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ABSTRACT

This summary report provides an overview of a study to define the most
attractive low pressure, oxygen/hydrogen auxiliary propulsion subsystem (APS)
for NASA space shuttle boosters and orbiters. The study was performed for the
National Aeronautics and Space Administration, Manned Spacecraft Center (MSC),
Houston, Texas, under Contract No. NAS 9-11012. |

The study program 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 baseline shuttle boosters and orbiters. The second phase,
Subtask B, comprised a preliminary design of selected subsystems to establish
indepth understanding of subsystem design and operation. Detailed results of
these two study phases are contained in McDonnell-Douglas Astronautics Company
(MDAC) Reports E0302 and E0303. As discussed in this report, conceptual
subsystem definition studies have shown that a low pressure APS can potentially
fulfill shuttle requirements, and that such an APS is simple in design and
operational approach. The most attractive low pressure concepts use the main
engine propellant tanks as low pressure gas accumulators. Propellant residuals
trapped in the main engine tanks following boost are sufficient to meet booster
APS propellant demands. The booster APS operates as a simple blowdown subsystem
and no additional control is required. The orbiter requires separate liquid
propellant storage tanks to supplement boost residuals. Propellant from the
storage tanks is circulated through passive, tank-mounted heat exchangers
where it is superheated and injected 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, and supplied to the engines
at constant temperature and pressure (constant density). A Design Handbook
(MDAC Report EO301) provides design, operation, and performance data oﬁ the

selected booster and orbiter APS.

ii
MCDOMNAELL DOUGLAS ASTROMAUTICS COMPARNY « EASY



REPORT MDC E0293

LOW PRESSURE APS

N
L=ay
S
& NOLLVTTVLSNI SdV 4311940 JYNSSIUL MO
2
<
&
(IWOIdAL)
S39W3ssy INONT
SYIINYHOXI LvaH
Q3 LNNOK-YNY L
H3IXI HOJVA/GINDIT
JIVHO0LS
z INYT13d0Yd
<<
=
=
2

iii

RECDORIRNELL DOUGELAS ABSTRONAUTICS COMPARY « EAST



LOW PRESSURE APS REPORT MDC E0293

SUMMARY 29 JANUARY 1971
CONTENTS
SECTION PAGE

Abstract ii
1. Introduction 1-1
2. Study Approach 2-1
3. Subtask A - Concept Definition and Trade Studies 3-1
4, Subtask B - Preliminary Design 4-1
5. Conclusions 5-1
6. References 6-1

EFFECTIVE PAGES

Title
ii through iv
1-1 through 1-2
2-1
3-1 through 3-25
4-1 through 4-28
5-1
6-1

iv

RMODORINELL DOLUIGEADS ASTRORAUTICS COMPARNY » EAST



LOW PRESSURE APS REPORT MDC E0293
SUMMARY 29 JANUARY 1971

1. INTRODUCTION

Auxiliary propulsion will be reduired for space shuttle attitude and trans-
lational control. Operating on the same types of propellant (i.e., oxygen and
hydrogen) as the shuttle main propulsion, 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 subsys-
tem (APS): a high pressure concept, using turbopumps or turbocompressors to
achieve high operating pressure levels, and a low pressure concept using the main
engine propellant tanks as an integral part of the subsystem and operating at
main engine tank ullage pressures. This report deals only with low pressure
APS concepts. It summarizes the scope and results of a study conducted under
MSC Contract No. NAS 9-11012, titled "Space Shuttle Low Pressure Auxiliary ?ropul—

sion 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. Norman Chaffee. The study objective was 'to con-
duct preliminary auxiliary propulsion subsystem studies, which (would) generate

" and which

information and data, for use in the overall shuttle vehicle effort,
would, "identify attractive APS concepts, define their range of applicability and
limitations and identify critical technology areas and development priorities.”
MeDonnell Douglas Astronautics Company-East (MDAC-East) was the prime study agency
with Aerojet Liquid Rocket Company (ALRC), as major subcontractor, providing basic
component data.

The study program 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 baseline shuttle‘boosters and orbiters. The second phase,
Subtask B, comprised a preliminary design of selected subsystems to establish
indepth understanding of subsystem design and operation. Detailed results of
these two study phases are contained in MDAC Report Nos. E0302 and E0303.

The selected orbiter APS concept requires separate liquid propellant storage
tanks to supplement boost residuals. Propellant from the storage tanks is circu-
lated through tubular, passive heat exchangérs where it is superheated and injec-
ted 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

and supplied to the engines at constant temperature and pressure (constant density).

1-1
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Design requirements presented herein differ from those applied to the high pressure
APS study (Reference C). Weight estimates are presented in Paragraph 4.6 for
alternate propellant tankage and engine arrangements to facilitate comparison, on

the same basis, of low and high pressure APS designs.

The selected booster APS consists of propellant distribution and engine assem-
blies. It operates entirely from main engine tank residual propellants, requir-
ing no additional propellant tankage, pumps, conditioning equipment, or mixing

assemblies. The Design Handbook (MDAC Report E0301) provides design and operating
data on the selected subsystems.

1-2
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2. STUDY APPROACH

This study was divided into two levels of design detail. The first,
Subtask A, was broad in scope, considering many concepts. During this phase,
attractive concepts were synthesized, their range of applicability defined, and
critical technology areas identified. The concept(s) which best satisfied space
shuttle requirements and goals were selected for more detailed analysis and subsys-
tem definition. To ensure that data generated during this first study phase be
sufficiently general for overall shuttle study efforts, APS concepts were evaluated
for two specific shuttle configurations (high and low crossrange) with varying
requirements and interface characteristics.

The second study phase, Subtask B, involved preliminary design of selected
APS concepts. Design concepts were updated to reflect revisions in shuttle
requirements, the component and assembly requirements for updated designs were
defined, and component types best suited to the APS were evaluated in detail to
establish their performance, and transient characteristics. The resulting subsys-
tem was analyzed to determine performance, operating characteristics, and advanced
technology requirements necessary for subsystem development. The study schedule

defining individual tasks is shown in Figure 2-1.

30 JUNE 1970 WEEKS AFTER GO-AHEAD 1971
TASK we | oaus [ sep | ocT | Nov | DEC | AN

1]2 3]4|5|s|1|s 112z dishefifigislaalodzd2azdl el
1.0 PROPULSION REQUIREMENTS AND STUDY CRITERIA.. __ BTASK A SUBTASK B
2.0 PREREQUISITE SUBSYSTEM ANALYSIS AND STUDIES
3.0 COMPONENT MODEL RE VIEW

0

5.0 COMPONENT REDUMDANCY EVALUATION .
6.0 SUBSYSTEM INSTALLATION EVALUATION
7.0 APS ERVIRORMENTAL DEFIRITION
8.0 RESIDUAL B0OST PROPELLANT AVAILABILITY
9.0 PRELIMINARY SUBSYSTEM OPERATING AHALYSIS ......
10.0 APS OPTIMIZATION AND SENSITIVITY ANALYSIS ...
11.0 PRELIMIMARY COMPORENT TECHNOLOGY REVIEY.
12.0 SCHERATIC REVISION AND BASELIRE REVIEW.
13.0 COMPONENT DESIGH OPTWMIZATIOR
14.0 SUBSYSTEM DESIGN AND INSTALLATION STUDY.
15.0 THERMAL ENVIRONRENT DEFINITION
16.0 PROPELLART ACQUISITION, STORAGE AKD
PRESSURIZATION
17.0 SUBSYSTE® RELIABILITY ARD COMPORENT
FAILURE MODES
180 STABILITY AND RESPONSE ARALYSIS
19.0 OPERATHNG PERFORMANCE ANALYSIS
19.1 HAIN TARK HEAT TRARSFER ANALYSIS
19.2 PROPELLAKT RESUPPLY HIXING ARALYSIS
20.0 FINAL SUBSYSTEM SCHEMATIC __
21.0 FINAL SUBSYSTEN DESIGN ANALYSIS .___.
22.0 COMPONENT TECHNOLOGY REVIEW

23.0 SUBSYSTEM DESIGR LIMITATIONS AND
CRITICAL TECHNOLOGY.

STUDY SCHEDULE
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3. SUBTASK A - CONCEPT DEFINITION AND TRADE STUDIES

The primary objectives of Subtask A were analysis and critique of candidate
concepts, and selection of a preferred approach. Concept screening studies,
performed at study inception, identified 68 candidate low pressure APS for Sub-
task A study. - Design analyses and intrasubsystem trades were necessary to ensure
that each concept was shown to best advantage, and that all concepts were com-
patible with specific shuttle vehicles. When these studies were complete, con-
cepts were compared on the basis of subsystem simplicity, weight and volume,
mission flexibility, and required development and technology. From this study
effort, subsystem concepts were selected by NASA for preliminary design. The
selected orbiter APS approach used a passive heat exchanger for conditioning
APS propellant, and a liquid/vapor mixer to control engine inlet conditiomns.

The booster APS, as a result of its low total impulse requirement, demanded no
propellant storage or conditioning equipment. Rather, it operated in a blowdown
mode on main engine tank ullage vapors.

Major results of this study phase are discussed in the following paragraphs.

3.1 Requirements — APS guidelines and requirements for Subtask A are shown

in Figure 3-~1. The mission timeline was developed for a space station logistic

GUIDELINES AND CONSTRAINTS -
o SUBSYSTEMS MUST PROVIDE OPERATIONAL PERFORMANCE AFTER FIRST FAILURE,
AND SAFE OPERATION AFTER SECOND FAILURE
o MINIMUM CROSS-COUPLING WITH ENGINE OUT
MISSION VARIABLES
o SPACE STATION/BASE LOGISTIC RESUPPLY REFERENCE MISSION
o CIRCULAR ORBIT, 270 NM X 55° INCLINATION
o MISSION DURATION — 7 DAYS SUSTAINING LIFETIME
AUXILIARY PROPULSION SUBSYSTEM/ORBIT MANEUVERING SUBSYSTEM
o TOTAL VELOCITY INCREMENT - 32 FT/SEC ~ BOOSTER
2180 FT/SEC ~ ORBITER

e ACCELERATION , (NOMINAL) (IR IMUM)
= ATTITUDE CONTROL, DEG/SEC 0.5-P; L.0-Y, R 0.3
- TRANSLATION,FT/SECZ *) 0.1 0.07

o IMPULSE ALLOCATION (*).
(1) APS SATISFIES ALL REQUIREMENTS EXCEPT -+ X TRANSLATIONAL MANEUVERS GREATER THAN 10 FT/SEC
(2) APS SATISFIES ALL REQUIREMENTS EXCEPT + X TRANSLATIONAL MANEUVERS GREATER THAN 50 FT/SEC

(3) APS SATISFIES ALL REQUIREMENTS
* ORBITER ONLY

APS REQUIREMENTS — SUBTASK A
FIGURE 3-1

3-1
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support mission. The equivalent velocity increment for this mission is 32 ft/sec
for booster attitude control, and 2180 ft/sec for orbiter control and translational
maneuvers. Various APS/orbit maneﬁvering subsystem (OMS) velocity allocations were
prescribed for Subtask A study. The effect of these allocations on APS velocity

requirements is shown in Figure 3-2.

3000

(2180 FPS)

2600 DOCKED

i

1000 }
|

__’.r—J | <SOFPS | (455 Fps)

A <10 FPS (230 FPS)

ALL MANEUVERS

EQUIVALENT VELOCITY ~ FT/SEC

0 1 2 3 ) 5 6 1
MISSION TIME — 1000 MINUTES

APS VELOCITY - TIME HISTORY
FIGURE 3-2

A representative range of vehicle design approaches was achieved by consider-
ing two different, 2-stage, shuttles for APS comparison studies. Both stages of
shuttle A have fixed, low-sweep wings and similar aerodynamic shapes. Shuttle B
embodies a twin bodied canard first stage and a highly swept delta wing upper
stage. Both baseline shuttles are depicted in Figure 3-3.

3.2 Concept Matrix - By definition, the low pressure APS use the main engine

propellant tanks as an integral part of the subsystem and operate at main engine
tank ullage pressures. Operating pressure levels are maintained by resupplying
the main engine tanks from separate propellant tankage. The basic low pressure

concept is shown in Figure 3-4. The primary features in concept definition are:

(1) APS propellant storage state

(2) method of propellant conditioning

(3) engine inlet propellant temperature/pressure controls

(4) mission requirements (viz., thrust, total impulse, and maximum

single impulse burn).

3-2
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i

APS PROPELLANT
ISOLATION VALVE —

APS PROPELLANT P
CONTROLVALVE ¢

)HEAT EXCHANGER

MAIN ENGINE
TANK

PRESSURE
SWITCH

‘F Y 1 R‘ ! ! ! H
ENGINE ASSEMBLIES
BASIC LOW PRESSURE APS CONCEPT

FIGURE 3-4

Figure 3-5 illustrates the alternate approaches considered for each of these
features. Preliminary subsystem analysis reduced these alternates to the number
of attractive and/or viable approaches shown in Figures 3-6 and 3-7 for booster
and orbiter vehicles, respectively. All were carried through Subtask A evaluation
and comparison studies.

3.3 Intrasubsystem Trades — A number of intrasubsystem studies were performed

to define competitive APS design parameters, and to determine the feasibility of

propulsion subsystem integration. These included evaluation of engine arrangement,
orbiter APS/OMS propellant storage integration, and usable main engine tank pro-

pellant residuals.

Engine Arrangement - Effort under this trade study included evaluation of

thrust requirements for each vehicle element, and definition of APS total impulse

3-4

RECDORRNELL DOUGLAS ASTRONAUTICES COMPARNY » EAST



REPORT MDC E0293

LOW PRESSURE APS

SUMMARY

29 JANUARY 1971

SIYVIIVA
NOISSIW
HOIV

SATAVIHVA
N3IS3Q
HOorvi

)

(9NINIINIS LdIINOD)
SLddINOD SdY FUNSSIHd MO FLVTIGNYD
(SHIANINVM TTV) (844 055) (sd4 015)
39¥SN SdV HOIH 39vSN SV WNIGIW

C \ 39vSn Sd¥ MO

E

(4OSN3S dV)
d0LVINO3Y

NOLLIOQY SSYH

4]

T0ULNGD
KO

JONVLIOVYD HOX3 LV3H
TYRNIHL JAILY JOVHUNS
| <
Q - 1 & 1\
TYINILYW
3SYHd ¢ m ¥v10s
TYILLINIY¥IdNS

HOLVHINID SV N\

[0 Bt
B ,Il—l\
R :

FIGURE 3-5

FT0A3
ALDG

JOHLNGD
ELUNERF

ONINOCILIONOD
INVTI3d0Nd

3LVLS
30VH0LS
LWV1I3d0Nd

3-5

RECDORIMNELL DOUGLAS ASTRORAUTICS CORMPARY « EAST



REPORT MDC E0293

LOW PRESSURE APS
29 JANUARY 1971

SUMMARY
VEHICLE REQUIREMENTS PROPELLANT THERMAL FLOW
STORAGE STATE CONDITIONING CONTROL
BOOSTER A NONE
BLOWDOWN
ENTRY: BOOST NONE (BLOWDOWN)
' RESIDUALS
BOOSTER B PRESSURE
REGULATION
BOOSTER CONCEPT MATRIX
FIGURE 3-6
VEHICLE REQUIREMENT PROPELLANT THERMAL FLOW
STORAGE STATE CONDITIONING CONTROL
oRBITER A] [ALL "_____{ - - -
| Liui}——{"  AcmvE MASS
WANEUVERS (GAS GEN. ASSY) ADDITION
+X TRANSLATION| ™ SUPPLY LINE
1 MANEUVERS REGULATION
<50 FPS
ORBITER B { SUPERCRITICA PASSIVE INDIVIDUAL
|(HEAT SINK; SOLAR) ENGINE
- PRESSURE
REGULATION
+ X TRANSLATI
MANEUVERS DENSITY (P/T)
<10 FPS | CONTROL
ORBITER CONCEPT MATRIX
FIGURE 3-7
3-6
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SUMMARY

requirements. Engine thrust levels and number of engines were designed to provide,
at minimum weight, specified control and/or translation acceleration with two

engine failures. Figures 3-8 and 3~9 show the selected engine arrangement and

Orbiter Booster

PITCH MAIN ENGINE TANK LO,, TANK - MAIN ENGINE
Z TRANSLATION PRESSURIZATION LINES ., .. PRESSURIZATION LINES
APS L0, TANK Z TRANSLATION %
R e e B}
- 18

APS H, leaX

WING PODS
+ X TRANSLATION MAIN ENGINE LH, TANK
+ ROLL
YAW APS LH, TANK YAW ATTITUDE CONTROL ENGINES
Y TRANSLATION (TYP) Y TRANSLATION (ALL AXES)
(TYP)
SHUTTLE A - APS INSTALLATION
FIGURE 3-8
Orbiter _Booster_
- MAIN ENGINE PRESSURIZATION
LINES (TYP)
FWD ENGINE GROUP APS LH, TANK
P,Y,R 2
-X TRANS — MAIN ENGINE PRESSURI-

e, Wiiatiadiidiiia
T ) ;,-\::.f .........
+
Zxhreezzzzzass

_____

—-“‘"—'-’x'\“"g'---===
‘_'=’-_‘—_:=s==-- \~|-'_<'r -----
\E"Q-a____"l-‘“:‘:;‘=====
AFT ENGINE GROUP
APS LHy TARK -P,Y,R
+ X TRANS
+ Y, Z, TRANS
SHUTTLE B - APS INSTALLATION FIGURE 3-9

distribution network for each wvehicle. Engine thrust levels and number of engines
are summarized in Figure 3-10. APS total impulse requirements were generated for
the selected engine arrangements at each APS/OMS velocity allocation. The total

impulse values shown in Figure 3-10 include allowance for propellant settling
prior to an OMS burn.

3-7
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TO‘(I;@L IMPULSE
vencLe | THRUST | NuMBER OF (0" LBSEC)
LEIYEEL .| ENGINES | BOOSTER ORBITER

(LB) <10FPS | <50FPS | ALL
BOOSTER A 2600 18 0.475 - - -
ORBITER A 500 LY, - 1.500 2.985 13.938
BOOSTER B 2000 16 0.475 - - -
ORBITER B 1000 2 - 1.778 3.521 16.079

REQUIREMENTS SUMMARY FIGURE 3-10

APS/OMS Propellant Integration - For those orbiter missions which presuppose
both an APS and OMS for control and translation, many possibilities (both type
and extent) exist for propellant integration. In terms of APS weight and perfor-
mance, propellant storage concepts were evaluated to define propellant state
(liquid or supercritical), liquid storage pressurization type (cold helium or
autogenous), and extent of APS/OMS tankage integration (separate or combined,
refillable or nonrefillable). Orbiter A propellant requirements for the three
APS velocity profiles of Figure 3-2 were 3890 1b (5 10 ft/sec), 7724 1b
(S 50 ft/sec) and 36,100 1b (all maneuvers). Corresponding total OMS/APS propel-
lant requirements are 35,680 1b, 33,834 1b and 36,100 1b. Differences in total
propellant arose from an approximate 60 second specific impulse increment between
liquid OMS (assumes RL-10A3-3 engine) and gaseous APS engines.

Trade study concepts for liquid propellant storage are shown in Figure 3-11.
Weight estimates for combined APS/OMS 1liquid propellant storage assemblies are
shown by the bar chart in Figure 3-12. The chart illustrates that, when pres-
surized with cold helium, concepts employing pressure isolation (i.e., separate
tanks for APS and OMS propellants) were lighter than fully integrated tankage.
This results primarily from the fact that the APS tanks must operate above main
engine tank pressures to allow resupply propellant transfer and thus there is a
pressurant weight penalty for the OMS tank when propellant is integrated. The
weight increment between separate and integrated tankage disappears for the
lighter, autogenously pressurized tankage.

Separate tankage was selected for both propellant supplies because it reduced

3-8
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COLD He AUTOGENOUS
PRESSURIZATION PRESSURIZATION
TANK LEGEND
. r - (@ SEPARATE
3 (2) SEPARATE REFILLABLE
g wf () COMBINED
[ e
> COMBINED REFILLABLE
2 B (5 FULLY INTEGRATED =
g LTHT |
il
3 ]
E = F-* o _— proceg
W
° el
[,
z 10 FPS) (<50FPS) | (ALL (<10 FPS) (<50 FPS)
S = = = (ALL
g st NAN.) I | I MAN.)

DDEOO OO ® 0OV DAOD® O

APS/OMS TANKAGE WEIGHT SUMMARY FIGURE 3-12

the technology and development problems associated with propellant acquisition.
Autogenous pressurization was selected for the hydrogen tankage because it provi-
ded a significant weight advantage over cold helium. Pressurization weights for
LO2 tanks, however, showed that this weight advantage was lost for autogenous pres-
surization of liquid oxygen because of the higher molecular weight of the pressuri-
zing gas and the high tank wall heat loss for the smaller diameter tanks. Cold
helium was selected. The selected tankage concepts are shown in Figure 3-13.
Supercritical propellant storage concepts were also of interest since, unlike
liquids, propellant orientation and acquisition are not required. Since propellant
quality from supercritical storage was not compatible with the liquid OMS engine,
only separate tankage was considered. However, since the supercritical APS tanks
could be refilled from liquid OMS tanks, a comparison of refillable and nonrefill-
able tanks was required. Weight estimates for these concepts are shown in
Figure 3-14. The refillable concepts are lighter but this is offset (at the low
APS maneuver level) by increased technology requirements and subsystem complexity.
Thus, nonrefillable storage assemblies were selected for the low APS maneuver

levels (5 10 ft/sec) and refillable storage was chosen for intermediate maneuver

3-10
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MAIN ENGINE '\
TANK /
MAIN ENGINE
TANK
SELECTED LIQUID STORAGE CONCEPT FIGURE 3-13

OXYGEN

SEPARATE

- NO REFILL

SEPARATE e —

- WITH REFILL

___/\/ ] ] ] | |
28.5 2.0 as 30.0 30.5 31.0
WEIGHT OF TOTAL APS/OMS OXYGEN PROPELLANT SUPPLY (10° LBH)

HYDROGEN

SEPARATE

- NO REFILL

LEGEND
SEPARATE B2 < 10FPS (AVG O/F=4.)
= WITH REFILL I < 50 FPS (AVEG O/F - 44)

hj\v 1 i 1 ) 1
19 15 8 - 85 9.0 9.5

WEIGHT OF TOTAL APS/ONS HYDROGEN PROPELLANT SUPPLY (10° LBM)

SUPERCRITICAL TANKAGE WEIGHT COMPARISON FIGURE 3-14
3-1
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levels (5 50 ft/sec). Selected concepts are shown in Figure 3-15,

-

a1
Q$)
? )"
1
gt
FOR APS REFILL

(APS MANEUVERS < 50 FT/SEC ORLY)
MAIN ENGINE -
TANK

SELECTED SUPERCRITICAL STORAGE CONCEPT FIGURE 3-15

Usable Main Engine Residuals - Main engine tank liquid propellant residuals

represent a potential savings in APS propellant requirements. This savings can
be realized if APS propellant utilization coincides with residual boiloff rates.
An estimate of usable residuals was important to the Subtask A study effort, since
it effected APS weights and determination of an optimal APS/OMS impulse allocation.

Figure 3-16 provides the total residual propellant inventory for each vehicle

VEHICLE A VEHICLE B

BOOSTER ORBITER | BOOSTER ORBITER
0, Hp{ Op | Hp| Oy | Hy | O | Hy

LIQUID

 TANK 1,502 0| 276 0 0 0 0| o
ENGINES 2184 | 176 | 307 | 32 | 218 | 15] 39| 3
LINES 1,116 | 455 1154 | 116 [10816 | a5 | 213 o
PROPELLANT UTILIZATION ERROR 0 |319 0 | 362 0 0 o) 0
TOTAL LIQUID RESIDUALS, LBM 14802 13822 1,827 | 510 [13000 | 600 | 670 [ 31
VAPOR RESIDUALS, LBM 12,400 |3,440 | 2,160 | 595 | 7,000 | 2,500 | 2,100 | 279
TOTAL RESIDUAL, LB 71,202 17.262 | 3,087 |1,105 {20,000 | 3,100 | 2,770 | 310
PERCENT LIQUID BY MASS 545 | 526 | 46 | 462 65 | 19| 24/ 10

BOOST PROPELLANT RESIDUALS FIGURE 3-16
3-12
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stage, based on Reference A data.

An approximate model for residual boiloff rate was established after analysis
of flight test data from eleven S~IV and S~IVB flights. Major conclusions drawn
from this analysis were: (1) that the best model for oxygen was that residuals
remained in a settled orientation during on-orbit maneuvers and (2) the best model
for hydrogen was that residuals would not be settled and would contact up to 65
percent of the tank wall during on-orbit operations. Applying these equivalent
models to calculated orbiter tank heating rates yielded the residual liquid pro-

pellant histories shown in Figure 3-17. The amount of liquid usable by the APS

1600

e

800 a—
400 \&\
~

0 200 400 600 800 1000 1200 1400 1600
TIME FROM MAIN ENGINE CUTOFF MINUTES)

LIQUID RESIDUAL MASS-TIME HISTORY
(ORBITER A MAIN ENGINE TANK) FIGURE 3-17

increases as the subsystem was used for more maneuvers in the early phases of the

LIQUID RESIDUALS (LB)

mission. For the Reference mission, liquid residual utilization by the APS
increased by a factor of two or more between low and high APS maneuver levels.
These results, summarized in Figure 3-18, were applied to subsystem weight and
sizing analyses.

3.4 Design Analysis - Two factors were determined to be most essential to

the viability of a low pressure APS concept. First, the subsystem must be capable
of maintaining high operating pressure levels in order to provide reasonable weights
and engine size. Second, engine propellant inlet conditions must be controlled to
preclude severe thrust and mixture ratio excursions.

3-13
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SUMMARY
LU APS USABLE (LBM)
VEHICLE PROP. | RESIDUAL ORBITERS
(Lg) | BOOSTERS "G FPS T <50 FPS | ALL MAN.
ORBITERA | 0, 1,827 - 22 B | 63
Hy 510 - 125 163 | 32
BOOSTERA | 0, | 14,802 . - - -
Hy 382 . - - -
ORBITERB | 0, 670 - 75 s | 13
Hy 31 - 0 7 31
BOOSTERB | 0, | 13,000 . - - -
Hy 600 . - - -

*NEGLIGIBLE DURING 6 MINUTE REENTRY
SUMMARY OF APS UTILIZATION OF BOOST LIQUID RESIDUALS rycure 3-18

Main Engine Tank Resupply -~ Main engine tank pressure histories were generated

for each APS duty cycle in order to identify critical maneuvers, i.e., the maneuver
which produces the lowest main engine tank préssure. The pressure at the conclu-
sion of this maneuver controls APS pressure budget; hence, it controls line and
engine sizes. A typical orbiter tank pressure history is presented in Figure 3-19.
Shown in this figure are the effects of resupply flowrate, and resupply temperature
on tank pressures during the burn. As shown, for a fixed resupply flowrate, there
is a corresponding resupply temperature required to maintain tank pressure. Con-
versely, for a fixed temperature, a corresponding flowrate is required. Higher
tank pressures can be maintained by increasing either flowrate or temperature.
Combined requirements for resupply temperatures and flowrates to maintain a main
engine tank pressure of 20 lbf/inza are shown in Figure 3-20 for a 50 ft/sec burn.
As shown, optimum resupply-to-outflow flowrate ratio (&) for minimum propellant
weight is 1:1. Overcharging the main boost tanks with cold propellant vapors

(&> 1:1) increases vent losses when propellants warm up during periods of low APS
activity. Undercharging them with warm vapors (&< 1:1) results in increased
requirements for resupply propellant conditioning. This latter case also necessi-
tates eventual mass makeup later in the mission. ‘

These same conclusions applied to all of the APS/OMS velocity allocations.

A mass resupply flowrate ratio of unity was therefore selected and, at this flow-
rate, the conditioning temperature required to hold a specified minimum main
engine tank pressure was determined for each mission duty cycle (Figure 3-21).

The curves show that resupply temperature requirements must increase to maintain
higher minimum pressures and also that conditioning temperature must increase

when the APS performs larger maneuvers. Figure 3-22 shows the effect of minimum
3-14
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ORBITER A, AV <50 FPS
WAIN SUPPLY LINE PRESSURE REGULATOR
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< 10FPS < 50 FPS ALL MANEUVERS
+ 800
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[~a]
cnd
—
=
=
& - 400
(743
5=
2
3
o )
<5
= +200 _
= 2
b 7z 7 Z
[&] Ve A
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DESIGN (20 LBF /IN?)
TYPICAL - ALL APS
" DUTY CYCLES
0 20 25 30 15 20 25 30 15 20 25 30
FINAL MAIN TANK PRESSURE, LBF/IN2A
SELECTION OF MINIMUM MAIN TANK PRESSURE FIGURE 3-22

pressure on APS weight. A weight optimum is realized at minimum tank pressures
of 22-23 1bf/in%a for APS duty cycles of ~ 10 ft/sec and = 50 ft/sec, and at a
much lower pressure when the APS is used for all maneuvers. Weight optimas occur
because line and engine weights decrease with increasing tank pressure, but the
propellant conditioning penalty required to maintain these pressures increases
rapidly. A 20 lbf/in2 minimum pressure limit was selected because it was near-
optimum (from the standpoint of minimal subsystem weight), end provided a reason-

able margin against collapse pressure loads during reentry.

Control of Engine Inlet Conditions - The low total pressure budget available,
and the desire to minimize subsystem weight necessitated a minimum allocation for
engine injector pressure drop. It was estimated that the minimum practical pressure
drop to ensure good mixing and stable operation was 2.0 lbf/inzd, This value was
used for weight and performance estimates throughout the study. The difficulty with
stuch a low AP injector is that small pressure or temperature variations produce
significant shifts in 'engine operating parameters, notably thrust and mixture
ratio. As the sensitivities of Figure 3-23 show, an opposing variation in oxidi-
zer and fuel inlet pressure of only a few lbf/in2 from nominal produces major

' 3-17
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L
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ENGINE MIXTURE RATIO SENSITIVITY
CHAMBER PRESSURE - 20 LBF/IN2A FIGURE 3-23

changes in engine mixture ratio.
engine operating conditions to reasonable limits.

are shown in Figure 3-24.

The APS supply must be capable of controlling
Alternate methods of control

Solutions vary from simple mass addition (controlling

WASS ADDITION MAIN SUPPLY LINE REG ENGINE REGS
p ¢ MASS ADDITION) (- MASS ADDITION)
R
E
S
f] )
u -
;
ENGINE INLET DENSITY CONTROL
(+ MASS ADDITION)
D \\~,/7
E 7,
N o CONTROLLER =]
i 0 =rrne -1 '3
T | P |
Y @— 1
MAIN TANK > ]
APS FLOW CONTROL CONCEPTS FIGURE 3-24
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pressures within the main engine tanks to a tight deadband) to the more sophisti-
cated constant density control (controlling propellant pressures and temperatures
to specified values). TFigure 3-25 shows the effect of each concept on subsystem
design variables., The constant density control required less propellant condition-
ing since oniy a portion of the propellants were conditioned and supplied to the
main engine tanks.

3.5 Concept Comparison/Selection - Each low pressure APS concept considered

in Subtask A was evaluated on the basis of technology, simplicity, weight and
volume, flexibility and development. The concept(s) meriting the highest ranking
were selected for more indepth analyses during the Subtask B preliminary design
phase. Selection criteria weighting and the rationale applied in making the selec~-
tions are presented in Figure 3-26.

In order to facilitate concept selection, alternate flow control schemes were
considered first. Then, with the preferred flow control concept identified,
candidate approaches to propellant storage and propellant conditioning were evalu-
ated and selections made. Since neither propellant storage nor propellant condi-
tioning assemblies are required for the booster elements, concept comparisons were
limited to flow control variations.

Propellant Flow Control -~ Operating characteristics for the four orbiter flow

control concepts are shown in Figure 3-27. An arbitrary velocity increment of

50 ft/sec was assumed for this example, and main engine tank resupply temperatures
were selected to maintain tank pressure above 20 lbf/inz. As illustrated, signi-
ficant engine performance variations occur in the case of mass addition. Main
supply line pressure regulators control engine thrust, but mixture ratio variations
are large because of temperature changes. Differential pressure regulators,
located immediately upstream of the engines, offer better mixture ratio control,
but provide poor éontrol of engine thrust. The constant density (P/T) concept
controls both. This concept also minimizes conditioning requirements, since only
a portion of total engine flow is extracted from the main engine tank; the
remainder is supplied to the mixing chamber in the liquid phase. These concepts
are compared in Figure 3-28 against the rating factors discussed earlier. The
point tally shows that the constant density control concept was selected for the
orbiter despite a very conservative rating for technology extension. Liquid/vapor
mixers have found past usage on engine test stands for low temperature propellant
conditioning, but additional effort is required to demonstrate stable flow and
homogeneous mixing for a twofold variation in liquid-to-vapor mass ratios.

3-19
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SELECTION CRITERIA

WEIGHTING

(PERCENT OF TOTAL)

RATIONALE TO BE USED FOR WEIGHTING

TECHNOLOGY REQUIRED

SUBSYSTERM SIMPLICITY

SUBSYSTEM WEIGHT AND VOLUME

FLEXIBILITY FOR MISSION CHANGES

DEVELOPMENT PROGRAM

0-20

.

WEIGHTING BASED ON ENGINEERING JUDGEMENT OF
DEVELOPMENT RISK, SCALING FROM STATE-OF -THE-
ART THROUGH EXTENSION OF AN EXISTING TECHNOLOGY
BASE, TO COMPLETELY NEW CONCEPTS OR APPROACHES.

WEIGHTING BASED O CONSIDERATION OF:

1) NUMBER OF COMPONE NTS AND INTEGRATION COMPLEXITY,
2) ASSEMBLY AND SUBSYSTEM CONTROL REQUIREMENTS, AND
3) COMPLEXITY OF SUBSYSTEM INTERFACES AND OPERATION.

WEIGHTING BASED ON ABSOLUTE WEIGHT AND VOLUME,
CONSIDERING LOWEST WEIGHT SYSTEM AS REFERENCE AND
A 10 PERCENT ORBITER PAYLOAD LOSS AS UNACCEPTABLE.

WEIGHTING BASED ON SENSITIVITY OF SUBSYSTEM TO
CHANGES IN:

1) MISSION IMPULSE USAGE RATES AND TOTAL IMPULSE,
2) TEMPERATURE ERVIRONMENT,

3) CONTROL ACCELERATION REQUIREMENTS AND,

4) COMPONENT LOCATION CHAN GES.

WEIGHTING BASED ON ESTIMATES OF DEVELOPMENT TEST
REQUIREMENTS CONSIDERING SUCH FACTORS AS NEED FOR
ENVIRONMENT SIMULATION (ZERO g, VACUUM, ETC.) ARD
FACILITY AVAILABILITY FOR TEST.

FIGURE 3-26

APS STUDY CONCEPT SELECTION ~ SELECTION CRITERIA AND WEIGHTING FACTORS

Booster flow control concepts were limited to simple pressure blowdown (no

control) and pressure regulation using differential pressure regulators for

individual engine assemblies.

Performance trends were similar to those shown for

the orbiter (mass addition and differential regulators) but main engine tank pres-

sure decay is much less significant, since the quantity of booster main engine

tank ullage wvapors greatly exceeds mission requirements. Thrust and mixture ratio

excursions for the blowdown concept (Figure 3-29) are satisfactory for high per-

formance and reliable operation.

Consequently, a blowdown concept was selected

for the boosters because of its inherent design/operational simplicity and lower

subsystem weight.

Propellant Storage and Conditioning - (Orbiter Only) - Comparisons of propel-

lant storage and conditioning concepts are given in Figure 3-30. Of the storage

concepts, liquid storage offers advantages in all categories of comparison,

except technology, for APS maneuvers 10 ft/sec. Here, separate, nonrefillable

tankage is employed for both storage concepts. Supercritical storage possesses an

advantage because a propellant acquisition device is not r2quired., Supercritical

3-21
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ENGINE PERFORMANCE
TANK VARIABLES —
—3 4 \
"i<} MASS 3 0/F
ADDITION
=] T .
| 1
- 3 4
PRESSURE 3 = A
CONTROL 3 &
1 o F
o= w
-
=3 x4
PRESSURE . w 0/F
CONTROL 3 g3 T
(APSENSOR) = | , &, s
. 1
L 3 4
CONSTANT O/F
DENSITY 3
CONTROL :
F
L, 1 ]
0 50 100 150
. TIME, SECS
DENOTES HEAT EXCHANGER REQUIREMENT FOR LH, CONDITIONING < \GURE 3-27
WHY CONSTANT DENSITY CONTROL?
SUPPLY LIKE | ENGINE CONST
SELECTION FACTORS MASS ADDITION REGULATOR | REGULATOR | DENSITY
TECHNOLOGY (20%) 20 15 17 10
SIMPLICITY (15%) 15 9 9 [
WEIGHT AND VOLUME (25%) 20 17 18 25
MISSION FLEXIBILITY (25%) 8 vl3 17 28
1 DEVELOPHMENT (15%) 15 10 ‘14 12
TOTAL 68 64 75 n*
* SELECTED FIGURE 3-28

FLOW CONTROL CONCEPT SELECTION
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4
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35
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TANK PRESSURE - LBF/IN.2A

31 T e
2 il Y 0,
27

TH%UST MR I

THRUST - KLB
MIXTURE RATIO
(¥R)

o 1 2 3 4 5 6 17
MISSION TIME ~ MIN.

VEHICLE A BOOSTER APS OPERATIONAL CHARACTERISTICS  FIGURE 3-29

tanks for the intermediate maneuver levels, however, require refill from separate
OMS tanks, and are penalized for added complexity and technology. Tankage is also
heavier because of high requisite storage pressures. Based on these considera~
tions, it was concluded that liquid propellant storage is superior to supercriti-
cal storage. This applies equally to orbiters A and B.

The choice between passive and active propellant conditioning is less obvious.
Passive conditioning offers advantages for APS usage = 10 ft/sec in terms of tech-
nology, simplicity, and weight, but these factors are compromised by integration
requirements for missions = 50 ft/sec since passive heat exchanger surface areas
increase for larger velocity increments and longer times are required for tempera-
ture recovery between burns. For Z 50 ft/sec missions the passive and active heat
exchangers were effectively equal with the active showing a slight advantage.

Baseline Concepts - Based on the above study results, NASA selected the base-

line subsystems shown in Figures 3-31 and 3-32 for the Subtask B preliminary design
phase. The subsystem schematics shown satisfy the mission failure criteria that
the APS be fully operational after the first failure, and that it provide a safe

reentry after two component failures.
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<10 FT SEC <S0FT SEC
PASSIVE ACTIVE PASSIVE ACTIVE
SELECTION CRITERIA SUPER SUPER SUPER SUPER
crmicaL {M'%" crimicar { LU0} fcrimicac | MU crimcar | LU
TECHNOLOGY (20 POINTS)
HARDWARE TECHNOLOGY EXTERSION (10) 7 8 4 5 7 8 ' 5
PROPELLANT ACQUISITION (10) T § 7 5 8 § s 5
a9 | as an | ao an | a @ | an
SIMPLICITY (15 POINTS)
HUMBER OF COMPONENTS (5) ' 5 2 3 4 5 2 3
OPERATIONAL COMPLEXITY (5) s 5 1 2 ! 5 1 2
INTEGRATION COMPLEXITY (3) 2 3 3 3 2 1 3 3
CONTROL REQUIREMERTS (2) i 2 1 2 1 1 1 ?
an | as m | a | a m | an
FLEXIBILITY (25 POINTS)
OPERATING CONSTRAINTS (10) 8 8 3 3 5 8 1 3
SENSITIVITY TO MAX \V BURN (5) 3 3 s s 3 2 ' s
SENSITIVITY TO THRUST LEVEL (5) 2 5 2 5 2 5 2 5
SENSITIVITY TO TINE BETWEEH BURNS (3) 1 2 3 3 1 1 3 3
SENSITIVITY TO TOTAL IMPULSE (2 1 2 1 1 1 2 1 1
15) (20) 19 (22) 13) 18 an [va]
WEIGHT AND VOLUME (25 POINTS)
80 LB (1 PT) v | 12 u 3 % 8 | o
§0CU FT (1 PT) 9 2 0 9 0 0 0 0
an | s an | o e L en | aw | ew
DEVELOPHENT (15 POINTS)
ENVIRONMERTAL SINULATION (6) 3 8 4 5 2 4 3 5
INTEGRATED TEST REQUIREMENTS (6) 3 3 5 5 2 3 4 5
FACILITY REQUIRENENTS (3) 2 2 1 3 2 2 1 3
® | © an | a3 ®) @ ® | a
TATAL POINTS T T BV 5 7 7] 78 I Y
/SELECTED
PROPELLANT STORAGE AMD CONDITIONING COMPARISON FIGURE 3-30
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SELECTED BOOSTER APS CONCEPT FIGURE 3-31
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4, SUBTASK B - PRELIMINARY DESIGN

Subtask B established preliminary designs based on the conceptual subsystems
selected in Subtask A. Specifically, this included definition of subsystem per-
formance and operating characteristics, component designs and installation
features, and weight and reliability estimates. Vehicle descriptions and mission
requirements were updated for this phase of the study as space shuttle program
plans solidified and more descriptive design detail became available from concur-
rent Phase B space shuttle studies (Reference B). Certain areas of APS conceptual
design were recommended by the NASA technical director for detailed Subtask B
effort. The most significant of these was an alternate approach to the passive
heat exchanger. Surface mounted heat exchangers were assumed for Subtask A.
However, a heat exchanger mounted directly to the main engine tank was potentially
much less sensitive to vehicle structural configuration and since main engine tanks
represent a large fraction of total wvehicle structure, they provide a large heat
sink capability.

4.1 Subtask B Requirements - A new vehicle description was provided at the

start of Subtask B studies. This configuration, shown in Figure 4-1, consists

ORBITER BOGSTER

] p SN
117 FT U]

SPAN
DR N ] =l

i — \\\:1‘\

| 159 FT ! . 223 FT ]

WEIGHTS (LB)
ORBITER BOOSTER

MAIN ENGINE SHUTDOWN| 271,465 474,876
SUBSONIC CRUISE 234,400 451,219

SUBTASK B VEHICLE CONFIGURATION FIGURE 4-1
4-1
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of a delta wing, canard booster, and a low-sweep, fixed straight wing orbiter.
Both stages are designed to reenter the earth's atmosphere at a high (60°) angle-
of- attack in order to limit vehicle heating rates and temperatures upon reentry.
Vehicle acceleration requirements were revised to those shown in Figure 4-2.
Booster acceleration levels were unchanged from Subtask A, but orbiter accelera-
tions were increased significantly. Nominal minimum accelerations in the +X
direction, for example, were increased from 0.1 to 0.65 ft/secz. Similar
increases were specified for other axes. An orbiter reentry bank angle (coordina-
ted yaw-roll) acceleration requirement of 1.5 deg/sec2 was also introduced.
Except for this added requirement, which was based on all engines operating,
engine arrangements were predicated on APS capability of providing nominal
acceleration levels with one engine out, and minimum acceleration levels with two
engines out. TFigure 4-3 shows the resultant engine arrangement for each vehicle
element. Twenty 2500 1lb thrust engines, and thirty-three 1080 1b thrust engines
are used on booster and orbiter, respectively. (An alternate engine arrangement

is discussed in Section 4.5. That arrangement was designed to the same criteria

BOOSTER ORBITER
PITCH YAY ROLL PITCH YAY ROLL X Y z

8
s 1§
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T 6
[+
[ow]
©°
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S 4t
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= 3
e -
=
-
i ogf. .
=< :

0

LEGEMD: NOMINAL ALLOWABLE (SAFE)

ACCELERATION ACCELERATION
DESIGN ACCELERATION LEVELS FIGURE 4-2
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ENGINE ARRANGEMENT FIGURE 4-3

as the high pressure APS, Reference C, for which bank angle and one engine-out
acceleration requirements were not imposed, thus providing a better basis for
comparing the two design approaches. The low pressure APS for that comparison
employs twenty-four, 1220 1b thrust engines.)

Total impulse requirement for booster APS is nearly double that of Sub-

task A, increasing from an equivalent velocity increment of 32 ft/sec to 59

4-3
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ft/sec. Booster main tank operating pressures were also reduced and vapor tempera-

tures increased, resulting in less available propellant vapors for APS usage.

These changes have a significant impact on booster subsystem sizing and performance

in terms of reduced APS pressure budget and reduced total impulse capability.
Orbiter mission timelines were modified somewhat by Reference B, but did not

significantly affect total impulse requirements. The most favorable distribution

of +X ‘maneuvers between APS and OMS was to be defined for two orbiter missions,

representing third and seventeenth orbit rendezvous with a space station. The

revised orbiter impulse~time histories are illustrated in Figure 4-4.

4.2 Baseline Design Concepts - Subtask A concept designs were modified,
because of revised requirements and design criteria, as well as additional com-

ponent and subsystem analyses performed during Subtask B, preliminary design

effort. The revised designs follow.

SEVENTEENTH ORBIT
THIRD ORBIT REWDEZYOUS . |
RENDEZVOUS , 1290
125 b g
6210.0
9
=
: DOCKED A % DOCKED e
B 1.5 ~ N
% .
2
= 5.0
25
0
8 0.5 1.9 15 2.0 @ 3.0 35 4.0 85
ELAPSED TIBE - MIBUTES (THOUSANDS)
ORBITER IMPULSE TIME HISTORY
(SPACE STATION/BASE LOGISTICS MISSION) FIGURE 4-4
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4.2.1 Booster APS - The booster APS consists of propellant distribution and

engine assemblies (shown schematically in Figure 4-5). The subsystem operates

N m?'ajﬁisnges /
S K

‘ — — Z WAIN Hy TARK

RAIN O, TARK

an"‘r’

e J..r

|
b

SR
Ve ¥
P _4
a g
2%
Vo
2 25
\

EMGINES — 20 AT 2500 LB THRUST

BOOSTER BASELINE AUXILIARY PROPULSION SUBSYSTEM FIGURE 4-5

entirely from available main engine tank propellant vapors in a blowdown mode,
over a pressure range of 26 to 17 lbf/inz, Liquid residuals remaining in the
tank at main engine shutdown are prevented from entering the feed system by
g-sensitive valves located at tank outlets. Distribution and engine assemblies
are sized to provide 2500 1b thrust at the end of blowdown, when tank pressures
and temperatures are lowest. A mixture ratio of 2.0 and a nozzle expansion ratio
of 2:1 provide minimum subsystem weight: Figure 4-6 summarizes baseline design
features, while Figure 4-7 shows subsystem installation.

4,2.2 Orbiter APS - The orbiter APS, shown schematically in Figure 4-8,
consists of five major assemblies:

(1) propellant storage assembly

4-5
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MAIR TANK ’
IMITIAL VAPOR TEMPERATURE, °R
INITIAL PRESSURE, LBF/IKA
MINIMUM PRESSURE, LBF/IN%A

EMGINE AND DISTRIBUTION SYSTEM 9
DESIGN ENGINE INLET PRESSURE, LBF/IN°A

DESIGH ENGINE INLET TEMPERATURE, °R
ENGINE THRUST, LB

MIXTURE RATIO

CHAMBER PRESSURE, LBF/IN%A
EXPANSION RATIO

520

17

14
400

260
26
17

14
150
2500
20
i1
21

BOOSTER BASELINE DESIGN SUMMARY

0, MAIN ENGINE TANK
PRESSURIZATION LINE

PITCH/ROLL

ENGINE APS ——\

REPORT MDC E0293
29 JANUARY 1971

YAW ENGINE ASSEMBLY ALf’

PITCH/ROLL
APS ENGINE ASSEMBLY

FIGURE 4-6
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(2) tubular, passive heat exchanger assembly
(3) 1liquid/vapor mixing assembly
(4) propellant distribution assembly, and

(5) engine assemblies.

The APS is used in conjunction with an Orbit Maneuvering Subsystem (OMS). The
OMS provides all high total impulse maneuvers, such as orbit circularization,
plane changes, and deorbit functions, while the APS provides all attitude control
and vernier maneuvers (5 40 ft/sec). The APS design uses thirty-three 1080 1b
thrust engines with an 8:1 nozzle expansion ratio operating at a mixture ratio

of 3.0.

Main engine tanks are used as gas accumulators with an operating pressure
range of 16 to 30 lbf/inza, Main tank resupply occurs when propellant vapor
pressure-to-temperature drops below .057 (30 lbf/in2/530°R),‘ Resupply propellant
is first vaporized and superheated by passive heat exchangers before injection
into main engine tanks. During major APS maneuvers, warm main tank propellant
vapors are mixed with cold propellants in a downstream mixing chamber, for
supply to the engines at constant temperature and pressure. Subsystem design

characteristics are summarized in Figure 4-9, while Figure 4-10 shows subsystem

installation.
0, H,
LIQUID STORAGE AKD PRESSURIZATION SYSTEM
PROPELLANT WEIGHT, LB 4496 2499
PROPELLANT TANK PRESSURE, LBF/IN%A 35 40
PROPELLART TANK VOLUHE, FT, 67 633
PRESSURIZATION TYPE COLDH, | PUMP
PROPELLANT SUPPLY PRESSURE, LBF/IN2A 35 35
HEAT EXCHANGER
AREA, FT2 1,79 3,100
TUBE LENGTH, FT 175 15.0
TUBE SPACING 4.0 10.0
TUBE DIAMETER, IN. 0.394 0.298
HUMBER OF TUBES 308 248
LIQUID-VAPOR MIXER
OUTLET TERPERATURE, °R 200 150
IAJECTOR (LIQUID) INLET PRESSURE, LBF/IN%A 30 30
LIGUID THROTTLE RATIO 1011 10:1
GAS-SIDE PRESSURE DROP, LBF/#%D 1.0 15
ENGINE AHD DISTRIBUTION SYSTEM
DESIGN REGULATED PRESSURE,LBF/IN%A 2 2
WAXIMUM LINE DIAMETER, IN. 8.3 8.3
ENGINE INLET PRESSURE, LBF/INZA 15.7 15.7
ENGINE THRUST, LB 1,080
CHAMBER PRESSURE, LBF,IN%A 137
HIXTURE RATIO 3.0
EXPANSION RATIO 81
ORBITER RASELINE DESIGN SUMMARY
FIGURE 4-9
4-8
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4.3 APS Design and Operation - Design and operational characteristics of

primary subsystem assemblies are described below:

(a) Engine Assembly - Engine assemblies include propellant control valves,

injector, combustion chamber, and nozzle. The engine design, which is shown in
Figure 4-11, features a multiple element, coaxial injector and hydrogen film—
cooled chamber and nozzle walls. The engine head end assembly is made of alumi~-
num to minimize weight, and is attached to the Haynes alloy combustion chamber by
a bimetallic ring. Pneumatically actuated coaxial poppet valves provide fast
response, high cycle life, and positive sealing. The orbiter engine delivers
1080 1b thrust at a specific impulse of 377 sec. The booster APS engine, which
is similar to the orbiter engine, delivers a vacuum thrust of 2500 1b at a
specific impulse of 342 sec.

(b) Propellant Distribution Assembly - All APS supply lines are construc-

ted of minimum gage aluminum ducting, using linear and angular compensator
bellows to absorb thermal and manufacturing tolerances. Line weights are mini-

mized by using existing main engine tank pressurization lines as primary APS

H, BOOST PRESSURIZATION LINE
APS ENGINE ASSEMBLY (TYP)

0, LIQUID -
VAPOR MIXER

APS LO, TARK
i

~T - T o2 HAIN ENGINE TANK

—

Tt N I ||| ‘I PRESSURIZATION LINE
[ ] S \

oy :)J ':.v"!‘

T —— ~

FIGURE 4-10

ORBITER APS INSTALLATION
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trunklines. These lines extend nearly the full length of the vehicle and are
of sufficient diameter (18 in. on the booster and 8.2 in. on the orbiter) to
accommodate APS flow requirements. The remainder of the distribution network is
sized to provide minimum subsystem weight by balancing line weight penalty as a
function of frictional losses and engine weight penalty as a function of resultant
chamber pressure. Propellant flow to engines is supplied at minimum pressures
of 14 1bf/in2a and 16 lbf/inza for booster and orbiter, respectively. Visor-type
isolation valves are used to safeguard the subsystem against failed-open engine

valves.

(¢) Main Tank Liquid/Vapor Separators —~ The booster requires a minimum

of 1000 1b of liquid residuals in each propellant tank to maintain tank pressures
above 15-16 lbf/inza upon completion of the mission profile. This is well below
the amount of liquids that will be trapped in the booster main engine tanks
(Figure 4-12). To ensure that only gases are extracted for APS operation,

liquid/vapor separator valves, shown in Figure 4-13, are installed at the

20
LIQUID HYDROGEN
|
e e e S
16 — Py

: o s e T LIQUID OXY GEN

Nz ,
=
W
2]
wed
R
=
2 INITIAL VAPOR TEMPERATURE - 520°R (LO,)
£ = 260°R (LH,)
= 3
=
2
(=]
2]
=
=
E 4
=
= TARK TRAPPED TOTAL LH, (NOH) TOTAL L0, (NOM)

PP
Lt bl o { i
0 2 4 6 8 10 12

IRITIAL LIQUID RESIDUAL WEIGHT - 1000 L8

SENSITIVITY OF BOOSTER MAIN TANK PRESSURE TO LIQUID RESIDUAL WEIGHT
FIGURE 4-12
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;gﬁ?SCOLLECTOR PROPELLART
TANK (TOP)
~ COLLECTOR TUBE
(4 PLACES)
VALVE
POPPET

ACCELERATION FORCES =

BOOSTER TANK OUTLET VALVE
(G SENSITIVE VALVE POPPET) FIGURE 4-13

entrances to APS supply lines. The booster mission is too short for a zero g-
propellant configuration to develop; the liquids will either be in contact with
the walls or reacting to imposed g~loads. The APS separator valve prevents
liquid ingestion under either condition. A tank stand-off prevents the outlet
from being submerged by liquids when they are in contact with the wall, while a
low friction, g-sensitive wvalve poppet closes the outlet valve when acceleration
forces cause bulk liquid to move toward it.

For the orbiter, analyses show that nominally only 610 1b (or 19 percent)
of available liquid residuals can be used by the APS without alteration of tank
» Due to rapid 1LH, boil-

2
will be dumped

operation and design. Most of this (80 percent) is LOZ,_
off, utilization of liquid hydrogen residuals is poor and LH2

through the main propulsion subsystem immediately after orbit insertion. Liquid

4-12
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oxygen, on the other hand, is useful and will be retained in a compartmented tank,
as shown in Figure 4~14. 1In this approach, a tension bulkhead is installed
above the common LOZ/LH2 compression bulkhead to absorb liquid head loads during

high launch g. The volume between the two bulkheads is loaded with LO thus,

5
there is no loss in LO2 tank volume. Inasmuch as the inner tank compaitment is
isolated from high launch head pressures, compression bulkhead weight is reduced
to a level at which the two bulkheads weigh no more than the one compression
bulkhead in the original tank design. During main engine operation, the primary
LO2 tank dFains first, leaving it dry and ready for use as the GO, accumulator. -

2

LO2 residuals are trapped in the smaller LO2 compartment. Insulation of this

compartment reduces LO2 boiloff rate and increases APS propellant utilization
by approximately 1064 1b. Valve sequencing for this operation is shown in
Figure 4~14.

(d) Propellant Storage -(Orbiter Only) - APS propellant tanks contain

approximately 4500 1b of LO2 and 2500 1b of LH2. Oxygen and hydrogen propellant

tanks are similar in design. A cutaway of the LH, tank is shown in Figure 4-15

and design features of both tanks are summarized in Figure 4-16. ZEach is insu-
lated with multilayer, aluminized Mylar insulation protected by a fiber glass
outer covering. The outer shell is pressurized during boost and entry to prevent
structural failure under collapse pressure loads, and is vented on-orbit to
achieve the insulative qualities of evacuated, multilayer insulation. [Propellant
positioning is achieved with‘surface tension screen devices, made up of several
annular trays. Trays are separated from tank walls to prevent propellant
vaporization within the acquisition device, but are close enough to the wall to
allow contact with liquid for any propellant orientation. Cold helium, and sub-
merged, low-suction-pressure pumps are used for transfer of LO, and LH, propel-

2 2
lants, respectively.

(e) Passive Heat Exchanger (Orbiter Only) - During APS operation, when

, 2
main engine tank vapor pressure-to-temperature ratio drops below .057 1bf/in” - °R,

additional propellant is resupplied from liquid storage tanks. This propellant
is first circulated through a passive heat exchanger, where it is vaporized and

superheated to relatively high resupply temperatures. Comparison of heat exchanger
installations, mounted either to the vehicle skin or to the main engine tanks,
showed tank-mounted installations to be superior in terms of integration and

performance. The heat exchanger consists of thin wall, aluminum tubing mounted

4-13
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COOLING SHROUD

(1 MIL FOIL)
FIBERGLASS 1/8DIA
OUTER SHELL—\ TUBING
INSULATION BLANKET
(ORANGE PEEL)
/7 P
. T Nz
N2 PURGE PURGE PORT
VENT
: - [_. LAUNCH “G
He FILL/VENTJ RE-ENTRY G
He REGULATOR VIS A\
{LO, TANK ONLY) / FILL
CRYOFOAM // PRESSURE VESSEL
{LHy TANK ONLY) - (2219-787 AL)
LH, PUNPS (3) = SCREEN CHANNEL
\ ACQUISITION RINGS (3)
Hy THERMO v TANK
VENT— | /OUTLET
PROPELLANT TANK INSULATION 'COOLING CONCEPT FIGURE 4-15

directly to the tank wall longitudinal stiffeners. Figure 4-17 shows the tube
attachment. The oxygen heat exchanger is divided into two, 17.5 ft long panels,
each with 154 tubes, approximately 0.4 in. in diameter. The hydrogen heat
exchanger is divided into four 15 ft panels, each consisting of sixty-two 0.3 in
diameter tubes., The section modulus of the tubes adds to tank longitudinal rib
stiffness, thus permitting a reduction in tank rib height and weight.

Figure 4~18 shows heat exchanger performance during the most critical
mission phase, immediately prior to docking.

(f) Liquid/Vapor Mixer Assembly (Orbiter Only) - This assembly consists of

a pressure regulator and a liquid vapor mixing chamber, each independently con~
trolled. The assembly provides constant propellant pressure and temperature at
the engine inlets during all major APS operations. The pressure regulator

(Figure 4-19) is an IRIS throttle valve with torque motor drive. Downstream

RACIDORMELL DOUGLAS ASTRORAUTICS CORPARNY =« EAST
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OXYGEN HYDROGEN
PRESSURIZATION

TYPE COLD HELIUK PUMP

STORAGE PRESSURE, LBF/INA 3000 (40 HE PREPRESS)

STORAGE TEMPERATURE, °R 165 -

SUPPLY PRESSURE, LBF/IN.A 35 35 MIN

PUMP HORSEPOWER, BHP - 6.1

ELECTRICAL POWER - 208Y (23 AMPY)

* | PROPELLANT TANK

VOLUME, FT3 67 633

DESIGN PRESSURE, LBF/IN.2A 35 40

MATERIAL 2213187 AL 2219~ T87 AL

INSULATION HPI HPI/CRYOFOAM
THICKNESS, IN. 0.97 068 (HP1) /0.42 (FOAM)

COOLING H,VENT H,VENT
VENT RATE, LB/HR I 0.45
SHROUD 1 MIL AL FOIL 1 MIL AL FOIL
TUBING 1/3 DIA;0.010 WALL |  1/8 DIA; 0.010 WALL

PROPELLANT ACQUISITION SCREEN TRAP SCREEN TRAP
EXTRACTION RATE, GPM 103 550
HYDROSTATIC HEAD,LBF/FT2 8 6.4
EXPULSION EFFICIENCY 0.987 0.991

APS PROPELLANT STORAGE DESIGN SUMMARY

FIGURE 4-16

pressure sensing is used to modulate valve flow area, controlling downstream
pressure to a constant 19 lbf/inza° The liquid/vapor mixer consists of a liquid
injection element in the gas stream and a cavitating venturi throttle valve for
liquid flow control.

Figure 4-20 illustrates operation of the entire assembly. Warm propellant
vapors, extracted from the main engine tank, pass through the mixing chamber,
where they are mixed with cold liquids. Liquid flowrate is controlled, by a
cavitating venturi throttle valve, to achieve a constant outlet temperature.
Design outlet temperatures are 200°F (02) and 150°R (HZ). Initially, when the
temperature of the vapors being removed from the main engine tank is high, a
large percentage of total flowrate is liquid. As tank temperature and pressure
decay with time, liquid flowrate must be decreased to maintain desired mixer
outlet conditions. Since both temperatures and pressures are controlled, constant
propellant densities are provided at engine inlets.

The liquid vapor mixer is used only for major APS burns. During periods

4-16
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of low APS usage, all propellants are extracted from main engine tanks, and the
regulator retains the flow area setting from the last major maneuver. This
mixed-mode operation provides acceptable engine performance, while greatly
reducing required controller operating range and response requirements.

(g) Pneumatic Actuation Assenbly - Rapid response, high seat load require-

ments of the engine valves necessitate a separate pneumatic control loop for
valve actuation. The pneumatic assembly uses a 3500 1bf/in2a ambient helium
supply, regulated to 250_lbf/in2a, to provide a valve opening response of 50 ms.
A single, solenoid, pilot valve on each engine provides simultaneous actuation of
both propellant valves. Total helium requirements are 3.5 1b for the booster and

11.0 1b for the orbiter.

4,4 Mission Performance — The following paragraphs describe mission per-

formance and the effect of operating environments on subystem operation.
4-18
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(a) Booster Mission Duty Cycle — The booster APS is used to damp both main

engine shutdown and vehicle separation transients, and to orient and control
vehicle attitudes during reentry. Total mission duty cycle is approximately
6 minutes long and results in a total impulse expenditure of 864,000 lb-sec.
Figure 4-2]1 shows main engine tank temperature and pressure histories during
APS operation. Also shown is the resultant effect of these variables on engine

performance (thrust and mixture ratio). Tank pressures do not decay below

N
24
§Nz 22 \
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BOOSTER APS MiISSION OPERATING CHARACTERISTICS FIGURE 421
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17 1bf/in2a and temperatures do not exceed the minimum required for good engine
ignition and performance.

The above data were generated for initial tank ullage pressures of 26
lbf/inza and temperatures of 520°R (02) and 260°R (Hz)o The initial hydrogen
tank ullage temperature was reduced from the 450°R specified in Reference B in
order to hold tank pressure safely above ambient pressure environs. To do this
without affecting booster/orbiter main engine commonality, main propulsion pres-
surant-propellant line heat exchangers were added to the booster design and the
weight increases were assessed against the booster APS (Para. 4.5).

Mixing of main tank liquid and vapor residuals at main engine shutdown could
have a significant effeet on initial propellant properties. In analyzing this
effect, it was assumed that complete equilibration (mixing) of tank-trapped
liquid and vapor residuals could occur, causing a collapse in tank pressures
and temperatures at the start of APS operation. APS performance for these
conditions is shown in Figure 4~22. As illustrated, engine performance for
this worst—case operating point is totally satisfactory.

(b) Orbiter Mission Duty Cycle — Initial Subtask B analyses concentrated

on determination of optimal orbiter APS/OMS impulse split. The specified mission
timeline includes large on-orbit maneuvering requirements, occurring primarily in
the +X direction, and ranging in incremental velocities from 20 to 500 ft/sec.
Optimum distribution of the +X maneuvers between OMS and APS depends on size of
burn, OMS start and shutdown losses, and relative APS/OMS specific impulse. To
establish an optimum, OMS characteristics were based on use of the RL 10A3-3
engine. The results, presented in Figure 4-23, show that the optimal impulse
split occurs when the OMS is used to perform the four largest burns, comprising
a total velocity increment of approximately 1150 ft/sec. Variation in OMS

start and shutdown losses between 50 and 200 1b/start were investigated, but
these changes had little effect on optimal OMS velocity. Selection of this
velocity allocation results in a maximum APS burn of only 40 ft/sec.

The orbiter APS uses a mixed-mode type of operation. Basically, the subsys-
tem employs a liquid/vapor mixer to control APS engine inlet conditions during
all major APS operations, and operates in a blowdown mode during periods of low
APS activity. 1In the latter case all propellant is extracted from the main tanks,

while mixers and main supply line regulators are inactive. Main tank pressures

4-22
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MISSION TIME, MINUTES

BOOSTER APS PERFORMANCE
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and temperatures, and engine performance parameters during APS operation, are
given in Figures 4-24 and 4-25 for the third and seventeenth orbit rendezvous
missions. Engine performance is satisfactory throughout. The seventeenth
orbit rendezvous is the more stringent of the two missions from the standpoint
of propellant requirements and minimum boost tank pressures.

4.5 Weight and Reliability Estimates - Subsystem weights for the baselines

discussed in the preceding paragraphs are 5647 1b and 12868 1b for booster and
orbiter, respectively. Detailed weight breakdowns are presented in Figures 4-26

and 4-27. Booster APS weight includes 660 1b H2 pressurant and 57 1b H2 heat

exchanger, both of which are associated with a reduction in residual H, vapor

temperature (at main engine shutdown) from 450°R (Reference B) to 260°§, For

the orbiter, APS weights are provided for three configurations:

(1) a reference APS configuration which uses thirty-three 1080 1b thrust engines
and separate APS/OMS propellant tankage

(2) a configuration Which‘differs from the reference‘oﬁly in the number and

thrust level of APS engines (twenty-four at 1220 1b thrust)
4-24
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SUMMARY
COMPONENT (HO.) 5 WE’GHT{?
2 2
PROPELLANT , HONE REQUIRED, MAIN ENGINE
TANK RESIDUALS ARE UTILIZED
MAIN ENGINE PROPULSION MODS ) ( 795)
PRESSURANT PENALTY 0 660
LIQUID/VAPOR
SEPARATION VALVES (1) 63 7
HEAT EXCHARGER 0 57
PROPELLANT DISTRIBUTION ASSENBLY &57) (1051)
LINES 27 350
COMPENSATORS, LINEAR (23) 104 251
COMPENSATORS, ANGULAR (46) 64 105
ISOLATION VALVES (21) %2 345
ENGINE ASSEMBLIES | (3081)
ENGINES (20) 2980
PNEUMATIC SUBASSEMBLY
HELIUM 35
TANKS (3) .0
VALVES (28) 12.5
REGULATORS (3) 9.0
LINES P
TOTAL (5647)
BOOSTER APS WEIGHT

FIGURE 4-26

(3) a configuration which differs from the reference only in propellant tankage
integration (integral versus separate APS/OMS tanks).

The last two cases are provided to facilitate weight comparisons between low pres—

sure and high pressure APS (Reference C) on a common basis, i.e., integral propel-

lant tankage and no requirement for nominal acceleration capability with one

engine out.

APS baselines were designed to satisfy fail operational/fail safe require-
ments. Reliability estimates generated as part of this study are presented, by
functional component group, in Figure 4-28. As shown, the orbiter APS has an
operational reliability of 0,997 with a fail-safe reliability exceeding 0.9999.
The booster APS has an operational reliability of approximately 0.9999 and a fail~-
safe reliability in excess of 0.9999999. These results show that the basic sim-
plicity of the low pressure APS offers a high level of operational reliability

and safety.
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CONFIGURATION A (REF) | CONFIGURATION B CONFIGURATICN C
ENGINES: 33 « 1080 LBS | ENGINES: 24 - 1220 LBS | ENGINES: 33 « 1080 LBS
TANKAGE: SEPARATE TANKAGE: SEPARATE | TANKAGE: INTEGRAL
COMPONENT/ASSEMBLY APS/ONS APS/0ONS APS/0NS
(0y) (Hy) (0y) {Hy} | (O} {Hy)
PROPELLANT (4496) (2499) [ (4935) (2645) (4496) (2499)
WAIN PROPULSION MODIFICATIONS (92) ( 42) (92) (42) | (9) (42)
COMPARTMENTED TANK 50 - 50 - 50 -
PRESSURANT LINE BYPASS VALVES 42 2 12 42 2 42
PROPELLANT STORAGE ASSEMBLY (233) (820) | (246) (853) {(129) (674)
TANK, INSULATION AND VENT 164 556 173 581 82 489
PRESSURIZATION 32 159 35 164 32 114
PROPELLANT SCREENS : 37 105 38 108 15 71
PROPELLANT CONDITIONING ASSEMBLY | (149) 321 (149) @321 | (149 (327
HEAT EXCHANGER 103 252 103 252 | 103 252
LINES AND MANIFOLDS 37 64 37 64 37 64
VALVES 9 1 9 1 9 1
LIQUID/VAPOR MIXING ASSEMBLY ( 96) (108) ( 96) (108) | ( 96) (108)
MIXER 17 11 17 11 17 11
THROTTLE VALVES 2 2 2 22 22 22
CONTROL VALVES 4 55 a4 55 44 55
REGULATORS 13 20 13 20 13 20
DISTRIBUTION ASSEMBLY' (565) aon | ¢ amn ( 598) | (565) (707)
LINES 174 258 150 219 | 174 258
COMPENSATORS 165 203 138 173 165 203
ISOLATION VALVES 226 246 189 206 | 226 246
ENGINE ASSEMBLIES (2734) (2231) 2134)
ENGINES 2541 2052 2541
PNEUMATIC CONTROLS 193 179 193
TOTAL, LBM 12,868 12,799 12,618
ORBITER APS WEIGHTS
FIGURE 4-27
ORBITER BOOSTER
FUNCTIONAL GROUP OPERATIONAL FAIL SAFE OPERATIONAL FAIL SAFE
L0, STORAGE AND PRESSURIZATION 0.999990 0.99999997 - -
LH, STORAGE AND PRESSURIZATION 0.999997 0.99999999 - -
PROPELLANT CONDITIONING - 02 0.999994 0.99999999 - -
PROPELLANT CONDITIONING - Hy 0.999993 0.99999999 - -
PROPELLANT DISTRIBUTION AND ENGINES | 0.999743 0.99997069 0.999923 0.99999998
ENGINE PNEUMATIC CONTROL 0.999743 0.999999% 0.999991 0.99999999
SUBSYSTEM 0.997196 0.99937059 0.999914 0.99999997
ASSUMPTIONS:
(1) COMPONENT EXTERNAL LEAKAGE CAN BE CONTROLLED BY PROPER SEAL DESIGH
(2) SENSING AND SWITCHING RELIABILITY IS EQUAL TO 1.0.
(3) STRUCTURAL RELIABILITY IS EQUAL TO 1.0.
(4) MAIN PROPULSION SUBSYSTEM COMPONENTS USED BY THE AUXILIARY PROPULSION
SYSTEM WILL NOT DEGRADE APS OPERATION OR SAFETY.
(5) THE NON-OPERATING FAILURE RATE FOR APS COMPONENTS WILL NOT BE SIGRIFICANT
APS RELIABILITY FIGURE 428
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4.6 Component Technology — As stated in the introduction, an assessment

of component technology requirements was a primary part of this study. In terms
of thrust levels and reuse capability, APS requirements are far beyond those for
any previous control propulsion subsystem. Therefore, no APS components capable
of satisfying these requirements exist today. Conceptual subsystem definition
studies discussed in this report have shown that a low pressure APS can poten-
tially fulfill shuttle requirements, and that such an APS is simple in design
and operational approach., None of the components required in the subsystem are
currently available, but exploratory programs are underway on engines, valves,
and certain aspects of storage tank design. In most cases, technological issues
center on component size and dynamic response. These can be resolved through
normal subsystem development evolution; i.e., progression from analysis to compo-
nent and assembly tests, to (finally) breadboard tests with full scale hardware.

A critique of the major technology issues and/or concerns are presented in

Figure 4-29.

COMPONENT/
ESIGN VARIABLE

SSENBLY DESIGN VARIA ISSUE

PROPELLANT | INSULATION/ POTENTIAL INSULATION (HP1) DEGRADATION WITH REPEATED -

STORAGE PURGE VENT AND PRESSURIZATION CYCLES AND LONG TERM COR-

ROSION

PROPELLANT TESTS REQUIRED ON LARGE (10 FT DIA) TANKS TO ASSESS HEAT
ACQUISITION LEAKS; INTEGRITY UNDER LAUNCH VIBRATION; AND EFFECTS
(SCREEN DEVICE) | OF NORMAL FABRICATION TOLERANCES

HEAT INSTALLATION TANK FABRICATION COST AND ABILITY TO TEST

EXCHANGER ‘
CONTROL AND PASSIVE HEAT SOURCE PROVIDES POOR CONTROL OF HEAT
STABILITY INPUT AND LOCATION OF PROPELLANT PHASE CHANGE,

POTENTIAL CHUGGING INSTABILITY
MAIN ENGINE THERMODYNAMICS | REQUIRES BETTER DEFINITION OF LIQUID RESIDUAL MOTION

TANK AND VAPORIZATION RATES; THERMAL STRATIFICATION OF
‘ VAPORS; AND MIXING OF RESUPPLY PROPELLANTS
LIQUID/VAPOR MIXING TESTS REQUIRED TO ASSURE HOMOGENEOUS TEMPERATURES
MIXER EFFECTIVENESS AND PRESSURES IN SHORT FLOW LENGTHS
CONTROL ADDITIONAL EFFORT REQUIRED IN AREA OF TEMPERATURE
TRANSDUCING RESPONSE, ACCURACY AND RELIABILITY
ENGINE WEIGHT LIGHTWEIGHT MATERIALS AND FABRICATION TECHNIQUES
REQUIRED
LOW MINIMUM PROPELLANT INLET TEMPERATURE FOR RELIABLE
TEMPERATURE 1GHITION AND PERFORMANCE SHOULD BE DETERMINED
PROPELLANTS
KEY TECHMOLOGY ISSUES FIGURE 4-29
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5. CONCLUSIONS

The low pressure auxiliary propulsion subsystem (APS) concept, as demonstra-
ted by results of this study, is a practical approach to space shuttle control
and maneuver requirements. Technology issues relate pfimarily to component size
and dynamic response, factors which generally can be resolved through normal
development. NASA initiated tests on some of the more critical components (i.e.,
engine and propellant valves) have shown that performance goals, cooling, and
ignition are practical and can be achieved without great difficulty. More effort
is required, however, in the areas of propellant acquisition, main engine tank
thermodynamics, and main engine tank/heat exchanger integration.

The preferred orbiter APS approach has been identified as one in which the
APS is used in conjunction with an Orbit Maneuvering Subsystem (OMS). The OMS,
with RL10A3-3 engines, is used for four high total impulse maneuvers, while APS
provides all attitude control and vernier maneuvers. The baseline APS uses
separate propellant tankage, but alternate configurations using integral tankage
and different engine arrangements were also investigated in order to provide
direct weight comparison with an all-maneuver, high pressure APS (Reference C).
Combined low pressure AfS/OMS weight fbr this comparison is 37,252 1b, of which
12,549 1b is attributable to the APS. The baseline APS, designed to more stringent
operational failure criteria, weighs 12,868 1b.

Orbiter APS uses a passive heat exchanger for propellant conditioning and a
liquid/vapor mixer to control engine inlet conditions during major APS operatiomns.
Booster APS requires no auxiliary propellant storage, being capable of satisfying
total impulse requirements by operating on main engine tank propellant vapors in

a simple blowdown mode.

MCDORRELL DOUGLAS ABTRONAUTICS COMPARY « EAST



W PRESSURE APS REPORT MDC E0293
gﬁkMARY 29 JANUARY 1971

6. REFERENCES

A. Space Shuttle Vehicle Description and Requirements Document (NASA), dated
15 July 1970. (Attachment to Statement of Work, Space Shuttle Auxiliary
Propulsion Subsystem Definition)

B. Space Shuttle Vehicle Description and Requirements Document (NASA), dated
1 October 1970.

C. Space Shuttle High Pressure Auxiliary Propulsion Subsystem Definition, Sum~ -
mary, McDonnell Douglas Astronautics Company (East) Report MDCE 0299, dated
March 1971.

6-1

ACDOMNMNELL DOUGLAS ASTRORAUTICS COMPANY » EAST



-

e

i

-

-

EAST

[:-4

RICIDOMMELL DOUGLAS ASTROMAUTICS CORMPARY

B2 -OD2I2E

BI<B

issouri 83X5&E

RA

£S5

638 R.ovag

S



