGULD STRESS MINIMUM WEIGHT

-~ LIGHTWEIGHT CONSTRUCTION MATERIALS;
BIMETAL JOINTS

- MINIMIZE INJECTOR DIAMETER THROUGH COM-
BUSTION CHAMBER CONTRACTION RATIO TRADEOFF

-~ MINIMIZE COMPONENT FLOW RATE

OPERATING CAPABILITY WITH OFF-NOMINAL INLET

CONDITIONS

- PROPELLANT INLET TEMPERATURE

- PROPELLANT INLET PRESSURE

EVALUATION OF PROPELLANT CONTROL VALVE

ACTUATION

- HIGH FLON AREA VALVES REQUIRE HIGH SEAT
LOADS

- RESPONSE REQUIREMENTS IMPOSE HIGH ACTUATOR

DYNAMIC LOADS

LOW PRESSURE ENGINE TECHNOLOGY REVIEW
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DESIGN EVALUATION

HIGH PERFORMANCE INSULATION
o INSULATION MUST BE REUSABLE

o PRESSURIZED EXTERNAL SHELL ALLOWS THE
USE OF HPI

PRESSURIZATION

o AUTOGENOUS HYDROGEN PRESSURIZATION
PROVIDES SIGNIFICANT WEIGHT REDUCTION

PROPELLANT ACQUISITION

o SCREEN LINERS AND/OR REFILLABLE SCREEN
TANK ASSEMBLIES REQUIRED FOR EFFICIENT
PROPELLANT STORAGE AND USAGE

KEY TECHNOLOGY AREAS

REQUIRES ON ORBIT VENTING AND
REPRESSURIZATION

POTENTIAL CONDUCTIVITY AND REFLECTOR
EMISSIVITY DEGRADATION WITH REPEATED
VENT AND PRESSURIZATION CYCLES, THERMAL
CYCLES AND/OR LONG TERM CORROSION

EVALUATION AND DEMONSTRATION REQUIRED

CONTROL OF TANK THERMODYNAMICS REQUIRED
TO PREVENT EXCESSIVE VENT LOSSES AND/OR
INTERACTIONS WITH PROPELLANT ACQUISITION
SYSTEM.

LARGE DIAMETER AND AREA REQUIREMENTS
EXCEED CURRENT PRODUCTION EXPERIENCE

DEMONSTRATION UNDER 1G AND SIMULATION
OF ZERO G REQUIRED

SCREEN AND LIQUID RESONANT FREQUENCIES
MUST BE MAINTAINED OUTSIDE OF FLIGHT
VIBRATION ENVIRONMENT

LIQUID STORAGE TECHNOLOGY REVIEW
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LOW PRESSURE APS
SUBTASK A

REPORT MDC E0303
29 JANUARY 1971

DESIGN EVALUATION

°© FEASIBLE DESIGN APPROACH

° CONTROL AND STABILITY

(-]

KEY TECHNOLOGY AREAS

MULTIPLE FLEXIBLE JOINTS: POTENTIAL
SEALING PROBLEM IN ATTACHMENT OF
HEAT EXCHANGER TUBES TO REPLACEABLE
SKIN PANELS

VARIABLE HEAT INPUT AND CONDITIONING
DEMANDS: UNCONTROLLED POSITIONING OF
FLUID PHASE CHANGE-POSSIBLE CHUGGING

INSTABILITY

PASSIVE HEAT EXCHANGER TECHNOLOGY REVIEW

>

FIGURE 6-3
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DESIGN EVALUATION

FEASIBLE DESIGN POINT CONDITIONS

COMPONENT SIZE PRIMARILY CONTROLLED BY
PROPELLANT (COLD SIDE) FLOW RATE AND
PRESSURE

ACCEPTABLE MATERIALS REQUIREMENTS

PRELIMINARY DESIGN DOES NOT ADDRESS
POTENTIAL HOT GAS SIDE "ICING"

KEY TECHNOLOGY AREAS

o TWO-PHASE FLOW REQUIRES FLOW STABILIZATION
TO ENSURE PROPER POSITIONING OF PHASE CHANGE

o TUBE EXTERNAL WALL TEMPERATURE CONTROL TO

INHIBIT FREEZING COMBUSTION PRODUCTS (H20)

- PROPELLANT/HOT GAS SEQUENCING TO HEAT
EXCHANGER

- TUBE WALL THERMAL CONDUCTIVITY “TAILORING"
FROM LIQUID INLET

o HIGH HEAT TRANSFER FILM COEFFICIENTS REQUIRED
ON HOT SIDE WITH LOW PRESSURE DROP

- BAFFLING HOT GAS FLOW
- HOT GAS VELOCITY CONTROL

=9 3¥NOI4

LOW PRESSURE ACTIVE

HEAT EXCHANGER TECHNOLOGY REVIEW
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DESIGN POINT EVALUATION

- PROPELLANT MIXING TO ATTAIN PRESCRIBED

PROPELLANT TEMPERATURE CURRENTLY USED IN

ALRC Oz/HZ TEST FACILITIES

-~ DESIGN CONCEPT IS FEASIBLE

KEY TECHNOLOGY AREAS

-~ LOW PRESSURE PHASE CHANGE MIXERS SUSCEPTIBLE

TO LIQUID-CHOKED FLOW AND CHUGGING

- REQUIRES EVALUATION AND DEMONSTRATION TO
ASSESS MIXING AND ABILITY TO OBTAIN HOMO-
GENOUS TEMPERATURE AND PRESSURE IN SHORT

FLOW LENGTHS

$-9 AN

LIQUID-VAPOR PROPELLANT MIXFR TECHNOLOGY REVIEW
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8-9

DESIGN EVALUATION

MECHANICAL REGULATOR

o NO CURRENT FLIGHT WEIGHT REGULATOR EXISTS
FOR COMBINATION OF OPERATING REQUIREMENTS

SUBCRITICAL PRESSURE RATIO

LARGE VOLUMETRIC FLOW RATE

LOW PRESSURE DROP

CLOSE CONTROL PRESSURE TOLERANCE

o REGULATED PRESSURE RATIO DEMONSTRATED WITH
HIGHER PRESSURE LEVEL DESIGNS

o PROPELLANT INLET TEMPERATURE VARIABILITY
INFLUENCES CONTROL CAPABILITY

0 LOW SUPPLY PRESSURE MINIMIZES ACCURACY OF
ACTUATOR INTERNAL FORCE BALANCES

IRIS REGULATOR

o FLOW CONTROL CONCEPT DEMONSTRATED IN SIZE
REQUIRED

o REQUIRED RESPONSE FASTER THAN CURRENT
CAPABILITY

o CYCLE LIFE CAPABILITY DEPENDENT UPON
RESPONSE CRITERIA AND ACTUATOR DESIGN
CONCEPT

o REQUIRES EVALUATION AND DEMONSTRATION OF

KEY TECHNOLOGY AREAS

SUBCRITICAL FLOW REGULATOR CONTROL DEVICE
WITH MAXIMUM FLOW AREA

ACTUATOR POSITIVE CONTROL DEVICE REQUIRED TO
MINIMIZE INACCURACY DUE TO INTERNAL FORCE
BALANCES

DEMONSTRATION OF CONTROL SUBSYSTEM FOR FEED
SYSTEM CONTROL CAPABILITY AND DYNAMIC RESPONSE

- IRIS THROTTLE VALVE
- VARIABLE FEED SYSTEM GEOMETRY
- VARIABLE FLOW REQUIREMENTS

9-9 33N9I4

LOW PRESSURE REGULATOR TECHNOLOGY REVIEW
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APPENDIX A: SPACE SHUTTLE DESCRIPTION AND REQUIREMENTS

A-1. INTRODUCTION

This appendix describes space shuttle configurations and mission requirements
used as a basis for Subtask A Auxiliary Propulsion Subsystem (APS) design defini-
tion studies. These shuttle configurations and requirements were selected by the
NASA to represent a broad range of shuttle design approaches and were therefore
incorporated as part of the contract statement of work (SOW). Two baseline space
shuttles were considered (Shuttle A and B), each consisting of reusable booster
and orbiter stages. Shuttle A orbiter had a low cross-range capability, and was
designed to reenter at a high angle of attack to minimize vehicle heating rates
and temperatures. Shuttle B orbiter had a high cross-range capabllity and was
designed for good hypersonic flight performance. Presented in the following
paragraphs are overall vehicle/mission requirements, subsystem and component de-
sign criteria, and baseline shuttle configurations and characteristics. Two
deviations from the requirements of this appendix were made with the consent of
the NASA technical director:

(1) Engine locations were modified to minimize control axis cross-

coupling in the event one or two engines failed closed.
(2) The same thrust level was employed for all engines to minimize

development requirements.

MCDONNELL DOUGLAS ASTRONAUTICS COMPARNY = BAST
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A-2, MISSION/SHUTTLE REQUIREMENTS

Mission characteristics applicable to both shuttles are shown in Figure A-1.
The reference mission used for the Subtask A APS study was the logistics resupply
of a space station or space base., The reference orbit was a 270 nautical mile
circular orbit with a 55 degree inclination. Mission timelines for the space
station/base logistics mission are presented in Figures A-2 and A-3 for the or-
biters, and Figures A-4 and A-5 for the boosters. These timelines provide data on
the range of AV requirements and the vehicle attitude limits for nominal missions.
Whereas only a single mission timeline was specified for the boosters, three dis-
tinct timelines were specified for the orbiters, corresponding to the number of
+X axis maneuvers to be performed by the APS. The three orbiter APS maneuver
levels considered were:

(1) APS satisfies all maneuver requirements except +X maneuvers greater

than 10 ft/sec.

(2) APS satisfies all maneuver requirements except +X maneuvers greater

than 50 ft/sec.

(3) APS satisfies all maneuver requirements.

The first two options predicate use of a separate orbit maneuver subsystem
(OMS) to provide the additional required maneuver AV, Limit cycle AV was deter-
mined by applying the minimum impulse bit/thrust correlation of Figure 3-8 of
this report in conjunction with the control deadband requirements of Figures A-2
and A-4. Additional AV requirements for attitude maneuvers not specified in the
mission timelines, were 10 ft/sec for the orbiters and 4 ft/sec for the boosters.
Maneuver acceleration requirements for both the orbiters and boosters are tabulated

in Figures A-6 and A-7, respectively.

A-2
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Missions Space Station Placement and Delivery of Delivenr satellite Short

Orbital Base Lcgistics Retrieval of Propulsive of Service & Duration
Characteristics Support Satellites Stages & Payload Propellants Maintenance Orb. Mission
Alutude . mi. ) 200 - 300 100 - 300 100 - 200 200 - 300 100 - 800 100- 300
Inclination tdeg) 28.5 - 90 23,5 - Sun Syn. 2905 - 55 28,5 - 3a 23.5 ~ Sun Syn. 25.5 - M
On-Orbit AVt I000f, ) 1 -2 1-35 1-1.93 1-2 1-53 1-2
On-Orbit Stay p

fime days) 7 7 7 7 - 15 T -3
Crew 2 2 2 2 2 2
Passengers {min) Fotate > 2 2 s 12

30 men, gtr

Discretionary

Payload B
Weaght (1000 lbs) *T0/qtr —_——— - —-—-1 Y | —_—— - — —_ o ] ——_—
Volume (1000 ft?) 5-10 10 10 5-10 1-6
Critical Dimen.

Dia. tft) 10 - 15 15 15 15 15 15
Return
Discretionary
Pay load
Weight (1000 1bs) *45/Gtr _— e —— .- | — e ] — e —
Volume (1000 ft% -~ 5-10 - 3 - 11 5- 10 i-0

Include Passengers

MISSION CHARACTERISTICS

v isv.LENS
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SUBTASK A 29 JANUARY 1971
EVENT
COMPL.ETION
TIME*> EVENT PROPULSION REQ'T DESCRIPTION
1 =165 sco. Stirging, Scnaration of booster and oroiter

{No APS rcquircement)

~

2. 0 Inscrtion into Damping of muun engine cutotf transients.
nominal 50 < 100
N, M. orbit

3. - ALinuai attitude =45° deadband
hold
4 - Orient to burn . 5° deadbind

atitude and esta’,-
lish Fire Attituic

fTold

o =4 ming Circularization v 100 ~ 150 tps N ¢

100 N\

0. - Manual attitude 45° deadbana
hold

7. - Orient to burn 0 5° deadband

dattitude and
cstablish Fine
Attitude Hold

S 09-524 Dispersion on h-321ps AV
100 N. M. cir-
cularization burn

* Time 1s referenced to Event 2 1n minutes unless otherwise stated.  Both
mimmum and maximum cumulative times are shown.,

SPACL STATION/BASE LOGISTICS MISSION TIMELINE - ORBITER

FIGURE A-2
A-4
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SUBTASK A
EVENT
COMPLETION
TIME
9, -
0. -
11. 74-1005
12 -
13 -
14. %4-1165
15 -
16. -
17. 94-1326
15. -
1y, -

EVENT

Drifting flight

Orient to burn
attitude and
establish Fine
Attitude Hold

Plane change
burn

Manual attitude
hold

Orient to burn
attitude and
establish Fine
Attitude Hold

Dispersion on
pline change
burn

Drifting flight

Orient to burn
attutude and
establish Fine
Attitude Hold

Transfer to 100 »

PROPULSION REQ'T DESCRIPTION

No deadband

+0. 5° deadband

0~200fps AV
:45° deadband
+ 0.5° deadband

0-50fps AV

No deadband

«0.5° deadband

279 - 290 fps AV

Phasing Orbit Altitude

Manual attitude
hold

Orient to burn
attitude and
establish Fine
Attitude Hold

- 453° deadband

-0.5° deadband

Mission Timeline

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY = EAST

FIGURE A-2
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303
971

EVENT

COAMPLETION

[N
|

[&5]
[

o
9}

217.

28.

TIME

116-1349

195-1429

253-14A/7

EVENT

Dispersions on
transfer burn

Manual attitude
hold

Orient to burn
attitude and
establish Fine
Attitude Hold

Circularization at

Phasing Orbit Altitude

Manual attitude
hold

Orient to burn
attitude and
establish Fine
Attitude Hold

Dispersions on
circularization
burn

Manual attitude
hold

Orient to burn
attitude and
establish Fine
Attitude Hold

TPI

Coarse automatic
attitude hold

PROPULSION REQ'T DESCRIPTION

0-72fps AV

=45° deadband

- 0.5° deadband

253 - 297 fps AV

+45° deadband

+0.5° cieadband

h-T74ps AV

: 43° deadband

~0.5° deadband

30-37 fps AV

+5° deadband

A-6

Mission Timeline
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EVENT
COMPLETION

31.

TIME

32, 275-1510

35, 286-1522

36. —
37. -

o] Z‘)?— 1 _) Iy
59, —

40, 312-15

41, 7277-5305

42, 7227-5508

EVENT

Orient to burn
attitude and
establish Fine
Attitude Hold

MCC-1

Coarse automatic
attitude hold

Orient Lo burn
attitude and
cstablish Fine
Attitude Ilold
MCC-2

Coarse automatic
attitude hold

Orient to burn
attitude and
e¢stablish Fine
Attitude llold
TPI
Stationkceeping and

attitude hold

Docking

On Orbhit
Undock

Fine Attitude
Hold

PROPULSION REQ'T DESCRIPTION

+0, 5° deadband

0 - 36 fps AV

+5° deadband

+0. 5° deadband

0 - 19 fps AV

+3° deadband

0, 5° deuadband

28 -~ 30 fps AV

0-10 fps Multiaxis Translation AV anag
0-10 fps Multiuxis Attitude AV ( -y, 5

deadband)

0-10 {ps Multiaxis Transiation AV and
0-10 fps Multianis Attitude AV (.0, 3

deadband)
(TBD)/
0.5 fps AV

:0.5° deadband

Aission Timeline

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY = EAST

FIGURE A-2
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EVENT
COMPLETION
TIME EVENT PROPULSION REQ'T DESCRIPTION]
44. 7242-8523  Orient to burn 0, 5° deadband

attitude and
establish Fine
Attitude Hold and

Separation 10 fps AV

45, - Course attitude +45° deadband
hold

46. - Orient to burn +0.5° deadband

attitude and
establish Fine
Attitude Hold

47. 7279-9267 Ground track 0-27 fps AV
adjust #1

48, - Manual attitude £43.0° deadband
hold

49. - Orient to burn + 0.5° deadband

attitude and
establish Fine
Attitude Hold

50. 7297-9639 Ground track adjust 0-28 AV
#2

51. - Manual athitude +45° deadband
hold

[31]
v
!

Orient to burn =0.5° deadhand
attlitude and

establish Fine

Attitude tiold

83. 7317-10012 De-orbit 450-530 fps AV

o4, 7359-10057 Entry 25-60 fps AV

Mission Timeline g oA

T ; 3
PR V¥ Y -..

A-8
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MU T8 X1s
6TTITUPE Av
ety
<

MULTIAXIS
TRAMSLATION AV
/s,

c =

SO00

400

o

LT

v 308 T5 ARSL = TION
AV ~ trjee

oo

—
(=3
(=3

10 lv

alti

12

- B

EVENT 314]s|e]|7]8
evamy 39 s s s
mrm t-
473 954

316 110 s 39 1101
4446 | 30-959 | zo—sn 44-46 118 44-46 wso(cms{ 90-1504

SPACE STATION/BASE LOGISTICS MISSION TIMELINE - ORBITER

yU % a ; iy 19 o 17
B 4 = g2 s mom
T

- 5 5|31 |15t 1Eﬂ l 5|5| 5|5l.l‘|42
sr to

1479 45

4 -45

v asv.iEns
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EVENT
COMPLETION
TIME* EVENT PROPULSION REQUIREMENT DESCRIPTION
1. 0 Staging Separation of booster and orbiter

(No APS requirement)

2. 0+ Post Separation Dampi.ng of main engine cutoff and separation
transients.

3. 0.7-0.8 Orientation Maneuver vehicle to reentry attitude.

4. 0.9-1,1 Attitude hold +2° deadband

5. 1.9-6.1 Entry +2° deadband

*Time is referenced to Event 1 in minutes unless otherwise stated. Both
minimum and maximum cumulative times are shown.

SPACE STATION/BASE LOGISTICS MISSION TIMELINE — BOOSTER

FIGURE A-4
A-10
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Av (F» Sec)

10

MULTIAXES ATT I UDE

ol g

::”:NT 2 |31 4 | s |
NT . 02 1
DURATION % 10 | 10
MINUTES 08 3 5

SPACE STATION/BASE LOGISTICS MISSION TIMELINE - BOOSTER

FIGURE A-5
A-1
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AR

2nd STAGE BOOST

1 TO 28
ENGINE OUT 46 TO 53 29 TO 45 54
SR |
EVENT X Y Z Xb Y Z X Y |2 X |y Z
TRANSLATION | MIN 0.07 |v.07 |0.07
ACCELERATION | NOM MIN NO 0.1 lo.1 0.1 SAME AS NO
ft/sec? NOM MAX REQUIREMENT 0.5 |0.25(0.25 EVENT 1 REQUIREMENT
MAX 1.0 1.0 [1.0
R o) Y R P |Y R PlY R |P Y
ANGULAR MIN . 0.3 |0.3 {0.3 0.3 {0.3]0.3
ACCELERATION | NOM MIN 0.5 (0.5 |0.5 SAME AS 1.0 {0.5 ] 1.00"
deg/sec? NOM MAX 2.0 [2.0 |2.0 EVENT { 1.75{1.0 | 1.75
MAX & 4.0 {4.0 (4.0 4.0 14.0 4.0
_@é
FINE ATTITUDE L&
1 1 '_‘ ’-
LIMITS — deg |®§~ 0.5 (0.5 [0.5 |0.5]0.5/0.5 [ 2.0 [2.0 2.0
. &
COARSE ATTITUDE
45 | 4 5
LIMITS — dog 5 5 45 5.0 1 5.0]5.0

9-v 3JN9oH4

a. Refer to Table I-2 for event names corresponding to these event numbers.

b. Maximum limits for events 5, 8, 11, 14, 17, 20, 23, 26, and 53 may be increased when the
AYDS is uscd to perform the major plus X translation,

SPACE STATION/BASE LOGISTICS MISSION — ORBITER
MANEUVERING CAPABILITY REQUIREMENTS

v isv.Lans
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v

Wad A -N1RIF

2 3 4 5
EVENT? x| v VA x |y | z X |y |z N |y Z
TRANSLATION | MIN _
ACCELERATION | NOM MIN NO NO
ft/sec? NOM MAX REQUIREMENT REQUIREMENT
MAX
R P Y R P Y R P|Y R |P Y
ANGULAR MIN 0.310.3] 0.3 0.3/0.3]0.3 0.3]0.3/0.3 0.3 (0.3 {0.3
ACCELERATION | NOM MIN 1.0 | 0.5 1.0 0.5]0.5]0.5 0.5 0.5[0.5 1.0 0.5 | 1.0
deg/sec? NOM MAX |1.75} 1.0 | .75 1,010 1.0 1.0] 1.0{1.0 1.7511.0 | 1.75
MAX 2.0 | 2.0 2.0 2.0]2.0]2.0 2.0]2.0[2.0 | 2.0 [2.0]2.0
ANGULAR MIN
RATE NOM MIN
deg/sec NOM MAX 2 2
MAX
I
ATTITUDE LIMITS — deg 2 2 2 2 2 2 2 2 |2 2 2 2

a.

Refer to Table I-3 for Event names corresponding to these numbers.

SPACE STATION/BASE LOGISTICS MISSION — BOOSTER

MANEUVERING CAPABILITY REQUIREMENTS

v asvians
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A-3. SUBSYSTEM/COMPONENT DESIGN CRITERIA

The APS is constrained to operate for a minimum of 100 mission cycles over
an eight year period without major overhaul or refurbishment. Additionally, the
APS must fail operational after failure of any critical component, and after the
second failure must provide safe operation for crew survival. Specific criteria
applied to APS design are summarized below:

(1) A material ultimate factor of 2.0 was applied to stresses resulting

from pressure conditions, separate from other loads.

(2) No propellant reserve was added to that estimated to be consumed in a
mission cycle.

(3) Fluid line sizes were selected on the basis of design velocities that
resulted in acceptable compromise between the excessive pressure drop
produced by small diameter tubing and the weight and cost of large
diameter tubing. Gas velocities were limited to Mach 0.3 or less.

(4) Flight components were limited to those required for flight operations,
except for components required for on-board checkout and servicing.
Component integration, packaging, and simplicity of checkout were
considered where advantages in maintainability, serviceability, re-
placeability, weight and cost could be realized.

(5) Provisions for ease of inspection, servicing and maintenance were
incorporated in the subsystems and component design to meet the short

turn-around and launch preparation requirement.

A-14
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A-4. SHUTTLE CHARACTERISTICS

A-4.1 Characteristics of Shuttle A - Shuttle A has two reusable stages with

fixed low-sweep wings and similar aerodynamic shapes. The vehicle is configured
for vertical takeoff with the orbiter mounted forward on the booster and with the
booster and orbiter engines operated sequentially. Total liftoff weight is ap-
proximately 3,384,000 pounds with a payload capability of 49,000 pounds up and
25,000 pounds down. Booster/orbiter separation at staging is accomplished by
firing a pyrotechnic thruster having a 0.5 foot stroke. The separation rates are
controlled by the booster and orbiter auxiliary propulsion subsystem with the
booster auxiliary propulsion subsystem also assisting in translational separation.
The auxiliary propulsion subsystems on both the booster and orbiter utilize engines
burning gaseous hydrogen and oxygen.

Payload is contained within a compartment 15 feet in diameter by 60 feet long.
The compartment is exposed by opening clamshell doors on the upper surface of the
orbiter. The payload module then pivots forward on a hinge for docking to the
space station/base. _

To limit shuttle heating rates and temperatures on reentry, a high angle of
attack (60 deg) with high 1lift coefficient and low lift loading is used for re-
entering. Both stages must cruise back to a horizontal land landing after reentry.
Turbojet engines are used to provide the cruise thrust. Both stages are configured
to provide a high subsonic 1ift to drag ratio for conventional landing attitudes
and low landing speeds. Takeoff and self-flight-ferry will be used for earth trans-
port.

Detailed configurational and design data for the booster stage are presented
in Figures A-8 through A-13. Similar data for the orbiter stage are provided in
Figures A-14 through A-20.

A-4.2 Characteristics of Shuttle B - Shuttle B is a two-stage, fully-

reusable, fixed-geometry configuration which is launched vertically and lands
horizontally. The two stages are fired sequentially to inject the payload into
orbit. The total lift-off weight is approximately 3,500,000 1b. The first
stage is a two-bodied configuration whose aerodynamic characteristics provide a
high subsonic L/D for fly back, and provides a low attitude at landing. The
stage is capable of takeoff and self-flight without modification.

A-15
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Engine Thrust Shown 160 — e

Based on Minimum Angular
Acceleration Requirements

Roll: 0.3 deg/sec?
Pitch: 0.3 deg/sec?
Yaw: 0 3 deg/sec?

-3 (3600 1b)

amp /

-0+ (1610 1b)

—_ __@_ —
:\_‘to-r (1610 1b)

+y I}6CO 1b)
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STAGING INITIATION OF JET
( BOOSTER BURN OUT) POWERED FLIGHT
WEIGHT — LB 458 600 433 300
CENTER OF X 1571.0 1605.9
GRAVITY Y 0 0
LOCATION — INCHES | Z -45.0 -47.5
MOMENT OF Ixx 4,060 x 10° 3.990 x 108
INERTIA — SLUG-FT® | Iyy 53.100 x 10° 51.700 x 108
Izz 53.100 x 108 51.700 x 10°

MASS CHARACTERISTICS, BOOSTER STAGE — VEHICLE A

LIQUID HYDROGEN LIQUID OXYGEN LIQUID HYDROGEN

TANK, BOOST TANK, BOOST TANK, JET FUEL
VOLUME -- FT3 80 652 29 925 6620
PRESSURIZATION BAND — PSIA 40-43 30-33 40-43
| VENT pRESSUGE BAND — bStA | 4515 33-35 43-45

+ Zl-v AN9I4

PROPELLANT TANKAGE CHARACTERISTICS
BOOSTER STAGE — VEHICLE A

vy asvians
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LIQUID HYDROGEN
TANK, BOOST

LIQUID OXYGEN
TANK, BOOST

MASS AT BURN OUT — LB 7262 27 202
MASS PERCENT LIQUID — % 52.5 54.5
TEMPERATURE OF VAPOR — °R 200 300
TOTAL PRESSURE — PSIA 45 35
HEAT LEAK INTO PROPELLANT — BTU/HR/FT? 7-36 4-TBD

MASS OF HELIUM PRESSURANT — LB

a. Autogeneous Pressurization System Assumed

RESIDUAL PROPELLANTS
BOOSTER STAGE — VERKILE A

v ISvYLENS
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yi-v 380914

Lo2" ‘—"{”_f’"
[
/ ‘ 5 o eyt
\ z

(landing c.g. station)

558" ——

+7

250"

156"

+X —

*—
Z

4

NOTE: ALL DIMENSIONS IN INCHES

260"
1776"

ORBITER EXTERNAL PROFILE — VEHICLE A

v asvians

SdV J¥NsS3d3d MO

(L6l AYVNNYI 62
£0£03 QW L¥043Y



—

ABUT = ANVANOD STILNVNONALSY SYITDINOCA TIINNOTOIONW

| XAnA

.§L-V 34n9ld

ENVIRONMENTAL

CONTROL EQUI PMENT TURBOFAN EXHAUST

TRACKING TELEMETRY &
COMMUNICATION

EQUI PMENT
CONTROL &

ECS & EPS TANKAGE

TUNNEL

ON-ORBIT
PROPELLANT
TANKS 5

TURBOFAN

JJ PAYLOAD BAY
L
“NGINES — @"{ T et L

GUIDANCE

AND CONTROL

EQUIPMENT  EQUIPMENT

MAIN

ENGINES -
HYDRAULIC

SYSTEM
ORBITER INTERNAL PROFILE — VEHICLE A

v aisv.ians
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LOW PRESSURE APS

REPIRT MDC 0303
29 JANUARY (471

SUBTASK A
-X(2h5 1b o>"4'-*—-’4,<"h5 ]L/\
|
-y(L485 1b) % L
g +y(485 1n)
= —
-p(275 1b) \
' — \
A 5
— R T S
N //; /
-p(275 1b) \ /
+y (4S5 1b) -y(485 1b)
i
l U R
Sta. 374 | Sta. 1736
~-x(2ks 1b) <——+y (245 1b)
+p(485 1b)
Sta. GO
! /
§
f
(15 2 -
l
/?/ ° ®
( -r(50 1)
\\ N :___J\ ’—-""-"F:‘- o
T | -p(290 1b)
tp( L35 21) G 1b) ;
L S
Sia, 37 Sta., 1738
NOTES 1. The forward negatine pitch enaines are canted outboard 435 deg to hni plume impigenient
on the deployed pavio ' nlodule
2. The side finng 48511 o 1o arejocated 1t stamion 75 on thie postive Z-avs
3. The forward and reveise finmg 245 1 thrustors arc located at station (Fon the +Z-axis
4 Engine thrust shown s that required to provide mummum control requirements
Roll 03 devsel, Pitch 03 dcg/m: Yaw 03 deg/sec?
Translation 007 ft/sec?
ORBITLR APS ENGINE LOCATIONS FIGURE A-16
A-24

MCDORNELL DOUGLAS ASTRONAUTICS COMPANY « EAST
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NOTE: ALL TEMPERATURESIN °F,

MAXIMUM SURFACE TEMPERATURES DURING ASCENT — ORBITER — VEHICLE A

v asvLans

SdV JYNSS3¥d MOT

1L61 AJVNNVT 62

£0£03 JaQW LY¥0d3I Y



ASVT = ANVAROD SOILNVROMASY SVYTDINOA TIINNOTIN

90V

8i-v 3¥N9Id

NOTL:
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/
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1670°
q.

ALL TEMPERATURESIN °F,

MAXIMUM SURFACE TEMPERATURE DURING ENTRY — ORBITER — VEHIICLE A
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INJECTION

INITIATION OF JET

SEPARATION |(45%100 n.mi.) | POWERED FLIGHT

WEIGHT — LB 624 900 224 900 164 000
CENTER OF x 750. 2 1040. 1 971.3
GRAVITY Y 0 0 0
LOCATION — INCHES | za 29.6 82.9 61.9
MOMENT OF Ixx 1.427 x 108 1.040 x 108 0.92 x 108
INERTIA — SLUG-FT? |Ivy 23.565x 108 | 10.476 x 108 7.792 x 108

Izz 23.373 % 10° 10.497 x 10° 7.901 x 10°

a. Z-axis center of gravity measured positive above main propellant”
tank center line.

MASS CHARACTERISTICS — ORBITER STAGE — VEHICLE A

LIQUID HYDROGEN
TANK, BOOST

LIQUID OXYGEN
TANK, BOOST

LIQUID HYDROGEN
TANK, ON-ORBIT

LIQUID OXYGEN
TANK, ON-ORBIT

PSIA

VOLUME — FT? 13 964 5204 1204 271

PRESSURIZATION BAND 40-43 30-33 10-43 30-33
PSIA

VENT PRESSURE BAND 43-45 33-35 13-45 33-35

PROPE LLANT TANKAGE CHARACTERISTICS — ORBITER STAGE

— VEHICLE A

vaasvians
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LIQUID HYDROGEN | LIQUID OXYGEN | LIQUID HYDROGEN | LIQUID OXYGEN
TANK, BOOST TANK, BOOST TANK, ON-ORBIT {TANK, ON-ORBIT
MASS AT ORBIT 1105 1937
INJECTION — LB 2 o
MASS PERCENT
- .
LIQUID — % 46, 2 4G, 0
TEMPERATURE OF Y )
VAPOR — °R =00 300
TOTAL PRESSURE 15 .
PSIA o 0
HEAT LE\K INTO
PROPELI.ANT 7-36 1-TBD 0.5 0.5

BTU/HR/FT?

— - -
AASS OF HELIUM ol a a a
PRESSURANI — LI3 v “ 0

A I -
G Autogencoas Pressurization Svstem Assumed
RESIDUAL PROPELLANTS — ORBITER STAGE — VEHICLE A
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LOW PRESSURE APS REPORT MDC E0303
SUBTASK A 29 JANUARY 1971

The second stage is characterized by fixed wing geometry providing good land-
ing characteristics and good hypersonic characteristics for cross range capability.

The two stages are separated during boost phase via translation engines mounted
on the booster stage. Orbiter stage ignition is initiated at separation. The
booster APS separation engines provide 300,000 1lb-sec impulse such that after ap-
proximately two seconds from initiation of separation the physical separation of
the two stages is sufficient to prevent plume impingement on the booster.

Detailed configurational and design data for the booster stage are presented
in Figures A-21 through A-25. Similar data for the orbiter stage are provided in
Figures A-26 through A-31.

A-29

MCDONRNNELL DOUGILAS ASTRONAUTICS COMPANY = EAST
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8]

Cc.G
Burnout
L,_ — 126 -l . Ail dimens.ons are
[ ' tn teet
l See Fig IV-2A 0r
(IS masimumn thrust levels
I . tor the AP'S thrusters
T - - _T ==& T T T Numbered arrows show
< I @.‘__1 - Jo torce direction o1 \PS
_—1“"*" 12 | thrusters —J
Ve —— —_— e f __________ X ____. X -
>

VEHICLE B BOOSTER STAGE — EXTERNAL PROFILE
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LOW PRESSURE APS REPORT MDC E0303
SUBTASK A 29 JANUARY 1971

THRUSTER PURPOSE MINIMUM THRUST LEVEL — LI

Fuselage

Left  Right
1 + Pitch, + Roll 1785
2 + Pitch, - Roll 1785
3 + Yaw : 2344
4 - Yaw 2344
5 - Pitch, - Roll 1785
6 - Pitch, + Roll 1785

APS MINIMUM THRUST LEVELS — VENICLL D — BOOSTER

FIGURE A-22
A-31

MCDORINELL DOUGLAS ASTRONAUTICS COMPANY « EAST



LOW PRESSURE APS REPORT MDC E0303
SUBTASK A 29 JANUARY 1971

:

All dunenstony are

feet

Note

. — INTERNAL PROFILE

~
3

|
|
\
4
]
[}
'
| N
! <
! £~
7))
]
| =
l =
I [
| n
I C
E w e}
& g ! A
~ a0
N P m
L -
£ Q
L
I
\
'S
//iﬂu\\\nu_¥4 :
AR

~— Crew Compartment

FIGURE A-23
A-32
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REPORT MDC E0303
SUBTASK A 29 JANUARY 1971
Staging Initiation Initiation of Jet
(Booster B/0) of Reentry Powered Flight
Weight, 1bs 497 213 496 200 495 500
Center of Gravity
X ft 126 126 126
Y ft 0 0 0
Z ft 19 19 19
Moment of Inertia *
Ix-x slug-ft 13. 329 x 108 13. 329 x 108 13. 329 x 10°
Iy-y slug-ft? 34. 470 x 108 34, 470 x 10° 34. 470 x 108
Iz~z slug-ft? 45, 274 x 108 45, 274 x 108 45, 274 x 10°

MASS CHARACTERISTICS VEHICLE B — BOOSTER

LOX LH,
Volume, ft? 30 350 95 300
Pressurization Band, psia 20-25 35~40
Vent Pressure Band, psia 26-31 41-46

PROPELLANT TANKAGE VEHICLE B — BOOSTER

LOX
Mass lbs 20 000
Liquid by Mass — 65%
Temperature of Vapor °p 300
Total Pressure psia 26
Heat Leak into Propellant Btu/hr/ft2 7-36
Helium Pressurant lbs 9

3100
19%
300
41
4-TBD

190

RESIDUAL PROPELLANTS UPSTREAM QF MAIN ENGINE
VALVES AT BURNOUT - VEHICLE B — BOOSTER

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY » BABT

FIGURE A-24
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REPORT MDC E0303

A-34

SUBTASK A 29 JANUARY 1971
ENTRY
Station, ft Position, deg Q, Btu/ft¥/sec Tw' °R
25 0 1.9 1450
- 7.5 2000
2 180 )
? 13,0 540
1.1 2000
90/270 .
25 / 1. 540
70 180 7.0 2000
13. 3 540
184 180 5 1200
Station — Distance along X-axis, ft
Position — Angular position looking in the +X direction, ref: Zero degrees
at top

VEHICLE B — BOOSTER

MCDONNELL DOUGILAS ABTRONAUTICS COMPANY « EAST

EXTERNAL SURFACE HEATING ENVIRONMENT

FIGURE A-25
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160 ]

+Y

48

-1

|C .G. Orbital
Insertion

VEHICLE B ORBITER STAGE — EXTERNAL PROFILE

Notes

1 All dimensions are
in feet,

2. See Fig IV-4A for
miunimuam thrust levels
for the APS thrusters

3 Numbered arroxs show
force direction of APS
thrusters
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LOW PRESSURE APS

REPORT MDC E0303

SUBTASK A 29 JANUARY 1971
THRUSTER PURPOSE MINIMUM THRUST LEVEL — LB
1 + Pitch, + Z 308
2 + Pitch, + Z 308
3 +Yaw, +Y N G685
4 - Yaw, -Y 685
3 - Pitch, -2 308
0 - Pitch, - Z 308
7 -X 279
8 -X 279
9 + X 186
10 + X 186
11 - Pitch, + 2 308
12 - Pitch, + Z 308
13 -Yaw, +Y, -Roll 993
11 + Yaw, -Y, + Roll 993
15 + Roll 993
16 - Roll 993
A + X 186
B + Pitch, -2 618
APS MINIMUM THRUST LEVELS ~ VEHICLE B — ORBITER
FIGURE A-27
A-36

MCDORNELL DOUGLAS ASTRONAUTICS COMPANY « BAST
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+Y Maneuvering LH;

| w7
+X + -Z
== il Ve et 107
1
Crew Transfer
Tunnel Maneuvering LO;
-Y
‘ |
Crew l -Y
Compartment A-A B-Bg] cc T
Notes:
All dimensions are 1n

feet

Landing Engines
not shown.

VEHICLE B ORBITER STAGE — INTERNAL PROFILE
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LOW PRESSURE APS REPORT MDC E0303

SUBTASK A 29 JANUARY 1971
Injection Initiation of Initiation of Jet
45 X 100 n. mi. Reentry Powered Flight
Weight, lbs 256 790 241 902 231 902
Center of Gravity
X ft 126 125 124
Y ft 0 0 0
Z ft 10.0 10.1 10. 3
Moment of Inertia
Ix-x slug ft? 2. 28 x 108 2. 28 x 108 2. 28 x 108
Iy-y slug ft? 12,078 x 108 12,078 x 10° 12,078 x 108
Iz-z slug ft* 13. 357 x 108 13. 357 x 10° 13. 357 x 10°

MASS CHARACTERISTICS VEHICLE B — ORBITER

Main Tanks Maneuvering Tanks
LOX ILH, 10). ¢ LH,
Volume, ft3 4620 11 650 357 902
Pressurization 35-40 35-40 35-40 35-40
Band, psia
Vent Pressure 41-46 41-46 41-46 41-46
Band, psia

PROPELLANT TANKAGE VEHICLE B — ORBITER

FIGURE A-29
A-38

MCDONNELL DOUGILAS ASTRONAUTICS COMPANY = RAST



LOW PRESSURE APS REPORT MDC EO0303

SUBTASK A 29 JANUARY 1971

LoX LH,

Mass lbs 2770 310

Liguid by Mass — 21% 10%

Temperature of Vapor °R 300 300

Total Pressure psia 41 41

Heat Leak Btu/hr/ft? 7-36 4-TBD

Helium Pressurant Ibs 2 23

used Main Tanks Only

MAIN TANK RESIDUAL PROPELLANTS UPSTREAM OF M/ﬂN
ENGINE VALVES AT ORBIT INSERTION VEHICLE B — ORBITER

ASCENT
Station Position Q, Btu/ft}/sec ™ °R

160 Base Region G 2000

EXTERNAL SURFACE HEATING ENVIRONMENT
VEHICLE B — ORBITER

FIGURE A-30
A-39

RMCDORINELL DOUGILAS ASTRONAUTICS COMPANY « EABT



LOW PRESSURE APS
SUBTASK A

REPORT MDC E0303
29 JANUARY 1971

ENTRY
Station* , ft Position* *, deg Q, Btu/ft}/sec Ty, °R
36. 4 115/245 1.3 1360
46, 6 110/250 0.8 1200
150/210 5.7 1960
120/240 1.3 1360
160 Base Region 2. 4 1570
* Station — Distance Along X-Axis, ft
*%  Position — Angular Position looking in the +X direction. Ref. zero
degrees at top.
EXTERNAL SURFACE HEATING ENVIRONMENT
VEHICLE B — ORBITER
~ 500 ° R Nominal After Long Soak in Orbit
~ 700 ° R for 1 Hour During Reentry
INTERNAL HEATING ENVIRONMENT
VEHICLE B — ORBITER
FIGURE A-31

A-40

PMCDOMNNELL DOUGLAS ASTRORAUTICS COMPANY « EAST
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LOW PRESSURE APS REPORT MDC E0303
SUBTASK A 29 JANUARY 1971

APPENDIX B

CONFIGURATION ANALYSES

B-1. CONFIGURATION ANALYSIS

Since low pressure APS engine weight and performance are sensitive to thrust
level, chamber pressure, and expansion ratio, space shuttle APS configuration
analyses were conducted to establish APS engine locations compatible with vehicle
geometry constraints, and providing the best compromise between control moment
arms (thrust level), and propellant feedline lengths (chamber pressure). These
analyses enabled a realistic assessment of engine weight and performance based on
available subsystem pressure budget and engine length, thus permitting valid sub-
system weight definitions for comparison of candidate APS concepts. Presented in
the following paragraphs are a definition of APS installations selected for the
low pressure APS Subtask A studies, a brief description of engine operational
logic, and results of engine/shuttle vehicle installation studies which established

engine expansion ratio (length) constraints.

MCDORNRNELL DOUGLAS ASTRONAUTICS COMPARNY s EAST



LOW PRESSURE APS REPORT MDC E0303
SUBTASK A 29 JANUARY 1971

B-2. APS INSTALLATIONS

APS installations selected for subtask A study are illustrated in Figures B-1
and B-2 for orbiters A and B, and in Figures B-3 and B-4 for boosters A and B. As
shown in Figure B-1, orbiter A APS engines were installed in four modules to take
advantage of maximum available moment arms. Fore and aft modules provided both
pitch and yaw attitude control, as well as Y and Z axis translation. Wing mounted
modules provided both roll and X axis translation. 1In order to minimize propellant
distribution network weight, engine feedlines were manifolded to existing main
engine pressurization lines. In the orbiter B installation (Figure B-2), engines
were grouped in fore and aft engine modules only. Wing-tip modu'es for this
vehicle configuration were not attractive because of excessive oxygen feedline
lengths. To conserve feedline pressure drop, APS engines for both boosters were
grouped in fore-body modules as shown in Figures B-3 and B-4. As for orbiter A,
engine feedlines for orbiter B and both boosters were manifolded to existing main
engine pressurization lines to minimize feedline weight. Available control moment
arms for these engine module locations are defined in Figures B-5 through B-8.

Applying available moment arms, total engine thrust levels were calculated
consistent with translational and angular acceleration requirements tabulated in
Figures B-9 and B-10 for the orbiters and boosters, respectively. Individual
engine thrust levels were the same in all axes to minimize development requirements,
In every case, nominal minimum acceleration levels were achieved with all engines
firing and minimum acceleration levels were provided with two engines failed. This
is illustrated by the engine operational logic presented in Figures B-11 through
B-14,

Optimum APS engine expansion ratios were determined from subsystem design and
weight sensitivity studies presented in Appendix F. Optimum engine expansion ratio
for both boosters was 2.0. For the orbiter low velocity missions (+X axis maneu-
vers < 10 ft/sec) optimum expansion ratio was 8.0; however, for intermediate and
high velocity missions (+X axis maneuvers < 50 ft/sec, and all +X axis maneuvers}),
an expansion ratio of 10.0 was found to be optimum. These values were compared
against vehicle and tankage mold-lines to assess compatibility with available
envelopes., Results are shown by the engine length/expansion ratio plot of
Figure B-15. As shown, yaw axis control engines of orbiter B, and roll axis

engines of orbiter A, were restricted to less than optimum expansion ratios.

B-2

MCDONAELL DOUGLAS ASTRONAUTICS COMPANY « EAST
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REPORT MDC E0303
29 JANUARY 1971
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ACCELERATION
2 2
(FT/SEC®) (DBG/SEC*)
Xl z PITCH | YAW ROLL
MINIMUM 071 .07} .07 .3 .3 .3
NOMINAL MINIMUM 1 .1 d .5 .5 .5

TOTAL THRUST LEVEL PER AXIS CALCULATED TO PROVIDE ON-ORBIT REQUIREMENTS
. NUMBER OF ENGINES AND THRUST LEVEL CALCULATED TO PROVIDE:
NOMINAL MINIMUM ACCELERATION WITH ALL ENGINES FIRING
MINIMUM ACCELERATION WITH TWO ENGINES OUT

MINIMUM NUMBER OF ENGINES SELECTED (MINIMUM WEIGHT).

GROUND RULES FOR ORBITER ENGINE SIZING

FIGURE B-9
B-11

MCDORNNELL DOUGLAS ASTRONAUTICS COMPANY = EAST



LOW PRESSURE APS REPORT MDC EO0303
SUBTASK A 29 JANUARY 1971

ACCELII A TION (DIG/oRe )

. PITCH YAV Gl
ITINTMUN 3 3 3
NOIINAL MINTIUH .5 1.0 1.0

TOTAL THRUST LEVEL PER AXIS CALCULATED TO MEDT IERNTRY RLOUINIHMENTS

. NUMBER OF ENGINES AND THRUST LEVEL CALCULATED TO PROVIDE:
NOMINAL MINIMUM ACCELERATION WITH ALL ENGINES FIRING

. MINIMUM ACCELERATION WITH TWO ENGINES OUT

BEST COMPROMISE OF NUMBER OF ENGINES AND THRUST LEVEL SELECTED (MINIMUM WEIGHT).

GROUND RULES FOR BOOSTLR ENGINE SIZING

FIGURE B-10
B-12
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ENGINE OPERATIONAL ENGINES ACCELERATION COUPLING]
ASSEMBLIES MODE USED LEVEL (FT/SEC? EFFECTS
OR DEG/SEC2)
X 6 &8 NOMINAL éa,8a .143 PITCH
ONE ENGINE OUT | 6b,8b 43 PITCH
TWO ENGINES OUT | 6b .0715 PITCH,YAW
X 5& 7 SAME AS +X
Y 4 & 16 NOMINAL La,lba \ 143 NONE
ONE ENGINE OUT | 4b,16b ’ 143 NONE
TWO ENGINES OUT | 4b .0715 YAW
-Y 3 & 15 SAME AS +Y
H-7, 2 & 1, NOMINAL 2a,14a 143 NONE
ONE ENGINE OUT | 2b,14b 143 NONE
TWO ENGINES OUT | 2b .0715 PITCH
-7 1& 13 SAME AS +Z (YAW)
HPITCH 2 & 13 NOMINAL 2a,2b,13a,13b§ 621 NONE
ONE ENGINE OUT | 2b,13b : .310 NONE
TWO ENGINES OUT | 2a,2b .310 Z
-PITCH 1& 14 SAME AS + PITCH (YAW)
HYA L & 15 NOMINAL ha,hb,lSa,les .620 NONE
ONE ENGINE OUT | 4b,15b .310 NONE
TWO ENGINES OUT | 4a,Lb .310 Y
YAV 3 & 16 SAME AS +YAW
HROLL 9 & 11- |NOMINAL 9a,lla 2.98 NONE
ONE ENGINE OUT | 9b,11b 2.98 NONE
TWO ENGINES OUT | 9b 1.49 Z
L ROLL 10 & 12 |SAME AS + ROLL
ENGINE OPERATIONAL PROCEDURE
FIGURE B-11
ORBITER A
B-13
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SUBTASK A
VANEUVER ENGINE OPERATIONAL ENGINES ACCELITATION TCOULLING |
ASSEMBLIES MODE USED LEVEL (PT/SECR| EFFECTS |
OR DEG/SEC?) ‘
+X 9,10, & A NOMINAL 9,10,Aa, Ab .500 NONE :
ONE ENGINE OUT | 10,Aa .250 YW
TWO ENGINES oUT| 10,Aa .250 YAW
X 788 NOMINAL 7a,8a . 250 NONE
ONE ENGINE OUT | 7b,8b .250 NONE
TWO ENGINES OUT[ 7b .125 YW !
Y 3,13 & 15 NOMINAL 3a,13a,15a .375 NONE
ONE ENGINE OUT | 3b,13b,15b .375 NOLE
TWO ENGINES OUT| 3b,13b .250 ROLL
Y 4,14 & 16 SAME AS +Y
47 1,2,11 & 12 NOMINAL 1,2,11,12 .500 NONE
ONE ENGINE OUT | 1,12 . 250 NONE
TWO ENGINES ouT| 1,(OR 1,2) .125 PITCH,ROLL
-z 56 & B NOMINAL 5,6,Ba,Bb . 500 NONE
ONE ENGINE OUT | 6,Ba,Bb .375 RCLL
TWO ENGINES OUT| 6,Ba .250 ROLL
+PITCH| 1,2 & B NOMINAL 1,2,Ba,Bb .970 NONE
ONE ENGINE OUT { 2,Ba .4,85 LOLL
TWO ENGINES OUT| Ba,Bb .485 z
-PITCH| 5,6,11 & 12 NOMINAL 5,6,11,12 .970 NONE
ONE ENGINE OUT | 5,12 L85 NONE
TWO ENGINES OUT| 5,11 L85 RCLL
o | 3,1k e 16 TOITMAL 32,3b,142,16a .875 HONE
ONE ENCINE OUT | 3b,luia,l6a 656 NONE
TWO ENGINES oUT| 14a,16a .4,38 Y
Ay | 4,13 & 15 SAME AS +YAW i
+30LL | 14 e 15 NOMINAL 14a,14b,15a,154  .603 NONE
(1&6) ONE ENGINE OUT | 14b,15b .3015 NONE
TWO ENGINES OUT| 1,6 .552 NONE
-ROLL | 13 & 16 SAME AS +ROLL *
(2&5)
ORBITER B ENGINE OPERATIONAL PROCEDURE FIGURE B-12
B_14
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MANEUVER ENGINE OPERATIONAL ENGINES ACCELERATION | COUPLING*
ASSEMBLIES MODE USED L EFFECTS
(DEG/SEC<)
+ FITCH 1&2 NOMINAL la,1b,2a,2b .81 it
ONE ENGINE OUT 1b,2b 412 NOUE
TWO ENGINES OUT la,1b 412 ROLL
- PITCH 5& 6 SAME AS + PITCH
+ YAW 3 NOMINAL 3a,3b,3c,3d,3d 1.02 NONE
ONE ENGINE OUT 3b, 3¢, 3e 612 NONE
TWO ENGINES OUT 3c¢,3d,3e 612 ROLL
- YAW L SAME AS + YAW
+ ROLL 1&6 NOMINAL la,1b,6a,6b 1.900 NONE
(3 & &) ONE ENGINE OUT 1b,6b .950 NONE
TWO ENGINES QUT 3a,ke .950 NONE
- ROLL 2& 5 SAME AS + ROLL
(3&4)
TRANSLATION EFFECTS NOT CONSIDERED
__ENGINE OPERATIONAL PROCEDURE
BOOSTER A
FIGURE B-13
B-15
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MANEUVER ENGINE OPERATIONAL ENGINE ACCELERATION | COUPLING
ASSEMBLIES MODE USED LEVEL EFFECTS
(DEG/SEC<)

+ PITCH 1&2 NOMINAL la,2a .756 NONE

ONE ENGINE OUT | 1b,2b 756 NONE

TWO ENGINES OUT| 2b .378 ROLL
- PITCH 58& 6 SAME AS + PITCH
+ YAW 3 NOMINAL 3a,3b,3c,3d 1.155 ROLL

ONE ENGINE OUT |3b,3c,3d .865 ROLL

TWO ENGINES OUT|3c,3d .578 ROLL
- YAW L SAME AS + YAW
+ ROLL 1&6 NOMINAL la,1b,ba,6b 1.03 NONE

ONE ENGINE OUT |1lb,6b .515 NONE

TWO ENGINES OUT|ba,6b .515 PITCH
- ROLL 2& 5 SAME AS + ROLL

% TRANSIATION EFFECTS NOT CONSIDERED
ENGINE OPERATIONAL PROCEDURE
BOOSTER B
FIGURE B-14

B-16
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Subsystem weight penalties assoclated with these expansion ratio restrictions were

minor as shown by the bar graph of Figure B-15. For the remaining orbiter control

axes and both boosters, optimum engine expansion ratios were compatible with vehicle
and tankage envelopes.

Using results of the analyses presented above, realistic engine weights and
performance levels were determined for each of the space shuttle boosters and
orbiters, applying the data of Appendix D. These engine weights, and impulsive
propellant requirements calculated using the delivered performance levels, were

employed for quantitative comparisons of candidate low pressure APS concepts.

B-18
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SUBTASK A

APPENDIX ¢

APS CONCEPT SCREENING STUDIES :

C-1. INTRODUCTION

Preliminary mission simulations for space shuttle orbiter and booster APS

yielded three fundamental results:

(1) To satisfy orbiter APS total impulse requirements, supplementary propel-
lant, in addition to residual propellant left in main engine tanks
following boost, would be required.

(2) To maintain acceptable propellant feed pressures and temperatures in
the orbiter APS, thermal conditioning of resupply propellant injected
into the main engine tanks would be required except for APS with very
low total impulse requirements.

(3) To satisfy booster APS mission total impulse required use of boost
residual propellant vapor, only, and supplementary APS propellant
would not be required.

These results enabled definition of basic assemblies required for a low pressure
APS as illustrated in Figure C-1 for the orbiters and boosters. At the start of
the Subtask A study, various design alternatives were considered for each of the
required subsystem assemblies (propellant storage, thermal conditioning, and pro-
pellant flow control). Alternate assembly concepts were screened to identify

those high-value assembly concepts deserving further analysis and comparison. Pre-
sented in this appendix are a description of the various assembly concepts consid-
ered, and the screening studies performed to reduce the number of candidate assem-

bly concepts.

c-1
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C-2. ASSEMBLY DESIGN ALTERNATIVES

Various design alternatives were considered for orbiter APS propellant stor-
age, thermal conditioning, and propellant flow control functions. The booster
APS, on the other hand, did not require main engine tank propellant resupply so
only flow control design alternatives had to be considered. Analyses performed
to compare various assembly design alternatives, and selections for further study,
are described below.

C-2.1 Orbiter Propellant Storage - Design alternatives for propellant stor-

age state, propellant pressurization, and APS/OMS propellant integration were
investigated and compared.

Design Alternatives - Both liquid and supercritical propellant storage assem-

blies were considered. Liquid storage was attractive because it offered light
weight tankage, but had the disadvantage of a required propellant positioning
assembly. Propellant storage in the supercritical state eliminated the need for
positioning, but because of higher operating pressures, required significantly
heavier tanks. To compare the two storage approaches it was necessary to estab-
lish weight and design models that would allow a realistic assessment of their
merit, The design alternatives together with the rationale leading to selection
of the tank models are provided in the following paragraphs.

Various liquid tankage concepts are illustrated in Figure C-2, Each concept
employs an aluminum storage vessel protected by high performance insulation (HPI)
to minimize liquid vaporization and associated propellant vent losses. A screen
surface tension device is employed for propellant acquisition. The HPI is sealed
using either a flexible or hard outer cover to prevent moisture condensation and/or
cryopumping of HPI during ground operations. Cooling tubes are contained between
the cover and tank walls to absorb incoming heat. In operation, a2 small amount of
propellant is bled from the storage tank, throttled to saturation condition and
passed through the cooling tubes where incoming heat is absorbed through vaporiza-
tion.

Concepts employing flexible covers provided minimum weight but greatest sus-
ceptibility to insulation crushing from multiple pressure cycling or handling
loads. Concepts employing hard outer covers minimized risk of insulation damage,
but were heavier, especially for an aluminum outer shell. The liquid tankage con-
cept selected for later tankage screening and integration studies employed a

fiberglass outer shell, which was pressurized during ascent to orbit, evacuated
G-3
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ALUMINUM

Ve
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© 0 0 0 ©
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NO PURGE OF HPI REQUIRED
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O

2

IBERGLASS
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REUSABLE HPI WITH FIBERGLASS COVER
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INCREASED COMPLEXITY DUE TO
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REUSABLE HPI WITH FLEXIBLE COVER

HPI VENTED TO ATMOSPHERE AND PURGED DURING
ASCENT AND DESCENT

LOW STRUCTURAL WEIGHT

SEALED JACKET/MPI

FLEXIBLE

COVER

o 0 0o ©

1.0 3¢

REUSABLE HPI WITH FLEXIBLE COVER

HPI EVACUATED AND SEALED

LOWEST WEIGHT CONCEPT

HIGHEST TECHNOLOGY RISK DUE TO POSSIBLE HPI
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on orbit, and repressurized during reentry to minimize shell weight. This concept
provided the best compromise between weight and development risk. (Corresponding
oxygen and hydrogen tank weights for this concept are given in Figure C-3 as a
function of both propellant weight and tank pressure.) Two liquid tank pressuri-
zation concepts (illustrated in Figure C-4) were considered in the later screening
and integration studies: conventional cold gas helium pressurization, with helium
bottles installed in the propellant tanks to reduce bottle size; and autogeneous
pressurization, wherein warm propellant gas is tapped from main engine tanks and
compressed to required ullage pressure.

Supercritical propellant storage was also attractive because propellant is
stored in a single phase eliminating need for a propellant acquisition device. A
typical storage concept is analyzed in Figure C-5. (The HPI thermal protection
concept is the same as that selected for liquid storage.) Propellant is stored
initially at pressures above the critical point (188 1b /inza for hydrogen and
730 1b /inza for oxygen) at low temperature (high density) to conserve tank volume.
As propellant is withdrawn, energy is added to remaining propellant to sustain
tank pressure. This, in turn, increases the temperature (reduces density) of the
remaining fluid throughout the expulsion process. A typical expulsion process is
illustrated on the oxygen pressure-enthalpy diagram of Figure C-5. The low final
propellant density attained at end of expulsion minimizes the amount of residual
propellant, promoting good propellant expulsion efficiency. In the example of
Figure C-5, energy for heating remaining propellant is derived from hot gas gen-
erator exhaust gases. Since gas generator propellant demands increase with rising
final propellant tank temperatures, a trade-off between gas generator propellant
requirements and tank residual propellant was conducted to determine optimum final
tank temperatures. Results, shown in Figure C-5, provided minimum propellant
losses at final tank temperatures of 100 R and 500 R for hydrogen and oxygen,
respectively.

Various alternatives for adding energy to maintain supercritical tank pres-
sures are illustrated and compared in Figure C-6. Each approach uses an active
heat exchanger/gas generator assembly to provide required thermal energy. Con-
cepts using an in-tank heat exchanger were particularly heavy. This result was
caused by low convective heat transfer coefficients between the heat exchanger and
supercritical fluid, which necessitated large heat exchanger surface areas. Better
thermal efficiency and lower assembly weights were achieved with external heat

exchangers, using pumps to provide high fluid velocities and correspondingly high
C-5
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heat transfer coefficients. The concept selected for later screening and inte-
gration studies employs an external heat exchanger/gas generator circuit, in which
auxiliary propellant 1s tapped from the supercritical storage tank, heated to pre-
scribed temperature, pumped to a higher pressure, and cycled back into the storage
vessel. This approach provided reasonable weight, eliminated any explosion hazard
from gas generator exhaust products and allowed the pump to operate at constant
fluid inlet density.

Various APS/OMS propellant integration options considered for both liquid and
supercritical storage are shown in Figure C-7. Concepts considered for liquid
storage included:

(1) fully integrated tankage with common APS/OMS propellant acquisition

(2) completely separate, nonrefillable APS tanks

(3) combined, nonrefillable tankage, with APS tanks mounted inside OMS tanks

(4) separate, refillable APS tanks to minimize tank size, and

(5) combined refillable APS tankage
Since the baseline OMS employed liquid propellant storage, only two integration
concepts were considered for supercritical storage - separate nonrefillable tank-
age and separate refillable tankage in which liquid supplied from the OMS tank is
pumped to supercritical storage pressures for APS refill.

Concept Screening - Design alternatives (presented above) were compared to

define the most attractive APS/OMS integration options for both liquid and super-
critical storage, and to identify the best liquid propellant pressurization scheme.
Comparisons were made using shuttle A orbiter requirements tabulated in Figure C-8
for three distinct mission velocity levels:
(1) all translation maneuvers
(2) all translation maneuvers except those in the +X direction greater than
50 ft/sec
(3) all translation maneuvers except those in the +X direction greater than
10 ft/sec
As shown in Figure C-8, APS mission total impulse ranged from approximately 1M to
14M 1lb-sec, depending upon maneuver velocity allocation between APS and OMS. APS
propellant tank sizes for refillable tankage concepts were based on a reentry total
impulse requirement of 420,690 lb-sec, for the low velocity mission (#X axis
maneuvers <10 ft/sec); and the maximum impulse between major burns (1,720,000
1b-sec) for the intermediate velocity mission (+X axis maneuvers <50 ft/sec).

The minimum number of APS tank refills was determined by dividing total APS mission
C-10
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propellant weight by propellant weight required for these impulse levels. For
separate and combined tankage configurations, APS total impulse included an allo~
cation of 30,000 lb-sec per maneuver for settling liquid propellant in the OMS.
OMS propellant requirements included 144 1b of propellant for each OMS engine
start to fill engine supply lines. Assumed engine performance and nominal propel-
lant tank operating pressures are provided in Figure C-9. OMS engine performance
values were bases on the Pratt and Whitney RL10A3-3 engine.

To ensure fair and valid comparisons, storage concepts were assessed on the
basis of weight and volume (25 points), mission flexibility (25 points), tech-
nology requirements (20 points), design simplicity (15 points), and development
requirements (15 points). These criteria and weighting were further subdivided
into the specific areas summarized in Figure C-10.

Total APS/OMS weights for liquid APS storage are compared in Figures C-11
and C-12 for oxygen and hydrogen, respectively. These weights include the effect
of APS/OMS mixture ratio differences, which provided overall mission mixture ratios
of 4.7 for low maneuver level mission (+X axis maneuvers <10 ft/sec), 4.4 for
intermediate maneuver level mission (+X axis maneuvers <50 ft/sec), and 3.0 for
high maneuver level mission. As shown in Figure C-11, weight variation among
1iquid oxygen storage concepts was very slight. However, from Figure C-12 it is
seen that autogenous pressurization of liquid hydrogen tanks provided significant
weight advantage.

Detailed ratings of alternate APS/OMS integration and pressurization options
for liquid storage are shown in Figures C-13 through C-15 (for the three orbiter
mission velocity levels). For liquid oxygen, autogenous pressurization was penal-
ized because tight control over tank liquid/vapor heat and mass transfer processes
must be exercised to prevent excessive vent losses and/or detrimental interaction
with the screen propellant acquisition device. For this reason, cold gas helium
pressurization was preferred for liquid oxygen storage.

For liquid hydrogen, however, autogenous pressurization possessed a large
weight advantage and was favored over helium pressurization. Comparative ratings
among APS/OMS integration options were more competitive than for the pressuriza-
tion concepts; therefore selection of a preferred approach was more difficult.
Separate nonrefillable tankage was preferred for both oxygen and hydrogen, pri-
marily because of subsystem integration simplicity and fewer technological require-
ments associated with propellant acquisition (moderate screen sizes and no refill

requirement).
c-13
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Total APS/OMS tankage weights of supercritical propellant storage concepts
are compared in Figure C-16 for both low and intermediate maneuver level missions.
Because of reduced tank volume, refillable APS tankage concepts offered a signifi-
cant weight advantage. Detailed ratings of supercritical storage concepts for
both mission velocity levels are tabulated in Figure C-17. The nonrefillable con-
cepts were rated superior in every category except welght. Thus, despite the
large weight advantage associated with refillable tankage, the nonrefillable con-
cept was preferred by a slight margin for the low maneuver level mission. How-
ever, at intermediate velocity levels, this weight advantage was overriding, and
the refillable tankage concept was selected. Supercritical storage was not con-
sidered competitive with liquid storage for the high velocity level mission, due
to excessive weight penalty. This is illustrated by Figure C-18, which compares
liquid and supercritical APS storage weights for separate nonrefillable tanks,
and shows the weight penalty would be in excess of 10K 1b.

Based on these concept screening studies, both liquid and supercritical pro-
pellant storage were considered competitive for low and intermediate velocity
level missions, whereas only liquid storage was considered attractive for the high
velocity mission. These concepts, selected for further evaluation in Subtask A
study, are illustrated in Figure C-19. The selected liquid storage concept
employed separate, nonrefillable propellant tanks. Cold gas, helium pressuriza-
tion was selected for liquid oxygen, and autogenous pressurization for liquid
hydrogen. TFor the supercritical storage concept, separate nonrefillable tanks
were employed for the low velocity mission, while separate refillable tanks were
preferred for intermediate velocity levels.

C-2.2 Orbiter Propellant Thermal Conditioning - Preliminary evaluations of

the three orbiter A mission duty cycles revealed that propellant supplied to the
main engine tanks must be thermally conditioned in order to maintain satisfactory
propellant feed pressures and temperatures. This is illustrated by orbiter A main
engine tank pressure profiles for the largest +X maneuver in each of the three mis-
sion velocity levels (Figure C-20). As an example, for a velocity change of 50
ft/sec, the hydrogen supply must be superheated to approximately 200 R to main-
tain tank pressure above 20 lb/inza. Energy required for superheating could be
supplied either actively (using a gas generator/heat exchanger assembly) or pas-
sively (using a heat sink type heat exchanger). These two approaches are illus-
trated in Figure C-21 and the analytical models used to compare approaches are

described in the following paragraphs.
C-21
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SUBTASK A

The active heat exchanger design was a helical tube and shell configuration,
using bipropellant gas generator exhaust products as the thermal energy source.
Gas generator temperature was limited to 2000 R to promote long service life. To
ensure that water vapor contained in the exhaust products would not freeze in the
vent line, the heat exchanger hot side outlet temperature was limited to 900 R.
Therefore, energy available for superheating main engine tank resupply propellant
was the enthalpy difference between gas generator products entering the heat
exchanger at 2000 R, and leaving the heat exchanger at 900 R. Applying this
enthalpy difference, the gas generator propellant requirement for conditioning
main engine tank resupply (for the example of Figure C-21) was approximately 15
percent of total APS engine flow. Active heat exchanger/gas generator weights
were computed using parametric data of Appendix D.

The passive heat exchanger concept selected for Subtask A study employed a
number of straight tubes mounted to the inside surface of the vehicle skin (Fig-
ure C-21). Thus, the energy required for heating main engine tank resupply pro-
pellant was derived from the internal energy (mass and heat capacity) of both the
vehicle skin and heat exchanger tubing and the radiant solar energy flux incident
on the vehicle external surface. Heat exchanger surface area requirements were
calculated to determine their compatibility with available vehicle surface area.
The primary assumptions made for these calculations were:

(1) 1incident radiant solar energy flux equaled 110 Btu/hr—ft2 (which is a

conservative average value for low earth orbit)

(2) wvehicle skin and heat exchanger tubing temperatures recovered fully

between APS maneuver burns.

The calculated heat exchanger surface areas for both orbiters A and B are
compared with available vehicle areas in Figure C-22. The required number of heat
exchanger tubes was determined based on a tube diameter of 0.325 in and a tube
spacing of 2.0 in. This diameter provided an exit Mach number of 0.3 at the
required exit propellant temperature. Passive heat exchanger tubing weights were
then estimated assuming aluminum tubing having a minimum gage thickness of 0.022
in.

Curves for conditioning assembly weight presented in Figure C-21 compare
active conditioning penalty (gas generator propellant requirement plus heat

exchanger and gas generator weight) with passive heat exchanger tubing weight.

c-28
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As shown, both active and passive concepts were weight competitive for low

(AV <10 ft/sec) and intermediate (AV < 50 ft/sec) mission velocity levels. For
the all- maneuver APS mission, however, passive conditioning weight was
prohibitive. Weight penalty for the active approach can be reduced if a pro-
pulsive vent of the gas generator exhaust products is employed during +X axis
maneuver burns, From the example given in Figure C-23, it is seen that gas
generator propellant requirements can be reduced by approximately 2, 11 and 19
percent for low, intermediate and high mission velocity levels. Based on these
comparative weights, both active and passive thermal conditioning concepts were
selected for further investigation at low and intermeditate velocity levels

during Subtask A. However, due to the passive concept's excessive weight

penalty only active thermal conditioning was considered practical for the high
velocity level mission.

C.2.3 Propellant Flow Control - Results of parametric APS engine perfor-

mance studies (Figures C-24 and C-25) showed significant thrust and mixture ratio
sensitivity to engine inlet pressure and temperature. For the purpose of pre-
venting excessive thrust and mixture ratio excursions during orbiter and booster
APS missions, alternate propellant flow control schemes were investigated.

Orbiter - During Subtask A study, four primary flow control concepts
evolved for the orbiter, each providing progressively more accurate control of
engine thrust and mixture ratio. These include:

(1) engine tank mass addition

(2) main engine tank mass addition with differential pressure regulators

in individual engine feedlines.
(3) mass addition with main supply line pressure regulator, and
(4) mass addition with both a main supply line pressure regulator and a
liquid/vapor mixing chamber.

Illustrations of these four control concepts are presented in Figure C-26.
In the mass addition approach, main engine tank pressure was allowed to decay to
a prescribed level, at which time thermally conditioned resupply propellant was
injected into the tanks. With resupply only, loose control was exercised over main
engine tank pressure and temperature. Typical operating characteristics of this
approach are shown in Figure C-27 for an orbiter A velocity change of 50 ft/sec.
As shown, engine thrust and mixture ratio variation were substantial.

In the second control concept, oxygen and hydrogen pressure at the engine

c-30
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inlet were allowed to vary, but were maintained to a constant differential press-
ure by regulators on each engine. Operating characteristics for this differential
regulator concept are presented in Figure C-28. As shown, relatively constant
engine mixture ratio was achieved; however, engine thrust varied over a wide

range since no control other than mass addition was exercised over main supply
line propellant pressure (flow rate).

In the third concept, a main supply line pressure regulator provided inlet
pressure control. As shown in Figure C-29, this provided relatively tight control
of both thrust and mixture ratio. Slight variations which did result were caused
by propellant temperature fluctuations as propellant was withdrawn from main
engine tanks.

Most precise control of engine thrust and mixture ratio was achieved with the
fourth approach by incorporating a propellant mixing chamber adjacent to the main
supply line regulator. Typical operating characteristics for this last approach
are shown in Figure C-30. During operation, gaseous propellant was withdrawn
from main engine tanks, regulated to required feed pressure, and mixed with liquid
propellant supplied directly from APS storage tanks, By throttling liquid Flow-
rate, constant mixer outlet temperature was maintained. This was the most complex
of the control concepts considered but energy requirements for the thermal condit-
ioning assembly were minimized, since tank outflow and resupply rates were lower
conpared with other control concepts. Therefore, heat exchanger length and tubing
diameter for both active and passive conditioning concepts were reduced, and gas
generator propellant demands were reduced for the active concept.

Each of these four control concepts were considered viable orbiter candidates
and were investigated in greater depth during subsequent Subtask A studies. This
further study, described in the body of this report, identified the most attract-
ive concept in terms of weight, mission flexibility, simplicity, and technology
development requirements.

Booster - Mission duty cycle simulations for shuttle boosters revealed that
total impulse requirements could be satisfied entirely using residual gaseous
propellant contained in main engine tanks following boost. Since this eliminated
both propellant storage and thermal conditioning assemblies, neither mass addition
nor liquid/vapor mixing flow control approaches were considered for the booster.
As a result, only three booster concepts were investigated:

(1) a simple blowdown approach, exercising no control over propellant

C-36
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flow to the engine.
(2) a pressure regulated approach employing differential pressure regulators
on hydrogen inlet lines to each engine assembly, and
(3) a pressure regulated approach employing main supply line regulators.
Operating characteristics of the three concepts are compared in Figure C-31
for booster A, The most interesting results obtained from this comparison were
the nearly identical tank pressure/thrust profiles and the constancy of engine
mixture ratio for all concepts. Although engine thrust decayed for blowdown and
differential regulator concepts, minimum engine thrust levels delivered at end of
the mission were sufficiently high to satisfy booster angular acceleration
constraints with two engines out. Because of this result and the large line
diameters which render very large main supply line regulators, only the first two

booster flow control concepts were investigated further during Subtask A.

C-40
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APPENDIX D

Engine Assembly and Component Models

D-1. INTRODUCTION

Prior to performing synthesis and optimization of candidate APS concepts,
analyses of APS engine assemblies and primary subsystem components were conducted
to select reference component concepts and establish physical and performance
characteristics., The components considered were:

(1) engine assembly

(2) active heat exchanger

(3) gas generator

(4) pressure regulator

(5) propellant transfer pump, and

(6) propellant shutoff valve
A discussion of physical and performance characteristics of propellant storage tank,
passive heat exchanger, and main engine tanks is presented in Appendi% c.

Realistic models for the above components which define weight, size, and
performance as é function of design parameters were developed and employed in a
sybsystem design and sizing computer program for evaluating subsystem concepts.

A listing of ranges for which primary design parameters were developed is pre-
sented in Figure D-1. Presented in this appendix are a description of the
selected design concepts, and a summary of physical and performance characteristics

for each of the above components.
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SYMBOL DESCRIPTION RANGE
F Thrust Level 300-4,000 1bs.
P Thruster Chamber Pressure 10-30 LBF/INZA
(MR) Thruster Mixture Ratio 2.0-7.0 1bs 0,/1bs H,
(Tp)E Thruster Propellant Inlet Temperature 200-600 (HZ)
300-600 (02)
€ Expansion Ratio 2 to 15
& Propellant Flow Rate 0.15-10.0 lbs/sec (Hz)

0.60-45.0 lbs/sec (02)

(1-6 equiv. thrusters)

Teg Gas Generator Temperature 1600~2500°R
PGG Gas Generator Pressure 10-30 LBF/INZA
(MR)GG Gas Generator Mixture Ratio (consistant with TGG)
(Tp)GG Gas Generator Inlet Propellant 200-600 (HZ)
Temperature 300-600 (02)
(AP)H Heat Exchanger Pressure Drop 5-25 LBF/INZA
(AT)HOT Heat Exchanger Hot Side Temperature 600-2000°R
Drop

LOW PRESSURE APS

PARAMETER DEFINITION

FIGURE D-1
D-2

MCDONNELL DOUGLAS ASTROMNAUTICS COMPANY = BEAST
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D-2. ENGINE ASSEMBLY

The selected low pressure APS engine concept is shown in Figﬁre D-2. The
engine consists of injector assembly, fuel film-cooled thrust chamber, electrical
spark igniter assembly, and propellant control valves. The injector is a coaxial
element concept sized for gaseous propellants. The rolled and formed combustion
chamber is fabricated of Hastelloy steel. The fuel film coolant required to cool
the chamber was determined by thermal analysis with consideration of thermal cycle
and creep stress rupture. An electric spark igniter was selected based on its
quick response, long life capability, and demonstrated engine ignition capability.
The igniter design utilized separate control valves to provide positive propellant
control to the sequenced torch igniter chamber. Diaphragm actuated poppet valves,
shown in Figure D-3, were selected because they were light weight and offered
potential fast response and high cycle life capability.

From tests of injector elements the minimum pressure drop between injector
inlet and chamber for stable combustion was approximately 15 percent (2 lb/inz).

Delivered specific impulse as a function of changes in design point variables
was identified using the JANNAF standardized performance evaluation program. This
technique identified the changes in specific impulse losses as a function of all
combinations of operating variables. The expected delivered performance was deter-
mined by computing theoretical performance, then subtracting the following calcu-
lated performance losses:

(1) reaction kinetics and energy release

(2) mixture ratio distribution

(3) boundary layer

(4) nozzle divergence, and

(5) film cooling

Supplemental film cooling is required, since all design operating points must
meet APS cycle life requirements. These coolant requirements are also a function
of the design point as shown in Figure D-4.

Coupling these cooling requirements and their corresponding performance
losses with variations in the component losses resulted in the performance trends

shown in Figures D-5 to D-7. The most distinct variation results from changes

MCDORRELL DOUGLAS ASTRONAUTICS COMPANY « EAST
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<IN
7
VENTED ¥ PRESSURIZED
LOW PRESSURE ENGINE VALVE DESIGN
FIGURE D-3
D-5
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in design MR, Figures D-5 and D-6. As the engine operating point shifts from

2 to 4, a coolant flow increase is required to compensate for the higher combustor
core gas recovery temperature. This performance loss increase, coupled with
greater kinetics loss, reduced delivered performance at higher mixture ratios.

Performance gains with nozzle area ratio increase, Figures p-5 and p-6,
resulted from changes in theoretical performance as the gas was further expanded.

Trends in performance with variations in chamber pressure (Figure D-7(a)) denote
a compromise between cooling requirements and kinetics losses. Increasing chamber
pressure usually increases performance by decreasing kinetics loss; however, this
was offset by the influence of increased coolant flow requirement.

Thrust level changes (Figure D-7(a)) result in variations in propellant residence
time (stay time) within the nozzle. Since nozzle length is directly proportional
to chamber diameter at a given expansion ratio, stay time is increased., This
increased length increases the time available for recombination and reduces the
corresponding kinetics loss., In addition, coolant requirements are reduced, since
chamber surface per unit mass flow is lower. These influences are combined to
produce the overall change in specific impulse with chamber pressure.

Increasing propellant temperature (Figure D-7(b)) increased theoretical perfor-
mance because of higher propellant enthalpy, though coolant flow changes were also
required to provide an equivalent wall temperature.

The size and weight of the low pressure engines were very sensitive to design
variables. Small variations in chamber pressure and expansion ratio represented
a significant percentage change in design point and in corresponding component
weight. Variation in physical properties as a function of thrust, chamber pressure,
and area ratio are presented in Figures D-8 through D-10.

The heaviest engine component was the injector assembly. Realistic pro-
jections of injector weight have been made in the weight analysis assuming use
of aluminum. Aluminum was also used in the weight analysis for the shutoff

valves and injector assembly.

D-10
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SUBTASK A 29 JANUARY 1971

D-3. GAS GENERATOR

The low pressure gas generator consists of cylindrical combustion chamber,
injector assembly, electrical spark igniter, and associated propellant control
valves, similar to those used in the low pressure engine. The gas generator

is shown schematically in Figure D-1l. The cylindrical chamber has an L/D

ratio of 1.0 to 2.5; 1 for large diameters, and up to 2.5 for the smaller diameters.

Designs utilizing an L/D ratio less than 1.0 were too short to allow homogenous
combustion (uniform flame temperature), The chamber diameter was sized to obtain
a combustion gas Mach Number of 0.2, Chambers contain a turbulence ring appro*i-
mately halfway down from the injector face, to promote uniform mixing and combus-
tion., The chamber body is constructed of A286 steel at a thickness of 0.050 in.
The injector design is similar in materials and configuration to that used on
the APS engines except for fewer elements and the allowance for the lower mixture
ratio. The pressure drop across injector is approximately 20 percent of chamber
pressure. Gas generator igniton response occurs in 30 to 40 ms. Allowing valve
response time of 15 to 25 ms yields an overall gas generator response of less than
60 ms.

Gas generator performance, weight and size were calculated in a manner
similar to that used for the low pressure engine. Performance and weight

realtionships are shown in Figure D-12.
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D-4. ACTIVE HEAT EXCHANGER

The basic design of the heat exchanger is a concentric helical tube bundle
contained within a cylindrical shell as shown in Figure D-13, Hot combustion
products from the gas generator are passed through the shell, heating the tube
bundle through which liquid propellants flow. As propellant vaporizes and
changes density, it passes through a center manifold and into another bundle
of larger diameter tubes, allowing the fluid density to change without producing
a large pressure drop across the tube length. A representation of the flow
through the heat exchanger is given in Figure D-14.

The helical tube concept required that some void space eiist in the center
of the tube bundle because of practical minimum tube bending radius considerationms.
The helical coils are supported between manifolds by longitudinal plate baffles,
which serve to position the center diffuser and strengthen the assembly. Propel-~
lant is distributed to, and collected from, the tubes by means of multiple radial
manifolds symmetrically spoke-mounted in a plane normal to the hot gas flow. This
multimanifold arrangement possesses many advantages; it allows the thermai expansion
of the tubes during operation, exposes each row of tubes to an identical hot gas
environment, and improves accessibility to the individual tubes for ease of
fabrication. AISI 347 stainless steel was selected for the heat exchanger tubing
because of its strength, fabrication characteristics, and heat transfer capability.
Propellant inlet flow control devices were used at the inlet to ensure flow and
pressure stability.

Operating limits for the heat exchanger are tabulated in Figure D-15. The
indicated nominal design point conditions were used as baseline for the heat
exchanger. In designing the heat exchanger for nominal and off-nominal operationm,
the limiting criteria (maximum exit flow Mach Number of 0.2 and minimum number of
tubes for acceptable pressure variation within the length of a tube) determined
heat exchanger tube sizing. The number of manifolds used was based on engineering
judgement for reasonable packaging. Space between tubes was held at 0.15 in.
which, in turn, determined coil pitch, number of tube rows, and all external and
internal diameters of the heat exchanger.

With the aforementioned data (number of tubes, sizes, manifolds, spacing,
hot gas flow rate, core diameter, thicknesses, and design criteria selected

for each case) a thermal analysis was conducted to determine tube bundle length.
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HYDROGEN OXYGEN
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ot
Ti (°R) 1600 2500 2000 1600 2500 2000
"hot
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outhot
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Heat balances were made for each design point to determine the amount of hot gas
required to achieve desired cold and hot side operating conditions. Equations
for film coefficients, two phase flow conditions, etc. were selected on the basis
of engineering judgement for applicability and validity of correlations within
specific operating regimes. In developing the mathematical model, the following
assumptions were made:
(1) angular variation of hot gas properties was negligible, especially in
the multimanifold design
(2) radial variation in cold flow tube diameter was neglected, and an
average tube located at an average diameter replaced the tube bank
(3) due to the high temperature differences, a parallel flow analysis was
used, but would not differ significantly from a counter flow analysis
(4) in performing a step by step heat, mass, and momentum balance down
the tube, film coefficient and friction factor were evaluated using
the properties at the section inlet
(5) wall resistance caused negligible wall temperature drop
(6) no ice or liquid water formed on the hot side tube walls
With the overall tube length to achieve desired outflow conditions established,
overall heat exchanger weight and size were defined. The assembly weight was
arrived at by detailed calculations of tube bundle, manifolds, baffles, core, and
shell weights. Heat exchanger weights, lengths, and diameters are plotted as

functions of specified independent variables in Figures D-16 and D-17,
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D-5. PRESSURE REGULATORS

The regulator design, illustrated in Figure D-18 possesses a series of
overlapping segments that are moved to control propellant flow area. The general
configuration is similar to the aperture control device in a camera. Since this
type of unit does not have a positive shutoff ability, it would be placed down-
stream of a shutoff valve. The iris-type regulator would be driven by an actuator
in response to an electrical signal from a downstream sensor., The iris would not
fully close; rather, it would maintain a given setting when the engine
valves were signaled to close. When valves were signaled to open, the regulator
feedback loop would again function, establishing regulator flow area in response
to electrical signals,

The iris regulator orifice size was calculated for flow conditions of
25 lbf/inza inlet pressure, 4 lbf/in2 pressure drop across the regulator, and
gas temperature of 500°R. Weights of regulators with different flow ratings
were obtained from Lundy Electronics and Systems Inc., and are plotted in Figure
D-19. These weights, and the equations, were adjusted to include the accompanying

sensor and actuator weights.

D-24

MCDONRNRELL DOUGILAS ASTRONAUTICS COMPANY = EAST



LOW PRESSURE APS REPORT MDC E0303
SUBTASK A 29 JANUARY 1971

| & 7
|-
a
[S W]
a T s =
M o
= ')
o= =
(— \ H%L o o
—r
S_I.A (T o
=55 = <
o
— & —
o oD
o
Ll
e
[a o
= (V)
5 o
T ——
B
<<
- |
<
)
o
p—
o
o |
[ N]
L
FIGURE D-18

D-25

MCDORNELL DOUGLAS ASTRONAUTICS COMPANY » EAST



ABSVE " ANVANWOD SIOILNVNONLSY SYTINOQ TTINNOAIN

9z-d

61—a JYNDI4

WEIGHT EQUATION
WEIGHTx = 3.56081 (W) “O1%7

WEIGHTp = 6.39L42 (W) *0 00"
20
|
/
//
£ -
(&}
i 10 ///
&
[ 3]
3
-
g s /
0
0 10 20 30 LO 50
GASEOUS OXYGEN FLOW RATE ~ LBM/SEC
o)

: .
GASEOUS HYDROSEN FLOW RATE ~ LEM/SEC

PRESSURE REGUIATOR WEIGHT VS FLOW RATE

IRIS TYPE

P = 25 LBF/IN?A
APEE] LBF/IN2
T = 500°R

visvians

SdV J¥NSS3¥d MO

1L61 AYVNNVT 62
£0£03 JQW 130d43d



LOW PRESSURE APS REPORT MDC E0303
SUBTASK A 29 JANUARY 1971

D-6. PROPELLANT TRANSFER PUMP

It is possible to transfer the cryogenic propellants (LH2 or LOZ) from
the liquid storage tank, through the heat exchanger to the boost tank by means
of electrically driven pumps. These pumps can be tank mounted, and operate with
as little as 0.5 ft NPSH. Comparative performance data are given in this section
for systems that deliver a 20 lbflin2 pressure rise at flow rates of 2 1lb/sec
liquid hydrogen and 8 lb/sec liquid oxygen.

Electrical driven pumps can be operated by direct coupling to a high speed
ac or dc electric motor. The hydrogen pump motor would operate with motor and
bearings submerged in liquid hydrogen for cooling. Similarly, for oxygen pump
cooling, the rotor would be cooled by gaseous helium, while liquid oxygen would
cool the stator and the gaseous helium, Data for these pumps are tabulated in

Figure D-20.
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D-7. PROPELLANT SHUTOFF VALVE

Shut-off valves considered for the low pressure APS included ball,
butterfly, poppet, blade, and diaphragm varieties. Valve weight data (presented
in Figure D-21, demonstrate that, from a weight standpoint, the type of shutoff
element is not an overriding consideration, since valve weight is primarily a
function of flow area or line size. Therefore, for APS Subtask A studies,
selection of shut-off valve configuration was not made; instead, the data of

Figure D-21 were employed in subsystem weight evaluationms.

D-29

MCDONRELL DOUGLAS ASTRORMAUTICS COMPARY » EAST



LOW PRESSURE APS REPORT MDC E0303

SUBTASK A 29 JANUARY 1971
1 CODE.: 2
7 1 BALL // /
2 POPPET ///
sod 3 BUTTERFLY /1
§ L, CHECK .
30 !
ALUMINUM SHUTOFF
VALVE (NON ELECTRIC A
ACTUATION)
§ 1
2 2
£ Q
& 1
i /
1
' .
= & 2
. 7
= 6C
S /
& 5¢
40
34
2
. 10 |
1 2 3 L 5 6 78910 20 30

LINE DIAMETER ~ INCHES

SHUTOFF VALVE WEIGHT

FIGURE D-21
D-30

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY = EAST



LOW PRESSURE APS REPORT MDC E0303
SUBTASK A 29 JANUARY 1971

APPENDIX E: RESIDUAL PROPELLANT AVAILABILITY

E-1. INTRODUCTION

At the times of booster and orbiter main engine shutdown, there are signifi-
cant quantities of oxygen and hydrogen residual liquids and gases remaining in the
main engine tanks. A summary of propellant residual quantities remaining in the
Vehicle A booster and orbiter at engine shutdown is presented in Figure E-1l. These
residual propellants are assessed entirely against the main engine system, and if
a portion of the propellants could be utilized by the APS to satisfy impulse re-
quirements, APS weight might be reduced substantially.

Not all residual propellants are available for APS usage. After main engine
shutdown, heat transfer from the surrounding vehicle structure and vaporization of
residual liquids will increase main engine tank pressures to vent levels, and
residual propellants will be lost through venting unless used by the APS. Thus,
determination of the amount of residuals that can be credited to the APS, requires
an analysis coupling combined effects of heat transfer into the main engine tanks,
residual liquid vaporization, and APS propellant usage. The greatest uncertainty
in this analysis is the heat transfer and vaporization rates associated with re-
sidual tank liquids. Since vaporization occurs in a very low gravity enviromment,
evaluation of vaporization rates requires modeling of fluid motion and heat trans-
fer characteristics in a low gravity environment. Such analytical techniques were
not available. Instead, the approach selected for this study was to utilize data
correlations for existing launch vehicles. Liquid vaporization rates experienced
on previous launch vehicles were correlated to develop a model to predict equiva-
lent propellant motion and heat transfer effects for known mission and vehicle
characteristics. This model was then applied to the shuttle vehicle design and
mission in order to identify expected vaporization rates.

This appendix presents the correlation of booster vaporization rate data and
its application to the low pressure APS. The following paragraphs provide a de-
finition of the Saturn vehicles examined, and a discussion of data and results for
both oxygen and hydrogen. A summary of equivalent models which best approximate
fluid motion and heat transfer are provided. Finally, these results are applied
to the space shuttle vehicle to predict the availability of 1liquid residuals for

the low pressure APS,
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E-2. SATURN DATA EVALUATION

Low gravity, orbital data were available for three booster configurations.
These were: (a) Saturn~IV, (b) Saturn-IVB/IB, and (c) Saturn~IVB/SV. The
Saturn-1V vehicle was the upper stage of the Saturn I, two-stage launch vehicle.
This vehicle performed a single burn to earth orbit. The Saturn-IVB/IB vehicle
was the upper stage of the Saturn IB, two-stage launch vehicle. The Saturn-1IVB
flight numbers for this booster configuration were in the 200 series. The
Saturn-IVB/SV vehicle was the third stage of the Saturn V, three-stage, launch
vehicle. This vehicle performed a two-burn mission; the first burn was to earth
orbit, followed by an earth orbital coast and a second burn for trans-lunar orbit
insertion. Flight numbers for this booster configuration were in the 500 series.
The S-IVB/IB and $-1IVB/V stages were of basically similar configuration.

All S-IV and S-IVB flights were examined to obtain applicable data for the
oxygen. FEight flights provided data suitable for study. Segments from 11 flights
were examined to obtain data applicable to the hydrogen propellant. Six groups of
these data were analyzed in depth, using one particularly well-instrumented group
to correlate the other data. The following paragraphs provide a summary of the
data obtained and a discussion of its interpretation.

E-2.1 Liquid Oxygen Evaluation - For the eight flights which provided LO

, 2
data suitable for study, heating was divided into two regimes. These were: (1)

ullage gas heating or heating characterized by a vapor interface at the propellant
tank wall and (2) liquid heating or heating characterized by a liquid interface at
the propellant tank wall. This latter heating regime was further subdivided to
identify the amount of liquid heating that should be allocated to propellant
boil-off, and the amount associated with bulk liquid heating. Applicable data were
evaluated to determine the amount of liquid/gas heating, wetted wall surface area,

and percentage of liquid heat transfer associated with propellant boil-off.

To evaluate the liquid oxygen tank conditions during low gravity coast, the
tank conditions at the beginning and end of the coast were established as closely
as possible. For example, for one typical flight (Vehicle 204), the following
conditions were established. After main engine cutoff, the stage was pitched for
alignment with the local horizontal. Subsequently, the following tank conditions
were achieved: LO, bulk temperature 161° - 162°R, ullage gas temperature 160°R

2
and ullage pressure 19 lbf/inza. These were used as the initial conditions for
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evaluation of LO2 characteristics. The conditions at the end of a two-hour coast
were: LO2 bulk temperature 164° - 165°R, ullage gas temperature 165° - 170°R and

ullage pressure 26.3 lbf/inza. The observed pressure rise could not be due to
ullage heating alone, as that would require an ullage temperature of 180°R. Bulk
boiling of the liquid also could not have occurred, since bulk liquid temperatures
never reached saturated conditions. Thus, a combination of liquid heating, liquid
vaporization, and ullage gas heating was required to explain the measurements. To
determine the appropriate balance between vaporization and ullage heating, a com-
puter program was used to investigate the influence of various parameters affecting
pressure and temperature within the vehicle. Using this approach, the balance
between ullage heating and vaporization, which best satisfied end conditions, was
deduced. For the data point in question, the average bulk heating rate for the
residual liquid was approximately 1500 Btu/hr. Heat input rates required to vapor-
ize sufficient liquid for the observed pressure rise rates were also determined.
These varied between 5,000 and 15,000 BTU/hr. These results indicated that between
75 to 90 percent of the total heat transferred from the tank to liquid oxygen re-
sulted in vaporization. The remainder was associated with bulk liquid heating.

As another example, Figure E-2 shows the pressure rise as a function of time
for flight 205. Calculations of the pressure rise rate for two extreme cases are
also shown. Because of incomplete ullage temperature instrumentation, it was
necessary to estimate flight 205 heating rates using flight 204 data. The extreme
cases considered were: (1) a fully wetted wall in which all of the heating was
directly applied to the liquid; and (2) a dry wall situation in which all heat
transfer was delivered to the ullage gas. These extremes are shown to bound the
actual data. A curve which best satisfied observed data was deduced for this
flight (in the same manner as described above) by assuming that 75 percent of total
liquid heating was associated with surface boiling. As shown, this provides a very
good model of the results.

Other flight data indicated different pressure profiles during coast. For
example, the rate of pressure rise as a function of time from insertion was observed
to vary from flight to flight. This was partially correlated with sun angle, which
varied for different vehicles because of different launch times during the day.
Other factors contributing to differences were the amount of liquid residuals,

ullage gas composition (helium and oxygen), ullage temperature, and extent of

orbital maneuvers.

E-4

MCDONNELL DOUGLAS ASTRONAUTICS COMPARY « EAST



ASVT » ANVAWOD SIILNVUNOMNASY SVYITOINOA TIINNOAQIOWN
PRESSURE, (LBF/IN24)

-3
Z~3 33n9214

28

2L

22

20

18

|
O 205F DATA

----PREDICTED HEATING

Qurr, = ULLAGE HEATING, BTU/HR

<

Qgp = HEAT INTO SURFACE BOILING, BTU/HR

v SsB = -80¢1qror

- FULLY WETTED WALL

T
<

B = -15Qurgror

4
3
'

\— DRY WALL CASE

L LOX DUMP, LOX

NPV OPEN

DAY

NIGHT

—r—

DAY —

LOX TANK ULLAGE PRESSURE

[AS]

b
(o)

TIME FROM LIFTOFF, (1000 SEC)

(8-IVB-205, LOW-G COAST)

vaisvians

SdV JY¥NSS3¥d MO

1£61 AYVYNNVT 62
£0£03 JQW LY0dTY



LOW PRESSURE APS REPORT MDC E0303
SUBTASK A 29 JANUARY 1971

The pressure history of flight 204, shown in Figure E-3, clearly shows the

s
singular effect of orbital maneuvers. Pitch maneuvers were executed at 3200 and

at 6300 seconds. These are believed to have positioned liquid over tank support
structure which provided high heat shorts, with resultant increases in heat trans-
fer and vaporization. Also shown in Figure E-3 are the analytical results for
various proportions of liquid heating associated with surface boiling,

To illustrate the range of differences needed to explain the various flights,
the data for five flights are shown in Figure E-4. 1In Figure E-4, curves have been
fitted with various allocations of heating between the liquid and ullage. Here
again, the range of conditions is bracketed by wetted and dry wall calculations.

Based on the evaluation of oxygen data, a range of values for the amount of
liquid heating that should be allocated to surface boiling was observed to range
from 75 to 90 percent. The flight data also indicated that for residual oxygen
liquid, the most accurate model for definition of equivalent liquid wall contact

area was a settled liquid mass.

E-2.2 Liquid Hydrogen Evaluation - Segments from 11 flights were examined

to obtain data applicable to the residual hydrogen propellant. Six sets of these
data were analyzed in depth, using one particularly well-instrumented set to
correlate the other data. Emphasis was placed on long steady state periods with
a constant low g level applied to the vehicle. These conditions were selected to
minimize the influence of the hydrogen tank insulation heat capacity. Periods of
no venting, or periods with measured vented gas quantities, were chosen to deter-
mine the total mass in the tank. Thus, an accurate accounting of energy could be
achieved. Hydrogen tank energy balances were carried out for a number of tank
conditions on both the S-IVB and S-IV stages. These helped to determine heat
flux to liquid and gas, and percentage of tank wall wetted by liquid during

low g operations.

Results of seven energy balances which were applicable to the orbiter are
tabulated in Figure E-5 and calculations related to these data are shown in
Figure E-6 Figure E-6 presents the observed heat transfer rate as a function
of calculated wetted wall area, assuming residuals to be completely settled in
the tank base. A key point in Figure E-6 is point number 6. For this set of
conditions, an evaluation of heat transfer fully independent of ullage and
liquid temperature measurements was obtained. Point 6 corresponds to a steady

state, continuous venting period, and represents data from several S-IVB/V flights.

E-6
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Results of an energy balance under the conditions represented by point 6 are re-
liable, since the hydrogen tank had reached an equilibrium condition with saturat-
ed liquid and a stratified ullage gas. Under these conditions, boil-off and
ullage heating could be derived directly from measured flow rate and enthalpy.
Also, wetted wall area during this process was relatively well known. For these
reasons point 6 was considered to be the most reliable point of Figure E-6, and a
straight line passing through point 6 was assumed to relate heat transfer rate to
wetted surface area.

For the other points in Figure E-6, there was significantly more uncertainty
regarding the amount of wall wetted by liquid. However, one major factor neglected
in Figure E-6 was the influence of acceleration level on liquid configuration and
wetted wall area. From Figure E~35 and E-6 it may be observed that points which
are most distant from the linear relationship between liquid/ullage heat input
versus wetted wall area, as described by the line through point 6 (for example,
points 5 and 7), represent those with the lowest gravity environment., Thus, these
points are expected to be the least settled liquid configuration. In order to
investigate the influence of gravity, the data from Figure E-5 were correlated
using their acceleration levels. The correlation expressed an effective wetted
wall fraction as a function of acceleration. The effective wetted wall was de-
fined as that which would be wetted assuming the data for point 6 provided a linear
relationship between heat transfer rate and wetted wall area. Each data point in
Figure E~6 was translated to the straight line passing through point 6 at a con-
stant heat transfer rate. The wetted area defined by the straight line provided
the effective wetted wall area. The original data point provided the settled
liquid wetted area. The correlation between the ratio of effective wetted area
to settled wetted area and acceleration is shown in Figure E-7.

Application of Saturn data to definition of a liquid hydrogen model indicated
that the position of the liquid hydrogen was strongly acceleration-dependent,
Correlation of Saturn data with space shuttle data indicated that approximately
65 percent of the hydrogen tank would initially be wetted, even if only small
amounts of residual were present. Also, the analysis showed that hydrogen liquid
was maintained near saturation conditions. Thus, effectively 100 percent of the

liquid heating goes into vaporization.
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E-3. RESIDUAL AVAILABILITY

E~3.1 Orbiter APS - Using the above models for liquid vaporization, simulated
APS missions were analyzed, by coupling liquid boil-off, vapor heating, and APS
propellant usage, to determine the usability of liquid residuals. A brief descrip-
tion of amalysis and results obtained is presented below for both high and low
cross-range orbiters (orbiters A and B, respectively). Heating rates to the
residual liquid propellants following main engine shutoff were estimated for
orbiter A. Results are shown in Figure E-8. These rates were then applied (in
conjunction with the vaporization models developed from the Saturn vehicle study)
to obtain the histories for residual liquid remaining presented in Figures Eg-9
and E-10. Liquid vaporization rates were then computed using these residual
histories, and employed in a computer program (which simulates APS mission opera-
tion) to determine the amount of residual liquids that could be used by the APS.
A typical computer mission simulation is shown in Figure E-11. Results from these
computer mission simulations are summarized in Figure E-12 for three distinct
maneuver velocity allocations. (The liquid vaporization rates used for the orbiter
A analysis were also assumed valid for Vehicle B.) As seen in Figure E-12, only
a small percentage of the initial LOX residual is usable by the APS., This is
because LOX vaporization rate is relatively large, and most of the oxygen vapor is
vented before major vehicle velocity changes are performed. The usable residual
1iquid weights presented in Figure E-12 were applied to the propellant weight
requirements tabulated in the detailed subsystem weight breakdowns of Appendix F.
E-3.2 Booster APS - Utilization of main engine tank propellant residuals
was also considered for the booster APS. Simulated mission evaluations for the
booster APS clearly showed that ample residual propellant vapors were available
in the main engine tanks to satisfy the entire booster mission without propellant
resupply. An example of the vehicle B booster mission simulation is shown in
Figure E-13. Based on these results, no additional analyses of booster residual

liquid vaporization were undertaken in this study.
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EFFECT OF BOOST RESIDUALS ON APS RESUPPLY REQUIREMENTS
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APBENDIX F

APS Design and Weight Sensitivity

F-1. INTRODUCTION

Design and weight sensitivity analyses were conducted on 68 candidate low
pressure APS concepts. All but four of these pertained to orbiter vehicles.
Various approaches to vehicle requirements, propellant storage state, thermal
conditioning, and flow control devices were investigated as required for each of
two booster and orbiter elements. Space shuttle configurations considered were
low (shuttle A) and high (shuttle B) crossrange, 2-stage, fully reusable space
vehicles. Various velocity allocations between APS and an orbit maneuvering sub-
system (OMS) were considered. These were:

(1) APS provides all attitude control and +x translational maneuvers< 10 ft/sec

(2) APS provides all attitude control and +4x translational maneuvers< 50 ft/sec
(3) APS provides all attitude control and all translational maneuvers.

The booster APS provides for all attitude control maneuvers with residual pro-
pellants. Therefore, it requires only a propellant distribution network and control
engines. Matrices of candidate APS concepts for orbiters and boosters are pre-
sented in Figures F-1 and F-2, respectively. Detailed subsystem schematics are
presented below for the most attractive concepts. The schematic legend is shown in

Figure F-3.

MCDONRNNELL DOUGLAS ASTRONAUTICS COMPANY = EAST




LOW PRESSURE APS REPORT MDC E0303

SUBTASK A 29 JANUARY 1971
VENICLE REQUIREMENT PROPELLANT THERAL FLOW
STORAGE STATE CONDITIONING CONTROL
oremmer K1 AL '1 - - _
f—{uouio}—" acnve MASS
BANEUVERS (GAS GEN. ASSY) ADDITION
+X TRANSLATION] ] SUPPLY LINE
bt MANEUVERS REGULATION
<SOFPS
ORBITER B —{SuPERCRMICA PASSIVE INDIVIDUAL
- (HEAT SIIK; SOLAR) THRUSTER
— ~ PRESSURE
REGULATION
+ X TRANSLATION
BANEUVERS . DENSITY (P/T)
<18 FPS | COHTROL
A
/ PROPELLANT STORAGE (APS/OMS) PRESSURIZATION \
: ™ LIQUID ]
: FULLY INTEGRATED
HYDROGEN ~]
SEPARATE, NONREFILLABLE COLD HELILM
. COMBINED, NONREFILLABLE ¥ AUTOGENOUS
— SEPARATE, REFILLABLE
COMBINED, REFILLABLE
r SUPERCRITICAL 1
OXYGEN . S
| | SEPARATE, NONREFILLABLE | ACTIVE PRESSURE
SEPARATE, REFILLABLE CONTROL ASSEMBLY
=3 -

ORBITER CONCEPT MATRIX

FIGURE F-1
F-2

MCDORNELL DOUGLAS ASTRONAUTICS COMPANY =« EAST



ASVI * ANVAWOD SOIANVNONASY SVYTDINOA TIINRNOOQIDW

£-d

VEHICLE REQUIREMENTS

BOOSTER A

— ENTRY

BOOSTER B|

Z—d 3¥N9I4

PROPELLANT THERMAL
STORAGE STATE CONDITIONING
BOOST NONE
RESIDUALS

BOOSTER CONCEPT MATRIX

FLOW
CONTROL

[ NONE
(BLOWDOWN )

SUPPLY LINE
PRESS REG.

v asvians

SdV J¥NSS3dd MOT

LL61 AYVNNVT 62
£0£03 J0OW L30dTy



ASVI ® ARVAINOD SOILNVNOMASY SYTDNOA TYTINNOAIW

v—d

€=d1 TNO1d

71
!

MOTOR-DRIVEN COMPRESSOR =X
GAS GENERATOR 1:[5]3:\

THRUSTER ASSEMBLY [
[
|

ACTIVE HEAT EXCHANGER

PASSIVE HEAT EXCHANGER

>
P
T

SCHEMATIC LEGEND

SHUTOFF VALVE (SOLENOID,MOTOR-DRIVEN, ETC.)

CHECK VALVE OR RELIEF VALVE

BURST DISK/RELIEF VALVE

PRESSURE REGULATOR

LIQUID ~ VAPOR MIXER

THROTTLE VALVE (IRIS REGULATOR)

PRESSURE SENSING DEVICE

TEMPERATURE SENSING DEVICE

v isvians

SdV 34NSS33d MO

LL61 AVNNYT 6
£0503 JQNW LY¥0dIY




LOW PRESSURE APS REPORT MDC E0303
SUBTASK A 29 JANUARY 1971

F-2. CONCEPT DESCRIPTION - BOOSTER

Booster APS mission performance requirements are achieved utilizing only main
engine tank propellant residuals thus eliminating the need of auxiliary tankage,
and thermal conditioners. Hence, only two candidate auxiliary propulsion subsystems
were evaluated for boosters A and B, These were: (1) a simple gas blowdown concept
shown schematically in Figure F-4 which requires only distribution lines, isolation
valves, and engine assemblies, and (2) a differential pressure regulation control
concept shown in Figure F-5, requiring a regulator for each éngine assembly in
addition to the above mentioned components. Performance requirements were met with
a booster A configuration using eighteen 2600 1b thrust engines and booster B config~
uration of sixteen 2000 1b thrust engines, Subsystem concept design optima are
summarized in Figure F-6. For all cases considered, engine mixture ratios optimized
at 4.0 and nozzle expansion ratios at 2.0. Maximum distribution line diameters

varied from 6.9 to 8.3 in for fuel lines and from 7.2 to 8.7 in for oxidizer lines.

F-5
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SUBTASK A
F-3. SUBSYSTEM WEIGHT - BOOSTER

Distribution and engine assemblies were sized to provide the desired thrust
level at end of mission when booster tank pressures and temperatures had decayed
to their lowest values. In addition, the propellant distribution network (lines
and isolation valves) was sized to provide minimum subsystem weight by trading-off
the line weight against engine weight. An engine injector and valve pressure
differential of 2 lbf/inza was estimated to be the minimum allowable for good
mixing and stable operation. Component and total subsystem weights are tabulated
in Figure F-6 for each concept and booster vehicle. The simple blowdown concept
resulted in the lightest subsystem weight, specifically 2972 and 3089 1b for

boosters A and B, respectively.

F-9
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F-4, DESIGN AND WEIGHT SENSITIVITIES - BOOSTER

Linear sensitivities to thrust, engine chamber pressure, mixture ratio, nozzle
expansion ratio, and maximum boost tank pressure were evaluated for both booster
APS concepts. Linear sensitivities were evaluated by varying a single design para-
meter while maintaining all other design parameters at thelr design point. Sensi-
tivities and design point optima are shown in Figures F-7 through F-10. Sensitivity
to total impulse and resupply propellant conditioning temperatures are not shown
since sufficient residual propellant was available to meet all performance require-
ments, In the analysis, main engine tank weight increases were assessed against
APS weight for cases where boost tank pressure exceeded design pressure. This is
shown by the linearly increasing solid lines to the right of the design point in
the curves for APS weight sensitivity to main engine tank pressure shown in Figures
F-7 through F-10. In general, subsystem welght was found to be very sensitive to
thrust level, chamber pressure, and main engine tank pressures, but insensitive

to engine mixture ratio and nozzle expansion ratios.

F-10.
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F-5. CONCEPT DESCRIPTION - ORBITER

The design concepts presented in Section F-1 were evaluated at the three pre-
defined velocity allocations for both Orbiter A and B as shown in the concept
matrix of Figure F-1. Comparisons of the flow control concepts, as defined in the
body of this report, indicated the constant density liquid/vapor mixer approach to
be the most attractive based primarily on weight and mission flexibility consider-
ations, and hence subsystem schematics are presented only for this control concept.

The schematics shown in Figures F-11 through F-14 are for liquid storage/
passive conditioning, liquid storage/active conditioning, supercritical storage/
passive conditioning, and supercritical storage/active conditioning, respectively.
A1l subsystem approaches include the following assemblies: propellant storage
tanks with associated pressurization subassemblies; heat exchangers with associated
valves and controls; main engine tanks, which serve as gas accumulators; flow
control devices; distribution network with associated isolation valves; engines
with associated valves, injector, and nozzle. Mission performance requirements
were met with an orbiter A configuration utilizing thirty-two 500 1b thrust engines
and an orbiter B configuration of twenty-eight 1000 1b thrust engines.

Subsystem design point summaries are tabulated in Figure F-15 (orbiter A) and
Figure F-16 (orbiter B) for the constant density control concept. APS total
impulse and conditioning temperature requirements, subsystem optima, and sub-
system specific impulse and total weight are given for each of the subsystem
concepts investigated. Over the entire concept matrix (including both vehicles)
optimum engine chamber pressure only varied from 13.3 to 13.9 1bf/in2a and the
optimum mixture ratio remained constant at 3.0. For the 10 ft/sec velocity case,
the optimum nozzle expansion ratio was 8.0, while for higher velocity maneuvers
the optimum was 10.0, It should be noted that the subsystem specific impulse is
based on the combined impulse provided by the APS tanked propellant and the main

engine tank residuals.

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY = EAST
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TOTAL

SYSTEM OPTIMUMS SYSTEM CONDITIONING TEMP TOTAL SYS
IMPULSE H - WEIGHT
PC € MR ISP 2 2
< 10 FT/SEC
‘ SAT'D
LIQUID ACTIVE 1.20 (10°) 13.3 8 3 456 SAT'D LIQUID| VAPOR 6755
LIQUID PASSIVE 465 t 6672
S/C ACTIVE 6 L1 7728
S/C PASSIVE 1.201 (107) 13.3 8 3 441 SAT'D LIQUID| SAT'D 7421
VAPOR
< 50 FT/SEC 6
LIQUID ACTIVE 2.698 (10°) | 13.4 1 3 391 100°R 265°R | 11735
LIQUID PASSIVE 405 11632
S/C ACTIVE 6 395 12190
S/C PASSIVE 2.698 (10°) 13.4 10 3 397 100°R 265°R | 11762
ALL MANEUVERS 6 o
LIQUID ACTIVE 13.426 (10°) 13.4 10 3 360 236°R 328°R 44960
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TOTAL SUBSYSTPM OPTIMUNS SYSTEM CONDITIONING TEMP TOTAL SYS
IMPULSE I H, o, WEIGHT
P, € MR Sp
< 10 FT/SEC
LIQUID ACTIVE 1.523 (106) 13.8 8 3 409 184 190 8927
LIQUID PASSIVE 430 8734
S/C ACTIVE I i t 418 i 10580
S/C PASSIVE 1.523 (10%) 13.8 | 8 3 418 184 190 10070
< 50 FT/SEC 6
LIQUID ACTIVE 3.311 (107) 13.9 | 10 3 375 226 190 14550
LIQUID PASSIVE 395 14543
S/C ACTIVE I 6 l I 380 15818
S/C PASSIVE 3.311 (10°) 13.9 | 10 3 389 226 190 15154
ALL MANEUVERS 6
LIQUID ACTIVE 15.780 (10") 13.9 | 10 3 356 288 266 52622
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F-6. SUBSYSTEM WEIGHT -~ ORBITER

The orbiter APS was sized in essentially the same manner as described in
Section F-3 for the booster. Distribution and engine agsemblies were sized based
on the lowest values of pressure and temperature occurring during the mission duty
cycle; and the propellant digtribution lines, isolation valves, and. engine weights
were optimized based on avallable pregsure budget. Again, a 2 lbflinz pressure
differential was maintained across the engine injector and valve, To provide

2a-were used and the

minimum weights main engine tank design pressures of 20 1bf/in
ratio of resupply propellant flow rate to main tank outflow rate was maintained at
unity, The rationale for these design conditions are discussed in the body of this
report, APS propellant tankage requirements were determined based on available
residuals and mission total impulse requirements.

For the 10 and 50 ft/sec veloclty cases, component and total weight summaries
are presented for each subsystem concept in Figures F-17 through F-22 (orbiter A)
and in Figures F-23 through F-28 (orbiter B). For reference purposes these figures
also include weight breakdowns for the alternate flow control concepts. The all
maneuver weight summaries are tabulated in Figure P-29, For the passive condi-
tioning case, propellant, tank and engine weights were found to be nearly
independent of flow control concepts. In contrast, propellant weights were reduced
for active conditioning by utilizing constant density control since the lower condi-
tioning requirements decreased the active heat exchanger/gas generator propellant
usage. The constant density control concept also resulted in lower heat exchanger
weights, again because of reduced conditioning energy requirements. Furthermore,
distribution line weights are reduced because of the lower design operating

temperatures of this control concept.

For the selected constant density flow control approach, the subsystem weights
have again been summarized in Figure F-30 for orbiter A and Figure F-31 for orbiter
B, Minimum subsystem weight was achieved for the 10 and 50 ft/sec maneuvers
utilizing liquid propellant storage and passive conditioning. Minimum low pressure

APS weights for the 50 ft/sec velocity allocation are 11,632 and 14,543 1b for
orbiters A and B respectively.

F-22
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. <10 FPS
COIICLPT PAS3TVS CONDITIOHIIG CTTVZ COIDITIONING
N, V43S SUPPLY THRUSTER 71455 SUPPLY | THRUSTIR -
PA.‘?P.‘ TP PY o L5 . G orae] P/T ADD 2.0 LG P/
PRCEILIATT :
EUD-CCs (Ep) 799 792 792 802 952 . 943 943 845
cosTn o (Ca) 2398 2376 2376 2406 2496 2472 2472 2438
122 122 122 122 126 126 126 123
207 206 206 208 234 233 233 216
38 38 38 38 43 43 43 39
CAYGIT TAT
PRsS3IIZATION SYSTE 16 16 16 17 17 16 16 16
Tl ATD IUSULATION 104 104 104 105 107 106 106 106
scrIon 12 12 12 13 13 13 13 13
THUX AL COUDITIONING
i3 e iy (g) 0 0 0 0 49 49 49 22
Ca3 Guiniasor (T2)
a2 S son () 171 171 171 0 240 240 240 0
| T IRCEES (og) 331 331 331 280 250 250 250 232
DISTRIZUIION 375D
170 522 522 522 406 522 522 522 406
' T ToLs (VALVES & 5.6G3) 358 722 620 662 291 755 683 686
[wared g 1646 1646 1646 1613 1646 1646 1646 1613
- L 6723 7058 6956 6672 7086 7414 7342 6755
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SUPERCRITTICAL STORAGE, NON-REFILLABLE

£ 10 TPS

CONCEPT

PASSTVE COUDITIORING

ACTTIZ COIDITIONTING

PARAMETER 1iASS SUPPLY THRUSTIR | o/ MASS SUFPLY | TIRUSTR |
ADD REG REG ADD RiC e
PROFELLANT ,
HYDRCGEN (Ep) 881 873 873 915 | 988 978 978 915
oxyezr  (0p) 2387 2364 2364 2486 | 2452 2429 2429 2486
HYDROGZN TANK
PRESSURIZATION SYSTEM 195 182 182 167 208 208 208 182
TARK AND INSULATIOK 439 435 435 435 490 485 485 455
SCREZN
OXYGEN TAIK
PRESSURIZATION SYSTEM 196 184 184 167 173 173 173 172
TANK ATD INSULATION 331 328 328 328 339 336 336 343
SCREZK
THERMAL CONDITIONILG
GAS GEIZRATOR (Hp) 0 0 0 0 50 50 50 25
GAS GEIZRATOR (02)
HEAT EXCHANGIR (H2) 37 37 37 0 243 243 243
12AT EXCHANGIR (O2) 23 23 23 20 243 243 243 223
DISTRIBUTION SYSTE!
LIS 521 521 521 405 521 521 521 405 |
CONTROLS (VALUES & RBGS) 608 972 900 885 641 1005 933 909
EGINES 1646 1646 1646 1613 | 1646 1646 1646 1613
¢ |
M TOTAL 7264 7565 7493 7421 7994 8317 8245 7728 |
e
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SUPERCKRIIICAL STORAGE - REFILLABLE &
<10 FE8 2
&
CCiiCEPT PASST/s CCLDITIONT ACITIS COIDITIUNT G =
>
PLSLITTIR 1S3 SUFFLY THRUSTSR 455 TEUSTIR | -
et 7D 2.0 RIG P/T 53D e e
POOFLLLAIT
HYSFOCLY (Hp) 887 879 879 921 994 984 984 921
eIl (00) 2395 2372 2372 2494 | 2460 2437 2437 2494
2
HYDROGZH TATH
PRZSSURIZ~ZION SYSTEM 195 182 182 167 207 208 208 182
TalX ATD IVSULATION 237 237 237 237 237 237 237 237 !
STRLAT
CXYGIT AT
PRUSSURIZATION SY3Teli 196 184 184 167 173 1
TAIC AZD ISULATION 148 148 148 148 148 [ 14 tig 2L
ol plelbe !
TRIR AL COIDITICIIG !
GAS CuimraTOR (¥ o) 0 0 0 0 50 L50 50 25
GES GIizmraion (T2) E
AT TUCEATGUR (2 37 37 37 - 243 | 243 243
E28D DXCEAGER (C2) 23 23 23 20 243 243 243 223
) 5 }
DISTRISUTICK 3YOTE !
1135 | 522 522 522 405 522 522 522 405 |
CO:T0OLS (VALUZS & RIGS) i 608 972 900 855 641 1005 933 909 |
f
i !
TUGTUIS 1646 1646 1646 [ 1613 | 1646 | 1646 1646 ' 1613 |
| !
T f | [ ~N
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(2} Z
c (=
b >
m )
-n <
L °
° OR3IT0R A SUBSYSTZ! WIIGHT SUIMRY S

SdV JYNSSIAd MO

£0£03 JDQOW L3043y



ASVI = ANVAWNOD SIILNUVANOMNASY SYTINOUA TTINNOQAOW

9Z—d

. LIQUID STORAGE

. <50 FPS
CONCEPT PASSIVE CONDITIONING ACTIVE CONDITIONING
ARAME MASS SUPPLY THRUSTER MASS SUPPLY | THRUSTER
P TER ADD REG REG P/T ADD REG REG P/T
PROPELLANT
HYDROGEN (Hp) 1839 1829 1829 1846 2294 2281 2281 2019
OXYGEN  (0p) 5520 5486 5486 5539 5746 5711 5711 5627
HYDROGEN TANK
PRESSURIZATION SYSTEM 143 143 143 143 150 150 150 146
TANK AND INSULATION 388 386 386 389 470 468 468 421
SCREEN 68 68 68 69 80 80 80 74
OXYGEN TANK
PRESSURIZATION SYSTEM 36 36 36 36 38 38 38 37
TANK AND INSULATION 165 165 165 165 169 168 168 167
SCREEN 22 22 22 22 23 23 23 22
THERMAL CONDITIONING
GAS GENERATOR (H,) 0 0 0 0 53 53 53 45
GAS GENERATOR (02) 0 n 0 0
HEAT EXCHANGER (Hp) 734 734 734 162 276 276 276 128
HEAT EXCHANGER (02) 606 610 610 491 280 282 282 255
DISTRIBUTION SYSTEM
LINES 522 522 522 405 522 522 522 405
CONTROLS " (VALVES & REGS) 358 722 620 662 391 755 683 686
ENGINES 1734 1734 1734 1703 1734 1234 1734 1703
m  TOTAL 12135 12457 12355 11632 12226 12541 12469 11735
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m
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. SUPERCRITICAL STORAGE, NON- REFILLABLE

. <50 TFS
CONCZET PASSTV. COiDITICTING ACIT/Z COIDITIONT:C
R S— 4SS SUPPLY TERUSTOR 4SS STUERLY TIRUSTIR e
PARAI ZTER 90 R LG P/T ADD 2.0 e F'7
PECESLLAIT
{C0CCT (Eo) 2012 2000 2000 2019 2356 2342 2342 2044
celn (0g) 5465 5431 5431 5486 5630 5595 595 5498
SCC LT DALY
PHMDJURIHALIOR SYSTEM 109 109 109 123 221 220 220 186
TLIW ATD IFSULATION 968 962 962 971 1127 1121 1121 983
SCRILD
CWIGL TALD
P\guaunTLALION SYSTI4 105 105 105 117 176 176 176 169
TLN ADD IVSULATION 707 703 703 710 727 723 723 711
\cnsg
THIR AL COIDITIONIIG
GAS Go' THRATOR (?E ) 54 54 54 45
G;s G 3;1: i ("‘2)
ELD IVCELGLR (H2) 226 226 226 48 284 284 284 130
ESAT INCIAGLI (Co) 162 162 162 97 147 247 247 222
|
DISTRIBUTIOH YsTad ,
LIS 522 522 522 405 | 522 522 522 405
ccx OLS (VALVES & REGS) 608 972 900 885 641 1005 933 909
I.GIT:S 1734 1734 1734 1703 1734 1734 1734 1703
~iTAL 12618 12926 12854 12564 113719 14023 13951 13005
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SUPERCRITICAL STORAGE REFILLABLE

. <30 FP3
COLNZET PAS3TViE COUDITIONLIG ACTI S CCrDITIGIILG
FARATOR 158 sgp;w TRUSTR | 5 /7 }ASS 5’{*’5” 'I"r?f_fi“jz £/
A T,\'J) - A_pG &...G A DD RPN oA !
FOOPCLLALT
TYDACCLN (Hp) 2018 2006 2006 2025 2362 2348 2348 2050
C¥IGI (02) 5473 5439 5439 5494 | 5638 5603 5603 5506
FUDAGGL TAIK
PASSSURIZATION SYSTEM 109 109 109 123 221 220 220 186
TAIT AID IVSULATION 523 523 523 523 523 523 523 523
SCRIT
CITIGET TATK
FRISSURTZATION SYSTEM 105 105 105 117 176 176 176 169
T3 ALD I SULATION 342 342 342 342 342 342 342 342
SCRIEN
THLTAL COIDITICHING
CA5 G i RATCR - (ip) 0 0 0 0 54 s4 54 45
GAS GIi=ZRATOR  (09)
RET SUCEATGLUR (H2) 226 226 226 48 284 284 284 130
ZAT DUCHALGIA (0p) 162 162 162 97 247 247 247 222
DISTRIDUTION 3YSTL
115 522 522 522 405 522 522 522 405
CCITIOLS (VALUES & REGS) 608 972 900 885 641 1005 933 909
TGITSS 1734 1734 1734 1703 1734 1734 i 1734 1703
:
SCTAL 11822 12140 12068 11762 |12744 13058 12986 12190
- V4
o
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o]
m
mn
'g ORBITER A SUBSYST&M WEIGHT SUIZIARY

vsvigns

SdV J4NSS3dd MO

1461 AYVNNVT 62

£0£03 JaW L¥0d3Y



ASVT = ANVAWOD SIILNUNOHASY SVYTDNOT TIINNOTGIOIW

. LICTJID STORAGE

< 10 FPS

CCIlCeP?

PASSIVE COMDITICHING ACTIVZ COIDITIONIIG
PARAISTER LS5 SUPFLY TERUST:R /T MASS 5JPFLY TRUs 2 BT
ADD 526 R3C »#DD 2IC BG ‘
PECPZLLAXT
£¥YDRCGEN (Hp) 1030 1028 1028 1037 1311 1324 1324 1149
oZYGE  (0g) 3091 3085 3085 3112 3289 3294 3294 3199
EVDRCGIU TALK
F5.S suRIZA TOK SYSTEM 127 127 127 128 133 133 133 130
AN A D IiSULATION 247 247 247 249 293 295 295 267
SCROIH 45 45 45 47 54 54 54 50
CXYC.T TAIK
PRISSUNIZATION SYSTEM 23 23 23 23 24 24 24 24
I2i 17 AI'D INSULATION 120 120 120 120 124 124 124 122
Ch LI 15 15 15 15 16 16 16 15
THATT AL CCLDITIONTLG
CLT GILATOR  (Hp)
_Cﬂ, G.% Al.rwn ((‘9) 0 0 0 0 63 65 65 47
i.aT LUCHAGAK (Kg) 475 507 507 173 523 562 562 230
i.AT LACTA G ((\c) 637 637 637 413 303 305 305 242
DISCIINTPIO: 3YST:d1
LI s 580 580 580 450 580 580 580 450
Cu INCL3 (VALVES & REGS) 458 952 794 875 508 1002 880 910
IL
L‘;;-Gr;__-g 2130 2130 2130 2092 2130 2131 2131 2092
R L 8978 9496 9338 8734 9351 9909 9787 8927
L@
c
]
m
m =,
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IR . SUPERCRITICAL STORAGE (NON REFILLABLE)
8 . <10 FPS
CCLCEFT PASSIVE CONDITIONING ACTIVE CONDITIONTG
PARA!'ZTCR MASS SUPPLY THRUSTER p/T MASS SUPFLY TARUSTI® /T
ADD G REG ADD RG RIG
PROPZILART
EYDFOGEN (Ejp) 1137 1135 1135 1144 1362 1376 1376 1144
cxYcii  (0g) 3083 3077 3077 3110 3235 3240 3240 3110
FYDRCGZI TATK
P-SSURIZATION SYSTEM 487 522 522 528 579 588 588 528
TAUID AYD IVSULATION 560 599 599 605 665 672 672 605
3CLII
GX“L'CU' TAIK
CSSURIZATION SYSTEM 429 429 429 435 449 451 451 435
rli"’ £ID ITSULATION 417 416 416 420 436 436 436 420
SCRUoy
THE1AL CODITIONTNG
CAS GuioRATOR  (ilp) 0 0 0 0 65 66 66 48
G235 GLilLAICn (" 2)
SET KCHS uﬂ (kz) 109 118 118 51 503 517 517 220
RS (M) 28 28 28 18 373 374 374 276
DISTRI3UTICH SYSTXi
LI 23 580 580 580 450 580 580 580 450
¢C . TCLS (VALTZS & R3GS) 863 1357 1199 1217 913 1407 1285 1252
TGLIIS 2131 2131 2131 2092 2131 2131 2131 2092 |
T
| @ wciiL 9824 10392 10234 10070 11291 11838 11716 10580
L=
m
n
|
N
-

ORBITER B SUBSYSTEM WEIGHT SUMMARY
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le—d

. SUPERCRITICAL STORAGE (REFILLABLE)
<10 FPS
COLCEPT PASSIVE CONDITIONING ACTIVE CONDITIONITG
PARAMETER MASS SUPFLY | THRUSTER p/T MASS SUPPLY THRUSTZR P
ADD RIG REG ADD RIG RIG '
PROPELLANT
EYDROGEN (Ej) 1143 1145 1145 1152 1368 1384 1384 1152
OXYGEN  (0) 3091 3085 3085 3118 3243 3248 3248 3118
AYDROGER TAKK
PRESSURIZATION SYSTEM 487 522 522 528 579 588 588 528
TANK ALD INSULATION 281 281 281 281 281 281 281 281
SCREEX
OXYGEY TAIK
PRESSURIZATION SYSTEM 429 429 429 435 449 451 451 435
TANK AKD INSULATION 175 175 175 175 175 175 175 175
SCREEN
TEER: AL CONDITIONING
CAS GINZRATOR (Hp) 0 0 0 0 65 66 66 48
GAS GZIZRATOR (C2)
HIAT CXCHAIGIR (K2) 109 118 118 51 503 517 517 220
HEAT LXCHAIGIR (C2) 28 28 28 18 373 374 374 276
DISTRIBUTION SYSTEM
LILES 580 580 580 450 580 580 580 450
COWTROLS (VALVES & REGS) 863 1357 1199 1217 913 1407 1285 1252
ZNGTIES 2131 2131 2131 2092 q-* 2131 - - 2131 2131 2092
-
& TOTAL 9317 9851 9693 9447 10660 11202 11080 10027
LS
m
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&4

. LIQUID STORAGE
. €50 FPS

CONCEPT PASSIVE CONDITIONING ACTIVE CONDITIONING
PARAMETER MASS SUPPLY THRUSTER /T MASS SUPPLY THRUSTER /T
ADD REG REG ADD REG REG
PROPELLANT
HYDROGEN (Hp) 2246 2248 2248 2232 2950 2955 2955 2534
OXYGEN  (0p) 6739 6743 6743 6696 7095 7100 7100 6861
HYDROGEN TANK
PRESSURIZATION SYSTEM 149 149 149 149 160 160 160 154
TANK AND INSULATION 438 439 439 436 556 556 556 487
SCREEN 78 78 78 78 96 96 96 86
OXYGEN TANK
PRESSURIZATION SYSTEM 50 50 50 49 52 52 52 50
TANK AND INSULATION 184 185 185 184 190 190 190 187
SCREEN 25 25 .25 25 26 26 26 25
THERMAL CONDITIONING
GAS GENERATOR (Hp) 0 0 0 0 70 70 70 53
GAS GENERATOR (02)
HEAT EXCHANGER (Hp) 1298 1312 1312 463 596 604 604 269
HEAT EXCHANGER (02) 829 818 818 699 311 299 299 277
DISTRIBUTION SYSTEM
LINES 580 580 580 451 580 580 580 451
CONTROLS (VALVES & REGS) 458 952 794 875 508 1002 880 910
ENGINES 2247 2247 2247 2206 2247 2247 2247 2206
E TOTAL 15321 15826 15668 14543 15437 15937 15815 14550
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£e—d

y v
- SUPERCRITICAL STORAGE (NON REFILLABLE)
<50 FPS
COCLPT PAGSIVE CODITICIING ACTTVZ COIDITICIING
PLDAIETTR 1485 SUPELY TEUSTER B/T MAS SUFPLY TERSTIR /T
4TD jayive) RIG ADD 3G RiG
PPCPIILAIT
FrOI0GI (Ep) 2459 2461 2461 2440 3055 3062 3062 2578
chicin (eg) 6676 6679 6679 6621 6965 6970 6970 6694
TYDTOSST TALX
TALSSURIZATION SYSTEM 495 497 <497 500 609 611 611 519
TATTD 7D ITEULATION 1175 1175 1175 1179 1448 1452 1452 1243
Senoot
OXUCI TR
PRISSUTIZLRION SYSTl: 445 445 445 445 447 447 447 446
20 AL IVSTLATICH 853 853 853 857 888 889 889 866
SCR.II
| TEIVAL CCUZITIONING
l 2506 L SRVICR (Mp) 0 0 0 0 72 72 72 54
| €136 Lne I (09)
; Coal JKEon () 382 387 387 135 572 575 575 260
LT AL Cen (cé) 155 155 155 116 371 371 371 333
| DISTAIRJTICH 3YST
i LI .S 580 580 580 450 580 580 580 450
| CUTnCL5 (VALVES & BIGS) 863 1357 1199 1217 913 1407 1285 1252
: eTTS 2247 2247 | 2247 2206 2247 2247 2247 2206
| .
' ! !
LU, 16330 ! 16836 ! 16678 16166 18167 18683 18561 16901 !
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-
|
g SUPERCRITICAL STORAGE (REFILLABLE)
< 50 FPS
COLCEPT PASSIVE CONDITIONIIG ACTIVE CONDITIONTIG
FAFK ETER 4SS SUPPLY TANUSTIR /T MASS SUFFLY THRUSTZER P/T
ADD el RIG ADD RIG RIG
FROPELLALT
HYDROGEN (Ho) 2465 2476 2467 2440 3061 3068 3068 2578
SKYGIN  (Cp) 6684 6687 6687 6621 6973 6978 6978 6694
TYDRCGAI TATK
F3ZSSURIZATION SYSTEM 495 497 497 498 609 611 611 519
TAII. AUD ILSULATION 620 620 620 620 620 620 620 620
SCRIZ
OXYCIi TAIK
PRISSURIZATIO. SYSTzM 445 445 445 445 447 447 447 446
TEIK ATD IUSULATION 406 406 406 406 406 406 406 406
[ onitn
THTRMAL CONDITICIING
ChSG GIIZRATOR  (Hp) 0 0 0 0 72 72 72 54
CAZ GINIRATOR  (T2)
VAT SACTLIGTR {Hz) 382 387 387 135 572 575 575 260
UIAT TRCEIATGLR (Cp) 155 155 155 116 371 371 371 333
DISTRI3ZUTION SYSTIN
LI035 580 580 580 450 580 580 580 450
CCThCLS (VALVES & REGS) 863 1357 1199 1217 913 1407 1285 1252
E"GINES 2247 2247 2247 2206 0247 2247 2247 2206
7
{ a TUILL 15342 15848 15690 15154 16871 17382 17260 15818
; F)
—m
-
L ORBITER B SUBSYSTEM WEIGHT SUMMARY
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Se—d

. LIQUID STORAGE/ACTIVE CONDITIONING

. ALL MANEUVERS

___ORBITER A & B SUBSYSTEM WEIGHT SUMMARY

CONCEPT ORBITER A ORBITER B
PARAMETER MASS SUPPLY | THRUSTER | p/p MASS SUPPLY | THRUSTER | p/p
ADD REG REG ADD REG REG
PROPELLANT
HYDROGEN (Hp) 11572 11511 11511 10643 13901 | 13867 13867 12526
OXYGEN  (02) 28253 28126 28126 28029 33037 | 32882 32882 32538
HYDROGEN TANK
PRESSURIZATION SYSTEM 233 233 233 252) 239 239 239 235
TANK AND INSULATION 1997 1987 1987 1850 2216 2212 2212 2016
SCREZN 232 232 232 220 263 263 263 245
OXYGEN TANK
PRESSURIZATION SYSTEM 181 181 181 180 238 236 236 234
TANK AND INSULATION 423 423 423 422 470 467 467 464
SCREEN 66 65 65 65 73 72 72 72
THERMAL CONDITIONING
GAS GENERATOR (Hp) 55 55 55 49 72 73 73 59
GAS GENERATOR (02)
HEAT EXCHANGER (Hp) 289 287 287 178 597 606 606 340
HEAT EXCHANGER (02) 294 294 294 278 335 345 345 326
DISTRIBUTION SYSTEM
LINES 522 522 522 405 580 580 580 451
CONTROLS (VALVES & REGS) 391 755 683 686 508 1002 880 910
ENGINES 1734 1734 1734 1703 2247 2247 2247 2206
Bl
g TOTAL 46242 46405 46333 44960 54776 55091 54969 52622
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All
<10 ft/sec <50 ft/sec Maneuvers
CONCEPT SUPERCRITICAL LIQUID SUPERCRITICAL LIQUID LIQUID

PARAMETER PASSIVE | ACTIVE | PASSIVE | ACTIVE | PASSIVE | ACTIVE | PASSIVE | ACTIVE| ACTIVE
PROPELLANT

HYDROGEN (H3) 915 915 802 845 2025 2050 1845 2019 10643

OXYGEN (02) 2486 2486 2406 2438 5494 5506 5539 5627 28029
HYDROGEN TANK

PRESSURIZATION SYSTEM 167 182 122 123 123 186 143 146 252

TANK AND INSULATION 435 455 208 216 523 523 389 421 1850

SCREEN 38 39 69 74 220
OXYGEN TANK

PRESSURIZATION SYSTEM 167 172 17 16 117 169 36 37 180

TANK AND INSULATION 328 343 105 106 342 342 165 167 422

SCREEN 13 13 22 22 65
THERMAL CONDITIONING

GAS GENERATOR (HZ) 0 25 0 22 0 45 0 45 49

GAS GENERATOR  (0y) 0

HEAT EXCHANGER (H2) 0 0 0 48 130 162 128 178

HEAT EXCHANGER (09) 20 223 280 232 97 222 491 255 278
DISTRIBUTION SYSTEM

LINES 405 405 406 406 405 405 405 405 405

CONTROLS (VALVES & 885 909 662 686 885 909 662 686 686

REGS)

ENGINES 1613 1613 1613 1613 1703 1703 1703 1703 1703
TOTAL 7421 7728 6672 6755 11762 12190 11632 11735 44960

ORBITER A WEIGHT SUMMARY
°P/T CONTROL

vy asvians

SdV JY¥NSS3I¥d MO

LL61 AYVYNNYT 62

£0£03 J20W 1¥0d43Y




CONCEPT < 10 FT/SEC < 50 FT/SEC
ARAME' SUPERCEITICAL LIQUID SUPERCRITICAL LIQUID
P TER PASS. ACT. PASS. ACT. " PASS. | ACT. PASS.
PROPELLANT

HYDROGEN (HZ)
OXYGEN (02)

1144 1144 ] 1037 1149 4 2440 2578 | 2232
3110 3110 | 3112 3199 6621 6694 | 6696

HYDROGEN TANK

ASUYI =" ANVAIWOD SOILNVNONLSY SYIDNOA TTINNOGIW

PRESSURIZATION SYSTEM 528 528 128 130 498 519 149

TANK AND INSULATION 605 605 249 267 620 620 436

SCREEN 0 0 47 0 0 78
OXYGEN TANK

PRESSURIZATION SYSTEM 435 435 23 445 446 49

TANK AND INSULATION 420 420 120 122 406 406 184

SCREEN 0 0 15 0 0 25
THERMAT, CONDITIONING

GAS GENERATORS 0 48 0 0 54 0

HEAT EXCHANGER (h2) 51 220 173 230 135 260 463

HEAT EXCHANGER (H,) 18 276 413 242 116 313 £99
DISTRIBUTION SYSTEM

LINES 450 450 450 450 450 450 451

CONTROLS (VALVES & REGS) 1217 1252 875 910 1217 1252 875

ENGINES 2092 2092 ] 2092 2092 § 2206 2206 | 2206

TOTAL 10070 | 10580 | 8734 8927 § 15154 | 15818 | 14543

1e—d4 33N91d

£—4

ORBITER B WEIGHT SUMMARY
°P/T CONTROL
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LOW PRESSURE APS REPORT MDC E0303
SUBTASK A 29 JANUARY 1971

F-7. DESIGN AND WEIGHT SENSITIVITIES - ORBITER

The low pressure APS was investigated to determine subsystem design point and

welght sensitivity to variations in design parameters. These variables included

thrust, impulse, engine chamber pressure, mixture ratio, nozzle expansion ratio,
maximum main engine tank pressures, and resupply propellant conditioning tempera-
tures. As discussed for the booster, only linear sensitivities were evaluated.
The resulting sensitivities are shown in Figures F-32 through F-40 for orbiter A

and Figures F-41 through F-49 for orbiter B.

F-38

MCDONNELL DOUGLAS ASTRONAUTICS COMPARY » EAST
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TOTAL SUBSYSTEM WEIGHT (1000 185)
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15
/'
10 /
l
5
[} ] 2 3
THRUST
{1000 LBS)
15
10
Néql‘ir
5

30

4 50
2 <
MAX BOOST TANK

PSIA

6

{ N T T
/
A . ‘
o 1 2 3 5 10 15 20 0 1 2 3 4
IM2ULSE ZR <5
(109 18~SEC) CHA/ABZZ FRESSUKE MIXTURE RATIO
NA!
/]
v
b
40 50 60 o 200 00 &0 o 200 400 600
H
PRESSURES 2 RESUPPLY TEMPERATURE 2
°R
LCW PRESSURE APS

ORBITER A (S 10FPS)
SUPERCRITICAL—RASSIVE

o

2 4 6 8
AREA RATIO

0

72

v Isvians

SdV JYNSSI¥d MOT

LL61 AJVINVT 62

£0£03 JQW 1¥0d3Y



ASUT » ANVAWOD SDILNVNONALSY SVYTONOA TTINNOGIW

-4

Ge—d 3AN914

TOTAL SUBSYSTEM WEIGHT (1000 85)

t
15
|
¥,
/
o1/
/
4
S| |
0 } 2 3
THRUST
(1000 LBS)
15
|
10
—t
I
1
|
| ]
> 30 40 50
C2
MAX BOOST TANK

PSLIA

L
Ll
—

|

| |

0 1 2 3 s 10 15 20

IMPULSE
{10° LB—SEC)

CHAMBER PRESSURE
PSIA

o 1 2 3 4
MIXTURE RATIO

5

[}

T
T l NA
.
)
/
; | — :
J' H
HE 1 l
40 50 60 0 x0 &0 &5 [+] 200 400 600
H
PRESSURES 2 RESUPPLY TEMPERATURE “2
°R
LCW PRESSURZ APS
ORBITERA (<10 FPS)

SUPERCRITICAL— ACTIVE

0

b

I S
2 4 4 8 W
AREA RATIO

12

v ISv.LEns

SdV J¥NSS3¥d MO

[L61 AYVNNVT 62

£0£03 JQW L¥0d3TY



ABVI *» ANVAWOD SIOILNVUNONHNASY SVIDNOA TTINNOAIDW

gev—d

9e-4 3JN9I4

TOTAL SUBSYSTEM WEIGHT (1000 (8S)

20

15 /,
)4
1
0 1 2 3 2 3 4
THRUST IMPULSE
(1000 LBS) (100 L8—SEC)
15
V.
30 40. 50 40 50 60

O, Hy
MAX BOOST TANK PRESSURES
PSIA

LOW_ PRESSURE APS

ORBITER A
LIQUID — PASSIVE HEX

/

oS

S

5 10

15 20

CHAMBER PRESSURE
PSIA

0 200 400 600

RESUPPLY

N,

[

1 2

3 4
MIXTURE RATIO

Pl

0

200 400 @ 600

TEMPERATURE

»

(£ 50FPS)

Hy

v yasv.ians

SdV 3¥NSS3dd MO

1L61 AYVIINVT 62

£0£03 JQW LY0d43Y



4A8VIF =" ANVAWOOD SDILNVNOMALSY SVYTONOA TIINNOGOW

vv—d

Le~d 3¥N9I4
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LOW PRESSURE APS REPORT MDC E0303
SUBTASK A 29 JANUARY 1971
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LOW PRESSURE APS REPORT MDC E0303
SUBTASK A 29 JANUARY 1971
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