NASA CR-134790
SD 75-5A-0043

STUDY OF L1GQUID OXYGEN/LIQUID HYDROGEN
AUXILIARY PROPULSION SYSTEMS FOR THE
SPACETUG
FINAL REPORT

by

J.F. Nichols

Technology Programs
Space Systems and Applications

SPACE DIVISION, RGCKWELL INTERNATIONAL CORPORATION
SEAL BEACH, CALIFORNIA

JUNE 15, 1975

prepared for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

NASA Lewis Research Center T
Contract NAS3~18913 o0 92
M
N75=-24841

(¥ASA=C=~-134790) STOLY oF LIQUID
OXYGEN/LIQUID HYDROGFW AUXILIARY FLOPULSIQS

SYSTFMS FOR THE SPARCF THs Tinal seport
(Pockwell International Corp.) <267 p HC Unclas
CSCL 21H 63720 ZL2C3

$8.50 I B3 &
fﬁga"ﬁ'ﬁb



1. Report No.

2. Governmant Acceislon No,

NASA CR-134790

3. Reclplent's Catalog No.

. Title and Subtitie

Liquid Oxygen/Liquid Hydrogen Auxiliary Propulsien
Systems for the Space Tug - Final Report

5, Report Date
June, 1975

6. Performing Organization Code

. Author(s}

J. F, Nichols

8. Parforming Organization Report No.

SD 75~5A~0043

9

Parforming Organization Nams and Address

Space DPivision, Rockwell International Corporation
12214 Lakewood Blvd

Downey, California 90241

10. Work Unit No.

11, Contract or Grant No,

NAS3-18913

i2.

Sponsoring Agency Name and Address

National Aeronautics and Space Administration,
Lewis Research Center, Cleveland, Ohio 44135

13, Type of Report and Parlod Covered
Final

14, Sponsoring Agancy Code

15.

Supplemantary Notes

Program Manager, John P, Wanhainen, Chemical Energy Division,

NASA Lewis Research Canter

i6.

Abstract

This report congiders several design concepts that permit use of a liquid-
17quid (as opposed to gas-gas) oxygen/hydrogen thrust chamber for attitude

control and auxiliary propulsion thrusters on the Space Tug.

The best of the

auxiliary propulsion system concepts are defined and their principal character-
istics, including cost as well as operational capabilities, are established.
Design requirements for each of the major components of the systems, including

thrusters, are developed at the conceptual level,

The competitive concepts

considered use both dedicated (separate tanks) and integrated (propellant from
main propulsion tanks) propellant supp::, ~ 2 integrated concept is selected
as best for the Space Tug after comparacive uvaluation against both cryogenic
and storable propellant dedicated systems. A preliminary design of the
selected system is established and recommendations for supporting research and
technnlogy to further the concept are presented.

17,

Key Words (Sugiestad by Author(s)

Auxiliary Propulsion, Space Tug
Cryogenics, Linuid-Liquid Oxygen/
Hydrogen, Attitude Contrcl System

18. Distribution S5tatement

Publicly Availlable

18,

Security Classif. (of thls report)

20. Security Classif. {of this page)
Unclassified d

21. Na, of Pages
Unclassifie

22, Price*

*For sale by the National Technical information Service, Springfield, Virginia 22151




FOREWORD

This report presents the complete results of a Study
of Liquid Oxygen/Liquid Hydrogen Auxiliary Propulsion
Systems for the Space Tug., It covers both conceptual
and preliminary design phases of study and culminates in
preliminary design specifications and technology devel-
cpment plans for the system,

The study was conducted by the Space Diwvision of
Rockwell International Corporation under Comntract
NAS3-18913 with the National Aeronautics and Space
Adminlstration, Lewis Research Center (LeRC). Contract
technical direction was provided by J. P, Wanhainen,
LeRC Program Manager. Space Division Study Manager
was J, F. Nichols. Study effort on auxlliary
propulsion engines was performed under a subcontract by
Aerojet Liquid Rocket Company, J. D. Sims, Program
Manager.
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1. SUMMARY

This study considered several possible methods for applying the liquid-
liquid cryogenic oxygen/hydrogen auxiliary propulsicn concept to the Space
Tug. This concept, which is based on maintaining the propellant in the liquid
phase from storage to thruster inlet, is much simpler than previous oxygen/
hydrogen systems which converted the propellant to vapor for distribution to
the thrusters.

The study revealed that the best liquid-liquid concept is an integrated
design which uses the Tug main propulsion tanks as the propellant source--as
opposed to a dedicated design which uses its own separate tanks. The selected
integrated design utilizes caplllary reservoirs for the propellant source
during zero-gravity. The reservoirs are refilled on demand during main or
auxiliary engine velocity maneuvers. During sustained auxiliary propulsion
velocity meneuvers, propellant flows through the reservoirs, so that they are
not depleted. The selected concept also uses nonredundant pumps, accumulators,
and a thruster feed manifold system, all actively cooled by hydrogen bleed.

The characteristics of the selected integrated system were compared in
detail with dedicated cryogenic and storable propellant systems. The inte-
grated concept was found to have superior (5 percent) mission payload
performance. More significally, it also prevides inherent vehicle versatility
through the interchangeable availability of main and auxiliary propellants.
This versatility has a pervasive influence on the Tug program. It permits the
planning of Tug missions with auxiliary propulsion impulse requirements limited
only by the total propzllant loads and the reduced specific impulse of the
liquid-liquid thrusters (86 percent of that for the main engine). Such
versatility will permit a larger portion of as yet unforeseen Tug missions to
be accommodated without payload penalty or resizing of the auxiliary propulsion
propelliant system.

Integrated system versatility also permits the auxiliary system to pro-
vide abort backup capability in the event of a main engine failure. Allowing
for the additional gravity losses due to the lower thrust of the auxiliary
system, Tug vehicle and payload recovery can be accomplished for up to
60 percent of the main engine duty cycle without any special provision. This
capability results in Tug program cost savings which more than offset the
higher development costs of the liquid-iiquid auxiliary propulsion system.
These savings are realized in reduced main engine development and scheduled
maintenance costs, as well as In the probable abort recovery of the Tug vehi-~le
and payloads.

A brief preliminary design effort resulted in further definition of the
integrated auxiliary propulsion system, This phase of the study also
resulted In several improvements which Increase system reliability and decrease
its welpght without increasing cost.



It is recommended that technology development in support of the inte-
grated system concept be pursued. To this end, a detailed plan, enumerating
technology background, poals, and development approach is established for each
of the four critical technology elements of the system: thruster, pumps,
zero-g reservoir, and system thermodynamic control.

It is considered that these recommended technology developments are no
more elusive or formidable than is justified by the potential Tug improvements,
All of the technology needed iz based on flrm prior art--at least in building-
block form, if not as a unit., The only requirement is to incorporate the
technology into pre-prototype hardware so that design concepts may be verified
experimentally.



2, INTRODUCTION

Auxiliary propulsion system (APS) design studies for several vevrsions of
the Space Tug have been conducted b, “‘ndustry and government organizations
over the last three years. These studles have iInvariably been only a small
part of Tug vehicle studies intended to define the Tug and its program as an
element of the Space Transportation System. The definition of a full-
capabllity reusable Space Tug emerged from these studies, and the resulting
vehicle satisfied the original objective in terms of performance and utiliza-
tion. The full-capability Tug is programmed for initial use in 1984-87 and,
as its name implies, could beneficially use what might be considered as a full-~
rapability auxiliary propulsion system, This study considers Tug APS designs
in more depth than was possitle on the v:uicle studies in the expectation that
a superior APS can be evolved.

The earli.~ icg studies emphasized wedrcle performance and versatility
and hence focused un high-performiance main engines and gaseous oxygen/
gaseous bhydrogen APS. More recen: srudies have been conducted with less
stringent performance goals and enphasis on reducing DDT&E costs. As a
result, the focus in these later studies shifted to lower performing main
engines and elther bipropellant or wonopropellant APS of restricted functional
capability. TFuture events may cause the reassertion of performance and
versatility as Tug driver requirements. The intent of this study is (1) to
determine if another type of cryogenic APS concept--the liquid-liquid oxygen/
hydrogen (liquid-liquid O/H) system-—is advantageous to the Space Tug mission,
and (2) to develop for the connept a preliminary system design at the same
level of maturity as other candidate APS designs intended for use with a full-
capability Space Tug.

Central to the study is the feasibility and potential advantages of a
thruster which accepts oxygen and hydrogen in liquid form at the thruster
inlet without requiring gas generation as an Intermediate step. This concept
originally was conceived for application to the Shuttle reaction control
system (RCS). The Aerojet Liquid Rocket Company (ALRC) participated in that
development, beginning in 1969, through a series of projects on the much
larger 1500-1b thiust liquid-liquid O/H engine needed. Although this concept
was not selected for Shuttle, the engine utilized a torch igniter which by
itself was suitable with modifications as a 111-N (25-1b) thrust engine for a
Tug APS :aploying the liquil~liquid concept. As a subcontractor in this
study, ALRC has developed the parametric design and programmatic data for the
Tug APS thruster. Their work with the Shuttle engine igniter forms the
experimental tasils for the current effort.



2.1 OBJECTIVES

The objective of the first phase of this study is to provide a data base
leading to preliminary design of a liquid-liquid O/H auxiliary propulsion
system for the full-capability reusable Space Tug., This includes the
analysis of baseline onceptual designs at two total impulse levels, variation
of important design parausters, integration with uther vehicle systems, and
comparison with earth-storable bipropellant and hydrazine monopropellant
auxiliary propulsion systems. The end product of the conceptual design pinase
is a cryogenic system defined i~ detail sufficient to determine its advantages,
if any, over comparable storable propellant designs,

The objective of the preliminary design phase 1is teo define the best
cryogenic APS by establishing component requirements, operating ranges, and
refined weight estimates. 1In addition, the preliminary design analyses con-
centrate on Improvements in key design areas of the single selected cryogenic
system. These improvements provide a total design description which, together
with a plan for technology development, raise the level of maturity of the
design to that of the storable propellant APS designs for Tug.

2,2 STUDY DESCRIPTION

The performance of the study follows the diagram shown in Figure 2-1, 1In
Task I, iwo baseline dedicated (separate propellant tanks) liquid-liquid O/H
APS are defilned with separate impulse ranges. Using the baseline systems as

TASK 1 11 111 v v Vi VIl VII}
4 4 \ 4 v B 4 v v 4

BASELINE DEDICATED SYSTEMS

UPDATE . .
MISSION B DEDICATED
| SYSTEM
IMPROVED g
DEDICATED
CONCEPTS
UPDATE SELECTED
CRYD
INTEGRATED SR
* SYSTEM rREPORTING
ﬁ?““EEE: A SYSTEM
SSIONS A & Nl
E COMPARISON
STORABLE ===
PRELIMINARY
ATP L] DESIGN
L
’ y

Figure 2~1. Study Flow Diagram



departure points, multiple concepts are synthesized in Task II, each with
specific changes that show potential for improved performance, The most
promising of these candidates are selected in Task II1 on the basis of best
weight, cost, and reliability. In Task IV integrated APS concepts (propellant
from main tanks) are synthesized. The surviving integrated concepts are
compared with the dedicated concepts in Task V, again on the basiz of best
weight, cost, and veliability. The selected concepts are tlien compared with
earth-storable monopropellant and bipropellant APS of References 1 and 2 in
Task VI to determine relative advantages. The best system ig shown to be a
liquid-liquid O/H system, and *he study concludes with preliminary design of
the APS,



PRECEDING PAGE BLANK NOQT FITMED

3, STUDY REQUIREMENTS AND APPROACH

This section presents the requirements used in the study as taken from
the contract statement of work, the two system studies described in
References 1 and 2, and the MSFC Baseline Space Tug Requirements Document
(Reference 3).

3.1 GENERAL REQUIREMENTS

1. The Tug is launched and returned to earth by the Shuttle,

2. The Tug is capable of synchronous equatorial orbit paylead
retrieval and multiple deployment.

3. The Tug i3 a reusable, full~capability vehicle.
4, The maximum operating time per mission is seven days.

5. The Tug life is 20 missions over a lO0-year period, with interim
replacement/refurbishment of components.

6. The Tug mission model involves 243 flights by a fleet of
17 vehicles.

7. The technology level is 1977~1980.

8. The Tug shall be designed for a successful mission completion
probability of 0.97. This is interpreted to mean that the Tug
will leave the Orbiter, perform its mission, and return to the
Orbiter on 97 percent of its missions. This reliability figure
does not account for any degradation which might be caused by
Shuttle or payload failures. Tug recovery probability is 0.99,

9. The payload center of gravity shall be defined as being at the
geometrical center of the maximum 4.57-m {15-ft)} diameter,
7.62-m (25~ft) long payload envelope.

10. All Tug propulsion systems ghall be required to be in a safe
condition before reentry from orbit in the Orbiter.

11. The factors of safety for yield and ultimate strength are 1.1
and 1.4 times the limit load, respectively, for structure other
than pressure vessels.



12. The factors of sifety for pressure vessels are proof at 1.5 times
limit pressure and ultimate (burst) at 2.0 times limit pressure.

13. The Tug shall be designed to vent propellant boiloff gases safely
while on the launch pad, during launch and flight, in orbit, and
during reentry while in the payload bhay.

3.2 AUXILIARY PROPULSION SYSTEM GUIDELINES

1. All APS interfaces with the Tug are compatible,

2. The APS propellant tanks may be separate or integratrd with the
main propulsion tanks.

3. Helium pressurant may be stored ir the main propellant tanks.

4., The APS geometry utilizes 16 engines in 4 quadg spaced 90 degrees
apart equally around the Tug circumference.

5. Rotational control of the Tug about three axes is by APS engine
pairs.

6. Translational contrel of the Tug along three axes may be by 2 or 4
engines per axis.

7. The reliability goal for the APS 1s 0.996. This is based on an
equal apportionment of the Tug reliabil’:y goal of 0.97 among
7 vehicle systems.

8. The APS is required to be fall-safe in the vicinity of the
Shuttle.

3.3 REFERENCE MISSION

The Tug mission for the baseline conceptual APS design 1s described as a
triple payload deployment mission which begins and ends at the Shuttle orbit.
The mission results in the placement of three equal-weight payloads in
synchronous equatorial orbit, Table 3-1 describes the mission timeline for
propulsion events., Certain orbit maneuver burns totaling 370 m/sec
(1220 ft/sec) are performed by the MPS in Mission Profile A and by the APS
in Mission Profile B. The APS functional requirements for both profiles alsay
show a total of 47 m/sec (155 ft/sec) for normal APS operations, including
{1) Tug release and recovery by the Shuttle Orbiter, (2) payload release and
survelllance, (3) roll axis steering during main engine burns, and (4) control
of all three axes during coast periods and APS delta-V maneuvers, If
propellant settling for MPS burns is performed by the APS, approximately
24.4 m/sec (B0 ft/sec) additional velocity is required.
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Table 3-1, Mission Timeline for Propulsion Events (Mission A or B)
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3.4 VEHICLE DESCRIPTION

The baseline vehicle selected for this study is shown in Figure 3-1, It
generally conforms to the Program 2 version defined in the General Dynamics
Convair Aerospace (GDCA) Cryogenic Tug Systems Study (Reference 1). The over-
all vehicle weight breakdown is shown in Table 3-2. All checked weights are
influenced by the APS and are different for each candidate concept. Further-
more, 2ll MPS-related weights changed during the study with the choice of
engine type and propellant settling method.

Brief descriptions of each major Tug system are presented in the
following subsections. :

MAIN PROPULSION SYSTEM (MPS)

A simple representation of the relative location of the MPS is shown in
Figure 3-2. Figure 3-3 describes the main engine characteristics in terms
of the actual data used in the study analyvses.

The baseline MPS was changed during the study as a result of current
studies by MSFC and LeRC. At the outset of the study, the MPS defined by
McDonnell Douglas Astronautics Company (MDC) in Reference 2 for the Option
2 Tug was used. It incorporates a Pratt and Whitney Category IIA RL-10 main
engine with tank head and pumped idle capability and operates at a mixture
ratio of 6.0, The engine has a zero NPSH requirement (permits use of self-
pressurized propellant tanks) through use of a low-speed inducer which
provides two-phase pumping capability. It also utilizes tank head idle mode
self-settling for engine start.

APS QUAD THRUSTERS (4} FUEL CELL\

FUEL CELL. RADIATOR ACCESS noon\ APS QUAD THRUSTERS (41
\

FUEL CELL RADIATOR APS LH2 TANK {3

FUEL, CELL 12/

APS5 LHZ TANK (3} PROBE DOCKING

APS LO7 TANK

MAIN ; HGINE

L O3 TANK INSULATION

X
PS LO7 TAM LHz TANK \ LOZ TANK
SECTION A-A LHg TANK LH2 TANK L0 TANK
| LATHON SUPPQAT STRLY 12) sufron'rsnu'r 24)

Figure 3-1. Baseline Vehicle
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Table 3-2.

Vehicle Weight Summary

Description System A System B
kg(1lb) kg(1b)
Structure v 965(2127) 965(2127)
Thermal Control System 179(394) 179(394)
Astrionics 459(1012) 459(1012)
Propulsion 725(1599) 1078(2377)
Main propulsion 550(1213) 550(1213)
Auxiliary propulsion v 175(386) 528(1164)
Dry Weight Vv 2328(5132) 2681(5910)
Contingency (13%) v 303(667) 348(768)
Dry Weight With Contingency v 2631(5799) 3029(6678)
Nonusable Fluids v 324(715) 351(774)
APS trapped propellant v 4(8) 23(50)
APS trapped gas v 3(7) 20(44)
MPS trapped propellant 52(115) 52(115)
MPS pressurant v 150(331) 150(331)
MPS reserve (FPR) v 115(254) 106(234)
Burnout Weight v 2955(6514) 3380(7452)
Expended Fluids v 23123(50977) 24039(52998)
Usable APS propellant v 156(343) 1153(2541)
APS LH, bleed v 10(21) 29(65)
Usable MPS propellant v 22859(50396) 22759(50175)
Main tank boiloff vented 59(130) 59(130)
Fuel cell reactants v 39(87) 39(87)
Gross Tug Weight at Tug/EO0S Separation 26018(57361)* 27361(60320) *
Tug Chargeable Interface Provisions 1181(2603) 1181(2603)
Payload Weight v 2225(4906) 883(1947)
Gross Weight at EOS 29483(65000) 29483(65000)
Mass Fraction (AV Propellant/lst v
Ignition Weight) 0.885 0.874

*Does not include 58.97 kilograms (130 pounds) vented prior to Tug/EOS

separation
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Figure 3-2. Main Propulsion System
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Figure 3-3. Main Engine

The present baseline MPS is autogenously pressurized, using the deriva-
tive ITB RL-10 engine with a 2/15 (oxidizer/fuel) minimum NPSH capability.
The IIB engine also operates at zero NPSH in pumped idle mode (PIM), and at
the start of PIM, engine bleed vapor is available and is used to supply
prepressurization (bootstrap autogenous pressurization) prior to engine
buildup to full thrust. The minimum tank pressure 1s set at 11l N/cm2 {16 psia).
The baseline MPS utilizes APS thrust for the pre-start ullage (settling)
maneuver. As a study alternative, main-tank start baskets {capillary) are
also considered and Tug performance is established for both cryogenic and
storable APS,
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The MPS includes the following subsystems:

1. Main Engine TVC - Apollo service propulsion system electromechanical
actuators.

2. Propellant Utilization - Closed loop with capacitance probes.

3. Engine and Feedline Conditioning - Conditlons feedline and engine
while operating main engine in tank head idle mode.

4, Feed - LH,: 7.6-cm (3.0-in.) multilayer ins¢lation (MLI)-wrapped
ducting to new 7.6—-cm (3-in.) prevalve. Ducting transition to
8.1 cm (3.2 in.) prior to engine interface. LOz: 10.2-cm (4.0-in.)
insulated ducting and Parker 10.2-cm (4~in,) prevalve. Ducting
transition to 11.7 em (4.7 in.) prior to engine interface.

5. Fill and Drain - LHp: 5.1-cm (2.0-in.) vacuum-jacketed ducting
and Parker 5.1-em (2-in.) valve. LOs: 5.1-em (2,1-in.) insulated
ducting and Parker 5.1-cm (2-in.) valve.

6. Vent (Type for LHyp and LO,) - Four-valve configuration, two Calmec
vent and relief valves anﬁ two Calmec flight vent isolation valves.
Vent ducting through Tug-Orbiter interface 5.1 c¢m (2.0 in,). Flight
vent 2.5 em (1 in.}.

7. Propellant Orientation - Alternatives include APS settling (baseline)},
main engine tank head idle mode self-settling, and start basket.
Settling time 1s variable depending on quantity of LH2 in tank.

8. Main Stage and PIM Pressurization - Autogenous-engine bleed vapor.

9. Pneumatics - S~IVB derivative valves and controls, Pressure Systems,
Inc. 0.028-m3 (1-ft3) bottle.

THERMAL CONTROL

The thermal control/insulation system characteristics are shown in
Figure 3-4.

ASTRIONICS

The significant characteristics of the astrionics system are listed in
Table 3-3,

INITIAL BASELINE AUXILIARY PROPULSION SYSTEM

The initial baseline APS is a dedicated system with pressure-fed pro-
pellant. Separate tank capacity versicns are defined for Missions A and B.
The capacity for the Mission A version is 156 kg (343 1b) of propellant for a
dry weight of 175 kg (386 1b), while the capacity for the Mission B version is
1153 kg (2541 1b) of propellant for a dry weight of 582 kg (1164 1b). The
system mechanical operation is similar to that of the updated baseline system
shown in Figure 4-1,
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CRYOGENIC INSULATION VEHICLE THERMAL CONTROL

A q
)
4 ASTRONICS MODULE HEAT REJECTION
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BAG i

LEAKAGE S HEATERS FOR ACPS

CONTAINMENT
MEMBRANE (LCM)}
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® MLI PRECONDITIONING, PURGE OPERATING TEMPER...TURE LIMITS
AND REPRESSURIZATION UNDER MOST SEVERE CONDITIONS

@ ML) PROTECTION FROM
ENVIRONMENT

Figure 3-4. Insulation and Thermal Control

Table 3-3. Astrionics System Characteristics

Subsystem Characteristics

Data Management 65K memory, data hus tape recorder

Guidance and Navigation Electrostatic gyro

Flight Contrel Electromechanical

Guidance Update Level I autonomy star sensor and horizon
sensor

Rendezvous and Docking Laser radar

Communications USB (NASA), Tug/ground, Tug/payload
SGLS (DOD), secuve, Tug/ground,
Tug/payload

Instrumentation Uses data bus

Electrical Power Fuel cell with emergency battery and
boost pump battery

Power Distribution and Control Solid state and hybrid, boost pump
inverters
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Thruster Description

The baseline thruster design is depicted in Figure 3-5. For the initial
baseline APS the specific impulse was assessed at 3680 N-sec/kg (375 sec).
Later in the study, the dedicated APS candidates utilized a reassessed specific
impulse of 3740 N-sec/kg (381.7 sec).

‘The igniter is a spark type with ignition being achieved at the forward
end of the iguiter in a highly oxygen-rich environment. For the baseline
thrusters, all of the oxygen and 8 percent of the hydrogen is injected around
the spark plug and ignition occurs at a mixture ratio of 50:1. The remaining
92 percent of the hydrogen is split between the two sleeves in the combustion
chamber to cool the chamher wall and inner sleeve. The combustion chamber and
nozzle extension material is columbium. The selection of columbium permits

FILM COOLANT

/ SLEEVE
TILLIITILET LI LA L7 /

= —

o o T e e e e S S e B N S o T e o iy e e o . &

__________ T

}"'_ MIXING ZONE —"I

SECONDARY FUEL MIXES WITH CORE GAS
FILM COOLANT SLEEVE: CONVECTIVE COGLING FOR MIXING ZONE

PRUTECTS, INJECTS THROAT FILM COOLANT

SPARK IGNITER

THRUST, N (LB) m (25)

CHAMBER PRESSURE, N/CM (PSIA) 103 (150)

MIXTURE RATIO 4

NOZZLE AREA RATIO 50

VACUUM specmc IMPULSE, N=SEC/KG (SEC) 3740, (381,7)
THROAT AREA, M2 (IN2) 635 X 10-5 (,0984)
THROAT DIAMETER M (IN) .009 (.354)
CHAMBER DIAMETER, M (IN) .0188 (0.74)
CHAMBER LENGTH, M (IN) .181 (7 .14)
NOZZLE LENGTH (100% BELL) M (IN.) .08 (3.2)
NOZZLE EXIT DIAMETER, M (iN) 066 (2.6)
TOTAL THRUSTER LENGTH, M (IN) 4054 (16,0)
THRUSTER ASSEMBLY WEIGHT, KG (LB) 3.0 (6.7%)
LOX INLET TEMP, NOM, K R) 91.7 “652
LHg INLET TEMP, NOM, K R) 27.8 (503
PROPELLANT INLET PRESS, N/CM2 (PSIA) 152 (220)
MATERIAL COLUMBIUM

*ASSUMES REDUNDANT VALVES

Figure 3-5, APS Thruster Chamber - Initial Baseline
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operation at high gas-side wall temperatures 1644 K (2500 F) and results in
higher thruster performance. The use of columbium at high operating tempera~
tures has been demonstrated successfully on engine components such as the
Apollo SPS engine nozzle extension,

The two-sleeve design was selected as a result of studies which showed
that the single-sleeve design, a direct application of prior igniter tech-
nology, is very low performing. Performance was estimated to be approximately
10 percent lower than the two-sleeve design. In the single-sleeve desian, all
but 8 percent of the fuel is carried in the cooling sleeve and is released as
film coolant upstream of the throat. This film coolant then mixes with the
core gases (MR = 50:1) to provide additional thrust and specific impulse. To
avoid chamber burnout at the throat, the film coolant must be injected at a
short distance: 3.8 em (1.5 in.) or less from the throat. The poor perform-
ance of the single-sleeve deslgn results because of the poor mixing of the
core gases with the film coolant.

The two-sleeve design adopted splits the fuel between the inner and cuter
sleeves in a manner dictated by the thermal analysis. Some of the fuel cools
the chamber wall and is injected just upstresm of the throat as film coolant.
The remaining fuel coolant flow is injected f£rom the short Innermost sleeve.
This fuel then mixes with the core gases (MR = 50:1) over a mixing length of
approximately 11.4 cm (4.5 in.) thereby producing high performance.

Propellant System Description

For Mission Profile A, the LOX is stored in one 0.635-m (25-in.) diameter
sphere and the LHs in three 0.762-m (30-in.) spherical tanks. For Mission B,
a toroidal LH, tank of 0,660-m (26~in.) minor diameter and 1.676-m (66-in.)
major diameter is required to avoid major Tug vehicle redesign. LOX is stored
in nine 0.5715-m (22,5-in.) diameter spherical tanks., TFigures 3-6 and 3-7 show
the location of these tanks for Mission Profiles A and B.

The MLI insulation for the APS tanks is the same configuration as 1is used
on the main propellant tanks. Polyurethane foam covered with goldized
Kapton has been selected as the baseline design for the propellant line
insulation,

Pressurization System Description

The pressurization system includes a 0.57-m (22.5-in.) diameter helium
sphere located in the main LHy tank, a regulator to maintain the ullage
pressure, and a LOX tank pressurant heater to avoild the adverse cooling
effects of the helium, which is below the oxygen triple point. Each of the
propellant tankage systems has a relief valve to protect it from over-
pressurization, primarily during periods of regulator lockup, and a solencid-
controlled vent valve for ground operations.

Thermodynamic Control Description

The thermodynamic control system maintains the propellant feed and
storage system at an acceptable temperature level durin. the periods when
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the thrusters are not firing. This is accomplished by maintaining a small
bleed coolant flow through the feedlines and the propellant tanks. In the
hydrogen system, the LHy is drawn from the feedlines through a Joule-
Thompson expansion valve, The resulting low-temperature, two-phase fluid
is routed to the APS hydrogen tank through a line in thermal contact with
the feedlines. The coolant enters the tank through tubing that is thermally
attached to the internal propellant acquisition device as a finned heat
exchanger. This hea* exchanger cools the liquid and the ullage in the tank
and acquisition device., After exiting the tank, the hydrogen bleed is
routed through an oxygen bleed heat exchanger before being vented overbnard
through a nonpropulsive vent., The oxygen bleed flow is not expanded but
instead is cooled as it passes through the bleed heat exchanger. It then
cools the LOX lines and tank in a manner similar to that for the hydrogen
system. Because of its pressure level, the LOX bleed is not lost but is
returned to the main LOX tank.

Propellant Control Description

The totally passive propellant acquisition device within the APS propellant
tanks is 2 separate can (volume is approximately 20 percent of tank volume),
It has a screened slot at the bottom to allow propellant to flow Into the can
during positive g couditions to replace that used by the engines. The can
contalns a series of full horizontal retention screens, with narrow vertical
wicking channels cvonnecting the screens near the outside edge of the can.
Additional wicking channels are located outside the can in frunt of the
screened slot to form a liquid accumulator region. A central standpipe pre-
vents the loss of liquid through the inlet screen. The size of the can is a
function of the amount of gas expected to enter during vehicle maneuvering.
Only the last (sump) tank of the three series-connected LH; tanks of Mission A
require the can type of acquisition device; the two upstream tanks require
only a series of centrally located wicking channels and retention sump. The
nine~LOX-tank configuration for Mission B has three three-in-series tank
units, each with a sump tank and two upstream tanks.
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4, DEDICATED CONCEPT DEVELOPMENT

The dedicated APS uoncepts were generated through a series of parametric
studies which provided improvements to an initial baseline system concept.
Compatible combinations of the improvements, togather with changes which
increased reliability and reduced cost and weight, were employed in each
candidate concept.

Two of the parametric studies investigated the effects of thrust level
and angle of application on the dynamics of vehicle operations. Thene studies
resulted in reduction of the minimum impulse bit size from 50 to 25 msec.

The third parametric study was devoted to determining the influence of
engine design parameters on engine and system characteristics. The basic
engine desigi and performance data resulted from parametric analyses by the
ALRC subcontractor. This study resulted in recommended mixture ratios and
area ratios to provide optimum performance. These three studies are
discussed in detail in the Design Analysias section.

In the fourth parametric study, alternate propellant storage and feed
system concepts were synthesized., Initially, preliminary screening was made
of possible combinations of liquid acquisition, thermodynamic control, and
propellant feed techniques. These combinations form the salient differences
between the candidate dedicated system concepts and are discussed in this
section.

The parametric studies also revealed the inability of dedicated systems
to perform large total impulse tasks eff’.:iently. The APS for Mission B is
defined to have the capabllity of performing all attitude control, propellant
settling, and delta-V maneuvers totaling at least 419 m/sec (1375 ft/sec).
The impulse requirement is approximately seven times that of Mission A. 1In
evaluating the Mission B capability some disadvantages were found: the
migsion payload capability de _-eases drastically and propellant usage increases
sharply and creates serious volume and thermal control problems for the APS
tank designs.

Since these shortcomings are a function of total impulse only, system
coniiguraticn changes which could evolve later in the study would have no
effect on the conclusion that z dedicated Mission B is not a viable concept.
In consequence, no further effort was expended on dedicated Mission B
concepts. The requirement for Mission B capabllity is retained, however,
for the integrated APS concepts.
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4.1 BASELINE THRUSTER

The configuration and performance characteristics of the liquid-liquid
0/H thruster used in the dedicated APS concept development studies is
described in the Study Requirements and Approach, Section 3.

4.2 PRELIMINARY CANDIDATE SCREENING

The development of candidate APS concepts began with the .arvey, identi-
fication, and preliminary screening of potential combinations of design
concepts for providing propellant orlentation, thermodynamic control, and
expulsion. Several alternatives for providing each of these functions are
listed in Table 4=1. As can be seen, the number of possible combinations is
too great to allow a detailed study of each. For this reason, a preliminary
screening was made to select the combinatlions which have the greatest
potential and which represent the widest variety of approaches to APS tankage
and feed system design. The results of the screening are shown in the table.

At the same time, several different approaches to thermodynamic control
and expulsion were chosen to be used with the baseline capillary technlique for
propellant orientation so that the effect of each single variation on weight,
cost, and reliability could be isolated.

Table 4-1. Screening Matrix for Dedicated APS Options

Combination No.
Element 1|2} 31 4] 5] 6 7| 8] 9] 10{ 11| 12] 139 14| 15] 16] 17| 18] 19} 20| 21| z2} 23} 24| 25| 26] 27| 28] 29| 30| 31| 32

Propellant Ocientation

None XEX] X[ X] X[ X

Linear Acceleration LIXXIX [ X (X eX (X (XX IXIX

Capillary ! X (X (XX [x]x|xix

Fellows or Bladder P EAER EAEAES

Thermodynanic Control

Fo Venting 3 ) X) K 0 1]

Direct Venting [ XI1XIX 0 [4]

Internal Heat Exchanger X XXX X[X[|X 0

Tank Wall-Mounted Tubes X XXX A XX X[X[X

Expulsion

Pump X SRR X b4 X ¥ ]

Pregyyre - Stored Gas 0 X X X X X X X
Pressure ~ Vapor Pump o X X X ¥ [4] (i)

Incompatible combination V] V] J | 4l J J

Low potential cembination V. i o

High potential combination VIVIVVIVIVIVIVIVIVY WV 7 1 VAN ]

Selected for Tank II study
{Candidate No.) 2 7 1|8 & | 38 1

Codet
X, 0, ® : Conasidered combinations @ : fotentially incompatible element
0  Incompatible element of combination B : Initial Baseline
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The combinations of Table 4-1 which zppear viable are as follows:

1. The combination of no zero-g liquid propellant orfentation, no
venting, and pump feedout has design simplicity but only minimum
control of thruster inlet propellant conditions. Low APS weight
and cost would result if the thruster and vehicle control system
designs could be made compatible with the wide range of
propellant densities and thrust levels, For this reason, this
combination was selected for further study.

5,6, These twn combinations, which use either an intermal or an
external heat exchanger without propellant orientation, are
similar to Combination 1,

7-18. All of the thermodynamic control and expulsion concepts
identified are compatible with linear translation for propellant
orientation. However, for the reference Tug mission, approxi-
mately 25 percent of the APS propellant is consumed for short
attitude control pulses which may be required after long coast
periods. The attitude control preopellant may be loaded into a
separate tank provided with a metallic bellows for propellant
orientation. The remaining propellant will be self-oriented
during Tug linear translation maneuvers. The combination
selected for further study utilizes tank wall-mounted tubes for
propellant thermedynamic control and a pump for propellant
expulsion.

21,22, The combination of capillary devices for propellant orientation
and an internal heat exchanger for propellant thermodynamic
control appears to have high potential when considered with
either pump or pressure expulsion and thus both were selected
for further evaluation. This approach uses the expansion of
liquid withdrawn from the storage tank to provide a low-
temperature hea*t sink for cooling the remaining bulk propellant.
The internal heat exchanger provides the heat transfer area
between the stored propellant and the colder vent flow.

24,25, Tank wall-mounted tubes serve the same function as an internal
heat axchanger in absorbing the heat leak through insulation and
structural supports. For the former, the tank wall itself
provides increased heat transfer area, whereas for the latter,

a bhulk mixer or extensive fin arrangement may be required for
low-g propellant temperature destratification. Both combinations
were selected for further evaluation.

31. The only prepellant thermodynamic control concept found to be
compatible with the use of so0lid barriers such as metallic
bellows or nonmetallic bladders was tank wall-mounted tubes.
The other approaches elther physically interferred with the
barrier or required further separation of the liquid and vapor
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on the liquid s!de of the barrier. Pressure expulsion is
required to assure displacement of the bladder or bellows during
feedout. Two combinations were selected for further study, one
using a tladder for expulsion of all the APS propellant and one
using a beilows for orientation of only the attitude contrili
propellant. The latter is used in conjunction with linear
acceleration or propellant settling and pump feed for the APS
propellant consumed during Tug linear translation.

4.3 CANDIDATE SYSTEM CHARACTERISTICS

The selected combinations comprise eight candidate systems, including an
updated version of the initial baseline system. These are discussed next,
with emphasis on the concepts which were eventually selected: Candidates 3
and 6.

UPDATED BASELINE - PRESSURE FEED, INTERNAL HEAT EXCHANGER

The baseline APS tankage and feed system uses capillary devices for
propellant orientation, an internal heat exchanger for propellant thermo-~
dynamic control, and stored helium gas for propellant expulsion. A mechanical
flow diagram is presented in Figure 4-1. The numbers in circles are component
identification numbers for correlation with the weight tables.

The wvariations from the initial baseline are as follows:

1. The results of a thermodynamic controcl analysis showed the need for
destratification fins in each propellant tank to assure reasonably
uniform cooling of the propellant in zero gravity.

2, Triply-redundant rcgulators and isclation solenold valves have been
added to the helium pressurization system to improve first mission
reliability.

3. The functions of emergency relief and ground £ill venting have been
combined into one vent/relief valve for each propellant tank. This
change also improves reliability by eliminating the parallel leakage
path previously suffered by the use of two separate valves.

4, The specific impulse and thruster flow rate values have been revised
to reflect the results of parametric studies.

5. The LOX/IHj heat exchanger used to chill the LOX bleed flow was

relocated to represent more graphically the original intent for LOX
feedline tracing by the bleed flow of chilled LOX.
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Figure 4-1. Mechanical Flow Diagram for Updated Baseline

CANDIDATE 1 - PUMP FEED, INTERNAL HEAT EXCHANGER

This concept is similar to the updated baseline with the excepticn that
expulsion is provided by an electrical motor-driven pump rather than by
pressurilzing the storage tanks. A mechanical flow diagram is presented in
Figure 4-2, A small accumulator is provided downstream of both the LOX and
LHo pumps to provide a pressure reservoir during pump start transients and
to avoid frequent cycling of the pumps during short APS burns. Approximately
80 percent of the accumulator volume is charged with helium gas at 172 N/cmZ
(250 psia) which expands to 138 N/cm? (200 psia) upon depletion of the liquid
propellant retained at the accumulator outlet by a capillary screened basket.
At the signal of a pressure switch, the pump re;ills the accumulator until
the trapped helium is repressurized to 172 N/em? (250 psia),

The potential advantages of Candidate 1 over the baseline tankage and
feed system are reduced weight due to elimination of the stored pressurizatiom
gas system and reduction in the propellant storage tank wall thickness. The
LOX bleed flow can be returned to the APS LOX tank rather than being recovered
in the Tug main LOX tank as is done for the baseline. This allows a commen-
surate reduction in LOX tank volume and weight. Potential disadvantages are
increased complexity and power and reduced reliability associated with the
accumulator, pump, and motor.
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Figure 4-2, Mechanical Flow Diagram for Candidate 1 - Pump
Feed, Internal Heat Exchanger

CANDIDATE 2 - MIXED PHASE PROPELLANT

This concept i3 the simplest conceivable tankage system design, having
no provisions for liquid propellant oriemtation and minimum provisions for

propellant thermodynamic control.

Thermodynamic control is provided without venting through the use of
internal conductive fins for temperature destratification. The influence of
heat leakage on tank pressure rise 1s partially offset by thruster propellant
consumption, Although feasible, this method of thermodynamic control allows
a wide variation in propellant temperatures, depending on propellant consump-
tion and heating environments,

The electrically driven positive displacement pumps are designed to pump
liquid or gas, The power requirement for pumping liquid hydrogen to supply
four thrusters simultaneously was found to be 1600 watts, while the power for
the same mass flow rate with vapor was found to be 34,000 watts. Although
the storage tank outlet could be located so that liquid flow would exist most
of the time, the electrical power supply system would have to be designed for

the worst case.

Because of the severe power requirements and poor control of propellant
inlet conditions, Candidate 2 was not considered further.
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CANDIDATE 3 - PRESSURE FEED, TANK WALL-COOLED

Mechanical and process flow diagrams for Candidate 3 are shown in
Figures 4-3 and 4-4. The system weight and cost, stage weight, and missien
timeline are item- zed in Tables 4~2, 4-3, and 4-4, The cos' data are
discussed later in this section and in Section 6. This candidate is basically
the same as the updated baseline with the exception of the propellant thermo-
dynamic control., Both use the same capillary devices and helium pressure
expulsion, as well as a hydrogen vent system which expands liquid bleed from
the feed line and then returns to cool the line. Unlike the baseline,
however, which uses a heat exchanger internal to the LH; storage tank, the
hydrogen bleed flow for Candidate 3 is routed through tank wall-mounted tubes
to absorb the storage tank heat load. These cooling coils can be concentrated
at structural support and insulation penetrations to minimize the temperature
stratification effects of heat shorts. Thus, the internal destratification
forms of the baseline are not required. The hydrogen storage temperature is
controlled by opening and closing the solenoid valve (No. 38) upstream of the
expander (No. 16).

After cooling the LHy tanks, the hydropen bleed is electrically heated
to a temperature above the freezing point of LOX and routed over the LOX feed
lines and storage tank. This approach saves the weight of the LOX bleed and
its assoclated storage volume, bhut has the potentlal safety hazard of close
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Figure 4-3. Mechanical Flow Diagram for Candidate 3 - Pressure
Fead, Tank Wall Cooled
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Table 4-2. Weight and Cost Summary for Candidate 3

ID ND| QTY PER ITEM WE[GHT SYSIEM wEIGHT DDYEE | 157 UNIT| REFUAA
VFHICLE ] KG I KC $1000. $1000. 1000,
FILL K NRATY SYSTEY { 2% f 2420 Geh| ¢ 29,00 & Sa10 1 0.0)
LOX FIEL £ DOAIN DISC 1 1 1.0 .5 1.0 Da5 29.0 2.5 0.0
LH? FILL & NRAIN NISC 2 1 1.0 0.5 1.0 [« ] 0.0 2.5 0.0
PRESSUREZATION SYSTFM 1 251 { 102.90 1 #6.7)|1 302.6) { ¥21.6) [ 503.9
HEL U™ FILL DISTONNECT 3 1 1.5 0.7 1.5 0.7 Tak 241 0.0
HEL TU™ TaNk 4 1 Al.0 18,7 1.0 6.7 0.0 Te9 2.0
HEL TUM TANK RF] I[FF VLV J |} 0.5 0.2 045 0.2 80.0Q 8.5 0.0
HEL [U™ FYLTE® ¢ ¥ D+% 0.2 0.5 0.2 0.0 [+ 19 3,2
HEL JUM PERULATNR Y k] 1.5 0.7 el 240 100.0 32.0 330.6
LOX SYSTFM ME CHECS VLV 4 [ 0.3 0.1 1.2 0.5 0.0 1542 19,4
LHZ2 SYSTEM HE CHFCY VLV R & 0.7 0a1 1.2 0e5 33.% 1%.2 19,6
LDA SYSTFM HE HEATFR 10 1 0.5 Da2 0.5 0.2 2546 0.8 2.9
HE PFEGULATOR [57 VALVE 34 3 2.0 0.9 b0 2.7 214 231 Ba?
PRESSURF ShITCH 17 [ 1.0 0.5 6.0 . 2.7 3247 13.3 2e2
PROPFLLANT CONTRNL SYSTEM { 12} U 33.86Y € 15420 230400 4 25,31 17,4}
LOX TANK CAPTLL &Y DFV 1 1 e lab 3.8 1eb %5 0.0 3.0
LH2 TANC SIMP CAP NEVICF 17 1 o2 1.9 a2 1.9 Qs & 0.0 3.2
LHZ Tk IPSTEM CAP QEV L& 2 2ot lel ho Bl 242 0.0 040 2.0
LHW2 ALFFD RETIRY SOL WLV 1% 1 1.5 Oa7 1.% 0.7 3640 8.7 8.7
LH2 RLFFD FXPANNED YLV 1& 1 1.5 0.7 [ ¥ Q.7 13.0 0.8 Qs 0
LH2 ALF#D SHUTIFF VAL VE 3R 1 | ) 0u7 1.5 0.7 040 8.7 8.7
LHZ PLFFD HEATF? 49 1 De% 0s2 [ 1% Oe2 0.0 0.0 0.0
TE FXT COOLING TP £0 & 4a0 1.8 16,0 T3 0s0 hel 0.0
PROPELL ANT FFED SYSTEW { 18} { 1508440 ( T2.301¢ 2903 ¢ 3Ibl.0) 1 127.2)
LOX TaNx 17 1 16.% Tt 164t Tobe 92,0 b C.0
LDX TANK INSULATIDN 0 1 246 1.2 2eb le2 62.7 23.7 23.7
LOX FFEN 1SN VALVF La L3 3.0 () 12.0 Sab 0.0 34.0 8,7
LHZ TanNx 19 2 15,5 1641 104.5 40,3 T5.0 142.2 0.0
LH2 TANK INSULATION [+ 3 3,3 15 %9 (T3] 60.% Ghel 94.8
LH2 FEFN ISOLATION VALVF 20 4 3,0 1.4 12.0 S.k 0s0 36,8 3.0
VENT SYSTFM { Y] t a,5) { o3| 1 1TILE) I 85,63 (  80.6)
LOX TANK VENT/QELIEF V 21 1 2.0 0.9 240 0.9 123.5% 3.6 36
GOX VENT NISCONNFOY 23 1 1.0 0.5 1.0 0.5 13.9 248 2.2
GNX IN-FLT VFNT SIL VLV 24 1 1.5 Q0.7 1o 0.7 36,0 8,7 n,7
LHZ TANK VENT/REL IFF V 2% 1 2.0 0.9 240 0.9 [ Y] Jles M.6
GH2 VENT DISCONNFLY 7T 1 1.5 0.7 L% OeT 0.0 2.5 0.9
GH2 IN=CLY VFNT SOL WLV 28 1 15 0a7 1.% [-1% 0.0 87 8.7
THRUSTER QUAD {50 A} t &R}  Tle6 ¢ 32.%1105810.2) (1238.74 { (8334
THRUST rUAMRER £ NNZILF 20 1¢ 2.¢ 1.2 4.6 18.9 | 5810.2 T3%.1 0.0
THRIFSTER VALVES 2 32 [N 0.3 19,2 8.7 0.0 I32.8 173.%
IGNTTFR 4] 1¢ Qa2 0.1 1.2 1.5 0.0 5.8 9.5
EXCITFR 0 o 1.9 0.9 Teb 3.4 0.0 177.0 0,2
INSTRUMFNTAT NN 0 I &1 Dok 0.2t ir.zi ¢ T84 19.8) 4 GShubd | [ 7% H)
COMBONFENT TOTAL 172 NG, 2 179, 7 | 863,23 1892.4 LIU%
I TNES 3640 16.3
THSULAT DN l4.2 7.3
COMPONENT MIUNT INGS 19.0 3.0
NRY SYSTFw boR.2 212.4

proximity of hydrogen and oxygen leakage., This condition is considered
acceptable, however, since leakage ig into the well-vented intertank
structure. Control of the oxygen storage temperature is provided by a

hydrogen bleed flow bypass valve (No. 15).

CANDIDATE 4 - PRESSURE FEED, MODULAR

Candidate 4 is the same as Candidate 3 with the exception that the APS

storage vessels and components are arranged into four separate modules, one
for each thruster quad. The mechanical flow diagram is presented in

Figure 4-5. The modules are identical and have interconnecting manifolds to
facilitate common interfaces with the Shuttle cargo bay for propellant £ill,
drain, and vent, The major advantage of this approach is the simplified
development, qualification, and acceptance testing of a single compact unit.
Tug maintenance operations also can be simplified through the fault identi~
fication, removal, and replacement of a complete modular system.
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RUGINAL PAGE
I8
POOR QuALITY

Module manifold isolation valves (No. 51 and 53) have been included to
take advantage of the reduced heat loads made possible by the shorter feed-
This advantage iz somewhat offget by a greater number of propellant
The total hydrogen bleed required can be reduced by 10 kg (22 1b)
The reliability of Candidate 4 isg comparatively
poor, since each of the modules must function for complete mission success.

lines.
tanks.

total to 8.6 kg (19 1b).

Vehicle Weight Summary for
Candicate 3

PESTREPTI N WFELHT
LR {3
STRUCTURF { 20R9,) { Ha,)
THER®AL [ANTArL { 394, { 179,)
ASTRINNICS t 1012, (& &59,)
pPanNpPuULSTNN t 1590.) ( '21.)
MATN PRAPULSLON 1122, £29,
AYXTL TARY PROPYLSION 4h8, 212,
DRY WF IGHT EQR&, 2337,
COMT INGFNDY ([ 13F) hhl, 3IN.
TOTAL NRY SYSTF™ £T4b6. 2450k,
NUONUSIIARLE FLUIPS { Hlha.b I 279,1%
APS TRAPPE[L PROIPELLANT f, by
APS PRAFSCURARTY g, e,
¥DS TRAPPEN PRVPELLANT 171, 16R,
VRS PRESSIRANT 154, 70.
FLIGHT RESFRVYFS { AR, 4 18T
ARS RESFRVE (107} A8, 72,
MPS QFESEQVE 320. 145,
RURNOUT WE IGHT &T2Q. 52,
EXPEADFD FluINS [e11%2.) (2322C.)
ABS USUARLE PRIGELLANT 77, 214,
ARS t H? ALFEN NYERWNARN 2ha 12.
MpS IISARLE PRODEY LANT 50405, 22063,
MRS ROTLIFF VENTEN 153, bR,
FUEL CELYL RFACTANTS L3, Ale
PAYL{*AD { L&T5,) { 2330.1
RANSS wEIGHT AY MQRITER SEP h2357, 79303,
TUG CHARGEARLF TNYFOFACES ¢ 2503.) I 1iRrla}
GRISS LIFTPFF wEIGHT 45000, 29491,

CANDIDATE 5 - BLADDER FEED

The mechanical diagram for Candidate 5 is presented in Figure 4-6, This
candidate 1s the same as Candidate 3 except that liquid propellant orilentation
Although saveral promising bladder materials were
identified, no test~proven material or laminate was found for cryocgenic
Thus, the use of a cryogenic bladder must be penalized by requiring

is provided by a bladder.

service.

supporting research and technology (SR&T) cost and risk.
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Table 4-4. Mission Timeline for Propulsion Events, Candidate 3
55y FVENT |RUAN | MALN [ORR MANEUVER [ARS_TRA ATT START| [NFRTIAS
riue  [RATIRATTN o Ty MYJE |ENG DV| OV v [} CNNT AT MELGHY ug-w 59
He My MPSEC| MrScC) N-SEC| W/SEC] N-SEC] N-$EC Lir] L] #yveH
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1 SHUTTLE RUANNLT
te63 | 2 1 38 CIRCULAPIIF AT 296 x4 294813
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630 | & 4 38 CDAST NO L 24TT | 20275 | 15669 484207
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13.13 [ 7 5 & COAST ND 3 2011 [ 16064 | 14120 328294
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15546 [3n 6 10 CIAST NO 9 82 | 4303 | TT09  SAMNY
155.47 [¥ D 2 MIPCOURSE CNARFCT {NV &4 THI A 12 64435 9 itan 1039 | %298 | TTO9 S4330
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CANDIDATE 6 - PUMI EED, TANK WALL-COOLED

The mechanical and process flow diagrams for Candidate 6 are shown in
Figures 4-7 and 4-8. The system weight and cost, and stage weights are
listed in Tables 4-5 and 4~6. The cost data are discussed later in this
section and in Section 6. This candidate is the same as Candidate 1 with two
exceptinns. The primary difference is that both the LOX and LH9 tanks for
Candidate 6 are cooled by the bleed flow of hydrogen through externally
mounted tank wall tubes. The operation is the same as that previously
described for Candidate 3. Although there is .c LOX bleed for Candidate 6,
the major portion of the weight penalty for LOX bleed cculd have been saved
by the APS tank recovery of LOX bleed made possible by the pump pressure
differential. Thus it can be seen that the weight advantage of tank wall
cooling over internal heat exchanger cooling is not as dramatic for a pump-
feed system as it is for a pressure-~feed system,

The second difference between this candidate and Candidate 1 is the
method of pressurizing and venting the accumulator. The Candidate 1 accumu-
lator is charged with helium on the ground by back pressurizing through the
accumulator vent and relief valve. Reliability is impaired by the additional
leakage path introduced by these valves. An improved accumulator helium
charge technique is used for Candidate 6, The probability of helium leakage
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Weight and Cost Summary for Candidate 6

In NO | QTY PFR $TEM WEIGHT SYSTFW WEIGHT DDYLE {1ST UNIT| REFURB
VEHITLF LN ) R T %G $10920. $1000, $1000,
fL NRAIY SYSTEW f 2} { 2.00 0901 29,00 S.10 ¢ Be04
LO% FILL K PRAJN DIST 1 1 1.1 0.5 1.0 0.5 29,0 2.9 2.0
LH? FILL & NRALY DISC F 1 1.0 0.5 ls0 [P 0.9 2.9 0.0
PRESSUNTTATION SYSTFM t L1 { 2.7 1«2 |1 &0.8) & tY.2% o Tt}
HELTtM FILL PISTINNFCT b} 1 1.% 0.7 1.8 0.7 Tob 2.1 0.0
LOX SYSTEW HF CHErK VLY 9 ? 0,.? 0a1 [ IS 043 0.0 Teb 1.0
LH? SYSTFM HF CH4FCX VLV L] 2 0.3 Oul [ 043 33,% Tab 3.8
PRNEELLANT CONTROL SYSYFW 1 12) 33,61 1 15,230 266a%) € 2%.%3) {  17.6}
LAX TANKE CAPTLLARY NFY 11 1 1.8 1.k Jub 1.6 9%,5 NN 0,0
LH2 TANK CADTLLARY NEV 13 1 he? t.9 4,2 1.9 o4, 5 0.0 0.0
LH? TK !PSVEM AP DPFY "% ? Pab 1.1 Ly N 2.2 0.0 N0 Q.0
LH? BLEFDR RETURN SO ViV 1% 1 1.5 0,7 ie% 0.7 14,0 4,7 L
LHZ BLEED FXPANNER Vi V (13 | te5 0,7 1.8 0.7 13.n G.h .0
LH? ALFCD SHUTHEF yALVF LL] t 1.5 Na? 1% Qa7 n,o AT A7
LH? BRLFFD HRATF? Lo 1 0.5 Ne2 De % 042 132 0.8 0.0
TK EXT CAPLING L o] < 4.0 1.8 Ls, 0 1. 19,4 Bed 0.0
PEANFLL ANT FEFD SYSTEW 30l £ 10%.7) 0 &T.63[11607.0) [ 554,9) { S0%.%)
LAY TaNx t* t bok 2.9 Lok 2.9 LET 3.5 0.0
LOX TANK SFNSULATTINY b} 1 2.3 1.0 2.3 1.0 62.7 23.7 .t
LOK FFFY 150 VALYF 1 4 1,0 [} 12,0 LYY} Ne 34,0 A, 7
LH? TANK 19 3 9.1 LYY 27.9 12.7 75.0 142,2 0.0
LH? TANKX TNSIILATION 0 1 - 1.0 LI 2,1 40,5 LI ] LI |
LEY FFEN {SOLATION VAL VF 20 & 1.0 L& 12.7 5.6 0.0 &, A 5.7
L NX PUND 39 1 13.5 bel 11.5% ot 31574 9.8 .5
LAX PLUMD LHFCK VALVF 40 4 0.0 0.0 0.0 [s1Y) 27,7 15.2 9.4
LNX ACCUM [ CAP DEYITF 41 1 1.9 (183 1.9 iIL] T5.3 23,1 237
LOX ACCUM VENT/IFLIFF 42 1 2,1 L% 2.9 0.9 0D 3.8 Heb
1H? BMP (Y3 1 17.0 T.7 17.0 7.7 T02,9 19.0 19.0
LH2 PUMP CHFCK VALVE 4% & 0.5 0.0 N.0 0.0 0.0 15.2 9.4
LHZ ACCH™ |, CA® DFVI-F [y ' 240 0.9 2.9 0.9 5641 4T.6 AT b
LH? ACCIIM VFNT/RELIFF ¥ %7 H 249 0.9 2.0 0.9 D.0 3.6 3.6
VENT SYSTENM t &1 { 3.5 ¢ L) |8 17,80 | A%, 60§ MDWA)
LGY TANK VFNT/RFLIFF ¥ 21 ] 2.0 0.9 7.0 0.9 123.% 3.6 Meh
ANX VENT NISEONNFCT 73 1 1.0 0.5 1.0 1.5 13,0 2.9 0.0
GOX IN=FLT VENT SO VLY ?4 b Te5 0.7 1.5 0.7 60 8.7 A7
LH? TANK VFNT/IF| IFF v ’% 1 7.0 0.9 2.2 0.9 0,0 3.6 H.h
GHZ VENT DEISCONNErT 27 1 1e% 0.7 Le% 0.7 0.0 2.9 0.0
BHZ IN-FLT VFNT &hL yi v EL ' .5 0.7 t1.% 0.7 0.0 8.7 R.7
THRUSTER QIIAD {57 A2} { «n {0 Tla%F { 32.%5) [ 1SA10.2) (L238.7) { 183.3}
THRIIST CHAMAFR F NI?JLF 29 14 7eh 1.2 Yot 18.9 | SAt0,.2 I, 0.0
THRIISTER Va| VFS [} 32 [ el 19,2 LI 0.0 252,80 173.1
IGNITER 1] th De? Nel 3.7 1.5% N0 15.4 7.5
FXMTIYFR [+4 ¢ 1.0 0.9 Teb 3.4 O} 177, 0 0. 0
1S TRIMENTAT TN 0 420 0.4 0.2 |1 VhaA} Tebh |t 19.8) ¢ 953.1) { fe W)
PYMP PWR SIIMP - APS CHARGF f ?2) (29,2} { 13.23|0 41,90 { 12.50 0 9&.M}
TNVERTER 0 1 11.3 8.1 1.3 .1 41,9 T. @ 0.0
RATTERY n 1 TT.9 Ral. 17.9 n.) 0.0 4.7 Fhaf
TOMPINENT TITAL 167 270,4 122.7 TATH. S 1992,5% R9%.2
{ INFS 20,3 12.48
[NSULATION A5 1.9
COMPANENT MAUNTINGS 13.,% ol
NRY SYSTF4 320,.7 16%, 5

from each accumulator is reduced by the redundant £ill check valves (No. 8
and 9). Emergency pressure relief is provided by relief valves No. 42 and 47
which in a fallure mode would return liquid upstream of the pump where it

could be recoverad.

CANDIDATE 7 - ACCELERATION SETTLED, PUMP AND BELLOWS FEED

The mechanical flow diagram for Candidate 7 is presented in Figure 4-9,
This concept provides minimum development risk to the problem of liquid

propellant orientation.

Approximately 75 percent of the APS propellant is

stored ir tanks without propellant orientation devices where pumped feedout

occuss oaly during the APS translation maneuvers.

All such maneuvers are

constrained to +X translations so that propellant is positioned at the tank
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outlet. Liquid propellant feed during the initial settling period is
supplied by a helium-pressurized metallic bellows.
settled, the LOX and LHy pumps are turned on.
four thrusters plus enough to replenish the accumulator for the next settling
The accumulators will provide all of the propellant for attitude

maneuver,
control.

Table 4-€. Vehicle Weight Summary
for Candidate 6
NESC I IPT NNy aF 10T
| | Kr,
STRICTYL F [ 2000 f4n,)
TUFDMAL [INTLN {0 Yia,) 1 179,
asTRirNTCS { 1N172,}) 459,
PLAPUL S TN { 1443,) [ ¢5S8,.]
MATN panby crew 1122, Gha,
AUXTL [APY REHMY L ]Om i’l. L4h,
ORY WFIOHT 4T iR, 240,
FIUNTINGEMCY (]3%) LI P M.
TATAL Y Sy§5TrW 59, 2531,
NENUSHARL R FL LIRS { 34,1 { 472,
ARS TRADPPE]) PLODEL| AMY 1n. S,
MDPS TEAPDE PLAP {1 ANT e, L4R,
MPS PRESSHYUALT 154, Tle
El 16GHT RVRERYTS { Tad § 1h&,)
ARG RESERVE [107) 47. 21,
NDS DEGEDYF o, 145,
IONTHT W [GHT haul, 2740,
EXPFADFD FLHTDS [l I t23nv2,)
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After the propellant has
These pumps provide flow for
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Figure 4-9. Mechanical Flow Diagram for Candidate 7 - Acceleration-Settled,
Pump and Bellows Feed

CANDIDATE SYSTEM WELGHT AND COST SUMMARY

A major criterion for comparing gystem options is the payload capability
which can be obtained with a Tug employlng the various systems. To generate
data for this comparison, dry weights were estimated for each system at the
component level in a form similar to the statements shown previously in
Tables 4-2 and 4=5. The system dry weights were then used as inputs to a
timeline comwputer program, which resized the tank weights according to the
propellant and pressurant needed to fly the mission. The output of the
computer program is a compatible set of APS, Tug, and payload weight data
which were used to readjust the tank weights in the component welght state-
ment for each candidate system., These early data are summarized by weight
category in Table 4-7. The weight and performance data later were updated,
as shown in Tables 4~2 and 4-5, but were sufficient for initial evaluations.

It can be seen that Candidate 6 provides the greatest payload capability
and that pump~feed systems, in general, provide greater payload capability
than the pressure-feed systems.

The dedicated candidate systems also were compared by cost and relia-
bility criteria; again, using data generated early in the study.
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Table 4-7. Interim Data for Dedicated Candidate APS
Wetght Comparison
DEICATED APS CANDIDATE
WOATED | rumP | TK WALl | mODULAR| TW cOOL | TK wALL {Pumer AND

WEIGHT CATEGORY BASELINE FEED cooted | ™w coor| wapom | COOUED | sELLOWS
XG) PRESSURE *|mess sezo| eness FEED]  FEED | PUMP FED| FEED

PEED NO. D) | O3 | NO. 4] NO. B [ NO.§ | NO. T

FIXED DRY %.7 110.5 »7 121.4 4 01,7 157.3
VARLABLE DRY® 7.3 18,1 ".2 .1 "3 U4 .1
COMPONENT TOTAL 148.2 1.4 B3, 18%.5 o7 .l 01,4
LINES ‘ .4 1.7 U5 n7 FTI 12,0 M3
INSULATION 4.9 38 7.4 4.2 7.3 3 7.3
COMPONENT MOUNTING 2.3 6.3 8! 0.2 8. 5,9 ’4
DRY SYSTEM .0 1404 ma 2144 2004 oy m.3
CONTINGENCY (17%) 2.7 ».3 2.8 K] 2,1 ».3 0y
TOTAL DRY SYSTEM 2.7 .7 24.6 242,3 22,7 .0 5.2
USABLE PROPELLANT 151.0 151,0 1510 151,0 i151.0 151.0 1510
RESERVE PROFELLANT 15.1 5.1 5. 15.1 15,1 1.1 5.1
TRAPPED PROPELLANT 2.6 4.5 3.6 4.5 1.4 48 &7
BLEED - LOX 4.5 0 £ 0 .0 9 ]
- LHy 0.0 0.4 ©.0 0.4 0,0 0.4 n.3
PRESSUANT 0,2 0 7.5 2,1 .S .0 1,2
LIFTOFF WEIGHT 4561 348.7 1.8 “7.3 43,9 340.0 8.5
BURNOUT WEIGHT 270.4 w.3 20,8 0.7 272.9 178.4 208,2

PAYLOAD 2003 nn 2003 1957 s, ] 2251 w80

%LOX, Lit, AND Ha TANK WITH INSILATION
NOTE! REVISED WEIGHTS FOR CANDIDATES 3 AND 6 ARE GIVEN IN THEIR RESPECTIVE CANDIDATE SYSTEM
CHARACTERISTICS DISCUSSIONS AND IN SECTION 6.,

DEDICATED APS CANDIDATE

UMDATED PUMP T WALL | MODULAR| TW cOOL | Tk wALL |rumPr aND
WEIGHT CATEGORY BASELUNE FEED COOLED | TW COOL| BLADDER | COOLED | BELLOWS
ws) PRESSURE *IPRESS FEED| PRESS FEED| FEED  |PUMP FED| FEED
FEED NO, D) NG, 3 MNO.4) | NO. 5 | INC. & NO. N
FIXED DRY 213.3 243.7 197.8 267.7 214 228.6 44,7
VARIABLE DRY* 157.6 0.2 152.6 13,4 152,6 e $3,2
COMPONENT TOTAL o,e 6.9 60,4 411.1 54,2 240.4 .9
LINES %.1 .0 54,0 2,0 54,0 2.3 54,0
INSULATION 10.8 8.4 16.2 9.2 2 8.5 .2
COMPONENT MOUNTING 8.7 149 17.7 2.4 7.y 12,1 2.1
DKY SYSTEM 436.5 .2 43%.3 472.7 42,3 30,2 490.2
CONTINGENCY (13%} 56.7 42,5 57.0 8.5 7.5 40,3 87
TOTAL DXY SYSTEM 93,2 349.7 495.3 534,2 m.a 304 5539
USABLE PROPELLANT 333.0 1.0 333,0 333.0 13,0 333.0 LX)
RESERVE PROPELLANT 33.0 0.0 33.0 3.0 3.0 2.0 0.0
TRAPPED PROPELLANT 8.0 0.0 8.0 1.0 "o 0.0 W7
BLEED - LOX 54.0 K] 0 0 .0 0 £
- LHy 22,0 23.0 22,0 w.0 2.0 23.0 3.0
PRESSURANT 82,1 o0 80.6 57.46 0.6 0 2.2
LIFTOFE WEIGHT 1005.3 765.7 951.9 706,08 9544 Téh b 8.8
BURNOUT WEIGHT 596,3 2.7 594.9 634,83 0.4 .4 $30.3
PAYLOAD 4416 4920 M6 434 4404 4982 4320

®LOX, LHy, AND He TANK WITH INSULATION
NOTE: REVISED WEIGHTS FOR CANDIDATES 3 AND é ARE GIVEN IN THEIR RESPECTIVE CANDIDATE SYSTEM
CHARACTERISTICS DISCUSSIONS AND IN SECTION 6.
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Itemized nonrecurring (DDTSE) and first unit recurring (hardware) costs
were computed for the updated baseline and Candidate 6 concepts, since these
represented typical pressure and pump-feed systems.
design and development support and the estimated markup over vendor costs for

system contractor support, profit, and overhead.

Equipment costs included

The DDT&E estimates

included system con‘:iactor component costs as well as subsystem development

costs.

Test and maintenance costs were based on Rockwell cost estimating
relationships (CER's) and Global Positioning System (a current Rockwell

satellite program) data.

The nonrecurring costs associated with assembly and

checkout, and with acceptance testing, fund the preparation of procedures and
specifications as well as the initial support.

The test hardware costs included one complete vehicle set plus 10 percent
spares of all flight hardware, with the exception of the thrusters,

4 thrusters (one quad) are necessary for DDT4E system tests,

Only

The cost of the initial submittal of all data (DRL) required by the
contract also was included in DIT&E costs.
costed to cover the gystem-level contractor qualification program.
engineering cost associated with this item provides for system definitiom,
specification preparation at the system and component levels, and the defini-
tion of reliability and safety procedures.

The cos®

DDT&E system test programs were
The

of maintaining hardware and software is contained within the

first unit recurring cost for tooling maintenance, peculiar support equipment,
facilities maintenance, and data.

Table 4-8 summarizes the dedicated concept weight, cost, and reliability
Data for the selected concepts
are later refined for comparison with integrated systems.

data used in the dedicated system selection.

Table 4-8. Summary of Interim Data for Dedicated APS Selection
DEDICATED APS CANDIDATE
UPDATED | PUMP TK WALL | MODULAR | TW COOL

SELECTION CATEGORY TK WALL | PUMP AND
BASELINE FEED COOLED | TW COOL| BLADDER | COOLED | BELLOWS

PRESSURE PRESS FEED| PRESS FEED! FEED | PUMP FEED| FEED

FEED (NO. 1)) | {NO. 3) | (NO. 4 | (NO. 5 | (NO. & | (NO.?)
DRY WEIGHT, KG (LB) 224 (493)| 168 (370)| 225 (495) 242 (534)] 227 (s00)| 159 (a51)| 250 (554
LIFTOFF WEIGHT, KG (LB) | 456 (1005)] 349 {766)| 432 (952)| 447 (987)| 434 (956)| 340 (747)} 449 %939;
BURNOUT WEIGHT, KG (LB}| 271 (59¢)| 187 (413} 271 (597)| 288 (35} 273 (60i)| 179 (304)| 286 (s31)
PAYLOAD, KG (LB} 2003 {4416) | 2232 (4920)( 2003 (4416)| 1957 (4314)| 1998 (4404) | 2251 (4962) | 1960 (4320)

DDTAE COST {$M) 11,638 12.968 11,441 11,283 12.261 12.604 12.489

FIRST UNIT COST {$M) 1.517 1.625 1,436 1.871 1.490 1.536 1.614
RELEABILITY 9599 9472 9411 .8801 9349 9472 9304

NOTE: REVISED WEIGHT, COST, AND RELIABILITY FOR CANDIDATES 3 AND 6 ARE GIVEN IN THEIR RESPECTIVE

DISCUSSION SECTIONS AND SECTION 6.

37



4.4 DESIGN ANALYSIS

PERFORMANCE ANALYSIS BASIS

The Tug design constraints and the triple payload deployment mission
requirements were programmed on a digital computer to provide rapld and
accurage computation of performance effects of the APS. One type of program
output is shown in the propulsion timeline tableas of this report.

Payload capability and propellant usage of a given APS concept ig
determined by considering all of the operations which consume expandables
during each event of a mission. The events are categorized into four types:
coast, APS velocity change {AV), MPS AV, and payload separation., Although
the last event does not consume propellant, the resulting change in total
weight when a payload is separated changes the mass and inertia to be
maneuvered by the APS and MPS,

Coast operations require that the Tug be held on-attitude within a
specified deadband by thruster couples in each axis, Minimum impulse 1limit
cycling is assumed for the deadband operation and the moment arm of each
thruster is the radius to the thruster location, diminished by the cosine of
the cant angle. The APS specific impulse is degraded for this short pulse
operation in accordance with design estimates of this effect.

An attitude maneuver sequence of 90 degrees in roll and then in pitch is
assumed to occur once each ccast period. Since no time constraints were
identified, a full 5 minutes is allowed for the maneuver in each axis. A
shorter maneuver time would appreciably increase propellant consumption.

APS AV maneuvers are performed using the four aft thrusters (one of each
cluster), which are pulsed for pitch and yaw steering. Roll steering is
performed using lateral engines in couples. The fet propulsion forre which
contributes to delta-velocity is the total force reduced by the cosine of
the cant angle.

An MPS AV event begins by settling the propellant by APS, by tank head
idle mode (THIM}, or by a passive means such as a start basket. APS settling
is shown in the timelines for the dedicated Candidate 3 and the integrated
I-5 APS, The settling time is based on the acceleration capability and the

amount of propellant remaining in the main hydrogen tank, and accounts for
4,5 free falls.

After propellant settling, the main engine begins its start sequence:
THIM (for chilldowm), pump idle mode (PIM), and mainstage. If the required
delta-V during an event is neot large, the MPS may not reach full steady-state
thrust. To reflect practical operations, it was assumed that each succeeding
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thrust buildup phase woul not be entered unless the engine could be operated
in steady-state in that phase for at least 5 seconds. The total impulse and
the average specific impulse during each bulldup phase is used to compute the
propellant usage with the characteristic velocity equation. Roll control
during main engine operation is performed by the APS assuming a constant
propellant consumption rate which is based on records of RCS propellant
consumption during Apollo CSM SPS engine burns.

Fuel cell reactant consumption, and propellant loss from main tank
bollcff and APS bleed venting, are assumed to be constant rates throughout
the mission, except that the boiloff ceases during MPS operation.

Propellant and pressurant tankage weight, as well as the quantity of
pressurant, is resized for the dedicated APS concepts based on the propellant
actually expended during the mission. The program initially computes two
cases for assumed payloads to determine stage burnout weights for a fixed
gross weight. These data are used to predict the correct payload, considering
tanks and pressurant which have been resized from known basic input data, A
burnout weight correct to within 0.45 kg (1 1b) results from the third
iteration.

THRUSTER DESIGN POINT SELECTION

Thruster Design Analysis

The effect of thruster design parameters on thruster performance was
examined in detaill using the data from trade studies performed by Aercjet
Liquid Rocket Company. The ALRC data are summarized in Figure 4-10.

To obtain these data, a parametric analysis of performance and design
parameters was conducted over the following ranges using detailed mathematical
models:

Thrust 111 ~ 444 N (25 - 100 1b)
Chamber pressure 69 = 345 N/cm? (100 - 500 psia)
Mixture ratio 2.0 - 6.0

Area ratio 40 - 200

The thruster specific impulse and characteristic exhaust velocity were
analyzed using a one-dimensional equilibrium and kinetic performance model.

Nozzle divergence loss (which was less than 1 percent at all design
points) was evaluated using a model that derives nozzle divergency efficiency
and length from specified area and length ratios. All nozzles were designed
to have a length 20 percent greater than the miminum for a partjcular design
condition.
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Boundary layer performance losses were evaluated from a model using
nozzle characteristics, chamber pressure, characteristic exhaust velocity,
and wall temperature ratios., The boundary layer loss varied from approxi-
mately 2 to 4 percent over the thruster parametric range.

Thruster film cooling losses were derived, using a simple mass-weighted
stream tube model, to account for the performance reduction resulting from
the use of fuel-rich barrier cooling. The fuel film (barrier) cooling
performance loss varied from less than 1 percent to approximately 40 percent
over the parametric range. Extremely large cooling losses resulted at high
operating mixture ratios (5-6) and at low thrust and high chamber pressure
conditions. The performance loss is large under these conditions because of
the gross level of film cooling required and because the core flow (flow
ingside of the fuel-rich barrier) performance decreases significantly as the
overall mixture ratio is increased. In general, these points are considered
to be unfeasible.

The energy release performance loss due to incomplete mixing effects
were analyzed. By the nature of the thruster design, mixing is inhibited so
that the desired barrier cooling characteristics are retained. As a result,
nonuniform mixture ratic digtribution may persist in both the core and barrier
stream tubes. The degree of mixture ratic maldistribution and its effect on
performance has been estimated but will require experimental evaluation and
verification. For the purpose of this study, an energy release efficiency of
95 percent was selected as a reasonable value to achieve during a thruscer
development program which would trade off performance with the benefits of
thruster durability and operational wversatility.

This efficiency is typical of that obtained from a single-element
coaxial injector which the thruster design concept approximates.

The flow split between the secondary fuel and the throat film coolant
was analyzed from a heat transfer standpoint. The composition of gases at
the threat also was determined.

From the analysis of gpecific operating conditions it is possible to
construct a "feasibility map" which defines regilons of acceptable combina-
tions of thrust, chamber pressure, and mixture ratioc for a given wall
temperature. Such a map shows the usual trend of increased cooling margin
(i.e., lower wall temperatures, with increasing thrust and decreasing chamber
pressure), The initial baseline design lies clearly in the acceptable arca
on the feasibility map.

& number of assumptions were made to facilitate the analyses:

1. Throat diameter was scaled assuming constant Cg.

2. Contraction ratio was kept constant.

3. Both Luel sleeves were assumed to be 0.2 cm (0.080 in.) thick.
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4., Rectangular coolant channels with convection on all sides were
assumed iIn both sleeves. The channels were not optimized for wall
temperature or coolant pressure drop.

5. Wall heat transfer coefficients were based on turbulent flow corre-
lations, The ox~rich core gases were assumed to be fully mixed at
thelr injection point, and the secondary fuel was assumed to be fully
mixed with the ox-rich core at the throat film coolant injection
point.

6. Fuel injection is at a unity velocity ratio (injected fluid to core),
toc minimize mixing of the stream and to lower downstream temperacure.

7. The barrier film cooling analysis was performed using an ALRC
computer model which is based on empirical data.

8. The throat was assumed to be the location of limiting wall tempera-
ture. Radiation losses from the throat wall were neglected, lending
a degree of conservation, perhaps 27.8 K (50 F) to the results.

The peak specifie impulse in Figure 4-10 occurs at a mixture ratio of 3
and falls off severely with mixture ratios above 4. This is unusual when
compared with large O/H engines and is apparently due to the adverse scale
effect on cooling limits with the small film-cooled engine. Also, specifie
impulse is not very sensitive to chamber pressure variations and engine
weight is not very sensitlve to area ratio.

Thruster and System Performance Analysis

The results of the thruster parametric studies were used in 'stems
analyses to determine Tug payload performance .5 a unction of tb uster design
point. Both pump- and pressure~feed generic ty.e¢s were subjected to the
performance analyses.

APS characteristics which affect payload are shown in Figure 4~11. The
figure presents two types of information: (1) APS performance requirements,
and (2) the performance capability linec for the pump- and pressure-feed
types of APS, This information is shown on one chart for Missions A and B
by plotting total impulse and payload against APS burnout weight. The total
impulse required to perform either mission increases slightly as the burnout
weight increases. At the same time, higher burnout welght permits less pay-
load. Payload is affected to a lesser extent by the APS specific impulse.
Since APS capability can be measured in terms of total impulse, and the cap-
ability depends on system size, the capability lines are plots of total impulse
versus burnout weight,

The total impulse required for Mission A increases approximately 49 N-sec
for each kg (5 lb-sec for each 1lb) of APS burned weight. This value is
related to the impulse increment necessary to jmpart the Mission A momentum
of 104 m/sec (155 ft/sec) to a unit of mass. The payload decrease with
burned weight is 2.7 units of payload per unit of burned weight for either
reference mission.
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The APS specific impulse influence on paylead is low compared to that
of the MPS: 0.0462 kg per N-sec/kg {1 1b/sec) and 0.323 kg per N-sec/kg
(7 1b/sec) for Missions A and B, vecspectively. The MPS value is nearly
4,62 kg per N~sec/kg (100 1b/sec) in comparison. The Mission B payioad is
more sensitive to specific impulse simpiy becavse more total impulse is
required.

The required size of a given APS type is found at the intersection of
its impulse capability line with the mission impulse requirement line in
Figure 4-11., 1Its pryload capability is then found at that burned weight.
The design points for the capability lines shown include a mixture ratic of
4, a chamber pressure of 103 N/em2 (150 psia), and an area ratio of 50.

The results of the performance optimi- «tion analysis for Mission A with
both system types are shown in Figure 4-12. Because of unique thruster
parametric performance characteristics, a mixture ratio higher than the
baseline value did not prove superior for the pressure-feed system, as could
be expected based on the results of similar O/H optimizations for main
engines.

For the pressure-feed systems, the lowest chamber pressure of 69 N/cm?
{100 psia), which reduces tank, helium, and helium vessel weights, is optimum
and increases payload about 45 kg (100 1b). Mixture ratios of 3, 4, and 5
are very nearly equal in performance,

An area ratio of 50 provides the best performance for both systems and
alsc retains thruster installation suitability.

The pump-feed system showed no performance gain at chamber pressures
higher than 103 N/em (150 psia), This is due to thruster performance
characteristics, which is this case are not unique to this engine concept.
There is little gain in specific impulse performance with chamber pressure
in the low Pc region. The specific impulse gain was offset by increases in
pump power (battery) and accumulator weight. Pump-feed system performance
with mixture ratio is even flatter than for the pressure-feed concept.

Thrust Level Analysis

The thrust levzl of the APS engines influences subsystem weight, cost,
reliability, and propellant consumption and is influenced in turn, by the
modes in which the APS is operated and, in particular, by the parameters and
constraints inherent in these modes. These influences were investigated with
the objective of recommending the most desirable thrust level. Since the
results were to be used for comparison, the scope of the analysis included
only those influences which identify distinctions between APS concepts.
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Different levels of thrust produce varied performance effects according
to the mode of APS operation., For example, a high thrust level is advan-
tageous in AV maneuvers since 1t reduces propellant gravity losses; howevar,
it may increase the weight of engines, valves, and lines. In contrast, a
low thrust level (or more precisely, a low minimum impulse bit)} conserves
propellant in the attitude hold coast mode. The total effect of thrust level
on payload 1is shown in Figure 4-12, which describes high performance in the
thrust range which includes the 111-N (25-1b) ievel,

Additional analysis of all Tug flight modes, including deployment and
retrieval missions, indicates a clear preference for the baseline thrust level
and also shows that the Tug payload capability is increased as the miminum
impulse bit size is decreased. The baseline minimum pulse duration was
decreased from 0,05 to 0.025 seconds on the basis of the analysis.

Thruster Cant Angle Analysis

A range of cant angles was studied to determine if the baseline angle
of 25 degrees 1s appropriate. Since the Tug must fit within the 4.57-m
(15-ft) diameter envelope dictated by the Orbiter, the APS engines are
recessed in the Tug outer shell, requiring that the Tug structure be insulated
from engine plume heating. At low cant angles, the engine exhaust impinges on
the Tug structure (or insulation) and decreases efficiency by producing a
negative force and a deflected exhaust stream. At high cant angles, the
effective thrust varies as the cosine of the cant angle, producing a loss in
efficiency. The effects of insulation weight and variable effective thrust
due to impingement and cosine loss were analyzed in terms of payload weight
for the baseline Migssion A. The results show that, although the 25-degree
cant angle is a good cholce, a larger cant angle would increase payload
performance, Howevar, the model assumed for thermal protection should be
more thoroughly investigated in the context of Tug systems before cant angle
requirements are changed, The problems of APS installation interfaces are
common to all of the cryogenic and earth-storable propellant APS concepts and
thus will not reveal advantages for a single concept.

Cluster Location

The efficiency of the four aft thrusters, which are used for transla~
tional velocity changes, could be increased nearly 10 percent if they were
oriented at zerc cant angle. Relocation of these thrusters, or the entire
clusters, aft of the oxygen tank midpoint would permlt this. Although the
increase in payload capability afforded by the design change would be small
for Mission A, considering changes in insulation weight, the performznce
would be greatly improved for Mission B and for APS backup of an MPS failure.

In addition, the failure mode tolerance of the APS could be improved by
changing to a more aft location. The moment arm parallel to the longitudinal
axis of the Tug from the cluster station to the center-of-gravity station
could then be used to generate pitch and yaw control torques by firing the
proper roll thrusters.
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Thruster Design Point Conelusions

The optimization studies yielded no reason for changing the dedicated
APS designh choices on the basis of chamber pressure, mixture ratio, area
ratio, or thrust level. Future studies of cant angle and APS thruster
location should be considered in the context of all Tug systems.

PROPELLANT ACQUISITION

A primary driver in the propellant storage and feed system design is to
provide for zero-g and low-g space operation. The capability may be obtained
by the use of capillary, bladder, or bellows devices, or by linear accelera-~
tion. The metheds considered are shown in Figure 4-~13,

The copillary devices include Concepts A through F. All the concepts
depend on the Level, direction, and duty eycle of acceleration by the
vehicle's engines.

Concept A relies on open channel capillary pumping forces to relocate
propellant after an adverse maneuver; its retention capability can withstand
accelerations of 10~4 g, whereas Tug APS maneuvers create accelerations on
the order of 10™2 g. Thus, this concept cannot provide positive propellant
control. It is not suitable for the baseline LOX tank or LHy sump tank.
However, this general type of design is suitable for the upstream LHy tanks.

Concept B utilizes screened acquisition channels to acquire propellant
from anywhere within the tank. Available screen material is sufficiently
fine to retain propellant easily in a 10-2 g acceleration field. However,
the high thrust-to-weilght ratio for the Tug MPS culminating in 3 g's at the
end of the mission exceeds the retention capability of even the finest mesh
screen available. Thus, this concept does not warrant further consideration.

Concept C, a c-wpartmented apprcach which decresses the tank dimension
over which the main engine acceleration acty, would be adequate 1f compdrtment
dimensions were sufficiently small and fine mesh screen were used. This
concept has the following problems: capillary barriers for compartmentation
must be attached to or extremely clese to the pressure vessel wall, weight is
high, and fabrication and inspection are difficult. Thus, this concepr is
eliminated from further consideration.

Concept D is a screened basket, refillable during ma’n enginz thrus..
Gas which flows into the basket during feedout under adverse APS maneuvers is
purged (burped) out of the basket back into the tank under the hydrosuiatie
head created by main engine burn. Fairly coarse screen is required for the
basket and the bubble purge tube to permit gas expulsion. However, coarse
screen breaks down readily under MPS burn accelerations near the end cf the
mission, permitting propellant to .scape frum the basket, Hance, this
concept 13 rejected for the dedicated APS application.

47



8y

CAPILLARY

PUMPING
\BAFFLE
WICKING
FEED \ '
VANES

CONCEPT A (CAPILLARY)

ALITVAD ¥0Od db
ST DV TYNIDING

SCREENED
ACQUISITION
CHANNELS

VAPOR
INGESTION
BAFFLE

CONCEPT B (CAPILLARY)

CAPILLARY
BARRIERS FOR
COMPARTMENTATION

SCREENED
ACQUISITION
CHANNELS

VAPOR INGESTION
BAFFLE

CONCEPT C {CAPILLARY)

COMMUNICATION

SCREENED LID BUBBLE PURGE
REFILLABLE TUBE PASSIVE | VERTICAL ceto ga?v%’:?n REFILLABLE WICK PRESSURIZATION LINE
SCREENED BASKET OFERATION HUB COLLECTOR CONTAINER PROPELLANT
RETENTION CAN
r
: STANDPIPE
'L > TGROIDAL
VAN ERjebironyyy/ COLLECTORS SCREEN
So o el O b i
SCREENED ~ === tf.ﬁ'/ RADIAL SPOKE WICKING CHANNEL
COLLECTOR ! COLLECTORS WITHIN CAN
TUBES l OVERBOARD VENT ggizlb E:’m;"- AND
FOR VAPOR
Fego APS  BURGING & REFILL TANK DRAIN LINE
FEED ACCUMULATOR
WICK
W T 9 «CAPILLARY) CONCEPT E {CAPILLARY) CONCEP™ F (CAFILLARY]
PRESSURANT
TH-. e ME GORE
" | REFILLABLE METALLIC SEGMENT
ENT =2 -/ BELLOWS DEVICE
= BLADDER

, i 1 ’

THREE-WAY VALVE

FOR REFILL & FEED | -
APS
FEED

CONCEPT G {BELLOWS)
Figure 4-13.

PROPELLANT
REFILL LINE

o

APS
FEED

CONCEPT H (BLADDER)

Alternative Acquisition and Orientation Devices



Concept E utilizes refill during MPS and APS settling burns with gas
vented to space. This eliminates the problem of screen breakdown and
propellant loss encountered with Concept D, but adds the complexity of an
overboard vent valve. 1If the screenad refill port is replaced by a valved
refill port, the contalier can be pressure-isolated from the tank. Designs
of this type have been studied by MDAC (Reference 4). This concept is heavy,
complex, and less reliable than Concept F, but is reconsidered for the
integrated APS.

Concept F was selected for the LOX and LH2 sump tank design. It is
passive, utilizing redundant screenus of coarse mesh within the can., It uses
an open-channel communication wick to pump propellant by capillary action to
the accumulator wick continguous with the can entry port.

Since volume constraints dictate that the hydrogen be stored in fthree
tanks, series feed was chosen., Thus, only the tank nearest the engines need
be used as a sump tank to provide gas~free liquid at the required temperature
to the engines and to.the thermal control system. The upstream tanks need
not always provide liquid as the sump tank acts as a gas accumulator; however,
che amount of gas tranaferred before liquid transfer is complete must be held
to a manageable amount. Ultimately, the upstream tanks must be essentially
depleted of liquid to provide good expulsion efficiency. Following upstream
tank depletion, thermal control can be relaxed to allow gas heatup, thereby
reducing helium pressurant requirements.

The LHy sump tank employs a 0.044 m3 (1.57 ft3) capacity propellant
retention can to assure gas-free liquid feed to the engine. Flow out of the
can to the engine is replaced by flow into the can through a screened slot at
the bottom of the can (Figure 4-14). The capacity of the can was established
by the amount of gas which could enter the can during the mission. This is
determined by the frequency, duration, and flow rates during adverse
maneuvers (those which tend to dislocate liquid from the liquid accumulator
region at the entry slot to the can), and the ability of the accumulator
wicks to retain propellant during these maneuvers.

The wmajor limitation of the design is its inability to retain propellant
durlng sustained ~X, +¥, and +Z maneuvers. During such maneuvers, gas will
flow prematurely to the dowmstream tank; however, the retention can and wick
accumulator in the sump tank serve tc prevent gas passage to the engines.

The expulsion efficiency is expected to be at least 0.65 percent,

Since only one LOX tank is used, the design is similar to, but smaller
than, that of the LHy sump tank. The scale effect favors the retention and
rapid reacquisition of propellant to the screened slot of the can.

Concept H of Figure 4-13 describes a bladder system which can be refur-
bished afcrer each mission. Although a bladder configuration has been used
successfully in the Apolleo service module for storable propellants, the use
of bladders for cryogenic propellants requires additional development and
thus is not a good competitor.,
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Figure 4-14. Capillary Propellant Acquisition Device

The bellows (Concept G) can be used either as a refillable container in
the propellant tank (dedicated or integrated), a=z an accumulator separately
pressurized and located internally or externally in ihe integrated concept,
or as a separate propellant storage positive expulsion device in the case of a
dedicated system. However, the bellows concept has the disadvantage of high
weight.

To minimize the weight penalty of a metallic bellows device, an APS
tankage system can be consldered that uses the bellows only during Tug
attitude control mancuvers and relies on vehicle acceleration to settle the
propellant in conventional storage tanks during Tug linear translation
maneuvers., Dedicated APS Candidate 7 reflects this approach. During the
initial phase of the linear translation, propellant is drawn from the bellows
accumulator tank until propellant in the main storage tank has been settled.

PUMP FEED

Several of the candidate APS tankage and feed system concepts use
electric motor-driven pumps for propellant feed. Candidates 1 and 6 use
zero-g propellant acquisition devices to assure all-liquid supply at the pump
inlets. Candidate 2 was conceived as a method of eliminating the development
effort associated with cryogenic zero-g propellant acquisition by capitalizing
on the projected capability of the liquid-liquid thruster to accept mixed
phase propellants and by incorporating a pump with a similar mixed phase
capability.
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The pump analysis considered mixed phase flow as well as all-ligquid flow,
The type of flow greatly affects pump design, speed, efficiency, weight,
number of stages, development effort, and related factors., Basically, there
are four types of pumps which can be considered as candidates for system
operation, but naturally no single type can be expected to operate at peak
efficiency for both the liquid oxygen and liquid hydrogen system under all
types of fluid flow. The four types are centrifugal, vane, piston, and gear,
each requiring the use of an inverter to prevent excessive dc motor brush
wear and arcing.

All of the candidate tankage and feed system concepts incorporating pumps
use a downstream accumulator for pressure oscillation control. The design of
a combined pump and accumulator combination with trapped helium ullage was
avestigated. The ullage will expand and contract as propellaant is
alternately withdrawn and returned to the accumulator. Liquid-~gas interface
control can be provided by a capillary system or by a small bellows or
bladder.

Assuming the helium acts as an ideal gas, the ratio of the initial volume
of helium to the final volume of helium (or the total volume of the accumula-
tor) is inversely proportiomal to the ratio of initial and final accumulator
pressures. Thus, the thruster inlet pressure could be controlled between
138 and 172 N/cm? (200 and 250 psia) by a minimum helium-to-accumulator volume
ratio of 0.80. This inlet pressure variation will result in a thrust
variation from 103.5 to 122 N (23.3 to 27.5 1h)}. A review of docking and
separation maneuvers indicates that such a variation occurring on all
thrusters simultanecusly is acceptable.

A rradeoff between pump flow and accumulator liquid capacity has been
conducted, The minimum accumulator capacity results when all of the
propellant flow for the thrusters is provided by the pump. As the pump flow
rate is reduced, more of the propellant flow must be provided by the
accumulator. After thrust termination, pump operation is continued to
replenish the accumulator. The largest single demand on the accumulator is
123,000 N/sec (27,665 lb-sec) total impulse at 37.19 hours. This is
equivalent to 33.1 kg (73 1b) of propellant, or 6.6 kg (14.6 1b) of LHp and
26.5 kg (58.4 1b) of LOX. The propellant is consumed over a 275-sec period
by four thrusters burning simultaneously to provide translation. Thus, as
the LH, pump flow approaches zero, the required accumulator capacity
approaches 6.6 kg (14.6 1b) of LH,.

The results of a weight trade study for the 1H, accumulator and pump are
presented in Figure 4-15 in which the LHy accumulator weight (a function of
capacity) is plotted versus LHy pump power (a function of flow rate). Pump
and inverter weights also are shown. As can be seen, minimum weight occurs
at the maximum pump flow and minimum accumulator capacity.

From a reliability standpoint, it 1is desirable to limit the number of pump
cycles per mission to approximately 100, Therefore, accumulator design points
of 0.45 kg (1 1b) of LHy and 1.36 kg (3 1b) of LOX were selected. These
capacities are more than adequate to handle pump start transients up to 5 sec.
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Figure 4-15. LH2 Accumulator, Pump, and Inverter Welght
as Function of Pump Power

Short—duration attitude control pulses occurring during sustained four-
thruster linear translation maneuvers also will be supplied by the accumula-
tors. The pump sizes selected for minimum system weight are 0.1 kg/sec

(0.22 1b/sec) LOX and 0.0245 kg/sec (0.054 lb/sec) LH,p, which are sufficiently
greater than the flow of four thrusters to provide for accumulator
replenishment,

The total power requirement for both pumps basad on four-thruster flow
rate 1s 2000 watts, or a total of (.98 kwh for a complete mission. Alrhough
the additional reactants consumed by the existing Tug fuel cells would be
negligible -~ (approximately 0.40 kg (0.88 1lb) - it is estimated that two
additional fuel cell modules weighing 13.6 kg (30 1b) each would be required
to handle the extra 2000-watt load during peak power periods. In comparison,
a silver~zinc primary battery with a 7~day life can be added for only a 5«kg
(11-1b) weight penalty. Because of this weight savings, the battery approach
was selected for the pump power supply.

THERMAL CONTROL

One of the most critical design considerations for a cryogenilc APS is
thermodynamic control of the propellants. Proper thermodynamic contrel of LOX
and LH3 1is necessary to avoid tank overpressurization, loss of propellant
through venting, and excessively warm propellants at the thruster inlet. 1In
addition, for a tankage system using capillary screened compartments for
zero-g propellant orientation, thermodynamic control is required to prevent
vaporization or drying out of the capillary wicks.
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Five control concepts were considered, including no venting, direct
overboard venting, and three types of thermodynamic venting with heat
exchangers: internal, internal with bulk mixer, and wall-mounted.

Each of these concepts is based on thermal isolation of the storage tanks
and feed lines through the use of multilayer insulation and low conductivity
supports, Heat transfer of the insulation was analyzed and the thermodynamic
control system heat loads established. Each candidate concept was evaluated
and performance predictions are presented for critical operational
characteristics,

Effective thermal conductivity values of 0,312 J/hr-m-K (4 x 1079
Btu/hr-ft-R) and 0.249 J/hr-m-K (5 x 10~ Btu/hr-ft-R) were taken from
Reference 5 for the LOX and LHy insulation, respectively,

Insulation thicknesses of 1.27 to 2,54 cm (0.5 to 1 in.) were assumed
and the heat leak wvalues so calculated were doubled to acecount for structural
supports and insulation layup effects. The resultant heat loads are:

LOX LHj
Tank, J/hr (Btu/hr) 5590 ( 5.3) 17900 (17.0)
Feedline, J/hr (Btu/hr) 5490 { 5.2) 780 ( 7.4)

Total 11080 (10.5) 25700 (24.4)

Because of the strong sensitivity of cryogenic system design to heat load
magnitudes, these values were recomnuted by using data from another source
(Reference 6) and applying the radiation heat transfer equation. Close agree-
ment between the two methods was reached. Because of the importance of
minimizing heat leak, ar effective emittance value of (0.002 was selected as a
design point. Therefore, these values « 25700 and 11080 J/hr (24.4 and 10.5
Btu/hr) total for LHp and LOX - are used for all dedicated concepts.

If heat load to storage volume ratios are low and if propellant with-
drawal is evenly distributed over the storage period, a cloged~tank or no-
venting concept can be considered. Tank pressure rise may be completely or
partially offset by thruster propellant consumption. This concept was
analyzed for the baseline System A mission profile and heat loads previously
presented, Using the open system general energy equation, the ideal condition
of a mixer system was assumed to isothermalize the liquid and vapor propellant.
The propellant was assumed to be saturated at atmospheric pressure at Shuttle
liftoff.

Propellant temperature and vapor pressures were found to be excessive for
the l64-hour mission, reaching 31.8 K (57.4 R) and assuming 105 N/cm? (153
psia) in the LHp tank for the last APS burn. For this reason, no-venting has
been eliminated as a viable thermodynamic control concept, this applies to
either pump-feed or pressure-feed initial conditions.

33



after conciuding that some form of venting is required for thermodynamic
control of the propellants, the simplest method to be considered is direct
overboard venting of the ullage to relieve tank pressure and reduce propellant
temperature by vaporization of the bulk liquid. This approach is ideal for
ground operations or for space vehicles which can provide an artificial gravity
by rotation or linear translation.

Direct overboard venting in a zero-g or low~g environment, however, will
result in excessive loss of liquid propellant., Capillary sereen barriers
which work well to block the passage of gag through a liquid film will not
adequately retard the flow of liquid when either wet or dcy. Locating the
vent outlet at the ullage also is difficult because of the variable liquid
otientation resulting from the multi-axis thrusting of the APS. Even after
locating the ullage, significant liquid entrainment into the vent flow can
result for high liquid mass levels.,

Periodical propellant settling and venting also has been considered
whereby the propellant temperature and pressure would be allowed to rise
between settled vents. This approach has the serious drawback of not providing
the subcooling necessary to preclude vapor entrapment within the zero-g
caplllary compartments or the thruster feed manifold. For these reasons,
direct overboard venting was not considered further.,

Thermodynamic venting can be used tc remove energy from the propellant
tanks in zero-g without the high weight penalty of releasing liquid to space.
This method of thermodynamic control works by withdrawing liquid from the
tank, expanding it to a low-pressure and —temperature two-phase fluid, and
then vaporizing the liquid by heat transfer from the stored propellant.
Although the propellant orientation system normally assures liquid withdrawal,
the system can still work efficiently 1if unusual conditions allow gas into the
vent system.

Heat exchange between the cold expanded vent fluid and the stored
propellants can be accomplished in several different ways. If heat exchangers
inside the tanks are used, expanded hydrogen can be passed through an LH2 tank
internal heat exchanger and themn through a hydrogen/oxygen external heat
exchanger before it iz vented overboard. The chilled oxygen is routed through
a LOX tank internal heat exchanger and then is recovered in the Tug main
propulsion LOX tank. For this system, heat transfer frem the bulk propellant
and ullage volume depends on fluid convection and conduction as well as
conduction through structural members and heat exchanger fins. Natural
convection was found to be a significant contributor to the total heat
transfer at 10~ g, but only a small contributor at 10~7 5. For Mission A,
the vehicle will be in gravity environments less than 107° g for up to
52 hours at a time while coasting at geosynchronous orbit. At this low
acceleration level, conduction is by far the predominant heat transfer mode,

A temperature stratification analysis of the no-venting case showed that

stratifjcation in zero g caused unacceptable pressure rises. APS propellant
usage during these periods is not sufficient to maintain a cold environment.
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Internal heat exchanger and propellant bulk mixers have Leen evaluated
as a part of several study programs (References 7 and 8). The mixers reduce
thermal stratification and bring the bulk fluid in contact with the heat
exchanger. Although such systems perform well, they have the disadvantage of
complexity and the hazardous requirement for electrical power in the LOX tank.
For thermodynamic control concepts utilizing expended GHj to chill the LOX
system, an additional external hydrogen/oxygen heat exchanger 1s required to
preclude the potential hazard of hydrogen leakage within the LOX tank. It is
believed that these disadvantages can be circumvented by the use of tank wall-
mounted heat exchanger tubes. The fabricability and performance of tank
wall-mounted heat exchangers have been demonstrated successfully in two
experimental programs {References 33 and 34).

By concentrating external tank wall-mounted heat exchanger tubes at heat
shorts under the insulation, the tank or feed line heat lcad can be essen~
tially intercepted before it reaches the propellant and tewmperature stratifi-
cation is virtually eliminated., This approach eliminates the need for bulk
mixers or internal conduction fins.

During this study, 13 different tube attachurnt designs were evaluated
from the standpoint of thermal performance and privuetivity. ¥From these, a
concept utilizing local brazing to contailn a tubw ~w’thin a chem-milled channel
has been selected for weight, cost, and reliabili-y assessment because of its
favorable heat transfer and producibility characieristics.

Various techniques have been studied for providing the thruster Inlet
temperature requirements. All of these concepts involve bleeding LH7 from
the tank to the thruster inlets and then expanding the hydrogen flow through
a Joule-Thompson valve to a lower temperature to act as a heat sink.

For the baseline concept, the expanded hydrogen bleed is used to cool the
LHy feed lines and storage tanks and then to cool the oxygen bleed flow in an
external hydrogen/oxygen heat exchanger. This bleed flow is then used to
trace the LOX feed lines. If the lines are not traced, the LOX feed linesz are
cooled only by their internal flow. The oxygen feed line heat load is such
that either the bleed flow rate or the temperature rise are excessive. For
example, an 11.1 K (20 R) temperature rise dictates a 0,27-kg/hr (0.6-1b/hr)
bleed flow rate, resulting in a 44.5-kg (98-1b) propellant loss for a
i64-hour mission.

As another alternative, Joule-Thompson expansion of the oxygen bleed was
considered. The cold oxygen would be routed around the LOX feed lines and
then would cool the LOX storage tank. This approach has the advantage of
eliminating the weight, cost, and potential hazard associated with the
hydrogen/oxygen external heat exchanger. The udditional heat sink provided
by the expanded oxygen reduced the LOX bleed flow to .05 kg/hr (0.117 1b/hr)
or a total loss of 8.6 kg (19.2 1b) for a feed line femperature rise of
11.1 K (20 R).

A third alternative was evaluated which eliwinates LOX bleed altogether.

After cooling the LHy tank, the expanded LHg bleed fluid is routed under the
multilayer insulation around the LOX feed lines and storage tank, absorbing
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the complete heat load of the LOX system, The hydrogen bieed is warmed with
a l0-watt electrical heater to a temperature of 72.2 K {130 R) to preclude
freezing of the oxygen. As the design flow rate of 0.0605 kg/hr (0.133 1b/hr),
26000 J/hr (24.6 Btu/hr) are available for cooling, while the LOX system heat
load is only 11100 J/hr (10.3 Btu/hr). To avoid over-coolirg, a control
valve would be provided to bypass the electrical heater and LOX tankage
system. Although this concept saves the weight of the hydrogen/oxygen heat
exchanger and the LOX bleed, it does increase the potential hazard associated
with close proximity leakage of hydrogen and oxygen. This hazard is avoided
while in the Shuttle carge bay, however, since cooling is not needad during
the applicable flight phuowz,

RELIABILITY ANALYSIS

The inherent subjectivity of reliability assessment was recognized early
in the study and 2 procedure was devised to permit a fair comparison of APS
concepts, First, the storable bipropellant APS raliability was computed
using the data in Reference 2. The purpose-was to verify that the allocated
goal of 0.996 could be reached using the quoted component failure rates with
the l44-~hour, single payload deployment mission used in Reference 2. It was
also necessary to understand the success path logic 1n order tc rvectify any
differences in the liquid-liquid O/B APS system logic. Since it was a more
analogous case and more detalled data were availlable on rhe storable bipro-
pellant system, it was chosen for this purpose over the suecrable mono-
propellant system.

Concurrently, initial analyses of the liquid-liquid O/H APS reliability
centered around the refinement of failure rate data and the definition of
operating times, and culminated in the description given in Tabhle 4-9,

Next, as shown in Table 4-10, the storable bipropellant APS reliability
was reasgessed by using the refinad failure rate data and then by imposing
the triple payload placement mission with refined criteria, The change from
the single to the triple payload placement mission produced the more
pronounced effect on reliability. The storable monopropellant APS was then
evaluated.

Finally, the reliability of each liquid-liquid O/H candidate concept was
computed, as shown in the table. The reliability analysis was closely
coordinated with the desipgn effort to assess component operating life
characteristics and to define component redundancy needs on a rational basis,
All of the cryogenic APS candidaie failure ratas were adjusted by including
environmental degradation (K factors). The effect of the degradation also
is shown in the table for the updated baseline concept.

At this point in the reliability study, the data were sufficiently
compaft:ible to permit concept selection, although none of the candidates
actually achieved the reliability goal, The reliability increase necessary
in each case was assumed tc be available through the SR&T development of
critical components.
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Table 4-9. Liquid-Liquid O/H APS Fallure Rates

Component i = F,R, x 10-6 Source K Factor A Total
Solanoid valve 4.8 Shuttle IH 5 24.0
(thru.ter) 1OX 3 14.4
Igniter 0.6 Planning - G.£
Research
Isolation valve 6,5 RI (TA66) LH 5 32.5
{dual coil) LoX 3 19.5
Orifice 0,15 AVCO IH 5 0.75
Capillary device 0.G23 BRI (72-2} tH 5 0.115
Lox 3 0.069
Tank-He 0.0114 RI (72-2) - 0.0114
Tank-cryogenic ¢.2976 Apollo - 0.2976
Bladder 3.6 MACDAC - 3.6
Solenoid valve .75 Operate RI (TAGG) LH 5 3.75
(3-position) 1.0 Leak 5.0
Check valve 7.65 Leak MaCDAC Ly 5 38.25
1.35 Operate 6.75
Heat exchanger 1.0 RI (TA66) LH 5 5.0
Relief valve a,0 JPL LH 5 45.0
LOX 2 27.0
Burst disc/relief valve 10.0 MACDAC LH 5 50,0
, LoX 3 30.0
Vant valve 9.0 JPL LH 5 45,0
LOX 13 27.0
Kegulator 3.6295 Leak Apollo IH S 1B.1475
LOX 3 10.8885
1.725 Return B.625
5.175
0.595 Operate 2.975
1,785
Filter 0.0114 JPL LH 5 0.057
Heater 0.0228 JPL LH 5 6.114
Fill valve and cap 0.171 JPL IH 5 0.855
Lines and fittings 0.02 JPL iH 5 0.1
Nozzle/chamber 0.16 MACDAC - 0.16
Pump-electric 8.7 Saturn LH 5 43.5
LOX 3 26.1
Accumulator 6.2 Autonetics LH 5 31.
-LOX 3 18.6
0.06 Lead Apollo 0.3
0.18
80% of valve FR is in leakage; 90X of tg ® 50 cycles - 3-position valve
remaining FR is in unenergized operation
state (i.e., failure to return); tg = 10 cycles - vent
10X is in energized state (i.e., t7 = 32.8 hours - 20% duty cycle
fail to aperate) on heater
t] = 164 hours - migsion time tg = 5,060 cycles - regulator
ty = 2,300 cycles - single thruster ty = .25 hours = max burn on any
missjon operation thruster
t3 = 82 houre - asaumed failure t10™ 277 cycles - assumed standby
point ) operation

t; = 1 cycle - ismclation

ORIGINAL PAGE IS
OF POOR QUALITY
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Table 4-10 .

System Reliability Values

Con¢iition
Failure
Configuration Mission | Rate K Factor | keliability
Storable Propellant APS Analyses
Bipropellant * * 1 .995980
Bipropellant * R 1 +993345
Bipropellant R R 1 988443
Monopropellant R R 1 .9955%8
Baseline Environment Comparison R R 1 .9919930
Candidate Comparison
0. Baseline R R R .959887
1. Pump fead R R R . 913014
2, Mixed phage R R R -
3, Pressure feed, tank R R R + 941070
wall=cooled
4, Modular R R R . 880081
5. Bladder feed, tank R R R .934882
wall-cooled
6. Pump feed, tank R R R .947204
wall-cooled
7. Pump & bellows feed, R R R .931415
acceleration settling

* - McDonnell Douglas data
R - Study data
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5, INTEGRATED CONCEPT DEVELOPMENT

This section describes tiie development of an integrated cryogenilc APS
concept. Initial candidate scireening evaluations and a summary of their trade
study basis dre prasented and followed by a detailed description of the
selected Integrated concept. The desipgn, operation, weight, performance
capability, cost, and an initial appraisal of supporting research and
technology (SR&T) requirements for the APS and its major components are defined
aad discussed, The impact of the APS on other vehicle subsystems also is
presented, Design analyses and assumptions made in developing the integrated
APS concept and defining 1ts characteristics are included at the end of this
section.

5.1 CANDIDATE SCREENING

Parametric stud.es and candidate sereening evaluations applied to
dedicated APS concepts iden:cified potential combinations of design concepts
fer providing propellant acquisition, thermodynamic control, and propellant
feed for a cryogenic APS utilizing such a tankage system. After the elimina-
tion of operationally incompatible and low potential combinations, weight,
reliability, and cost trade studies resulted in the selection of the foliowing
conce.ts for dadicated systems:

Function Degign
¢ Propellant acquisition ¢ Capillary devices
o Thermodynamic control e Expanded Hy bleed fcedline

tracing and tank wall-
mounted cooling coils

® Propellant feed e Pump feed with pressure
feed alternate

The principal characteristic of an integrated cryogenic APS is that its
propellants are drawn directly from the MPS tanks without the necessity for
separate storage, This difference in design has its most significant impact
on the approach to propellant acquisition. The functional requirements for
propellant thermodynamic control and propellant feed can still be satisfied
using techniques similar to those applied to the dedicated concepts., The
following seci..ion presents the results of trade study and screening evaluations
for several propellant acquisition concepts. This is followed by a review of
the pressure versus pump alternatives for propellant feed as they apply to an
integrated APS.
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PROPELLANT ACQUISITION

Figure 5-~1 presents schematic representations of the concepts considered
for propellant acquisition for an integrated system. The concepts considered
are restricted to capillary systems since other techniques were eliminated
during the analysis of dedicated systems because of exXcessive weight (bellows),
technology risk (bladders), or inability to satisfy thruster inlet require-
ments (mixed phase).

The capillary systems evaluated for an integrated APS can be classified
as either nonvented (non-refillable) or vented (refillable)}. The vented
gystems can be further subdivided as either internally vented or overboard
vented. As these concepts evolved during the study, candidate nuishers were
assigned (I-1 through I-5) as shown on Figure 5-1, TFor this phase of the
study, all the candidate concepts were considered to be installed within the
main propellant tanks., Subsequent evaluation of thw. factors ipvslved with
location of the zero-g reservolr are presented in Section 5.3, Design
Analyses. The most faverable installation was found to be external to the
main tank.

Two nonvented systems were considered. The first, based on the principle
of vapor accumulation (Candidate I-3), consists of a zero-g reservoir or
container incorporating a screened inlet port and internal compartments

——=  NON-VENTED - VENTED - = -
(NON-REF [LLABLE) (REFILLABLE) ZERD-G RESERVOLR
i [ MAIN TAHK— Ay INTERHAL |
SCREENS
VAPOR ACCUMULATION (I-3) SCREENED
. FILL PORT
CAPILLARY CHANNEL ~—gt
+TOTAL MPS TANK -
ACQUISITIUN r ] '
_ - INTERNALLY VENTED f—m = - OVERBOARD VENTED
| SCREEN VERT—smpm ,,,4 v
'’ K / _.-"
! *SCREEN VENTED {I-1) V %/’/ |

ORIGINAL PAGE IS )

! s VALVE VENTED (I-4)

OF POOR QUALITY ! «PUMPED REFILL (I-2) |
PUMP
[ o VALVE VENTED \
i WITH LIQUID SENSOR !
| (1-5)

- = QVERBOARD -

Figure 5-1. Integrated Cryogenic APS Capillary Sy:tems Considered
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separated by self-wicking screeus. The screened inlet port prevents the loss
of liquid during adverse acceleration while the internal screens assure
vapor~free feed to the APS pumps and thrusters, The internal design is
basically the samec as the one for dedicated APS tanks shown on Figure 4-14.

When propellants in the MPS tanke zre settled, APS operation would draw
liquid propellant directly through the zero-g reserveir without the entrance
of vapor. When propellants in the MPS tanks are not settled, APS operation
would draw vapor into the zero-g reservoir where it would be trapped by the
compartment screens. On orbit, Tug acceleration levels are not great enough
to allow venting of the vapor through the screens by liquid displacement.
Thus, the zero~g reservoir must be large enough to accumulate any vapor which
might enter during adverse acceleration maneuvers, The volumes computed were
0.062 m3 (2.2 ££3) and 0.48 m3 (17 £t3) for the LOX and LHp reservoirs,
respectively, with either Mission A or B. Although simple and completely
passive, the vapor accumulation concept was nct selected because it is heavy
and lacks the mission flexibility characteristics of a refillable design.

The second nonvented capillary system is similar to the vapor accumulation
concept except that vapor is not allowed teo enter the zero-g reservoir. This
would be accomplished by exteuding capillary channels throughout the MPS tanks
to transport vapor-free liyuid to the reservoir. Performance analysis of this
concept showed it to be impractical, however. At best, the extensive channel
system is heavy. If the channels are made large enougi. to provide an
adrquate flow rate, their capillary retention force is not great enough to
prevent draining during adverse acceleration maneuvers. If smaller channels
or screened ducts are used, then an excessive number or an impractically fine
mesh size are required to provide a satisfactory flow without ingesting vapor.

To consider a lighter weight approach to propellant acquisition, refill-
able vented concepts were synthesized and avaluated, The most obvicus approach
to zero~g reservolr refill is to vent the accumulated vapor back into the MFS
tank (internal venting). The advantage of internal venting as compared to
overboard ve*ing is in recovery of the vapor and aiy entrained liguid or
liquid overfi«..

The simplest refillable design uses a passvse screened vent (Candidate
I-1, Figure 5-1). When propellant is settled by Tug +X velocity maneuvers,
vapor is forced through the screened vent by hydrostatic head. A standpipe
can be used to provide additional head pressure. During adverse acceleration,
the wetted screens a° the reservoir inlet and vent prevent the encrance of
vapor and thus the loss of liquid. A detailed analysis of this concept,
including predicte ' static head levels, screen mesh sizes, and refill flow
rates, is presented in Section 5.3. In that analysis, comparison of the
predicted and r~quirei refill rates reveals that insufficlent time is available
for refill afte; propellants have been settled during planned Tug linear
translations.

finalysis of a valve vented concept (Candidate I-4, Figure 5-1) showed
higher but still Inadequate refill rates for reasonable valve sizes., The
addition of a pump to increase the refill flow as shown for Candidate I-2
provides an adequate refill time but adds significantly to the system com-
plexity in terms of either an extra pump or additional wvalving to utilize the
APS feed pump. For these reasons, internaily vented refill of the zero-g
reservolr was rot selected for the integrated APS.
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The best way to accompiish reservoir refill was found to be by use of an
overboard vent (Candidate I~5). The amount of vapor lost is minimal, only
0,95 kg (2.1 1b) ver mwission. The higher, flow-driving, pressure differential
dllows complete refill during any programmed APS or MPS burn of either
Mission A or B. In the event of a more extreme mission for which attitude
control demands are greater, or zero-g coast pericu. ore longer, the mission
profile can be medified to include a special settling maneuver for the
specific purpose of refilling the APS reservoir, A more detailed design and
operational description of this concept is presented in the next section.

PROPELLANT FEED

After selecting an overboard-vent refillable capillary system for pro-
pellant acquisition, attention was directed toware the options available for
propellant feed to the thrusters. Trade studies conducted for the dedicated
cryogenic systems narrowed the rcholze dowm to two basic conepts: pump feed
and pressure feed, Analysis conducted in support of integrated cryogenic APS
included a thiird alternative: a hybrid concept utilizing pump feed for LH3
and pressure feed for LOX., The hybrid concept was considerad to have
potential merit because previous analysis of the dedicated APS revcaled that
the major weight penalty for pressure feed is attributable to the low density
of hydrogen propellant, and the high density of helium at liquid hydrogen
temperature and the engine feed pressure, 152 N/fcm? (220 psia). Similar
hybrid concepts have been proposed for Tug by others °* rences 9 and 10},

Mechanical schematicis and detailed weight statew -1.s were prepared for
each of the three propellant feed systems under consideration. The I-7
schematic is shown in Figure 5-2. Detailed weights for the pressure feed
concept (I=6) and the hybrid concept (I-7) are presented for both Missions A
and B in Tables 5-1 through 5-4.

The schematics and detailed weights for the pump feed concept (I-5) are
presented in the next section.

The results of the weight and performance comparison are summarized in
Table 5-5. These data include a 13 percent contingency for weight and growth.
Tower supply optlons showia in table are discussed in Section 5.2. The pump
feed concept (I~5), using either power option, is the selected integrated
cryogenic APS design.

As can be seen from the data, the pressure feed (I-3) concept is
considerably heavier than the pump feed (I-5) concept, especially for the
higher total impulse requirement of Mission B. The hybrid concept (I-7) is
shown schematically on Figure 5-2. 1Its design and operation are the same
as for Candidate I-5 on the hydxogen side and Candidate I-6 on the LOX side.
For either concept, I-6 or I-7, pressure feed dictates pressure isolation
valves between the pressure~fed zero-g reservoir and the corresponding MPS
tank, Morecver, the pressure-fed accumulator must be large enough to sustain
APS opersition during reservoir refill, Since direct through flow from the
MPS tznks to the thrusters is not possible, the pressure-fed zero-g reservoiru
nust se larger than for pump feed. Mission-required APS impulse also controls
the size of pressure-fed reseirvoirs and helium tanks, For this reason the
pressure-fed refillable concepts, although somewhat better than dedicated
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Table 5-1.

APS Weight Summarv for Candidate I-6

(Miscion A)

Table 5-2.

APS Weight Summary for Candidate I-6

{(Mission B)
Io wo] aTy PER T VETEW )
VENICLE 3 [ 3
PRESSUREZATION SYSTEM 1 30 € 19,%) & 211,51
HE Thm 6 _ANBS_ 1wl 43,8 L9E.9
HE MEG ISD VALVE 36 3 2.0 D %] 2.7
HE REGULATOR T a 1.5 0.7
PRESSURE $wITCH 37 . [ 0.5
LCX RESERVOIR ME 50L el . 1.3 Qa7
10X ACCUMULATOR HE SOL &2 4 t.1 .7
L2 ACCUMULATOR RE SOL s . _ 1.5 Qa?,
LHZ RESFRVOIA KE SOL 83 % [ a,7
LCK SYSTEM ME HEATER 1] 1 0.5 0.2
PROPELLANT CONTROL SYSTEM t
LO% RESERVOIR CAP DEV 11 1 5. 2.8
LHZ RESERVOIA CAP DEV 13 1 237 10.5
LKZ BLEED RETURN 301 15 1 t.% 0.1
LH2 BLEED SHITOFF YLV k1] 1 1.9 0.1
LH2 BLEED EXPANDER 15 1 1.% 0.7
LH2 ALEED rEATER 1) 1 0.5 0.2
LEX COOL ING COIL 50 1 e 7.0
L+2 COOL ING COIL 50 ] 15.5 Fed
PROPELLANT FEED SYSTER t 3s
LI1 RESERVOTR 17 1 23.7 Yen
LEa RESERVOTR INSULATION 17 i b L&
L#2 RESERVOIR 19 t 65,1 30.0
L#Z RESEAVOIR INSULATION 17 t 11.0 s.0
LOX RESERVOIP FiLL SOL [t} 3 1.3 0.7
LHZ FESERYOIR FILL SOL bs [ 1.3 .7
LOX KUAT [50 VALVE [t} % 3.0 1.4
L2 QUAD 13S0 VALVE 20 L3 0 1.4
LCX FEEC LHECK VALVE 40 . 0.3 Dl
LH? FEED CHECK VALVE S . 0.3 0-1
LOX AECUMULATOR/RELLOWS &l 1 0.7 [ %]
LHZ ACCUMULATGR /BELLOWS e 1 2.2 1.0
LTX ACCUM RELIEF SOL &2 1 2.0 0.9
LHZ ACCym RELIEF SOL &7 1 2.0 D9
LO& ACCUM RELIEF ORIFICE 57 1 0.3 Dl
L#2 ACCUM RELIEF CAIFICE sa 1 0.3 0.1
OVERBDARD VENT SYSTEM I 144
LGX MCEUM +E VENT WLV 5 2 0.5 042
LHZ ACCUM HF VENT viv 5 2z [ 0,2
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Table 5-3. APS Weight Summary for Candidate I-7 Table 5-4. APS Weight Summary for Candidate I-7
(Mission A) (Mission B)
10 NO| OTY PER PTEm nMEL YSTEN wElIGHT 10 MO} TV PER '
VEHICLE YERICLE X [] L K
FILL £ DRAIN SYSTEW [} 11 1 200 1 Q.91 FILL & CRAIN SYSTEM [} 1k t 2a00 € 0.9
LH2 CRATN VALVE 1 2.0 0.9 2.0 0 LH2 CAAIM VALVE 2 | 220 [FL] 2 . 0,9 %
PRESSUNIZATION SYSTEM ) T 24) t 3001 117 PRESSURIZATION SYSTEW i z28) t 57.4) { 28.00
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Table 5-5. Integrated Cryogenic APS Propellant Feed Concepts Considered

A Dry Weight

Propellant Pover Mission A|{Mission B
Candidate Feed Supply [kg (1b)]|[kg (1b)]| Evaluation
I-5 Pump Primary battery| 0 (0) 28 (A1) |Selected
{Mission A
baseline)
Fuel cell 23 (52) 24 (54) {Selected
{Mission B
baseline)
I-6 Pressure (both|NA 36 (B0) (298 (658) |Heavy,
LHy and LOX) low mission
flexibility
I-7 Hybrid (pump |Primary battery|{ 5 (10) : 55 (121) |Heavy for
LHy, pressure Mission B,
LOX) low mission
flexibility
Fuel cell 14 (32) | 42 (93)

concepts, have little mission flexibility. These influences are shown
graphically on Figure 5-3. The pump feed concept (I-5) has the lowest dry
weight at total impulse levels above 3.6 x 103 N-sec (0.8 x 105 lb-sec) for a
primary battery pump power supply system and above 18.7 x 1053 N-sec

(4.2 x 10° lb-sec) for a fuel cell pump power supply system.

5.2 INTEGRATED CONCEPT DESCRIPTION

THRUSTER

The thruster selected for the integrated concept is esentially the same
as the baseline thruster described in Section 3.4. The only major change in
the engine operating point iz a reduction in nominal steady-state mixture
ratio from 4.0 to 3.0. In addition, for Mission B designs, an area ratio
of 200 was selected. The characteristics of the thruster are listed in
Table 5~6.,

Performance sensitivities to inlet conditions were determined for the new
baseline engine, using the gsame techniques as for che dedicated system
analysis. These data show that with a nominal inlet pressure of 152 N/cm2
(2:0 psia), safe engine starts can be achieved with hydrogen inlet temperatures
up to approximately 39 K (70 R) for oxygen inlet temperatures over a range of
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Figure 5-3. APS Dry Weight as a Function of APS Impulse

90 to 111 K (160 to 200 R). The data also indicate that from a th ister
viewpoint, it is desirable to maintain or bias the tank pressure controls so
that the oxygen inlet pressure is 152 N/ecm? (220 psia’ maximum and the fuel
inlet pressure is that same value as a minimum. In doing so, performance
variations are minimized. 1In particular, engine MR is shifted in a favorable
direction. The option of lmplerenting this bias should be reconsidered after
completion of preliminary thruster development tests.

Pre~ and post-burn thermal analysis and impulse bit analysis were also
conducted for the new baseline and are presented in the thruster design
point disgcussion in Section 5.3. Those analyses show that a pulsing
performance level of 80 percent of steady state is achievable at a minimum
impulse bit of 2,23 N-sec (0.5 lb-sec).

The generic failure rates assumed for the thruster components are tased
on ALRC data znd experience for lgniters on cryogenie propellants at a higher
thrust scale, and on valves for storable propellant service. Experience with
the igniter for the 5560 N (1250 1b) Shuttle RCS thruster Contracts
NAS3-15850 (ITA) and NAS3-16775 (ETR) has demonstrated that a safe, reliable
thruster can be developed to meet the system goals. One thruster/igniter
tested at ALRC achieved more than 44,000 cycles while a second thruster
delivered to NASA/LeRC was fired successfully 51,000 times.

ALRC experience with small solenoid-actuated propellant valves indicates

that they are very reliable., For example, on the 5-1b thruster program, a
storable bipropellant valve was used which experienced no failures in
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Table 5-6.

Thruster Characteristics for

Integrated Concepts

Specific impulse, N-sec/kg (sec)
Steady state
Pulse train (cold)
Minimum bit, N-sec (1lb-sec)
Steady state flow rate, kg/sec (1lb/sec)
Throat diameter, cm (in.)
Chamber diameter, cm (in,)
Chamber length, cm (:in.)
Nozzle length, cm (in.)
Nozzle exit diameter, cm (in.)
Nominal propellant iniet temp, K (R)
Fuel
Oxidizer
Nominal propellant inlet pressure, N/em? (psia)
Quad weight, kg (1b)
Thrust chamber assemblies (4)
Valves (8)
Redundant power supply (1)

Total

Item Mission A Mission B
Thrust, N (1b) 111 (25)
Chamber pressure, N/em? (sec) 103 (150)
Mixture ratioc 3
Nozzle area ratio 50 200

3910 (398.7){ 4002 (408.1)
3069 (313.0) 3202 (326.5)
2.2 (0.5)

0.0284 (0.0627)
0.909 (0.358)

1.90 (0.748)

18.2 (7.18)

8.15 (3.21) | 18.7 (7.35)

6.60 (2.6) 12.9 (5.1)
28 (50)
92 (165)
157 (220)
4.7 (10.4) 5.8 (12.8)
2.2 (4.8) 2.2 (4.8)
1.2 (2.7) 1.2 (2.7)
8.1 (17.9) 9.2 (20.3)

3,425,000 cycles.
this valve is 2 x 10~7 failures per cycle.
the basis for this failure rate.

The upper 50 percent confidence limit on failure rate for
The following discussion provides

Pyring the 5-1b thruster program, testing subjected three different

engines to 300,000, 50,000, and 50,000 cycles with no failures.

The

300,000-cycle series corresponded to the maximum design goal. Additional test
data were cbtained on the Moog bipropellant valve. These data include one
valve cycled 1,000,000 times on the Minuteman program and vendor tests of
27,000 cycles on each of 75 valves, These tests, including the cited engine
tests, represent 3.425 x 106 cycles without failure.

DDTSE and first unit costs have been estimated at $5.8 M and $75,000,
respectively. DDT&E cost is treated as a government-furnished procurement
(GFP) in subsequent cost comparisons since a program of that magnitude would
ordinarily be purchased in that manner.

The thruster SR&T program required is estimated by this system contrac-
tor at $51.8 M over an 18-month program. Little test experience has been
obtained for a liquid-liquid O/H thruster and none in the APS thrust level
range, Accordingly, a pre-—prototype cencept confirmation test program which
also explores concept potential and defines achievable desipn characteristics
is necessary. The program, as a minimum, should inelude thrust chamber,
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igniter, and valve development tests to verify steady state and minimum bit
performance, life, and cooling and inlet temperature condition desipgn limits
at a baseline chamber pressura. A more extensive SR&T plan would culminate
in experimental development, design verification, and peripheral (design
limit) testing of a complete thruster quad assembly. Additional specific
objectives identified by ALRC include: columbium chamber machining and
coating materials experimental investigations; testing/development of thrust
chamber cooling; determination of thermal transients and impulse bit; and
valve and igniter life testing.

Thruster refurbishment requirements were based on failure rate data. To
avoid system reliability degradation, the average replacement quantities per
vehicle over 20 missions are computed to be 22 out of the 32 thruster
valves and 2 of the 16 igniters (see Tables 5-~7 and 6-2). Thrust chamber
life exceeds the 20 mission requirements for either Mission B (54 hours) or a
main engine backup abort (17 hours),

PROPELLANT SYSTEM AND LLEMENTS
The iniegrated cryogenic APS concept selected for comparison with the

dedicated cryogenic and storable APS has the followlng basic design
characteristics:

Function Design
© Propellunt acquisition ® Capillary device with
overboard vent refill
® Propellant feed ® Pump and accumulator
® Thermodynamic control ® Expanded Hy bleed feed

line tracing and tank
wall-mounted cooling
coils

This concept has been designated I-5 to distinguish it from the other
integrated concepts which were evaluated but eliminated. Process flow and
mechanical flow diagrams for Candidate I-5 are shown in Figures 5-4 and 5-5,
The system consists of a zero-g reservoir connected to the MPS tanks and
containing capillary screens and collector tubes to supply vapor-free
propellant to a thruster feed pump. An accumulator is provided downstream of
the pump to minimize pump short cycles. The entire system is insulated with
multilayer insulation (MLI) to provide a radiation barrier and minimize heat
leaks to the cold feedlines, pumps, and tanks. The system heat loads are
absorbed by hydrogen bleed flow which is tapped off downstream of the pump
and expanded through & Joule-Thompson expander to a pressure of 7.9 N/em?
(11.4 psia) and a temperature of 35 K. This cold hydrogen bleed is first
routed through .coling coils mounted on the cutside of the zero-g reservoir.
The bleed then traces the hydrogen feed line manifold, absorbing heat through
saddleblock sepments brazed between the chill line and feed line. After
leaving the hydrogen system, the bleed is electrically heated above the
freezing temperature of oxygen and routed along the oxygen systew in a
manner similar to that for the hydrogen system, after which it is vented
overboard through the MPS vent system,

69



ALIIVND ¥O0d Jd0
SI @Hvd TVNIDIHO

0L

MPS HELIUM SUPPLY 340 N/CMZ 204K

-~
i) MPS H,, GROUND AND FLIGHT VENT SYSTEM it
T s 0, GRC UND AND FLIGHT VENT= 34 NiEM2 . l 2
— 4 1 |
|MPSLOX FILL & DRAIN SYSTEM PS LH,, FILL & DRAIZI SYSTEM ! :
% 1 t—-—‘— !
. | |
.
¢ I .
4 ' i i
\ !
i t i
. ' 1 i
H [ ] ;
MAIN LH, TANK ! ! .

i .
| i 103134 N/iem? . :
3 e 20521K ‘

[ S

L - =
i
el ars Lox nesenvar T Ty maliy KLy
x | oL -: -— rm’]
: APS LOX ACCUMULATOR™ |1 ”| " o8 M3 1 1% APSLH;RESERVOIR ! VR ' ;’"Tm
: 00129 M3 e J 10 20.312.7 Nich? I R \ oM
1 2 : H 20583K T h ! ! ) 17 HICH
: ez NieM? | o : <N g 103134 NeM2 ) . K
! 92K ! P 20521 K !
-.---9-. r‘ : "/ \ '1’_‘_ -
: X
‘E : ¢ - !»l ;
%y MAIN LOX TANK —a 4
mlE=r==—=—======:c=——z=== Y%, ¢t i 2 M Fe T mEEms === E e '
2! 10.312.7 NiCwm2 2
NiCY 1
ey 2050% K 59 NICMZ 185K
2y . ¢
= kS :
g [}
vl \‘ _ '
] —— .
. = Yo
1 ]
E N 0
' —-— —_— 1
v bty ' 1
: - N [N
] s2nCN? 256K ],
1 =~ 2 Y i
! 1 wnssion a MISSION B 'ﬁ‘s 410?905 K :1‘ :
i} i
i CHARACTERISTICS i L
ilrasiiez wemZzran ., FLOW ERIST Lox | LH, Lox | LHy s 1N6EZNICMZ Z7BR
1 2216 K FLOW/ENGINE IKG/SZC) o1 _|_pali on_ | ooz :
- BLEED FLOW (XGrHR} a o5 o s
PUM? FLOW [KG/SECI o4 | 0312 034 | o312 x
P - 103 NCt? POWER (WATTS) 3% | 1216 20| 1210
—_ e ENERGY (XWHI 139 1 72 83 | 35

I, - 3900 N-SEC'KG
MR - 31
AR N

Figure 5-4. Pump Feed, Overboard Vent Refill (I-5) Process Diagram (Metric Units)



ALFIVAD 4004 20
81 UDVd TVNIDIHO

MPS HELIUM SUPFLY 500 PSta S30°A

-
Wi

MPSH, GAROUND AND FLIGHT VENT SYSTEM

MPS 02 GAOUND AND FLIGHT VENT=5 POIA

MPS LOX FILL & DRAIN SYSTEM

- .
; APS LOX ACCUMULATOR 1
. 0040773 Vooqu
R 2051235 PSIA ; £l
' 16508 =
' oo
———=ar i t
b i
au: : - ] oy
2.4 1PsiA 122 T
e :
0 .
o, 1
L -IN "
‘ H
Ll
1
1 - AWATTS
! 3
H a
. s,,.', .......... =
' < .
e ==
] F i o il
mn L1
Bt o ¥
L 2057225 PSIA 50 R ters j*
205/235 PSIA 165°R
=il T X |
P: = 150 PStA
1 - 399,7 SEC. e
W3
25 LBF

-

I Mes LH;, FiLL &K DRAINSYSTEM ‘

Figure 5~4. Pump Feed,

\
: i
’ !
! '
MAIN LH, TANK ’
15.19.5 PSIA
37.38%R - ‘
sl
-4 :7 - 7‘=|:C|3 T
1 !
' H
IL- .| ’—4
| ' .
, 1 |
/ = L , '
—~. T___—" — ] _.’j_ _ - —
B S ELT LT APS Lk,
APSLOX RESERVOIR 114 FS1A 35°A ! -
0.283 F72 APS LHo RESERVOIR © JRA o
15-18.5 PSIA 232F73 . o | 2057235 PSIA
1631670R » 16-19.5 P3IA y _—E ¥ asor
L3 -
T 37.38% !
" \ l ‘1‘-— -
] MAIN LOX TANK H . .-} 5
; 15185 FSIA T T o =T
163-1679R / ! 10 PSTA 35°R I.
1
§ - 8 i
\ 1]
: h
1
N :
1
e e ]
= gpsiasas®R }1: -
e g P o
MISSION A MISSIGN B i: 5 PSIA 163°R i
W tla
FLOW CHARACTERISTICS vox | w, Lox | L, o ZOBRISPSIASCOR s
FLOW/ENGINE (LB/SECI 047 | ms? Da7__| 0157 2057236 PSIA 1REOR_ =
BLEED FLOW (LB HA) [H 0153 [:] 0763 -
PUMP FLOW (LBISEC 207 _(_oeo 07| om ﬂﬂﬁh ﬁ:j“
POWER WATTSI 230 1210 730 1210 -
ENERGY IKWHI 3 | 72 & 1335 X T X 3

Overboard Vent Refill (I-5) Process Diagram (English Units)
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Figure 5-5. Pump Feed, Overboard Vent Refill (I-5) Mechanical Diagram



Each component in the mechanical dlagram has a designated identification
These numbers allow correlation between
the schematic and the APS weight and cost tables presented in Tables 5-7 and
5~8, for Missions A and B, respectivaly.
DDT&E cost, first unit cost, and single vehicle refurbishment cost estimated

number shown in an adjacent circle.

for each component.

The tables present the dry weight,

The weight and cost values shown are influenced by APS

pump power supplisd by primary batteries for Mission A and an increased Tug

These options were selected on the basis
of maximum pa-load capability (discussed later in this section),
first unit, and refurbishments costs were estimated using the same estimating
techniques applied to the dedicated systems (see Section 4,3).

fuel cell capability for Mission B.

The DDT&E,

Table 5-7. Candidate I-5 Component Weights and Costs {(Mission A)
inNe QTY PER [ 17Em MEIGHT SYSTEM WEIGHY DOYCE [1ST UNIT | REFURR
VEHICLE i L33 [ L[] $1000. 81000, $1000.
FILL AND LRAIN SYSTEM i 24 4,00 { LB 1000 & 17,40 ¢ Q.01
LEX DRAIN VALVE 1} : 2.0 0.9 2.0 0.9 5.0 8,7 0.0
LH2 ORAIN VALVE 0 1 2.0 0.9 2.0 0.9 5.0 8.7 0.0
PRTSSURIZATION SYSTEM { 8} 12.00 ¢ SehY{ &0.50 £ 89,50 { 17.4)
HEL UM [S01 VALVE - LODX 3 F4 2.0 0.9 A0 1.8 23.% 17.4 B.T
FELEUM 150 YAI VE - LH2 34 4 2.0 0.9 4,0 1.8 0.4 174 8.7
PRESSURE ShiTCH -~ LOX 37 2 1.0 D5 2.0 0.9 17.1 17,4 0.0
FRESSURE SWITCH = {H2 3t 2 1.0 0.5 2.0 0.9 0,0 1T7.4 0.0
PROPELLANT CONTROL SYSTEM { 8 13.3) | S0t 32620 | 54.5) 1 LT.4)
LCK TANK CAPEILLARY CEV | B 1 O T 0.3 0.7 0.3 102.7 15.8 0.0
LHZ TANK CAPILLARY DEV [} 1 by 2 1.9 4.2 1.9 134,2 15.8 [N
«H2 BLEED RETURY SOL 15 ] 1.3 0.7 1.5 [+ Py ) 36.0 8.7 a,?
LH2 BLEED SHUTOFF wLY 38 ] 1.5 0.7 1.5% 0.7 0.0 8,7 BT
LH2 BLEEQ EXPANLER I 1 1.5 O.7 1.5 0.7 13.4 l.6 0.0
LHZ BLEED HEATER 43 1 0.5 0.2 a.9 0.2 13,0 0.8 0.4
LOX EXT CUOOLING COILS 50 1 Qa6 0.3 0.8 (<%} 13,4 1.6 0.0
Lh2 EXT COOLING COILS 50 1 2.8 1.3 2.8 1.3 13.4 1.6 0.0
PROPELLANT FEED SYSTEM t am TTaT) | 3%.2) [ 11432,65 ¢ J08.4) 1 309.41
LOX TANK (R4 L 1.2 0.9 1.2 0.5 T5.3 23.7 0.0
LOX TANK [NSULATION J 1 0.5 0.2 0.5 0.2 58,6 15.8 1%.8
LH2 TANK 13 1 %1 2.3 5,1 2.3 (-1 ] 31,6 0.0
LH2 TANK [ASULATION 9 1 0.5 a2 2.5 0.2 50.1 23.7 F4 7%
LCX TANX [SOLATION VALYE 55 1 2.0 1.4 3.0 L% 0.0 8.7 9.0
Lb2 TANK [ISCLATION WALVE 54 1 3.0 1ok 3,0 1k 0,0 8.7 0.0
LCX FEEC & [SOLAVION VLV 18 & 3.0 1.4 12.0 Sek 0.0 34.8 t.7
LH2 $EEC L ISCLLATION WLV 23 L) 3.0 1o 12.0 Sab 0. ELTY | 0.7
LOX PUMP & CRIVE 39 1 13.5 bl 13.% bal 351.4 9.3 .5
LHZ PUMP t DORIVE b 1 1T.0 T.7 17.0 TaT 702.9 19,0 1%.0
LOX PUMP CHECK VALVF 43 & 0.3 0.1 1,2 0.5 2%.2 15,2 1%.46
LhHZ PUMP CHECK WwALVE &5 L} [+ ) Qa1 1,2 0.5 0.0 15.2 1.4
1LOX ACCUMULATOR/BELLONS 4l 1 0.7 0.3 0.7 0.3 50,41 23.7 2%.7
Lh2 ACCUMULATOR/BEL)OwS L1} 1 2.7 1.0 2.2 1.0 50,1 23.7 23.7
LOX RELIEF SOLENDID 42 1 2.0 0.9 2490 .9 0.0 8.7 BT
LH2 RELIEF SOLENQID 47 )3 2.0 0.9 2.0 0.9 0.0 8.7 0T
LCX RELIEF ORIFICE 57 1 0.3 0.1 0.3 0.l 0.0 1.4 Q.0
Ltz RELIEF CRIFICE 58 1 0.3 0.1 0.3 a.l 0.8 1.6 0.
OVERBCARD VENT i 1) 14.6% 1 Gab1 [ 1575 1 205,40 1 90.10
LCX~-HELAUM VENT VALVE s 2 [+ 0.2 1.0 0.5 123.5 43,7 3.3
LH2-HEL IUM VENT VALVE 5 2 Q.5 0.2 1.0 a.5 0.0 63,2 1)
LOX VENT SOLENGIDT 24 & 1.5 0.7 6.0 2.7 0.0 .8 2,7
LH2 VENT SOLENOICS 28 & 1.% 0.7 L TY] 2.7 0,0 14,0 8.7
LCX VENY LIC POINT SENS 60 9 0.3 179 2.3 Oel 0.0 4.7 4.7
LH2 VENT L1Q PLINT SENS 59 1 0.3 0.1 0.3 Oel 38,0 4,7 4, T
THRUSTER QUAD (%0 AR} LY. 1] ¢ Tleb) | 32,.51[65810,2% (1238.T1 { 183,13}
THRUST CHAMBER & NOZILE 29 16 2.0 1.2 H1.8 18.9 5810.2 T3%.; 0.0
THRUSTER VALVES b 32 0.6 0.3 19,2 L) 0.0 252.8 1T3.0
IGNITER [+ 16 0.2 0.1 3.2 1.5 0.0 Toa8 9,5
EXCITER ¢ L) 1s9 0.9 Teb 3.4 0.0 177,90 0.0
INSTRUMENT AT ION D] i &3} Doede D.2 17.20 ToB3[1 19.80 £ B4, 4) ¢ [-T%1]
PUMP PWR SUPP = APS CHARGE { 20 2H.%) U 12.90|0 41.9% { 12.8) t 9%.2)
INVERTER b 1 11.3 Sel 11.3 5.1 41,9 T.® 0.0
PRIMARY BATTERY 9 1 17.2 T.0 17.2 T.4 0.0 4.7 a4, 8
CLHPONENT TOYAL 175 2389 10R.% TAIA& 19460,9 TIN5
LINES 2T} 12.%
IASULATICH B.2 37
CCMFCHNENT MOUNTINGS 11.9 b
DRY SYSTEM 2846,) 129.9

73




Table 5-8., Candidate I-5 Component Weights and Costs (Mission B)

ID NO| Q7Y PER i M_WEIGHT sv&vgn WE [GHT DOTAE |LST UNIT| REFURD

VEHICLE Le 3 L L0 $1000. | $1000. | $1000.

FILL AND CRALN SYSTER t 21 U 4,00 1 %.0H{( 10.00 8 1T.43 ¢ 0.00

LCX DRAIN VALVE o 1 2.0 0.9 2.0 Q.® 5.0 [ T3 0.0

LH2 ORAIN VALVE 0 1 2.0 0.9 2.0 0.9 LY 0.7 0.0

PRESSURTZAP[ON SYSTEM t a £ 12,00 1 S.atlt 40,50 1 09,50 1 1740

HELIUM §SO VALVE - LOX 38 2 2.0 0.9)] . #.0 L8 23.4 17.4 0,?

HELLUM SO VALVE - LH2 1 F 2.7 0.9 | 4.0 1.4 0.0 17.4 0T

PRESSURE SwIFCH ~ LDX 37 2 L0 0.9 2.0 a.9 17.1 1T.4 0.0

PRESSUNE SWEITCH - LH2 37 ] 1.0 0,9 2.0 0.9 00 174 0.0

PROPELLANY CONTROL SYSTEM t o O 13,31 € 6,000 326420 ¢ B85 1 17.40

LOX TANK CAPILLARY DEV 11 1 0.7 0.3 0.7 0.3 102.7 19.8 0.0

LH2 TANK CAPILLARY DEY 13 1 4.2 1.9 4.2 1.9 134,2 15.8 0.0

LH2 BLEED RETURN SOL 15 1 1.5 GaT 1.3 0.% 3.0 8.7 (84

LHZ BLEED SHUTOFF WLV 38 i 18 0.7 1.5 .7 0.0 [ %] .7

LH2 BLEED EXPANDER 1s 1 1.5 0.7 Le% 0.7 13,4 [ 1 ) .0

LHZ BLEED HEATIR 49 1 0.5 0.2 0.9 1% ] 13.0 0.0 8.0

LOX EXT COOLING COILS 50 1 [ A 0.3 0.4 0.3 134 1.9 0.0

LH2 EXY COOLING COILS 50 i 2.0 [ 1% ] 2.8 L3 Tk 18 0.0

PROPELLANT FEED SYSTEM ¢t 300 & OTTaTE U 35,20 41432.60 ¢ 308.4) { 30T.4)

LOX TANK 17 1 1.2 0.% le2 0.5 14.3 23.7 t:0

LOX TANK BTNSULATION 0 1 [N Qa2 0.5 Q.2 59.4 1%.9 19:6

LH2 TANK 19 i S.1 . 2.3 5,1 ES | [T ] 3.4 2.0

LH2 TANK INSULATION [ 1 [ ] 0.2 0.5 0.2 50.1 . 2%7 23,7

LUX TANK ISOLATION VALVE 58 i 3.0 Loy 3.0 1.4 0,9 .7 2.0

LH2 TANK ISULATION VALVE LY 1 3.0 Lo# 3.0 144 0.0 (1 ] [0

LOX FEED & ISOLATION VLV 18 4 3.0 [ Y \Z.0 .4 0.0 4.0 hr

LHZ2 FEEC & ISOLATION wLV 20 4 3.0 1s4 12.0 Seb 0.0 3.0 07

LOX PUNP & GRIVE 39 1 13.9 sl 13.5 1 I5L.4 9.5 9.9

LHZ PUMP & DRIVE 44 1 t7.0 T.7 17.0 7.7 T02.9 19.0 %0

LOX PUMP CHECK VALVE 49 4 0.3 0al ! le2 G 27.2 15.2 ™6

LH2 PUMF {HECK VALVE 45 4 .3 0.1 le2 0.8 9.0 15.2 1.4

LOX ACCUMULATOR/BELLONS 4l 1 07 0.3 0.7 0.3 530.1 25,7 237

LHZ ACCUMULATOR/BELLONS 46 1 2.2 [ ] 2.2 1.9 50.1 T 237

LOX RELIEF SOLENDID 42 1 2.0 0.9 2.0 0.% 0.0 .1 0.7

LH2 RELIEF SOLEMMID AT 1 2.0 0.9 2.0 0.9 0.0 [ 54 5.7

LOX RELIEF DRIFICE 17 1 0.3 0.1 0.3 0.l 0.0 1.4 * 0el

LH2 RELIEF ORIFICE 58 1 0.3 0.1 0.3 G 2.0 1.6 0.8

OVENBOARD VENT T 18  La.8) C 6BVt 157911 205,40 1 %0.10

LOX-HEL 1M VENT VAL\E s 2 0.5 042 1.0 0.5 123,5 63,7 3.8

LHZ-HEL IUM VENT VALVE 5 2 0. Qa2 1.0 Qo5 0.0 3.2 3.6

LOX VENT SOLENOIDS 24 4 1.% 0.7 6.0 2.1 0.0 34,0 0.7

LHZ VENT SOLENOIDS 28 4 1.5 0.7 o0 2.7 0.0 M. 0.7

LOx VENT LIQ POINT SENS 60 1 Q.3 0.1 0.3 0.1 g.0 4.7 4,7

LH2 VENT LIQ PUINT SENS 59 . 1 0.3 Q.1 0.3 0.1 14,0 4,7 4.7

THRUSTER QUAD {200 AR) { ent { 81.21 © 36,03 15010.71 11251.40 ( 183.90

THRUST CHAMBER & NOZILE 29 14 3.2 1.9 5h.2 23.2 | 9010.7 43,1 . Dat |

THRUSTER VALVES 0 3z 0.6 0.3 19,2 [ 0.0 292.8 1738

1GHITER b 16 0.2 0.1 3.2 1.8 0.0 5.8 .9

EXCITER 0 4 l.% 0.9 Tab 34 [ 117.9 [ X

IHSTRUMENT AT 1ON ] {43 0.4 Oe2 |1 1720 1 ToBH[E 19,80 § -S441 0 8.9

PUMP PR SUF? =~ APS CHARGE [ Y 1 34,70 { 24001 Al.9 2.3 0 0.8

INVERTER Q ] l.3 5.1 113 3.1 41,7 1.9 Ou |

FUEL CELL 0 2 18.2 7.3 32.4 14.7 0.0 15.9 0.0

FUEL CELL RADIATOR ] 1 Ll.0 5.0 11.0 5.0 0.0 0.0 0.0

COMPONENT TOTAL 117 274,.7 126.6 | TO39.6  1985.4 §2%.0
LINES 27.3 12.4
INSULAT LON 8.2 3.7
COMPCNENT MOUNTINGS 13.7 a2
DAY SYSTEN 32%.9 1489

Tables 5-9 and 5-1C present Tug stage weight statements for Missions 4
and B, The payload weights are based on perfc:mance as shown in the mission
timelines of Tables 5-11 and 5-12. Together w.th reliability assessments,
this weight and cost data comprise the primary basis for comparison with the
selected dedicated systems and storable APS desdigns.

Table 5-13 summarizes the major reliability drivers for the I-5 integrated
cryogenic APS concept. The table lists failure modes, the comporents involved,
their generic failure rate, and a definition of thelr redundancy arrangement
for each of the components causing a significant contribution to the total
number of failures in the APS per Tug mission. The summation of the failure
contributions (X 10~©) subtracted from 1.0 yields a 0.9935 predicted
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OF FHOR QUALITY 74



S

Table 5-9., Concept I-5 Stage Weight Statement Table 5-10. Concint I-5 Stage Weight Statement
(Mission A) (Mission B)
Y
DESCR IPTION WEIGHT CESCR 1PT1ON WETGHY
LB I KG LB T XG
THERMAL CONTFOL ) { 39} ( 179.) THERMAL CONTROL ¢ 39%a) 1794}
ASTRIONICS (10120 € 459.) ASTRIDHCS {10120 459.)
OROPUL STON ( 14C8.) { 639,]) PROPLL S ION: { lebbad { 655.}
MAIN PROPULSION N A § &1 3 509. e TN 52 DPULS [ON 1122, 09,
AUXTLTARY PROPULSION 286. 130. AUX{LTARY PROPULSION 322. 146.
DRY WE IGHT 4910. 22271. NRY WE 1GHT 4973. 2256.
CONT TNGENCY (13%) £38. 289. CONT INGENCY {13%} 646 293,
TOTAL DRY SYSTEM | . 5548, &517. TOTAL DRY SYSTEM 5619, 2549,
NONUSUARBLE FLUTDS t 536.1 1 2434} NONUSUARLE FLUIDS t S43.) (2464}
APS TRAPPED PROPELLANT 10. 5. APS TRAPPED PROPELLANT 10. 5.
MPS TRAPPED PROPELLANT 154, 70. MPS TRAPPED PROPELLANT b v 54 70,
MPS PRESSURANT 3r2. 169, MPS DRESSURANT i 37en 1120
FLIGHT RESERVES ST 221 1 4l FLIGHT RESERVES € 312, 1e2.)
APS RESERVE™ 3. l. APS RESERVE® o 3.
MPS RESERVE 318. 144, MPS RESERVE 308. 140,
BLANDUT WETGHT 6405, 2905. FURNOUT WEIGHT 6474 29317,
‘EXPENDED FLUIDS ST T 5061940 122960 FXPENDED FLUJDS 151086.)  (23171.)
APS USUABLE PRIPELLANT 452. 203. APS USUABLE PRIPELLANT 2466. 1119.
APS LH2 BLEEO OVERBOARD 13. 6. APS LH2 RLEED DvERBOARD 13. 6o
PS RDELOFF VENTED 150. 68. MPS BOiLOFF VENTED 150. 88.
—___FUEL CELL REACTANTS _ 133, . 60, FUFL CELL REACTANTS 15T 62
' L
PAYLOAD { 5373.) 1 2437.}): PAYLDAD { wB39.2 { 2195.)
GROSS WEIGHT AT LEBITER SEP 62397.  28303. GROSS WETGHT AT ORBITER SEP 62397. 28303,
TUG CHARGEABLE INTERFACES .._ | L 2603.0 ( 1181.x G CHARGEABLE INTERFACES { 2603.) t 1181.)
‘GROSS LIFYOFF WEIGHT 65000, 29483, GROSS LIFTOFF WEIGHT 1 6%000.  294R3.

#includes RSS with MPS reserve of 10% of APS translate and attitude control propellant, and 2% of

orbit maneuver delta-V (Miss

ion B).




Table 5-11.

Battery Option (Mission A)

Hisgien Timeline for Propulsion Events - Concept I-5,

MESSION . N B FUYER JAPS TRANSLATE] ATY STYMAY]  INERTIAS
TIME nﬂouurmu‘ DESCRIPTION M(DE JENG DV| DV I [ (7] 1T [CONT IT|WELIGHY KG~M
W _MIN W7SEC] mrsec] NesEC| mrsec) W-SEC] M-sEC xG ROLL T PITCH
0 0 LIFTOFF
1 SHUTTLE BURNOUT
1.63 | 2 138  CIKCULARTLE AT 296 N 29683 L
175 1. 3 0 ¥ __DEPLOY TUG, APS e 3 _95)50 . 2664 128303 |16483 494134
5.38 | & & 38 COAST NO 1 2835 128278 (18682 495863
6.4 | 5 0 3 PMASING ORBIT INSERTION WALN 163 z 4105 8962 |28273 |Lessl 495809
TeTo [ 6 1 19  COAST NO 2 2630 | 27268 (16554 e8MT5Z
7T.99 {7 0 1%  TRANSFER ORSIT ENSERTION HALN| 238 2 4153 8986 [27266 |16550 484732
8.02 | & 0 2  MIDCOURSE COARECT (DV I} PIM 14 220826 - S443 6437 |36125 [L51a1 355896
13:13 1 9 5 & COAST NO 3 e e 2A30 116065 115133 353138
12.26 |10 O & MWISSION ORBLY INSERTEON WATN| 1784 [ 440 6533 [16060 [E3132 35%0T1
13.30 |11 © 2 ORIENT PAYLDAD APS L . 17 11 1535 [ 10834 [ L4ATO 284LT2
13,30 |42 @ 0 OERLOY PAYLOAD L [ 812 KG} 10824 ]14448 284024
13.41 |13 0 7 PAYLOAD SURVETLLANCE APS 9 100892 1255 [10001 [1234k 227922
. 37,16 |&4 23 &% LCOAST NO & : 2631 | 9985 L2342 22788
37,19 |15 F. SERT LDV 2} N B3 821001 . _ b 406T 85133 | 9965 L2340 227323}
#9.34 [1& 52 ©® COAST NO S 4312 | 9778 [12316 224873
89.°7 |17 0 2 MISSION DRBET INSERT {OV 3)[MAIN B3 801617 7 4828 A0TS | 9730 12310 22429%
§%:41 (18 O 2 (QRIENT PAYLOAD APS 3 320088 1203 | 9548 |L27200 22107
89.41 |19 0 O DEPLDY PAYLOAD 2 ( #12 MG) 9533 |12285 221745
89.51 |20 0 &  PAYLOAD SURVEILLAMCE APS 9 87903 a8 | 8723 |10163 157532
[ e e e A27% 1 BTOD JLOWGG L3T2TR]
95,37 [22 0 2  FHASING DRAIT INSERT DV &) |AAIN 83 Tled3s T 4582 2877 | 8695 |1015) 151221
147.52 |23 52 9 COAST ND 7 “ 4583 | es2y [L0138 133370
14T+5% |24 0 2 MISSION ORBIY INSERY {0V S}IMAIN 83  8S4379 7 454) 2635 | Beds [10132 154878
147.58 [25 0 2 OALENT PAYLOAD APS 3 21977 840 | 8322 (10112 153062
147,58 |26 0 0 DEPLOY PAYLOAD 3 { B12 KG) 83L& |LOLLL 152979
14747 [2Y O S S&AY.0AD SURYEILLANCE APS [ 9....33602  A6T ]| 7302 I TIRE TH940)
150.1% 128 2 31 COAST WO 8 681 | Tem2 | TOBM TATAD
190,27 29 O S TRANSFER DRBIY INSERTION NAIN| 171 [} 4278 1494 | 7480 | 7985 T&TIS
155.44 {30 5 10 COAST NO % . ars | 5048 | TeTT 51760
155.47 {34 0 2  MIDCOURSE COARECY 4DV &t THIN 12 613317 10 1687 994 | SOA3 | TaTe SLTZ
155.54 |32 0 & PHASING ORBIT INSERTION MAIN{ 1890 10 3680 1027 | s021 | Tery 51499
157,63 2. 8 __COASY NO 10 e e . _.- A80 ] 3856 1 Tvi3 256401
157,68 (34 0 3 CINCULAREZE FOR RENDEZVOUS |MAIN 158 12 34 722 | 3454 | ThT5  3%a2i
163.56 [35 5 53 COASY NO it 973 | 2917 | 1407 29910
16%.59 |36 0 7  SHUTTLE RENDEZIVOUS AND DOCK|ASS B 24438 200 | 2912 | Y405 29864
163,59 |37 0 0  SHUTTLE DEORBIT 2906 | 7405 29084
164,29 |38 0 &2  TOUCHDOWN 1 —
R — | 2539 __23R 3317493 126 714043  A4AQO §_ N [ §
CTEERT] T : SURN | WaIN e iy TRA TE| arT TART] INERTIA
YINE |NOJDURATION DESCRIPTION WOOE JENG DV] v I [ DY 1T JCINT IT[WElGHT| _SLU5-F
HR HR NIN FT/SEC] FY/SEC )L 8~SEC|ET/SEC|LA-SEC|LN-SES L8 RULL] PITCH
) I 00 CIFTOFF .
.f 1 SHUTTLE BURNDUT
1«83 | 2 1 38 CIRCULARIZE AT 160 NN 45000
1.7 | 3 o T DEPLOY TWG 1.3 1 P4 ¢ L1 599 162397 112306 365938)
6,380 | & & 38 COAST ND 1 ‘ 637 (w2342 [12304 385732
643 | 3 0 3 PHASING DABIT INSERTIDN MALN 1313 2 4103 2034 182332 [12303 345698
TaT4 | & 1 19 COAST NO 2 . 593 [40416 | 12209 257340
[ 7.9 [T 0 1% TRANSFER ORBIT INSERTVION MAIN]| TG1T 2 4383 2020 [e0112 T12209 3571828
8.02 18 O 2 MIDLOURSE CORRECT 1DV 1) PIN A5 A9e4é 4 LTS ] 1447 35583 111147 26249
13,13 | % & COASY NO ) . ) TR LT MANY 9
13.26 |10 0 8 MISSION ORRITY INSEXTIOF MATN| 5854 [3 [T) L1A&9 [35%D7 (11181 261531
13.30 |11 @ 2  ORIENT PAYLODAD APS 10 sias 345 [ 23884 | 10672 209897
11330 112 0 o DEPLOY PAYLDAD L (L1791 LB) 23883 | LO4ATL 209488
13 0 T  PAYLIAD SURVEILLANGE APS 10 22681 282 122072 | 9104 Yanloy
14 23 45 COAST ND 4 . 592 [ 22014 | 9103 LéTVE6L
IS ©_2  PHASING ONBTT INSERT _(nY 21| MAtN 273 184588 [y 88T 929 21969 | % LT
16 82 9 COASTND % 969 [2154% | 9084 155840
17 0 2  MISSION DAMIT INSERT {0V 3)] MAIN 273 180211 1 4828 91T |21451 | 9079 14543
18 0 2 ORISNT PAYLDAD Aps 10 1213 270 (21041 | 9082 163650
19 0 © DEPLOY PAYLDAC 2 . J1 LB) 21022 | 9061 la3sSey
20 0 &  PAYLDAD SURYEILLANCE APS 30 19763 199 19231 | 7498 1181W1
21 5 80___COASY NO & B _ 208 {15181 | 7e9y L180Q08]
22 G 2 PHASING ORBIV INSERT (DV &) MATN 2713 161092 ¥ (311 AT (19189 | 7493 11998
2y 32 9 COAST NO 7 1053 |18002 | T4TT Ll14Sey
24 0 2 MISSION ORBIT INSERT {DV Si) mAIN 272 156%52 T 4541 637 (18704 | TATI 114229
2% D 2 ORIENT PAYLOAD APS 10 6289 189 {18348 | 7450 112894
24 0 O DEPLDY PAYLOAD 3 (1791 LB) 18330 | TAST LL2833) .
27 0 % _ SAYLDAD SURVERILLANCE APS 30 18996 105 [1e%39 | 5892 5a7A9
20 23 COAST RO &8 153 [1s4es | s890 55601
29 D 5 TYRANSFER ORBIT INSERTION MAIN} 5843 ] 4278 336 {16481 | 3890 35838
s J1%%.48 |30 5 10 COAST ND @ 197 [11128 | saaZz 38182
185.4T |31 0 2  MINCOURSE COMRECTY (OV &) THIN 40 13783 10 BT 223 G118 | £.52 3slaam
155.84 132 0 &  PHRSING DRBJT SNSERTION MATN] 5548 10 3880 231 [11070 | %30 37984
157,63 |3 2 5 COASY ND 10 e - 100 5 THLL | 3313 26140
157.68 |34 0 3  CIRCULARTZE FOR RENDZIVOUS | WATIN| 2487 12 3141 162 | 1614 | SS13 28126
183,56 |38 8 §3  COAST ND 1 219 | 632% | SAGY 22048
183.59 [3 0 2  SHUTTLE RENDE?VOUS AND DOCK| ApS 25 5498 45 | 6420 | cas2 22027
163.%9 |37 0 O  SHUTTLE DEORBIY 5408 | 5482 22027
184,29 {38 0 42  YOUCHDOWM
TOTALS _ o [ 20060 11T6  TAS302 234 160973 . 19084
*
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Table 5-12. Mission Timeline for Propulsion Events - Concepe . -5,
Fuel Cell Option (Mission B)
jL] WNT : (| STARTL INERTIAS
 TINE  [NO | OURATION DESCRIPTION uncnr_i, -n" B
e W]y 11 [\ 100
| 0 0 LIFTOFF ]
1 SHUTTLE BURANOUT
1«43 | 2 1 38 CIRCULARLEZE AT 296 XM 29403
1.79 3 O T APS e . ¥ 8813 2584 124303 {16082 477401
.30 | & & 38 COASY NO 1 2762 | 20278 (14079 477218
643 | % 0 3 PHASING DASIT INSERTION HALN 143 2 4222 0626 | 28274 | 16078 4TT164
| r15 1 & 119 cCcOAST WO 2 2539 (27209 | \5951 466249
.00 | 7 0 15 TRANSFER DABIT [NSERTION WAIN| 2383 2 4469 8659 | 27247 [L15951 446229
| 9.30 | 8 018 NIDCOURSE CORRECT ¢(DV 13 |iPS 15 270887 1884 | 16127 14938 3%01SE
§1%.12 ]9 4 SO COASY NO 3 e e e 2050 1 16057 114529 329327
13,20 110 O ® WISSION OABET INSERTION MATK] 1784 s 5402 6252 116054 [14529 139272
13.30 |11 0 2 ORYENT PAYLOAD APS 3 38400 1467 | L0830 | 13860 271460
_§-13:32 112 0 0 DEPLOY PAYLOAD § [ 732 KG) . 10820 113885 271525
] 13.41 [t3 @ T PAYLOAD SURVEILLANCE APS 9 10tsT0 1207 |Looes |114%¢ 21A702
1 36.14 14 22 46 COAST NO 4 2568 |10063 [11930 218384
137,19 j15 1 3 PHASING ORDIT IMSERT (DV 211ASS —— L I k111 . 1463 1AQ04Y | L1948 215140
90.38 [16 St 10 COAST ND 5 R 307 | 9808 [11918 215234
09.37 |17 1 1 MISSIIN ORBIT INSERT (DY 3) |APS 8% 909870 1438 | 978& [ L1912 214684
] wvsan Jte 0 2 ORIENT PAYLOAD irs 32056 1150 | 9535 11003 21143]
#%.41 (19 0 O DEPLDY PAYLOAD 2 ( 732 KG) 9527 F11882 211727
§%.51 |20 0 & PAYLDAD SURVETLLANCE APS 9  m863s 857 | 8798 | 99TL 152204
$5, 45 121 4 57 COAST NOD. & . _ 1. ., ... L1194 ar7} 9968 151960
93,37 [22 0 55 PHASING ORBIY INSERT {nv #}[Ars 85 814932 1128 | ates | 9947 151911
186,44 123 51 16 C[DASY ND ¥ 4671 | 8583 | 9941 14968%
d1a7.%54 |28 0 36 MISSION DRBLT INSERT (DV SY]APS 85 193689 L1o8 | asis | 9936 149177
147.54 (25 0 2 ORIENT PAYLDAD ArS 3 27968 808 | 8319 | 9910 1446987
147.580 [26 0 O DEPLOY PAYLOAD 3 ¢ 732 KG) 312 | 9910 146907
187,66 127 0 % PAYLOAD SURVEILLANCE _ _  aP§ 1. 9 T4393 471 ] 1580 | Te9D  TTTe4
150.19 |28 2 31 COAST NO 8 685 | Thal | T9Uh  TTSAL
1%0.27 |29 0 5 TRANSFER ORALT TNSERYION MAIN] 1781 7 4264 1511 | 7859 | 1995 TIs23
y(135.37 {30 3 6 COAST ND 9 ATl | %101 | TeBs 52313
153.47 [31 0 & HIDCOURSE CORRECT (DY &} APS 15 a5532 367 | s098 | Tens 52267
155.%3 [32 0 & PHASING ORBIT INSERTION MAEN] 169D 10 3572 L039 | SOTS | 7480 52046
e1157,62 J33 2 5 COAST MO RO _ . . _b._. 1 .. ~ o 480 | 3492 | T4RD 35218
157.67 [34 0 3 CIRCULARTZE FOR RENDEZVOUS [MAIN 150 12 3i3s T30 | 3491 | 7419 235799
163.56 |35 5 53 COAST NO L1 973 | 2948 | 74ll 30238
1163.%8 ]38 0 2 SHUTTLE RENDEZVOUS AND DOCK|APS 8 24T20 203 | 2943 | 7450 30182
163.58 |37 0 O SHUTTLE NEORAIT 2937 | 7409 M
4,20 138 0 42  TOUCHOOWH
e . 8559 370 3812165 A5 595300 59127
MISSION EVENT aurN| MATN JORD MANEUVER | APS YRANSLAYE| AfrY START, [INERTIAS
TiME unluunarrnu DESCRIPTION WO0E ﬁuo ov| ov [ DV ’ 1T {CINT IT{WEIGHT] G=FT
__HR o MIN FT/SECIFT/SECILB-SECI FT/SECILB-SEC|LA-S L8 201} T PITCH
0 0 LIFTOFF
1 SHUTTLE BURNOUT
t-63 | 2 1 38 CINCULARIZE AT 160 NM 55000
4 1.7% 1 3 0 T DEMOY TUG = _ APS 19 2139} 5T 162397 | L1862 352177
6.30 | 4 4 38 COAST NO 1 16 | 62343 [ 11859 3s198l
8.43 | 5 0 3 PHASING DRBIT INSERTIUN MAIN 534 2z %222 1939 |42333 {11859 351943
7«75 ] 6 L 19 COAST KO 2 570 {80217 {11765 343892
8.00 | T 0 1% TRANSFER ORBTT INSERTION MATN| 7817 4489 1947 | 60113 | 11765 343878
8.30 | » o018 WIDCOURSE CORRECT (DV 1) APS 50 4DBAB 423 | 35554 | L0723 250888
13.12 | 9 & %50 CDASY WO 3 o ) ) 461 | 35403 | LOTLT 250278
13.26 (10 0 A MISSTON DRAIT INSEATION MaAIN| SB54 5 5482 1406 | 33393 10716 250237
13.30 {11 0 2 ORIENT PAYLOAD APS 10 8145 330 | 23875 10227 200369
F13%.20 [12 0 0 DEPLOY PAYLDAD 1 {1613 L8) 23854 110227 200269
13.41 J13 0 7 PAYLOAD SURVELLLANCE APS 30 22856 2TL |22241 | 6617 141308
36.19 16 22 44 COAST NO & : 577 |2218% | #4814 161074
AT.19 1% 1 .3 PHASING QRPBIT _INSERT {0V 21]APS | _ 280 2103%3 329 f2ae14l | BB12 16089%
88.3% [16 51 10 COAST NO 5 968 |21623 | aT90 158751
89,37 |17 L 1 MISSION ORBIT INSERT (DY 31|4ps W0 204502 323 |21525 | 8786 150345
B9.41 |18 0 2 ORIENT PAYLDAD APS 10 1208 258 | 23021 | A765 156241
89.41 |19 0 0 DEPLOY PAYLJAD 2 [1613 LR} 21003 | 8764 156146
89.51 |20 O & PAYLOAD SURVELLANCE APS 0 19926 193 |19290 | 73%4 112263
] 94,45 12) & 5T COAST ND 6 __ . _ 268 119340 7352 112082
95,37 [2 D 5% PHASING ORBIT INSERY (DV %1 [aPs 280 1838654 253 |1o331 | 1352 11Z0%e
tes.64 123 SI 5 COAST ND 7 1050 {18878 | 7332 110389
147.%4 124 O b4  AISSION ORBIT TNSERT {DV 51| APS 280 1VRL24 249 | 18780 | 732B 110029
4%, 56 {25 0 2 ORIENT PAYLOAD APS 10 62RA 182 [18341 | 7316 104413
14%.58 |26 0 0 TDEPLDY PAYLOAD 3 {1613 LB) 18325 | 73(9 10B3SS
147,66 (27 0 5  PAYLIAD SURYVEILLANCE APS 0 1TLTA 106 (16712 | 5899 57342
170,19 [28 2 31 COAST NO 8 154 |16669 | 5897 sTi9s
150.27 |29 0 5  TRANSFER DRBIT INSERTION WAIN| 5843 7 4264 340 jlbbb4 | 507 £7(T9
155,17 a0 % & COASY NO 9 196 | 11245 | Sont 34585
155.4 !'31 0 & MIDCOURSE CORRECT (Dv &} APS 50 19228 78 |11235 | 5667 3IBSS1
155.53 |32 0 & PHASING DRBIT INSERTION MATN| 5545 10 JaT2 233 |11188 | 5665 138348
157.62 |33 2 S CDAST NO 10 108 | 7699 | 5517 4ale
5T.47 |36 0 3 CIRCULARIZE FOR RENDFZVO)S (Matn| 2s4em 12 3136 164 | T695 | S51T 26404
187,56 |35 5 §3  COAST NO 11 219 | &40 | S48 22301
147.%8 |36 3 2 SHUTTLE REMNELVOUS AND DOCK| APS 25 5567 ot } 6483 | 5465 22261
163.50 3T 0 0 SHUTTLE DEORBIT 8474 | 5485 22261
166.28 {38 0 42 TOMCHDDWN
TOTALS 28081 1220 B57009 193 133829 L5540
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Table 5-13, Reliability Summary

GENERIC
FAILURE RATE FATLURE CONTRIB
SYSTEM | FAILURE MODE COMPONENT (10-6_HR) REDUNDANCY PER 106 MISSIONS
CRYO I-5| THRUST LOSS | THRUSTER (16) 0.76 14 OF 16 )
PROP 1055 THRUSTER VALVE {32) | 4.8 QUAD ISOLATION || 694
ISOLATION VALVE (8) | 6.5 (STANDBY)
ACCUMULATOR (2) 3.13(1.56)° [NONE 4496 (2248)
TANK (2) 0.2976 NONE 98
REFILL VENT (8) 9.0 QUAD CONNECTED | 27
PRESS LOSS He RELIEF VALVE 24; 9.0 STANDBY 43 6470
He PRESS SWITCH (4 | 8.0 NONE 160 E - 9935
PROP OVER TEMP |BLEED SOLENOID {1) | 6.5 NONE 240 ("9958)
BLEED EXPANCER (1) | 0.15 NONE 123 .
PROP FEED LOSS | PUMP/MOTOR (2) 3.0 NONE 5
FEED CHECK VALVE (8) | 9.0 QUAD CONNECTED | 109
ALL OTHER - - 475 J

Note: Generic failure rates are from Table 4-9 unless updated in Section 5-2,

reliability compared to a goal of 0.996. Several potential reliability
improvement techniques have been identified, however, that lead to the con-
clusion that the reliability goal is achievable., Some of these techniques
are discussed in the following sections; for example, halving the
accumulator failure rate by conducting SR&T life cycle tests would result in
a veli{ability of 0.9955.

The objective of the APS tankage and feed system is to satisfy
continuously the following thruster inlet requiremeants:

o y
Pressure, N/em (psia)
Minimum 134 (195) 134 (195)
Nominal 151 (220) 151 (220)
Maximum 16y (245) 169 (245
Temperature, K (R)
Minimum 90.5 (163) 20.6 (37}
Nominal 91.8 (165 27.8 (50)
Maximum : ill (200) 30.6 (55)

Four functional areas of the system are influenced by these requirems: "~
the zero-~g reservcir, pump, accumulator, and the thermodynamic control syscem.
Each of these areas is discussed in terms of ite design, operation, perform-
ance, reliability, cost and refurbishment requirements, and SR&T goals.

Zexo~-G Reservoir

A conceptual desipn of the zero-g reservoir is presented on Figure 5-6
along with a summary of its weipht, reliability, and cost characteristics for

both LOX and LHy. The LH, rcservoir is shown as represgentative cince the
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INLET VERT
ACQUISITION TUBES

325 X 2300 MESH SCREEN
- 5 PLACES

165 X BOD MESH SCREEH

CHARACTERISTICS LOX Lk,
X ORY WEIGHT KGB(LB‘;* 1.4(3.0) | 5.7(12.6)
. VOLUME, M3 (FT°) 0.008{.28)|0,065 {2.3)
o ” \\ PROPELLANT cmcm KG (LB} ) 9.1(20.1)] 4.5{10.0)

& R LOWER COMPARTMENT | EQUIVALENT IMPULSE, N-SEC (LB-SEC) 47150 msoo)

BLEED LINE bt ATTITUBE HOLD CAPABILITY (HR)

— 3 TRAPPED LIQUID RESIDUAL.KG (LB) p.4(0. 9) 0.3(0.51
PUMP T0 ACCUMULATOR RELIABILITY* 426 S126

] FAILURES/10°% R . .
T AR FAILURE RATE SOURCE APOLLO, P72-2, JPL

™ ' COST {$100C)*
PR SR&T 500
DOTAE 250.0 264.5
15T UNIT | ‘s6.s 72.7

LHz RESERVOIR SHQWN
. *IHCLUDING TANK, INSULATION, COOLING COILS,
AND CAPILLARY DEVICES

Figure 5-6. Integrated Cryogenic APS Zero-G Reservoir

design of the LOX reservoilr is similar. The reservoir is divided into two
compartments separated by a 165 x 800 mesh capillary barrier. The upper
compartuwent has tha capability of being refilled (purged of vapor) during
each of the APS translational maneuvers and MPS burns. The lower compartment
offers a degree of redundancy. The design is such that under normal
operating conditlons, no vapor will enter the lower compartment until
depletion of the upper compartment, However, should an off-design condition
occur, the lower compartment can accumulate some vapor before any vapor is
drawn into the acquisition tubes and on to the APS pump. As the thermal
control system condenses this vapor, the capillary acqi isition tubes will
replenish the lower compartment with more liquid.

The acquisition tubes provide a communication path for liquid from the
t.per to the lower compartment. They are arranged to be in contract with
rinuid under any adverse acceleration that might be imposed. The 325 x 2300
Dutch twill self-wicking screen covers are designed tc be wetted during the
entire mission. In this way these screens will preferentially pass liquid
wiile blocking vapor flow due to the bu'ble pressure at the liquid/vapor
interface.

Figure 5-7 presents a timeline profile over the reference mission for the
liquid propellant level in the LH., zero-g reservoir. This profile is based on
worst—-case propellant orientation"within the MPS tank. Thus any APS propellant
demand during perlods when liquid is not positively settled will result in a
reduction of reservoir liquid level as vapor is drawn from the MPS tank.
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Figure 5-7. Hydrogen Reserv..r Propellant Profile

The rapid drops in liquid level shown in the figure result from APS
propellant withdrawal during the inirial »e:pellant settling period of a
translational maneuver, while tle slower drops are due to attitude control
operation and hydrogen bleed for thermal control.

After the propellants are settled during either an MPS or APS translation
maneuver, the refill overboard vent valves are opened and the zero-g
reservoir is replenished to 100 percent liquid. RBaffles in the tank vent exit
minimize losses due to liquid entrainment above which liquid point sensors
are installed to activate closure of the vent valves. APS propellant demand
for the remainder of the linear translation is provided br a direct flow of
liquid from the MPS tank through the reservoir and into the APS pump. Thus
the reservoir size 13 not affected by extended APS linear translation burns.
In addition, since APS operation was assumed for propellant settling prior to
any MPS burn, vapor accumulation in the zero-g reservoir is the same for
either Mission A or B.

Typical liquid propellant orientations within the APS zero-g reservoir
are illustrated in Figure 5-8 for zero-g coast and for MPS burn phases. To
avoid liquid draining and gas entry into the collector tubes during MPS burn,
the capillary screens must be sized to provide a bubble pressure greater than
the static head (Dimension X in the figure). The maximuwn vehicle axial
acceleration that can be imposed without draining of the 325 x 2300 mesh
screen—covered collector tubes is shown in Figure 5-9 as a function of
hydrogen liquid fraction remaining within the reservoir. Also shown is the
upper envelope of acceleration and liquid fraction conditions pradicted from
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VAPOR
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% ACCELERATION

LIQUID LIQUID

TYPICAL PROPELLANT ORIENTATION IN TYPICAL PROPELLANT QRIENTATION IN
*  RESERVOIR PRICR TO APS SETTLING RESERVOIR DURING MPS BURM

Figure 5-8. Stabllity o. Capillary Collectors During MPS Firing
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Figure 5-9. Capability and Operating Envelope fnr Screened Collector Tubes

the mission profile of Figure 5-7. The collector tube screens have been
designed for a minimum safety factor of 2 in preventing vapor entry.

81



The total impulse capacity of the LOX and LHy zero-g reservoirs is
equivalent to 47151 N-sec (10600 lb-sec), of which 78 percent is contained in
the upper compartment, For the maximum propellant consumption period shown on
Figure 5-7, this capacity provides a margin of 2825 N-sec (635 lb-sec), or
6 percent of the reservoir volume, before vapor would break into the lower
compartment and 80.6 N-sec (1802 lb-sec), or 17 percent of the reservoir
volume, before vapor could be drawn into the pump.

Although there are currently no indications that other Tug missions
would impose more severe impulse or static head requirements on the design of
the zero-g reservoir, additional capability can be provided by an extra zero-g
reservolr refill operation accomplished during an additional APS linear
translation burn.

The reliability of the LOX and LH; zero-g reservoirs has been estimated
to be 0.426 and 0.5126 fallures per million hours, respectively, based on
generic failure rates for cryogenic tanks, capilllary devices, and lines and
fitiings of 0.2976, 0,023, and 0,02 failures per million hours, respectively.
The generic failure rates were multiplied by cryogenic K factors of 3.0 for
LOX and 5.0 for LHs. The sources of reliability data are the Apollo program
for the tanks, P72-¢ Spacecraft heat pipe suppliers for the capilllary devizes,
and JPL for the lines and fittings.

SR&T requirements for the zero-g reservoir are dictated primarily by the
internal capillary devices., Although similar devices are operational with
storable propellant, no flight experience exists for cryogenic propellants.
However, theoretical analyses, fluid properties research, and scale model drop
and pushover flight tests (short duration zero-g tests), accomplished in a
serles of research programs carried out for more than a decade, have placed
cryogenic capillary device technology on a sound basis. More recently, sub-
scale and full-scale test programs have been carried out at minus one g,
{references 11, 12, and 13) and additional work is currently in progress
(Reference 14). The objective of Tug APS SR&T in the capillary device area is
to apply these well-developed simulation and experiment analysils techniques to
a full-scale APS prototype design. No technology advance is needed, but
concept confirmation is required. The experimental program would take the
form of prototype hardware subjected to operational thermal conditions and
negative one g demonstration of retention and feedout capability. The test
program is considered to involve validation of thermal control aspects as
much as capillary phenomena influences. This is because the two factors are
intimately related. Capillary device performance is tied to the design's
ability to avoid wvapor formation and retain suppression head subcooling at
critical points within the device and in the operational cy:zle,

f:opellant refill of the APS propellant reservoir with venting of vapor
to space also involves technological problems requiring SR&T., The vent line
must have a flow restrictor so that during steady £low, reservoir pressure
does not drop enough to cause propellant flashing. As long as the flashing
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does not occur within the capillary collectors, the loss of propellant is small,
and effects inconsequential. To assure that liquid is not vented to space,

a liquid sensor at the top of the reservoir, which acilvates the vent valve,
is provided. Propellant sloshing may wet the sensor and could cause premature
valve closure if appropriate design provisions are not explored in SRAT.
Another problem which must be faced during refill is thermal and thermodynamic
state control, The contents of the reservoir are subcooled with respect to
the propellant in the main tank due to the cooling of the thermodynamic vent
system. The introduction of large quantities of warmer liquid during refill
temporarily overloads the thermodynamic vent system. Several hours are
required to cool the reservoir's contents to steady state level. The thermal
isolation and thermodynamic cooling systems must be designed to prevent
boiling of propellant within the collectoxr tubes during this period. SR&T

testing analysis will be necessary to define the map of acceptable
characteristics,

The astimated cost of an SR&T program for concept validation of both a
LOX and LH, zero-g reservoir ranges from a lcw of $300,000 to a high $700,000
with a mean value of $500,000 and $130,000 one sigma uncertainty.

Pump

A conceptu. design of the baseline APS pump is presented in Figure 5-10.
A positive displacement piston pump was selected as baseline while a vane
pump, shown in Figure 5-11, is identified as a competitive alternaté. Positive
displacement pumps were selected for the integrated cryogenic APS because of
their superior efficiency at reasonable design speeds. This cholce is
considered in more detail in Section 5.3.

The design requirements and operating conditions for the APS pump are
listed in Table 5-14. Table 5-15 presents a breakdown of the power, efficiency,
and weight characteristics for the piston pump, harmonic drive gear reducer,
ac induction motor, and variable frequenecy inverter., The complete pump and
drive system for both LOX and LH, (including inverter) requires a power input
of 1.44 kw, has zn overall efficiency of 58 percent, and weighs 19 kg (42 1b).

The generic failure rate assumed to compute the reliability of the piston
pump and motor combination is 3.0 failures per million hours of operation based
on AIRCO field usage data for more than 1000 units with more than 10,000 hours
of operation for each unit. Cryogenic K factors of 3.0 and 5.0 were applied

for LOX and LH, use, resgectively,to the pump complement of the generic
failure rate (1 O per 10° hr).

The resultant failure contribution per million missions for both the
LOX and LH, pump/motor combinations is only 5 out of a total of 6470 for the
entire APS, Thus, the ~ump reliability is not a significant factor in system
reliability aud redundant pumps are not required to achieve an overall APS
reliability goal of 0.996. The requirements for the APS to fail operational
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'“4%" EXIT VALVE

YT P‘/
.p',l.l.l:'ﬂ

CYLINDER s
\ T pisToN
WRIST PIN\ /
]

o SEAL

CONHECTING ROD '

N — CONNECTING ROD
ELECTRIC MOTOR! NG
REF) ,I v
t . \ 1k
) e CRANK/BEARTIG/ /
! FLYNHEEL
T .
REDUCTION
GEAR (REF)
PUMP CHARACTERISTICS ] T,
. DISPLACEMENT, CC/REV (IN./REV) 16.6 (1.014) 53.9 {3.29)
ORIGINAL PAGE 13 BORE, CM (IN.} 2.3 {o.g) 3.0 im)
OF POOR QUALITY STROKE, CM {-N.) 2.4 (0.95) 3.7 {1.45)

Figure 5-10. Fiston Pump Prelindnary Design

.
CENTRIFUGAL ;
STAGE
CHARACTCRISTICS LOX LHp
PUNK/HOTOR
FLOW RATE, KG/SEC (La/ssc; 0.094 (0.2069)| 0.031 (0.069)
VAHE STAGE PRESSURE RISE, N/CM2 (PSI 141%205) 141 (205
20,32 | T SPEED (RPM) 4,000 12,000
(8.00 i PUMP DISPLACEMENT, CC/REV (INS/REV){9.5 (0.136) | 1.2 (0,074)
i S QUTLET MAJOR RADIUS, CM (IN.) 1.47 {0.580) | 1.40 {o.ssz)
1o &2 MINOR RADIUS, CM (IN.) 1.31 {0.517) | 1.31 {0.517)
ML JChe EFFICIENCY {3} 58 58
£ INPUT POWER [KW) 0.233 1.22
e WEIGHT, KG (LB) 3.7 (8.1) |3.9 (8.6)
. W j INVERTER (VARIABLE FREQUENCY)
: EFFICIENCY (%) %
INPUT POWER (kW) 1.6
WEIGHT, K& (LB) 5.85 {12.9)
[
% !
R
/ \
1
I\J  f I\Hj"\‘“ ) (PUNP AND MOTOR DESIGN AND DATA PROVIDED BY SUNLSTRAND CORPORATION)
i AP Y \
' - | CuaMeRsIaLE
“UB
7.60 CM
= (3.00 IN.) ~ woTok

LOX PUMP SHGMWN
Figure 5-11. Vane Pump and Motor Characteristics
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Table 5-14, Fump Requirements and Conditions

|. PROPELLANT

Il. PUMP INLET CONRITIONS
A. FLUID TEMPERATURE, K (°R}

(1) MAXIMUM
2 MINIMUM

B. PROPELLANT DENSITY, Kg/m3 {ibs_/#t9)
(1) MAXIMUM

(2)  MINIEUM (100% LIQUID)
C. HNPSP, N/an2 (psl)

(1) MAXIMUM

(2)  MINIMUM®

I, PUMP DISCHARGE REQUIREMENTS
A. FLUID TEMPERATURE, °K (°R}
(N MAXIMUM
{2}  MINIMUM
B. FLUID FRESSURE, N/em? abs (nsia)
) MAXIMUM
() MINIMUM

IV, FLOW REQUIREMENTS
A. MASS FLOWRATE, Kg/sec (Ibsm/sec)
(1) MAXIMUM
(2)  MINIMUM
8. VOLUMETRIC FLOWRATE, liters/min (gpm)
() MAXIMUM
(2)  MINIMUM

V. INTERMAL PUMP RISE REQUIREMENTS
A.  PRESSURE, N/cm? (psi)
(1} MAXIMUM

(7} MINIMUM
8. HEAD, merers (ft)
N MAXIMUM

(2) MINIMUM

LIQUID OXYGEN

92,433 (164.36)
89.667 (161.40}

11429173 {71.35)
1129..3016 {70.50)

1.37895 (2}
0 (0}

100,000 {180)
BF.667 {161.4)

172,359 (250}
137,895 (200)

0,07385 (0.2069)
0.07508 (0.1655)

4,9865 (1.3173)
3,9892 (1,05384)

1627163 (236)
125.1398 (181,5)

146,8389 {481,7539)
114,6347 {376.0973)

" LIQUID HYDROGEN

21.267 (38.28)
20,333 {34,60)

70,7215 (4.415)
69,6002 (4,345)

0,68948 (1)
0 {0)

22,222 (40)
20,333 (36.6)

172,369 (250)
137,895 (200)

0,03125 (0,0689)
£.0250 (0,5512)

26,9435 (7.11771)
215548 (5,6942)

1620268 (235)
124 4504 (180.5)

2316,8191 (7601,097)
1754 .3598 (5755,762)

*20 PERCENT MAXIMUM VAPOR FRACTION FOR EACH FLUID

while in the vicinity of the Space Shuttle can be satisfied by the propellant
accunulators located downstream of each pump., This is discussed at greater
length in the next section.

DDT&E and first unit costs have been estimated to be $351,000 and $9,500,

raspectively, for the LOX pump and $703,000 and $19,000, respectively, for the
LHo pump. :

SR&T requirements are cictated by the fact that neither oxygen nor hydrougen
pumps currently exist for the APS pump-fed designs since the pressure, flow,
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Table 5-15. Piston Pump System Weight and Power Summary

Oxider Fuel
Input Power Overall | Component Tnput Power| Overnll | Component
Required Efficiency{ Weight Required [Efficiency{ Weight
Item [kw (HP}} n Ikg (b)) | REM | [kw (HP)} n fkp (1b)7] REM
Pump {AIRCO Cryogenies)| 0,170 (0.228)] 80 3.2 (7.0) 290]0.88 {1.18)| B0 4.3 (9.4) 54U
Harmonie drive reducer | 0.187 (0.251)| 90 1.8 (4.0) ~= 11,04 (1.39)| 90 2.3 (5.1} -
AC induction moter 0,208 (0.279)| 90 1.1 (2.5) |12,900]2.15 (1,54)| 50 1.1 (2.5} {12,000
(Western Gear
Model 35YH81)
Total 0.648 [€.1 (13.5) 0,648 |7.7 (17.0)
Power Summary! Weight Summary:
Total power required from inverters Total pump system weight, kg (1b) 13.8 (30.5)
(pump input power/n4riva "motor
Variable frequency Inverter 5.23 (11.5)
oxidizer, Kw (HP) 0.21 (0.28) weight (fieneral Motors Type,
Fuel, Kw (HP) 1.08 (1.46) 8 1b/kw), kg (1h)
129 (1.78) Total system weight
Power required into inverter {inverter + pump syatem), kg (1b) 19.0 (42.0)
(pump eystem power/nipvarter
Assume n = 0.9, Kw (HP) 1,44 (1.9_3)

and suction requirements are unique. In particular, the flow rates are orders
of magnitude smaller than that of flight-weight pumps previously developed for
0p/Hy rocket engines. The pressure requirement is moderate but high enough

to demand special design provisions with positive digplacement machines. The
low suppression head suction requirement has been previously satisfied, but
only for high-flow centrifugal/axial rocket engine pumps, For these reasons,
it is considered that the APS pump SR&T involves relatively straightforward
development of custom designs using well-established concep*ts scaled from
other applications. The SR&T program would include the objectives of sub-—
stantiating NPSP capability, supporting material selection studies, verifying
cryogenic clearances, and investigating the safety problems assoclated with an
oxygen pump Installatioa. Cryogenic flow tests of full-scale prototype LOX
and LH» pumps would be conducted. The SR&T costs are estimated to be approxi-
mately $20G,000 expended over a 9-month period.

It is expected that the pump can be designed for a life expectancy of
over 100 hours and 2000 cycles and thus no scheduled replacoment would be
required over the 20-mission, l0-year life of the Tug. The required operating
life per mission is 0.6 and 2.7 hours for mission profiles A and B,
respactively.

Accumulator

A cross-gectional view and table of preliminary design characteristics
for the LOX and LHp accumulators are presented on Figure 5-12, Weight trade
studies presented in Section 5.3 she that the lightest weight APS can be
achieved at the smallest possible accumulator volume. The accumulators are
sized, then, te limit pump short cycles to 100 cycles per mission to provide
reasonable pump reliability and minimize pump replacements, The accumulator,
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OF POOR QUALITY

CHARAC TERISTICS LOX LHj
DRY WEIGHT, KG {L8) 0.3 (0,7 1.0 {2.2)
TOTAL VOLUME, M3 (FTH) 0,0074 (0,05) (0.0074 (0.26)
PROPELLANT CAPACITY, KG {.B) 0.200 (0.45)| 0,07 (0,15)
HELIWA EQUIVALENT IMPULSE, N-SEC LLB-SEC) 1063 (239)
\ ATTITUDE HOLD CAPABILITY (HR) 1.5
TRAPPED LIQUID RESIDUAL, KG (LB} 0,01(,03) | 0.003 {0,006}
PRESSURE, MAX/MIN, N/CMZ (PSIA) 162/141 {235/205)
WELDED BELLOWS
003 STAINLESS RELIABILITY
lg Bﬁc;r«gﬁwuous FAILURES/10% HOURS 7.4 15.7
1064 FIN FAILURES/10% CYCLES 1.5 2.5
FAILURE RATE SOURCE BELSAD A METAL
BELLOW CO,
LOX COST, K §
+— 127M —— SR&T 100
(5.0014,) PDTAE 50,1 50.1
vHUNIT 23,7 23.7
Y.gure 5-12. Accumulator

which has enough propeilant capacity for 1.5 hours of Tug attitude hold, also
provides backup propellant feed during the critical phase of Tug rendezvous
and docking with the Space Shuttle.

Each accumulator is a trapped ullage device, The helium on the gaseous
side of the bellows expands and contracts as liquid propellant leaves ot
enters the expandible liquid volume. The gaseous and liquid volumes have been
selected to control the thruster inlet pressur: within a band of 141 to
162 N/cm? (205 to 235 psia). Positive stops arz srovided to prevent over-
expansion of the bellows. Pump start, stop, and speed are controlled by a
combination of accumulator pressure switches and bellows position switches.
Propellant for short APS pulses is supplied from the accumulator wntil it is
nearly depleted, whereupon the lower position switch activiates *he pump.
During extended APS burns, propellant is fed directly from the pump to the
thruster, replenishing and then bypassing the accumulator.

The primary problem associated with the accumulator design is the impact
of the currently predicted bellows failure rate on overall APS reliability.
Generic life and cycle fallure rates have been developed based on data provided
by two bellows suppliers, Belsad Corp. and Metazl Bellows Company. The
resultant failure contribution per Tug mission is 4496 out of a total
of 6470 for the entlre APS, This results in an overall APS reliability of
0.9935 as compared to a goal of 0.996. It is considered that the bellows
failure rate prediction could be reduced by a factor of 2 through SR&T life
cycle testing, and the overall APS reliability could then be raised to 0.99535.
The estimated SR&T cost to achieve chis goal is $100,000 expended over a 12-
month period.
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Thermedynamic Control

The objectives of the thermal control system are:
). To satisfy thruster propellant inlet temperature requirements.

2, To provide subcooled propellant within the zero-g reservolr
capillary acquisition tubes,

3. To satisfy feed pump net positive suction pressure (NPSP)
requirements as necessary to assure full pump flow (refer
to Table 5-14).

The ziermal control system consists of insulation and low conductivity
supports to wminimize tankage and feedline heat loads, and an active hydrogen
bleed system to dissipate these heat loads and control propellant temperature.
MLI consisting of 1.27 to 2.54-cm (0.5 to 1.0-in.) thick plankets made up of
30 to 60 layers of single aluminized Mylar or single goldized Kapton will be
used to provide a radlation barrier. Thermal isolation supports designed for
maximum strength-to~conductivyity ratio will be provided by using titanium
struts or c¢ylindrical posts consisting of axially oriented S-glass rods.
{ltimately, the materials and designs of the MLI and supports will be common
to the MPS tank insulation,

A detailed b zakdown of the predicted heat loads for the APS thermal
igolation system 1s presented in Figure 5-13, Also listed are the heat

.79 CH
_iL311N.3
COOLING LINE V\EAT LOADS {Eqpr = .002)
=7 ML COMPGHENT PROPELLANT | SURFACE AREA HEAT LOAD
A / M2 (FT) W (BTU/HR)
= s ZERO G RESERVOIR LOY 0.19 { 2.08) |0.15 { 0.55)
— Lh, & 1.00 (10.8) | 0.91 { %.1)
I PUMP & ACCUNM Lo ' 0.06 { 0.647) | 0,05 { 0.17)
: i LHp 0.18 { 1.98} [0.17 { 0.57)
LINES Lo 2,42 EZB'O; 1,52 { 5.2)
LH 2.42 (26.0) |2.17 ( 7.4)
w;~-~—’!‘\\\ THRUSTERS LO * 0,73 2.5-;
N ;52222> Ltz . 1.46 ( 5.0
—‘_/// TOTAL LOX — 2.46 { 8.4)
\\\ FEED Ll LHy - 4.7 (16.1)
BRAZED SADDLE BLOCK

*BASED ON CONDUCTION THROUGH 0.318-CM (D.125-IN,) DIAMETER X 3.8-CM
{1.5-IN.) BELLOWS WITH 0,013-CM {0.005-1N.) STAINLESS STEEL WALL

LHo BLEED REQUIREMENTS

LOX SYSTEM

LH, SYSTEY

H2 BLEED TEMPERATURE, INLET/OUTLLT, K {R)
H2 BLEED ENTHALPY AVAILABLE, J/LB {BTU/LB}
H2 BLEED FLOW REQUIRED, KG/HR {LB/HR)

HEATER POWER FOR TEMPERATURE CONTRGL (WATTS)
H, BLEED EXPENDED PER MISSIGH, KG (LB}

66/89 (113/160)

384,000 {165)

0.023 (0.0509)
a4

19/27 {35/48)
491,000 (211}
0,035 {0,0763)

ON/OFF FLOW CONTR

5.675}2.5)

Figure 5-13.
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transfer surface areas computed for the feed lines and other major components.,
Since all of the APS except the thrusters is installed within the Tug vel.icle
skin, direct solar and albedo heat loads do not have to be included. The
assumed environmental temperature of 294K (530 R) is considered conservative
since a major portion of the exposure will be to the colder main tank insulated
surfaces, An effec*ive emittance (¢) of 0.002 for the overall thermal isocla-
tion system, inecluding insulation and supports, was used to compute the listed
heat loads. This value is based on anticipated 1978 technology incorporating
insulation advancemeats, primarily in vacuum-deposit metallizing techniques

and insulation layup methods, The thruster heat loads were based on conductive
heat transfer from an uninsulated thrust chamber to the cryogenically cooled
thruster inlet valves through 0.32-cm (0,125-in.) diameter bellows having a
3.8-cm (1.5-in.) developed length and 0.013-cm (0.005-in.) stainless steel wall.

The resultant heat loads are dissipated by the flow of hydrogen bled from
downstream of the APS pump and expanded through a Joule-Thompson expander to
7.86 N/cm?2 (11.4 psia) and 19.4 K (35 R). The cold hydrogen bleed is routed
through cooling coils mounted on the external wall of the zero-g reserveir and
then through ccoling lines which trace the hydrogen feed manifold., Heat is
transferred via saddleblock segments brazed between the feed and cooling lines
as shown on Figure 5-13, After passing through an electrical heater, the
hydrogen bleed is then routed around the LOX system in a manner similar to
that for the hydrogen system.

Also listed in the figure are the hydrogen bleed inlet and outlat temp~
eratures and the corresponding enthalpy, or heat absorption capability. As
can be seen, the hydrogen bleed flow rate required to carry away the heat
load is less for the oxygen than for the hydrogen system. Thus, a 4-watt
electrical heater in the hydrogen bleed line is required to control the
oxygen propellant temperature above freezing. Local temperature control will
be provided by the design of thermal contact zone areas and conductivities and
verified by cold vacuum chamber development tests. The quantity of hydrogen
expended to provide steady state thermal control of buth the LOX and LHp AFS
propellant is 5.7 kg (12,5 1b) per mission.

Transient chilldown characteristics are preseated in Figure 5-14 for the
APS 10X system. During the Shuttle pre-launch and boost phases, the APS feed
lines will be inerted to minimize the hazard of leakage into the cargo bay.
After the cargo bay doors are opened on-orbit and prior to release of the Tug,
the APS must be activated by filling and chilling the thruster feed manifolds,
This chill operation must be completed in approximately 30 minutes to allow
Tug deployment within the first complete orbit revolution. Figure 5-14 pre~
gsents the 10X feedline temperature as a function «f time for several different
hydrogen bleed flow rates. Although hydrogen and oxygen system chilldowm will
occur simultaneously, steady state temperature is expected to be attained
first for the hydrogen system. As can be seen, the APS thermodynamic control
gystem must provide a higher than nominal flow rate capability for initial
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Figure 5-14. Integrated Cryogenic APS LOX Feed System Chill Transients

chill. The additional high flow control valve and Joule-Thompson expander
necessary to provide this capability are shown in Figures 9-2 and 9-3. A
total of 1 kg (2.2 1b) of hydrogen will be expended for initial system
chiil. This is equivalent to onlv a C.36 kg (0.8 1b) payload penalty.

DDT&E, first unit, ¢ urbishment costs for the various components of
the thermodynamic control system are shown in Tables 5-7 and 5-8. Refurbish-
ment costs include scheduled inspections of the insulation and localized
repair as required.

Rcliability analysis reveals that two thermodynamic control system
components make a significant contribution rvo the total number of predicted
failures per mission. As seen on Table 5-13, these are the bleed solenoid
and bleed expander, ueither of which are redundant, which contribute 240 and
123 failures per million missions, respectively, out of an APS total of
6470 failures per million missions. Redundant solencid valves or the use of
an electrical heater could be considered as potentially more reliable
temperature control methods.

SR&T requirements for the thermodynamic control system can best be
satisfied by thermal-vacuum testing of a prototype system including thermally
representative segments of the entire APS, System-level SR&T is considered
necessary because the two critical elements - the cryogenic capillary device
and the liquid-liquid thruster - are both SR&T items and their interactions in
a new concept system design need to be investigated experimentally prior to
DDT&E. It is also certain that thruster feed system manifolds, the thermal
arrangement of the manifold, and thruster interfaces will have a strong
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influeiice on performance of the system and the capillary device and, in turn,
on thruster design requirements. For these reasons, a system-level demon-
stration test program using a prototype configuration is considered necessary.
It would involve a complete thruster, a representative insulated segment of
the feed system, and the capillary device mockup (from previous capillary
device SR&T test program). The system would be set up in a vacuum chamber
(only to the pressure level necessary to obtain MLI thermal performance) with
thruster exhaust to sea level pressurz. System thermal environment would be
simulated during mission duty cycle firing profiles to obtain performance and
operational characteristics data. It 1s expected that this SR&T progr:m
would cost approximately $1.2 M and cover a 12-month period.

SYSTEM PERFORMANCE

The integrated concept (I-5) performance depends on the electriczl
power option selected as a source for the pump drive. As noted in a pre-
ceding section, the power source can be either a fuel cell or a primury
battery sized to match the planned mission. Table 5-16 shows the reference
mission performance of the integrated concept with these power options.

Battery Power Options

The power option of I5-1 provides the highest performance since it uses
the lightest power source, a minimum size battery capable of supporting only
the Mission A profile, 15-3 has the same power source but utilizes a higher
area ratio thruster., The I5-3 payload is lower than I5-. since, on the low
APS impulse Mission A profile, the weight penalty of higher area ratio offsets
the specific impulse gain. I5-4 also uses high area ratio but has a larger
battery to permit coperation of the Mission B prefile. This added battery
welght reduces the I5-4 payload on the Mission A profile below that of either
15-1 or I5-3. 1If the final Tug power system design permits battery size
options to be exercised for each flight, then the high area ratio thruster
could be preferred. This would take advantage of the integration feature,
and elther Mission A or B profiles.could be flown as appropriate at only a
4.5 kg {10 1b) payload penalty on Mission A profile dus to the greater
thruster welght. As noted in a following paragraph, the higher thruster
performance (for +X thrusters) also enhances vehicle flexibility through APS
backup capability of the main engine. For any of the battery options, switch-
over to fuel cell power during APS abort propulsion is possible due to the
absence of main engine power demand.

Fuel Cell Power Option

The I5-2 option is provided with dedicated power by augmenting the Tug
fuel cell. The fuel cell weight penalty is between that of the Mission A and
B profile batteries, and the payloads vary correspondingly. With this power
option, either Mission 4 or B flight profiles may be flown without changing
the configuration of any vehicle subsystem. This power option permits not only
main engine backup power, but on-demand unlimited enmergy for the APS at any
point in a mission. With negligible penalty due to fuel cell reactant con-
sumption, any APS total impulse (up to MPS tank capacity) may be provided for
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Table 5-16. Integrated Concept Performance

Power Option
I5-1 15-2 I5-3 I5-4

Power scurce, kg (1b)

Fuel Cell Aweight - 19.7 (43.4) - -

Primary battery weight 12.9(28,5) - 12.9(28.5) |35.2(77.8)
Thruster '

Expansion area ratio - 50 200 200 200

Specific impulse, N-sec/kg|3910(398.7)| 4002(408.1) |4002(408.1)|4002(408.1)

(sec)

Reference Mission Payload,

kg (Ib) _

Migsion A 2437(5373) | 2389(5267) |2433(5363) |2357(5196)

Mission B - 2195(4839) - . 2163(4768)
MPS/APS Impulse Interchange,

%z of WPS

Pulse mode--MR = 3.0 0 53 0 0

AV Mode-- MR = 5.6 0 88 0 0
Main Engine Backup Abort

Capability, % cf MPS

Approximate Burn Time 60 60 60 60

a mission. With respect to the opportunity to plan missions which use this
additional APS capability, Tug vehicle versatility is enhanced. For missions
which are modified during flight to use this capability for contingencies
such as main engine failure or unanticipated events, Tug vehicle flexibility

i3 enhanced.

The capability to interchange propellant between APS and MPS is limited
by tank capacity and the APS mixture ratio as shown in Table 5-16. The MPS
loaded mixture ratio is 5.6 for all except the full-tank retrieval mission
when the mixture ratio is 6.0. In pulse mode (mixture ratio of 3), only 52 per-
cent of the MPS impulse capacity is interchangeable due to the fuel load
limitation. However, this is undoubtedly more than ample for that type of
maneuvering. In a velocity mode, the concept’s capability for steady state
operation of thrusters at a mixture ratio of 5.6 eliminates the propellant
outage effect and the impulse interchange fraction is in the ratio of APS to
MPS specific impulse values-~0.86. The battery powered options are
listed in the table as having no impulse interchange capability since they
require switchover to fuel cell power and the main engine power allocation.
This mode is considered, at present, to be applicable only to operations after
a main engine failure. ‘

The APS/MPS impulse interchange capability of 0.86 can also be used for
abort backup of the main engine. After allowing for gravity losses as well as
the impulse difficiency (see Section 5,3), the main engine backup capability,
without payload jettison or abort propellant reserve, covers approximately
60 percent of the main engine duty cycle on synchronous equatsrial missions.

A similar coverage value could be expected for all other types of Tug-recovered
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earth-orbital missions since a large fraction of the outbound leg of any
mission 1s the phase where backup capability exists, and this leg, in general,
requires much more than 60 percent of the main engine burn time.

Propulsion Crossovers

Small velocity maneuvers can be performed with the APS or any one of the
three main engine operating modes: tank head idle (THIM); pumped idle (PIM),
and mainstage. For this study, a main engine operating rule assumed was that
the engine would not enter the next higher thrust mode unless the maneuver
was large enocugh to require 5 seconds of steady state burning in the higher
mode. This rale was made to reflect practical requirements to eliminate short
cycling of engine controls and to minimize engine wear where little performance
penalty was entailed. The result, for the reference mission, is shown in the
mission timelines of this report (see Table 5~l1, for example} where the main
engine mode is identified for each maneuver. In Figure 5-15, the best
performance domains of each of the four possible propulsion modes is shown in
terms of propellant required to provide a particular maneuver total impulse.
THIM has less specific impulse than the APS and therefore has ne best
performance domain., The crossover to PIM cecurs at its minimum (5-second
steady state operation) practical capability ard so does the crossover to
main stage.

TUG VEHICLE IMPACT

The application of the integrated cryogenic APS to the Tug vehicle affects
/zhicle design, development, and operations. The significant impacts are
discussed in this section.

Structure Qgsign

The installation of the integrated APS requires less space allocation for
tanks than either storable or cryogenic dedicated systems. Lines and mani-
folds are more complex than for a storable system but are still readily
ingtalled, Thruster quad installation 1s similar for all systems except that
the O/H system requires better surface thermal protection . ince its exhaust
stagnation temperature is higher, particularly when compared to a monopropellant
system. If the augmented fuel cell power option is used for the AFS, Tug
radiators will be increased 2.2 m? (22 ft2) and - kg 1 1b).

Power System Degign

The power system required for the integrated cryogenic APS involves added
power source and conditioning. The ac pump driver require variable frequency
inverters for speed control. Added power can be obtained by augmentation of
both of the baseline vehicle's redundant fuel cells from 1.75 kw to 2.60 kw
or by the addition of silver-zinc primary batteries. The batteries may be
sized for either mission profile A at 0.86 kw~hr or B at 3.9 kw-hr. The
respective battery weights are 12.9 kg (28.5 1b) and 35.2 kg (77.6 1b). The
difference in APS and Tug performance capability for these power options has
been described previously. Their design bhasis is discussed in Section 5.3.
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Figure 5-15, Propulsion Crossovers

Main Engine Design

The incegrated APS permits elimination of self-settling (but not THIM
chilldown) and PIM. However, since these features are described by the engine
manufacturer as being inherent in the RL-10 IIB design, no configuration
changes are invoived.

Main Engine Development

The elimination of THIM self-settling and PIM functional requirements on
the main engine reduces development cost and time, The impact of eliminating
THIM self-settling has not been estimated by the engine manufacturer, but it
would probably appear as an engineering cost (both engine and systems con-
tractor) as well as engine development test cost reductions. Current engine
manufacturer plans to cover the anticipated range of inlet conditions (from
vapor to liquid for either propellant) in 30 engine development tests would be
gsimplified to liquid-inlet-only tests. Design and testing involving the
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engine's oxygen heat exchanger would similarly be simplified since accommoda-
tion of mixed or slugging flow would be eliminated.

In this study, no attempt is made to quantify the favorable impact of
the integrated concept regarding engine start propellant acquisition. The
integrated cryogenic APS can provide MPS settling for engine start at no
penalty, since the APS specific impulse is higher than that of THIM, A Tug
desipn using storable APS can use either a start basket {(as in Reference 1)
or THIM self-gettling or incur a severe payload penalty by providing APS
settling. Reference 1 estimates the SR&T cost for a start basket at $3.2
M. No estimate for start basket DDT&LE is identified.

Elimination of PIM is estimated by the engine manufacturer to reduce
engine development by $2.83 M and two months. The test program is reduced by
two engine sets and 50 tests. On the study reference mission, PIM 1s used
only once. This raises the question as to whether the storable APS vehicles
also can eliminate PIM. Reference to Figure 5-~15, propulsion crossovers,
reveals that the penalty is higher, 11,8 kg (26 1b) of propellant per maximum
PIM maneuver, for storables (using THIM) and only 5.5 kg (12 1b) for the
inte’rated cryogenic APS, Tt has not been determined how many PIM maneuvers
are best for other Tvg missions, only that the payloed penalty for eliminating
it 1s high for storab.es and nearly negligible for t'.e cryogenic integrated
APS,

An additiornal impact on main engine development results from APS ability
to provide backup propulsion for 60 percent of the main ergine duty cycle.
This reduces the criticality of the main engine which otherwise is a single-
point failure through all Tug operations. Whether this feature ultimately
produces an actual cost saving in engine development, the APS backup
capability must be viewed as a virtual cost saving somewhere in the Tug
program. The existence of a backup would be pervasive during both vehicle and
engine development and during initial flight operations., To assign a value to
this potential cost saving, it is estimated that engine testing can be reduced
by 150 teats at a saving of $3.6M. This estimate is obtained by noting that the
engine manufacturer's planned number of tests of 750 correspends to a demon-
strated reliability of 0.996 at 95 percent confidence (Figure 5-16)., This
particular combination of factors is not unusual and can be viewed as typical
of a single-point fallure engine program objective. However, with APS partial
backup, it is assumed that program reliability demonstration objectives can be
relaxed to a value of 0.995. This corresponds to the reduction of 150 tests.

Vehicle Operations

The integrated APS provides several advantages to Tug operations. Fore-
most among these is the added versatility provided by APS/MPS propellant inter-
change. As noted previously, with fuel cell power or with the proper battery
capacity and battery-to-fuel cell switchover, the APS total impulse capabillity

iga 86 percent of the MPS.

For the study reference mission, the Mission B profile using the APS instead
of the MPS for ‘ow velocity changes can be flown at will when missions are not
payload-limited. Engine reliability degradation and overhaul costs would then
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be reduced since 5 out of 11 main engine rotating starts would be supplanted by
the APS, The payload limit would be 195 kg (428 1b) less than maximum rated,
but engine overhaul cost would be reduced by $9000 per flight. For the base-
line mission model of 243 flights, it is estimated that this profile could be
used on 100 flights, yielding a total potential cost reduction of $900,000.

The added duty placed on the APS by Mission B does not measurably.
increase its maintenance cost because the refurbishment frequencies of .the
affected components are limited by random failures rather than by life. The
added duty adds only 5 pump/accumulator cycles to the 100 cycles of Mission
A, Similarly, the thruster start cycles are increased by 5 f£rom 2300. The
increase in operating hours is substantial, from 0.5 to 1.7 hours per mission,
but nei:‘ter the pump nor the thrust chamber is life-limited and thus thelr
useful life is not appreciably affected by the addition of 24 hours of
operation. '

An even greater benefit of APS/MPS impulse interchange is that the severe
penalty of providing APS impulse margin in the desipgn of & dedicated propellant
supply is avoided. To 1llustrate the need for margin, Figure 5-17 shows the
current impulse requirements spectrum for the Tug vehicle in terms of rotational
and linear impulse. It is apparent that no firm maximum requirement is readily
identifiable, To avoid the penalty of margin, APS dedicated systems are
frequently undersized in early vehicle design phaszs. This occurred on the -
Apollo program where the SM RCS propellant capacity was doubled late in the
program, Undersizing also occurred on the two most recent Tug system studies
{(Reference 1 and 2) where the (so far) controlling triple placement nission was
not examined for APS impulse requirements., Reference 1 notes that the lé4-day
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Figure 5-16, Main Engine Backup Benefits
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Tug servive mission requires additional APS impulse but the amount is not
determined. On the figure, the shaded area for the l4-daj service mission
represents only a rough estimate. The determination of required APS impulse
for any Tug mission is an extensive task and has not been attempted for all
planned Tug missions. To summarize, future missions and payloads are difficult
to predict, missions are evidently ultimately planned around capability, and
the Tug is a miltipurpose vehicle with a probable operational program span of
at least 20 years; therefore it 1s most beneficial to obviate the need to make
a firm early prediction on the APS impulse requirement or to change the vehicle
as new requirements arise.

Main engine backup capability by the APS also has operational cost
benefits. Figure 5~16 also shows the number of vehicle losses for the base-
line 243-flight Tug program as a function of main engine reliability. In
Reference 1, the attrition rate is assumed as 1 percent., If the main engine
reliability is assumed at 0.996, then 60 percent of that attrition rate is
attributable to the main engine-—-a not unreasonable correlation. With
integrated APS backup, 0.6 of a unit 1is the mathematical expectation for the
number of vchicles and Tug payload losses to be avoided. (This neglects the
retrieval missions where payload loss is not involved in the outbound leg.)
Assigning $10.5 M and $20 M unit coets to the Tug and typical payload yields
potential (expected value) cost savings of $6.3 B and $12.4 M, respectively,
due to the backup capability,
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5.3 DESIGN ANALYSES

PERFORMANCE ANALYSIS BASIS

Performance analysis of integrated concepts involved the same model as
used for dedicated concepts plus additions to account for (1) the added MPS
tankage required for storage of APS propellant and (2) the comingling of MPS
and APS flight performance reserve propellant allocations.

The added MPS tankage weight penalty was computed by using the increase
in total MPS tank propellant load over the baseline (dedicated APS) value of
22767 kg (50193 1b)., This increase was computed for both oxidizer and fuel,
and inert weight fractions of 0.0127 and 0.114 (burnout welight to usahle
propellant in main tanks) for oxidizer and fuel, respectively, were applied.
These inert weight fractions account for residual vapor weight increase as well
ag mid-tank structure and insulation inert weights. For the selected concept
(I-5), the total tank weight penalty attributable, including 13 percent dry
weight growth, was 4.75 kg (10.5 1b) for Mission A and 21.76 kg (48.0 1b) for
Mission B.

The dedicated APS concept flight propellant reserves (FPR) for MP5 and
APS are physically separated., Accordingly, each allocation is loaded and the
performance analysis treats them as burned weight items since, on a nominal
migsion, they are actually present at final cutoff. The MPS FPR is nominally
equal to 3 percent of the velocity budget for the tank~size-contrclling
retrieval mission. The APS reserve, for all concepts, 1s 10 percent of the
APS usable propellant. Both of these quantities represent the probable limit
to tha accumulated magnitude of a multiplicity of possible trajectory and
propulsion performance deyiations during operation of the respective systems.
Just as the FPR for each system is found by cbtaining the root sum square
(RSS) of the contributing deviations (Reference 15), the comingled FPR is the
RSS of the two contributing FPR. All of the deviations from nominal propellant
consumption including the two FPR valuesg are random, independent, continuous
variables and are thus combined by the RSS method. This method also retains
the same probability level for the limit to accumulated deviations,

In this case, three sigma is assumed. For the integrated concept (I-5),
the stage weight statement (Table 5-9) shows only 3 1b for the APS FPR. This
i3 a misleading but convenient simplification resulting from listing the MPS
FPR of 144 kg (318 1b) at its baseline value. The sum of the MPS and APS FPR
provides for the three-sigma probability that th. MPS and APS deviations will
not exceed 3 parcent of the MPS velocity budget plus 10 percent of the APS
usable propellant.
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The MPS FPR is available to it at final cutoff except for missions (not
the study reference mission } where the APS reservoir capacity of 11.8 kg
(26 1b) exceeds the APS requirenent after final MPS cutoff. In that event, the
excess in the APS reservoir can be used by the APS to perform the remaining MPS
velocity at 86 percent effectiveness or the refill of the APS reservolr can be
programmed to avoid this small MPS FPR shortage.

THRUSTER DESIGN POINT SELECTION AND SENSITIVITIES

Thruster Design Point

The application of engine parametric performance data to the integrated
APS resulted in performance variations with engine design point characteristics
as shown in Figure 5-18. The influences of mixture ratjo, chamber pressure,
and area ratio follow the same pattern on Mission A as previously described
for dedicated concepts. The trend for Mission B 1s different since
considerably more APS impulse is provided. At the higher total impulse,
performance is more sensitive to specific impulse and the dropoff with mixture
ratio 1s more pronounced,

An increase in area ratio increases specific lmpulse and is most
beneficial on Mission B. Higher chamber pressure does not improve the
Missien B payload since pump, drive and power source weight overcome any
specific impulse gain,

After preparation of performance trends, system and thruster susceptibility
to propellant temperature variations and thrust cooling limitations were
"combined to make the thruster design point selection for integrated concepts,
The only major change was to shift the operating mixture ratio from 4.0 to
3.0, As noted in the following section, this permits a wider thruster ialet
temperature variation. As shown in Figure 5-18, the payload variation was
minimal and not a factor in the selection.

The chamber pressure was retained at 103 N/cm2 (150 psia) since it permits
a lower risk approach from a thruster cooling viewpoint. A higher pressure
would be desirable to accept greater propellant temperature variatioms, but the
reduced throat size adversely affects thruster cooling. The payload loss at
higher chanber pressures is another contributing factor.

The area ratio for both A & B mission profiles was selected for best
performance. No change in the dedicated system choice of 50 for Mission A was
required. For Mission B systems, a 200 area ratio was selected.

Thruster Sensitivity to Propellant Inlet Conditions

The purpose of this analysis was to evaluate the performance sensitivity
of the thruster to propellant valve inlet conditions, Engine performance was
parametrically evaluated as a function of propellant temperature and pressure
by calculating the corresponding variation in engine flowrates, chamber pressure,
and mixture ratio. The integrated APS engine baseline design (mixture ratio of
3.0) was used in this study.
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The analysis was initlated by selecting a parametric range of propellant
inlet pressures and temperatures, The range for both hydrogen and oxygen
inlet pressures was 134 and 169 N/cm? (195 and 245 psia). The oxygen and
hydrogen inlet temperature ranges were varied between 89 and 111 K (160 to
200 R}, and 22 to 50 K (40 to 90 R), respectively.

The variation in engine performance with inlet conditions was esta-
blished by iterative solution of the equations for flow path pressure loss,
chamber pressure, and ciinracteristic exhaust velocity (C*). With constant
inlet pressure and flow path pressure loss coefficient, flow rate and
mixture ratio are functions of inlet propellant density and chamber pressure.
In turn, chamber pressure is a function of flow rate and U%* and C* was
determined as a function of mixture ratio., The results allowed calculation
of corresponding values for specific impulse and thrust.

Figure 5-19 shows the 2ffect of propellant valve inlet temperatures on
nixture ratio, chamber pressure, specific impulse, and thrust at three sets
of valve inlet pressur<g. For the purpose of the study, the maximum mixture
ratio is limited to 7.{., For boch hydrogen and oxygen, the nominal case is
152 N/ecm? (220 psia).

in t..= nominal case, gince rxygen is a saturated liquid in the
applicable ranges, it has a small effect on engine performance. Tharefore,
the hydrogen inlet temperature was chosen as the independent variable. It
is evident that the operating characteristics of the thruster change greatly
above a 33 K (60 R) hydror»n valve inlet temperature.

Also shown in the figure are extreme cases of injection pressure
imbalance with maximum and minimum inlet pressures at 169 and 135 N/cm2
(245 and 195 psia), respectively. With the high mixture ratio extreme
case, thruster performance starts to degrade rapidly for hydrogen temperatures
above 27.7 K (50 R), while with the low mixture ratio extreme case, thruster
performance does not change significantly until the hydropgen temperature
exceeds 36 K (65 R).

The system design could be made to take advantage of this effect by
bilasing the pressures so that the hydrogen pressure 1s at all times
higher than the oxldizer pressure. That feature is not implemented in this
study but is recommended for application during or after thruster SR&T test
data are obtained.

Pre-= and Post—Burn Thermal Analysis

A preliminary post-fire thermai analysis of the thruster operating at
the baseline conditions was performed to assess thermal feasibility, parti-
cularly with regard to the start and restart propelliant flow transients,

It was found that, with proper attention to thermal isolation of the system
and insulation ot specific manifold passages, it will he possible to start
the engine and restarc it with non=detrimental excursions in mixture

ratio.
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Thermal isolation of the system is achieved using a thin wall bellows
with low thermal conductance between the valves and manifclds. Design values
correspond to stainless steel bellows having a mean diameter of 0.318 cm
(0.125 in.), a wall thickness of 0.013 cm (0.005 in.), and a developed length
of 3.8 ¢m (1.5 in.). Between the manifold and the power source (exciter)

a thin wall stainless steel tube will provide the insulation, This tube will
be 1.5 cm (0.6 in.) long and 1.5 em (0.6 in.) in diameter, with 2 wall
‘thickness of 0.0254 cm (0.010 in.), and will house the p-~wer iinex and
necessary electrical insulation.

It was assumed that the propellant lines at the inlet to the valve wnuld
be pre~conditioned to 27.7 K (50 R) and 92 K (165 R) for the fuel and oxidizer,
respectively. It was also assumed that the only other significant thermal
connection with the vehicle would be by thermal radiation.

A thermal model of the system was constructed using these assumptions, and
the resulis of this model may be seen on Figure 5-20. The temperature
transients for three major components, the throat, the thrust chamber wall,
and the manifold are shown on this figure as a function of time from shutdown,
At shutdown, the temperaturs of the throat, thrust chamber, and manifolds are
1644 K, 255 K and 61 K (2500 7. 0 F, and -350 F), respectively. These are, of
course, mean temperatures and u: 10t represent local variations. The minimum
coast time after pulsing is 0.09 hr or 324 sec, at which time the three
temperatures are 394 K, 378 K, and 144 K (25C F, 220 ¥, and ~200 F), respec~
tively, Between short pulses, there is nc minimum restart time because the

MINIMUM
1000 00— RESTART
TIME
500 |~
£
~ v;
&
3 THRUST CHAMBER —
0 e
200 k- [—MANIFOLD
i 0 1 | | | _
~500 0 200 400 600 800 1000
TIME, SEC

Figure 5-20. Post-Fire Thermal Transients - Uninsulated Manifolds
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manifolds are chilled. As was seen on previous figures, when the fuel enters
the thrust chamber at temperatures much in excess of 39 K (70 R), excessive
(>6) mixture ratio transients will occur leading to possible cooling problems
at the throat. High mixture ratio will occur after a long coast since the
fuel inlet temperature is near thermal equilibrium with the manifold at 144 K
(~200 F), High mixture ratio can cause damage unless the coast time has
been long enough to allow the throat to cool to a point where its heat sink
capacity will accommodate the high mixture ratio transient period while the
manifold is cooling down, This difficulty will be alleviated by providing
low effective mass insulators on the manifold walls. This technique, which
has been demonstrated on the recent extended temperature range (ETR) thruster
with rescarts at ambient temperatures, consists of photo-etched platelets
bonded to the inside of the manifolds.

By using this concept restarts are permissible at any time after
pulsing, because the low effective manifold mass permits cooldown immediately
to a temperature of 39 K (70 R) or less,

A critical variable in a conditloned cryogenic thruster is the heat load
imposed on the conditioning system. In the present system, the heat load has
been minimized to an acceptable level, with capability of reducing 1t even
mece. The maximum steady state heat loads for all 16 thruaters are 1.5 and
0.73 watts (5.0 and 2.5 Btu/hr) for the fuel and oxidizer circuits, respectively.

Impulse Bit Analysis

The impulse bit analysis is based on the results of testing conducted for
Contract NAS3-16775 (Reference 16) with LO3/LH; propellants. Data from igniter
tests on that contract and preliminary design analyses show that the 80 percent
specific impulse goal can be achieved at 111-N (25-1b) thrust for an electrical
pulse width of 25 msec. This corresponds to a minimum impulse bit of 2.2 N-sec
(0.5 lb-sgec) at a nominal thrust level of 111 N (25 1b).

The t{est data obtained for the contractual effort mentioned also showed
that there was no significant difference in total impulse between the £i- it and
subsequent pulses. However, a difference in pulsing performance was no. I.
Figure 5-21 shows the variation of pulse performance as a funetion of impulse
bit for a nominal thrust of 111 N (25 1b). This figure was derived from the
test data cited. Pulsing performance is higher when manifolds are chilled
down, which is typical of a pulse train. The lower performance is typical of
the first pulse or pulses preceded by long coast periods resulting in thermal
heat scakback to manifolds. The differences in performance are due to a
greater ghift in the oxidizer-rich mixture ratio in the first pulse when
manifolds are warm than in subsequent pulses when manifolds are colder.

INTEGRATED APS PROPELLANT SUPPLY CONDITIONS
To ald in the design and performance analysis of the integrated APS
concepts, the main tank propellant conditions were defined., These conditions

include the tank pressure and temperature profiles, as w2ll as APS subcooling
and supply line requirements.
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Figure 5-21. Effect of Impulse Bit on Pulsz Performance

The initial MPS pressurization system concept used for this study was a
zero NPSH blowdown method utilizing a Category IIA RL-10 engine. This concept
used the tauk head idle mode of the engine to se.tle the propellants.

Figures 5-~22 and 5-23 present the resulting tan. conditions utilizing the
mission timeline and propellant usages from Table 4-4.

Because the RL-10 IIA engine requires a minimum of 11 N/cm2 (16 psia) at
engine start, the zero NPSH blowdown concept is mission-dependent. Self-
pressurization during a sustained MPS burn could result in LOX and LH»
propellant pressures at engine cutoff leas than the 11 N/cm2 {16 psia) minimum
required for engine restart. Thus, missinn flexibility would be constrained
due to the waiting period required for propellant repressurization by tank
ingsulation heat leaks., THIM thrusting for propellant settling would further
reduce the tank pressure if the propellant were adversely located and ullage
gas escaped through the engine.

To improve mission flexibility, an autogenously pressurized Category IIB
RL-10 engine was selected which requirés a 2/15 (oxygen/fuel) minimum NPSH nt
mainstage start, This engine also requires a minimum pressure of 11 N/cm2
(16 psia). Prior to mainstage, the IIP derivative engine is capable of
operating in THIM similar to the ITA derivative; thus, it can settle the
propellants in this mode. In addition, the IIB derivative has a pumped idle
mode which can pressurize the ullage prior to mainstage operations in a so-
called bootstrap manner, The ullages continue to be pressurized autogenously
during mainstage operations.
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Table 5-17 summarizes the methods used to settle propellants by several
Tug system investigators. The decision to utilize the APS for propellant
settling gave the design the added dimension of having a redundant means of
settling the propellants. In addition, the table presents the various systems
used to control ullage pressure which were part of those designs.

The antogenous pressurization system selected is similar to the system
presented in the MSFC report (Reference 17). Figure 5~24 presents a schematic
repregentation of the LHp and LOX tank MPS pressurization and vent subsystems.
Redundancy is provided in the regulation of both ullage pressurization systems
by two regulators pneumatically in parallel protecting against the failed~-
closed regulator mode, and a shutoff valve in each leg that will protect
against the failed-open mode. Pneumatically in parallel relief valves protect
against system overpressurization. Control of GHp and GOy flew from the main
engine tapoff 1s by single nonredundant solenoid valves,

The LH2 and LOX tank vent and relief systems are composed of two sub-
systems. The primary vent systems are functional during the loading, ascent,
and positive acceleration periods of Tug operation. On the LH2 tank, it is
also utilized in the event of an aborted mission requiring that the Orbiter
land with the Tug LH2 tank full. The LOX tank is dumped prior to an abort
landing and horizontal venting is not required.

The secondary tank vent system is required to vent the LHs and LOX tanks
with minimal liquid losses during periods of zero or low acceleration when
propellants are not settled and venting of eilther gas, liquid, or both is a
possibility., A zero~thermodynamic vent system (TVS) is baselined in both

Table 5-17. Main Propulsion System Design Comparison

SYSTEM DESIGNS
CRYD APS STUDY
MACDAC § CONVAIR | MSFC | BASELINE | ALTERNATES

ENGINE TYPE .

RL-1G CATEGORY I1A b

RL-10 CATEGORY [1B » . . [ T
PRESSURIZATION - MAINSTAGE

BI.ONDOWN + BOOST PUMP o

BLOWDOWN + Hg 1ST FLIGHT ]

AUTOGENDUS . . o o
PREPRESSURIZATION

NONE . .

HE [}

BOOSTRAP AUTOGENGUS (PIM) . * 0
ENGINE CHILLDOWN

THIM ® * ™ ' . @
PROPELLANT ACQUISITION

THIM SELF-SETTLING ] ' Y

START BASKET . .

APS SETTLING ' .
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tanks due to its light weight, good technology base, and mission flexibility
(1.e,, 1t is self-compensating for variations in heat leak). The thermo~
dynamic vent requires electrical power for mixing, and vents only gas even
though gas and liquid may be pregent. Technology and a practical demonstration
of the thermodynamic vent system already has been accomplished. Redundancy

in the LO2 and LH2 thermodynamic vent systems is provided through the use of
dual valving.

As seen in Figure 5-24, TVS control range is set such that the minimum
ullage pressure satisfies the minimum engine inlet pressure requirement. The
pressurization system regulator minimum control level was determined by the
engine NPSH requirements. Rapid pressurization of the LOX tank ullage
0.69 N/em? (1 psi) above “he TVS pressure level results in slightly more than
0.6m (2 £t) of NPSH. Similarly, pressurizing the LH, tank ullage 0.345 N/cm?
(0.5 psi) above the TVS pressure level results in slightly more than 4.6 m
(15 ft) of NPSH, 1In addition, it was considered necessary to allow the
regulator a tolerance of + 0.345 N/em? (+ 0,5 psia) about its setpoint; the
regulator limits reflect this choice. Finally, the f£light relief valve
modulation band was determined by the maximum regulator control pressure and
the structural limits of the tank., The 13.79 N/em? (20 psia) maximum LOX
tank ullage pressure represents an increase from the self-pressurized system
concept maximum level of 12.76 N/cm? (18.5 psia).

In summary, the MPS pressurization and vent system will maintain the
propellant and ullage fluids within the limits presented in Table 5-18.

Table 5-18. MPS Pressure and Temperature Limits During Mission

Parameter LHg Tank LOX Tank

Pressure, N/cm2 (psia)

Maximum 13.45 (19.5) 13.79 (20)

Minimum#* 11.03 (16) 11.03 (16)
Ullage Temperature, K (R)

Maximum 94,44 (170) 138.89 (250)

Minimum#* 20.55 (37) 91,00 (163.8)
Propellant Temperature, K (R)

Maximum 20.77 (37.38) 91.56 (164.8)

Minimum#* ) 20.55 (37 91.00 (163.8)

*From liftoff until the heat leak into the tanks increase the pressure
and temperature into the TVS control range, the fluids are colder.
Liftoff conditions: LOX tank 10.1 N/cm? (14.7 psia), saturated;

LHg tank 10.5 N/em? (15.2 psia), saturated.

The calculated LH and LOX main tank pressure and temperature profiles
adequately meet all MPS engine requirements; however, the fluid extracted
from the tanks to support the APS must be subcooled to enable the APS
pumping system to operate properly. The subcooling is accomplished in a
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zero—g reservolr with a separate TVS. With the assumption that the LH2 pump
inlet NPSP recuirement is 0.7 N/cm2 (1 psi), the required minimum subcooling
is 0.2 K (0.4 R) during APS usage. If the LOX pump inlet NPSP requirement

is 114 N/cm? (2 psia), the minimum required subcooling is 1.1 K (2 R) during
APS usage. The subcooling requirement assurss negligible pressure loss from
heating or frictional flow in the suction linc from the zero-g reservoir to
the pump inlet. If the pressure loss in not negligible. additional subcooling
will be required.

To assure that the pump suction line does not cause an appreciable
pressure loss due to friction or heating, the pump inlet should be inside the
accumulator tank and the suction line diameter should be no less than 1.5 cm
(0.6 in.). In this way, the suction line is no warmer than the propellant
bulk temperature and the frictional pressure loss is minimal.

PRCPELLANT ACQUISITION

This section presents the detailed analytical results supporting the
selection and conceptual design of an overboard vent refill capillary device
for the APS zero~g reservoly. The topics include concept selection trade
analysis, zero-g reservoir sizing, capillary screen design <nalysis, zero-~g
reservolr location, and MPS start basket evaluation.

Concept Selection Trade Analysis

The oncepts evaluated (Section 5.1) can be classified into two basic
categories: unonvented (nonrefillable) and vented (refillahble) capillary
devices., The nonrefillable concepts were eliminated for being heavy and lacking
misgion flexibility. The refillable concepts can be further classitled as
either internally vented or overboard vented. These two categorles are
illustrated diagramatically in Figure 5-25.

The internal screen vented concept is the simplest of the refillable
concepts studied, as it has no valves. It must be designed to vent vapor
back into the tank during engine firing, while beinz hydrodynamically stable
during otrbit operation. A typical design schematic is shown in Figure 5-26.
The narvow central vent tube is often used to hasten refilling and to minimize
trapped residual.

However, analysis _hows that the vent tube diameter must be carafully
chosen, If the diameter is too small, dynamic and dissipative forces are
created which can impede refill. The height of the vent tube is limited by
weight, liquid level in the main tank during the final burns, and stability
requirements during orbital maneuvers. The orbital maneuver which determines
screen mesh size is the +X translational maneuver with four engines firing.
For the smallest vehicle weight, this yields an acceleration level of only
0.0151 g. Total vertical height of the reservoirs is about 0.76 m (2.5 ft)
for LHz and 0.38 m (1.25 ft) for LOX. As the acceleration level is low, a
coarse screen such as a 24 x 110 mesh plain Dutch twill can be used. To
supply APS and thermodynamic vent propellant, capillary collectors as shown
in Figure 5-6 are required within the reservoir. Thermal control provisions
are required to maintain the propellant within the reservoir subcooled compared
to the contents of the main tank.
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Figure 5-25. Refillable Designs, Generic Types

An analysis has been conducted of refill rates for the LOX and LHp
reservoirs for APS and MPS burns. The basic equations are developed below.
Consider the streamtube path from Position 1 to Position 2 as identified in
Flgure 5-26 using the generalized Bernoulli eguation:

2 2 -

3 u, - u P, - P

_3u 3 1 _ 3 1 '

[-—-—at ds +———2 + g (x3 xl) +————=+F'=0 . (1)

Figure 5~26. Schematic of Refill Flow for Intermally
ORIGINAL PAGE 15 Vented APS Reservoir

OF POOR QUALITY
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where
u = velocity
x = vertical coordinate
8 = the streamtube coordinate in the direction of motion
g = the acceleration
P = pressure
t = time
p = density of the liquid

F' is a dissipative term due to flow of liquid through the screen between
Pogitions 2 and 3. From References 18 and 19:

2

F' = Ey + Fu (2)
where w = velocity through the screen
E = the coefficient of the laminar pressure loss term
F = the coefficient of the turbulent pressure loss term
The velocity at Position 1 is essentially zero, and
u, = 0 (3)

1

The transient term is important initially because it represents the
pressure required to accelerate the flow from reat tc steady or quasi-steady
velocity. Its inclusion will result in a glower filling. If it is neglected
and it 1s found that filling is still too slow, then it is fruitless to
proceed further. Therefore, it was assumed that

*3au
/ 5t ds = 0 (&)
Jp oot

The velocity at Position 3 can be related to the velocity at Position 4 by
continuity. The symbol A refers to the flow area at the station sbuscripted.

A4
uy = E; u, (5)
Similarly, w can be related to u, by
A
__ 4
w o= A ua (6)

113



where Aw 1s the wetted screen area through which liquid flows into the
reservoily. Substituti:, Equations 2 through 6 into 1 and solving for pressure
difference, there results

2 2
p. - P A A A
AR 4 4 2

= \AS) u, + & (z+y) - |[E Aw) u4+F(Am) 4y 7

In most derivations of this type, the hydrostatic term is taken as gy. The
addition of the term gz is explained below.

The pressure difference, P; ~ Py, can also be evaluated by considering
the dynamics of the gas leaving the reservoir. Position 5 is taken to be
sufficiently high above the vent tube that bubble dynamics do not affect the
pressure field. Thus, the pressure at Position 5 is the same as that at
Position 1, mamely Pj. 7The pressure losses from Position 3 to Position 4 is
the contraction loss in e¢atering the vent tube; this is generally small
compared to the losses from Position 4 to Position 5. The mechanism of the
flow from 4 to 5 s not completely understood, However, enough is known to
develop limitin conditions. Testing done at Rockwell Space Division
(Reference 2C) i r a different problem with similar fluid mechanics has shown
that for a wide range of flow rates the pressure drop across a wetted screen
is somewhat greater than the bubble pressure. 1t is expected that for flow
rates that are very high, the screen pressure drop 1s that for vapor flow
alone (the screen is dry for this case)., The bubbles passing through the
screen create a dynamic pressure field above the screen; this is the "virtual
mass effect" assoclated with accelerating the liquid above. The pressure
drop due to this effect has a upper limit of about one momentum head

(aP max - P uz), where p is the liquid density. Thus,
Py (Eu4 + Fui) 2
Py- P 5P, - P = W, + Kou, (8)

where the bracketed expression infers that the pressure loss has a lower limit
of the bubble pressure and an upper limit of vapor flow alone and K has an
upper limit of unity. Here p_ is the vapor density and APg is the bubble
pressure. Equating Equations 7 and 8:

f-{'-z u? + (z+y) +p E(fi)u + F ﬁizuz {9
PAE) Y T PR y A/l Y% K]
Py (Eu4 + Fui) 5
= APB -!-K;m[4
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The terms g z and K Pu2 tend to cancel each other. As bubble dynamics
increase so does the wake region above the screen. Thus, it may be argued
that these terms tend to cancel each other, with the inertial term always
larger than the hydrostatic head term,

This rationale has been applied to evaluate the internally vented APS
reservoir. It follows immediately that refill during APS firing is a practical
impossibility. This is because the hydrostatic head "driving force" term,

P gy, is .ess than the bubble pressure. If this were not the case, the

screen would be destabilized during APS maneuvsrs. Thus, the only poasibility
to refill during APS burns using inteinal venting is to replace the screen

at the top of the vent tube with a valve. The valva 1s opened after settling
iz completed and closed when refill is completed. For hydrogen, the hydro-
static head driving pressure is on the order of 0.00028 N/cmé¢ (0.0004 psi).
Consider the shortest time avallable for refill after complete propellant
settling, which occurs during the 64-sec APS translation following mission
orbit insertion at 147.55 hours. Refill can be at least partially accomplished
if a 5 to 7.6-cm (2 to 3-in.) diameter vent is used. A valve with a 5 to
7.6-cm (2 to 3~in.) orifice is probably excessively heavy and complex.

Considering main engine burns, the delta velocity maneuvers shown in
Table 5-11 are all long enough to accomplish refill for the screened reservoir
of Figure 5.26. Tle most difficult reflll operations are the very short
Mission A orbit maneuver burns, particularly the midcourse correction at 8,02
hours. The time available for refill and the maximum acceleration for this
burn are:

Time Acceleration
(sec) (g)
APS settling 54,43 0.0028
THIM burn 13,23 0.105

The hydrogen reservoir propellant profile on Figure 5-7 shows that 38 percent
of the reservoir (0.02 m3 or 0.847 ft3) must be refilled during this burn.
Analyses conducted for this case show that the refill flowrate is highly
dependent on the height and diameter of the vent tube; evenm a 15 percent
refi1ll appears to be marginal for this case.

Reservoir refill by internal screen ventiug could be accomplished by
limiting the refill operation to main engine delta velocity maneuvers when
the acceleration level and duration would be great emough to provide the
necessary refill propellant flow. This would mean that the LOX and LH2
reservoirs would have to be large enough to supply all the propellant required
by the APS during unsettled operation. Reservoir capacity would have to
increase by approximately 380 percent, however, resulting in a 20-kg (44-1b)
increase in APS dry weight. By contrast, the overboard vented refillable
approach results in only a 0.9-kg (2-1b) vent loss for the entire mission.

Thus, the internally vented basket, while having size and weight advantages
to the passive (nonrefillable) designs, has some major drawhacks. It cannot
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be refilled during the APS burns because the hydrostatic head driving force

is less than the screen vent tube bubble pressure. Refill can be accomplished
during main engine delta velocity burns, but is problematic for at least one
of the MPS orbit maneuver burns because it is very short--13.23 sec (the
midcourse correction at 8,02 hours). Use of a large vent valve, rather than
screen material, at the top of the vent tube will hasten refilling for APS

and MPS burns, but is prohibitive in weight. Overboard vent bhas been

selected as the most weight-effective approach to zero-g reservaoir refill,

Zero-g Reservolr Sizing

For the propellant acquisition system in the zero-g reservolr, a conser-
vative design and sizing approach was used. Propellant is drawn from the
retention reservoir for attitude control, APS translations, propellant
settling prior to main engine burns, and thermodynamic venting (LHy only).
Capillary devices are used within the reservoilr tr provide vapor-free liquid
for all these cases. However, under the zero- and low-gravity conditions of
space, the liquid fed out of the retention reservoir is not necessarily
displaced by liquid. If vapor is present outside of the reservoir, it will
filow into the reservoir in preference to liquid.

In sizing the reservoir a worst-case propellant orientation was assumed:
propellant adversely located during attitude control maneuvers and thermo-
dynamic venting flow, and initially for APS translations and MPS settling.
Initial APS operation is sustained using propellant from the retention
reservoir untll propellant settling is accomplished. For the APS translations,
after sevtling is accomplished, propellant flows into the retention reservoir
replacing propellant flowing to the APS engines until the APS translation is
completed. For MPS settling maneuvers, the APS is fired until main propellant
i1s settled, at which time the MPS firing is initiated and APS firing is
terminated.

For attitude cortrol and thermodynamic venting, all propellant used is
digplaced by vapor. For APS translations and MPS settling maneuvers, vapor
displaces liquid in the reservoir until settling is accomplished. The hydro-
dynamics of linear acceleration settling has been the subject of considerable
investigation in the last decade. For the purposes of this study, the
empirical "four free fall" rule has been found to be sufficiently accurate
for conceptual design. That i3, settling time, tg, 1s given by:

/2h
t:s =T 3 (10)

where
h = the distance of the liquid interface from the tank bottom
g = the settling acceleration
T = an empirical constant with a value of four in this case
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The volume of vapor which enters the retention cans is given as follows.

For LHZ:
) (@)
v - t (11
GH, (pmz M+ 1) s
For LOX:
W M
v -( )( )t (12)
GOX pLOX M+ 1/ "8
where

VeHy = the volume of hydrogen vapor which enters the LHp reservoir during
settling

Vgox = the volume of oxygen vapor which enters the LOX reservoir during
settling

W = the mass flow rate of LH, + LOX during the APS settling burn
p, = the density of liquid hydrogen

Prox = the density of liquid oxygen

= the mixture ratio
t, = the settling time

As geometry and size are different for the LHp and LOX main tanks, the
settling time is different for each. The mass flow rate is that required to
fire tour +X APS engines with a thrust of 111 N (25 1b) each. Settling can
be accomplished with only two +X APS engines; indeed, while settling time is
longer, total propellant utilized and hence total gas entry into the reservoir
is less. A two=level settling process has been considered in which two
engines are used initially, thus reducing the liquid momentum and bubble
formation propensity of the settling flow. All four engines are used to
complete the settling process, hastening bubble rise and reducing slosh
amplitude. These refinements can be investigated in subsequent program phases.
It was considered that four-engine settling was the simplest, most reliable
approach--with two~engine settling as backup in the event of a single APS
engine failure.

The baseline design is a refillrble reservolr containing capillary
devices. Refill can be accomplished during any programmed APS or MPS burn,
To obtain the required pressure difference to accomplish refill in the
available time (duration of engine firing subsequent to settling) overboard
venting 1s used, The size of the reservoir is determined by the maximum vapor
entry between two sequential engine burns. For both the LOX and LH» systems,
maximum vapor entry occurred between the second and third orbit maneuver burns
(between the filrst phasing orbit insertion and mission orbit insertion burns).
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For the LOX system, this vapor consists of the sum of that which entered
during attitude control maneuvers {0.0014 m3 or 0.049 £t3) and during the APS
settling preceeding the orbit insertion burn (0.0029 m3 or 0,104 £t3), for a
total of 0.0043 m3 (0,153 ft3). It should be noted that this quantity is
independent of whether the orbit insertion burn 1s accomplished with the APS3
or MPS. Thus, reservoir size is the same for Missions A and B, For the LH2
system, the vapor Ingested into the reservoir is the sum of that due to
attitude control maneuvers (0.0034 m3 or 0.12 £t3), APS settling (0.0207 m3 or
0.73 £t3), and thermodynamic venting (0.0210 m3 or 0.74 ft3), for a total of
0.0451 m3 (1.59 £t3). Again, this quautity is the same for Missions A and B.

The reservoir is made up of two compartments, an upper refillable compart-
ment and a lower compartment for redundancy. The compartments were sized as
follows:

Volume, m3 (ft3)

LOX LHp
Maximum vapor ingested 0.0043 (0.153) 0.0450 (1.59)
Margin (20%) ' 0.0009 (0.031) 0.0093 (0.33)
Hardware 0.0006 (0.020) 0.0014 (0.05)
Lower compartment 0.0021 (0.075) 0.0099 (0.35)
Total 0.0079 (0.279) 0.0656 (2.32)

The 2} percent mavgin allowance accounts for design uncertainties, ullage
volume at end of refill, and fabrication and ground loading tolerances. A
timeline for worst-case propellant quantity in the LH7 reservoir iz shown in
Figure 5-7. The greatest depletion occurs between the first phasing orbit
insertion and mission orbit insertion burns, as discussed previously. The
steep inverted spikes represent gas ingested during settling; the lines with
the moderate negative slopes represent gas ingestdon during attitude control
and thermodynamic venting. The next worst casz of depletion, almost as bad
as the worst case, occurs between the second phasing orbit insertion and
m.ssion orbit insertion burns., The timeline for propellant quantity in the
LOX reservoir is similar to that of the hydrogen with one exception. There
1s no flow of LOX for thermodynamic venting; the LOX reservoir, accumulator,
and lines are cooled by hydrogen heated above the LOX melting point.

Capillary Screen Design Analysis

Figure 5~6 in Section 5.2, Integrated Concept Description, presents a
conceptual design of the LOX and LH2 zero~g reservoirs. The toroidal
acquisition tube design used for the upper compartment provides a communication
path for liquid from the upper compartment to the lower one. The upper and
lower compartments are separated by a 165 x 800 mesh caplllary screen, The
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design of these screen. is dictated by the functional requirements for the
following APS operational phases:

e Ground loading and drainage
¢ Feedout during APS operation
e Liquid retention during propulsive maneuvers
¢ Orbital refilil
Ground Loading and Drainage

Ground loading is accomplished through the isolation valve at the bottom
of zero-g reservolr not shown on Figure 5-6., Prior to lpading, the reservoir
is inerted with helium, The helium is then purged with GOX or GHgp, for the
oxygen and hydrogen reservoir, respectively. In each case, venting is accom-
plished through the overbecard vent valve., Following this, LOX and LH2 are
loaded through the isolation valve, with venting through the overboard vent.
As the capillary collector is covered with self-wicking 325 x 2300 mesh dutch
twill screen, it 1is possible that although the reservoir is filled with liquid,
some vapor is trapped within the collector tubes. Loading then will involve
three phases: cooldoim, tank fill, and collector fill. The last phase is
accomplished by condensation of vapor within the collector and displacement
by liquid, Analytic procedures to calculate fill times have been developed
for the Space Shuttle supercritical ecryogenic tankage and can be modified
to include the capillary device condensation process. These results will be
confirmed by developmental testing.

Drainage can be accomplished through the isolation valve, by back-flowing
through the fill system. Propellant vapor or helium is drawn in through the
vent line to digplace the liquid. Drainage can be hastened by introducing the
vapor or helium at elevated pressure, within the constraints of tank structural
limitations. Due to the bubble pressure and wicking characteristics of the
collector tube screen, the liquid within the tubes will be last to drain. This
can be hastened by using warm (relative to the cryogen) pressurant to destabi-
lize the collector tube screen.

Feedout During APS Operation
The screened nollasctor tubes when wetted will pass liquid rather than

vapor. For vapor to enter, the local pressure drop must exceed the screen
bubble pressure. In general, vapor will not eater if:

APg 2 APp + APp + APp + APy + APp (13)
where
APp = the bubble pressure of the screen
APE = the entry pressure loss due to flowing through the screen
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APD the pressure loss duz to the need to turn the entering flow

APF the frictional pressure losses

AP

H the hydrostatic head pressure loss
APT = the pressure loss due to start up or shutdown transients

These various losses have been treated in many studies of capillary
devices; however, it is only recently that enough information existed to
determine the magnitude of the various terms. The entry loss term is the
best understood and has been experimentally evaluated by various investigators
(References 18 and 19). A model which accounts for the pressure loss in flow-
ing through the screen as the sum of a laminar and a turbulent term is widely
accepted. The pressure loss dug to turning the flow entering the collector
and imparting a velocity to it at right angles to the original flow direction
is equal to twe velocity heads as showm in Reference 21 by employing the con-
servation of linear momentum equation. Frictjonal losses due to flow within
collectors has been unestimated by many investigators. It was shown first by
Hines {(Reference 21) and more recently in an extensive treatment by Cady
(Reference 19) that the screen wires constitute roughness elements for flow
parallel to the screens. Depending on the screen, friction factors for the
externally unwetted portion of collector tubes were found to be 50 to 500 per-
cent higher than for smooth channels. Hines suggests that friction factors in
the unwetted portion of a collector are highly dependent on the type and align-
ment of the screen material and on the flow regime. Cady further conjectures
that the flow through the screen at the beginning of the channel flow annulus,
though small, could act as a turbulence generator, thus triggering transition
to turbulent flow at fairly low R (<103)., The transient pressure loss at
startup and shutdewn has been studied by Gluck (Reference 20) and Warren
(Reference 22). References 18 through 22 were used to determine the pressure
losses and to size the capillary collector design of Figure 5-6.

The 325 x 2300 mesh screen was dictated by head considerations during
main engine firing. It has a fairly high APg loss, given by Cady as

H=aV+b Ve (15)

where H is the hydrogen pressure loss at 1 g and saturated pressure conditions.
V is the velocity through the screen, However, it compares faverably with

200 x 1400 mesh screen which has a slightly lower entry pressure loss,

Table 5-~12 lists the coefficients from which the difference may be seen,

From Cady, the bubble pressure at lg and saturated hydrogen pressure, and
the flow loss data, were determined as shown in Table 5-19. Furthermore, the
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Table 5-19, Screen Pressu-e Comparison

Dutch Twill Screen ilesh

Item 325 x 2300 200 x 1400
Entry Pressure Loss
Coefficients:
a, l/sec 1.14 .885
b, sec?/m (sec/ft) 7.45 (..27) 6.59 (2.01)
Saturate 1 pressure,
N/cml (psia) 34 (50) 34 (50)
Bubble Pressure, m (ft) 0.48 (1.580) 0.34 (1.108)

frictional loss term, APp, is approximately 50 percent less for the 325 x 2300
mesh screen than for the 200 x 1400 mesh screen, due to the lesser roughness
of the finer wire (Reference 19).

The acquisition system is somewhat oversized to assure that the pressure
losses are small during all four-engine APS burns. At APS depletion at the end
of the mission, the flow losses finally exceed the bubble pressure, Eventually,
as the propellant quantity and concomitant wetted collector area decrease in the
upper compartment, the entry flow loss term, APp, dominates the loss terms., This
is due to the higher entry velocity needad to satisfy the four-engine mass flow
rate requirement. Liquid contained within the collector system as gas enters
through the screen is taken as unavailable, The LH2 residuals in the upper
compartment are 0,16 kg (0.35 1b) trapped within the collector system and
0.08 kg (0.17 1b) trapped within the compartment for a total of 0.24 kg (0.52
ib) our 5.2 percent of the reservoir volume.

Examination of Figure 5-6 shows that propellant fed to the lower compart-
ment can enter through either of the two toroidal collectors or through the
800 x 165 mesh compartment barrier directly. The toroids, made of perforated
tubing covered with 325 x 2300 mesh screen, are connected to each other and to
the lower compartment by unscreened tubing. A toroidal configuration was
chosen over a curved vertical tube to facilitate overboard venting, since it
is further removed from the vent tube and thus is less affected by the venting
dynamrics,

The lower compartment contains a single screened toroidal collector con-
nected by tubing to a screened sump. Together they provide good communication
between propellant and outlet. The lower compartment residual is 0.08 kg
(0.18 1b) trapped in the collectors and 0.04 kg (0.08 1b) trapped in the lower
compartment for a lower compartment total of 0,12 kg (0.26 1b) or 2.6 percent
of the hydrogen reservoir volume. Total residual for upper and lower compart-
ments is 0.35 kg (0.78 1b) or 7.8 percent of the reservoir volume. This
residual quantity is largely due to the conservative sizing of the collector
tube system. It is anticipated that a weight-optimized design would have a
residual between 4 to 5 percent with somewhat lower collector system weight.
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Similar considerations were used in the design of the collector system for
oxygen. Here, the greater density of oxygen warrants the use of additional
tollector system weight teo decrease residual volume. As volumetric flow rate is
much less for LOX, the collector system tube diameters for LOX are about half
those for hydrogen

Liquid Retention During Propulsive Maneuvers

Choice of the fine screen (325 x 2300 mesh) was dictated by the need to
maintain propellant in the collector during the high accelerations of the MPS.
This situation is a function of propellant quantity in the reservoir and
vehicle acceleration. As each MPS burn is proceeded by an APS settling
maneuver, the propellant in the reservoir is itself settled before MPS thrust
levels are achieved. This is illustrated in Figure 5-8. During MPS burns, the
screen must have the bubble pressure capability to withstand the static head,
(Dimension X in the figure)., The value of g during the mission is given in
Figure 5-7, while the value of X can be calculated from the propellant volume
data of the same figure. These data were combined with screen bubble pressure
data to develop the two curves of Figure 5-9, The upper one is the acceleration
rapability (the acceleration level the screen can withstand without destabilizing)
of the collector screen as a function of propellant remaining in the reservoir,
The lower curve is the loci of worst-case events for the reference mission.

The majority of the MPS firings are at acceleration levels below that of the
"envelope'". The worst of the worst cases is the main engine AV burn at 155,68
hours. Even for thils event, the screen has a safety factor of two.

Orbital Refill

One of the most critical. agpects of acquisition system operatiorn is refill
of the reservoir inm orbit. During this operation, vapor in the reservoir is
displaced by liquid propellant and is vented to space, This operation must be
preceeded by settling of main tank propellants. Two basic cases exist: £illing
during MPS burns and filling during APS translations. To be compatible with
the former, the feedliue from the main tank to the reservoir tank must be
located away from the MPS feed line to avoid pressure loss in the APS due to
MPS dynamic flow effects. For the longer main engine burns, refill can await
buildup to full thrust., For the shorter MPS orbit maneuver burns, refill must
be initiated during the engine start sequence. For example, for the two
midcourse correction burns a large portion of the burn is tank head idle mode
operation. Each restart requires cooldown with about an 89-sec THIM thrust
level, During this period, thrust builds up from ahout 34 te 71 kg (75 to
157 1b). Even for the worst case, settling is accomplished with THIM in
58 sec, thus allowing 41 sec for reservoir refill, A more critical refill
case, however, occurs for the shorter APS translation burns. The worst of
these is the 64-sec APS tramslation following Mission Orbit Insertion at 147.55
hours, As main tank LH7 settling requires 46 sec for this case, refill time is
64-46 = 18 sec. Figure 5-7 shows that approximately 65 percent of the hydrogen
zero-g reservoir volume must be vented for this case.

Another concern during refill is the pressure differential and line size

between main tank and reservoir. The line size pressure drop relatiomship
is determined by the refill mass flow requirements. To supply four APS engines,
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a hydrogen flow rate of 0,0283 kg/sec (0.0625 lb/sec) is required. To this
must be added the refill rate, vhich for the worst case is 0.0755 kglsec
(0.167 1b/sec) for an unfilled reservoir volume of 0,02 m3 (0.70 ft2). The
total rate is therefore 0.104 kg/sec (0.230 1lb/sec). Flow loss analyses show
that the 2.24-m (B8-~in.) long line between the main LHy tank and reservoilr will
experience a 0,3 N/cm2 (0.4 psia) pressure loss if the line diameter is 1.6 cm
(5/8 in.). This pressure loss corresponds to about a 0.08 K (0.14 R) drop in
saturation temperature,

To refill the LOX reservuir during the same 64-sec APS translation
0.0026 m3 (0.092 ft3) must be displaced in 18 sec. Four-engine LOX flow rate
is 0.085 kg/sec (0.188 lb/sec). Total rate during refill is 0.250 kg/sec
(0.552 1b/sec). Proceeding as with LH2 for the longer line between the main
LOX tank and the reserveir, a 0.14 N/em2 (0.2 psia) pressure drop is experienced
if the line diameter is again 1.6 cm (5/8 in.). This pressure loss corresponds
to about a 0.1 K (0.2 R) Jrop in saturation temperature.

Zero—~G Reservoir Location

The different factors that must be considered in the decision to locate
the zero~-g reservoir internally or externally to the main propulsion tanks
have been identified and are listed in Table 5-20. In order to provide
subcooled propellant within the reservoir to meet pump NPSP requirements and
to preclude boiling and vapor disruption of the capillary devices, insulation
is required for either an internal or external installation. An irternal
installation would require the development of a flight-qualified LOX-compatible

Table 5-2G. Zero~G Reservoir Location

———
CONSIDERATION LOCATION INTERNAL EXTERNAL
PROPELLANT SUBCOOLING REQUIRED~LOX/LH,, K (R} 1.2/0,2 (2.2/0.5}{ 1,2/0,3 {2,2/0,5)
INSULATION WEIGHT, KG {LB)
ML ' - 0.5 (1.0
FOAMSIL 1.2 (2.6 -
REINFORCED POLYURETHANE FOAM 0.6 (1,4) -
ADDED MPS TANK WEIGHT, KG (LB) 0.6 {1.4) 0
ADDED LH,/AL.OX HEAT EXCHANGER, VALVES AND LINES, KG (8) 1.4 (3.0 -
LHg BLEED COOLANT, KG (LB) 1.1 (2.4) L1 (2,4
PRELAUNCH & BOOST PROPELLANT BOILOFF, LOX/LHp, KG (LB) o 0.3/0.8 (0.7/1.8)
BOILOFF PERCENT OF RESERVOIR CAPACITY , LOX/AH, (%) 0 3.5/18
TOTAL WEIGHT PENALTY , KG (LB} 4,9 (10,8) 2.7 (5,9
AC _SSIBILITY FOR INSTALLATION, INSPECTION, AND MAINTENANCE POORER BEST
{NSULATION DEVELOPMENT RISK AND COST HIGHER COMMON TC
OTHER TUG INSUL
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insulation such as Foamsil currently used in the laboratory. The insulation
welpht penalties listed in the table are based on providing equal bleed coolant
flow for either the internal or external application. To «vold hydrogen
coolant within the LOX tank, an 09/Hp heat exchanger and associated valves and
lines would be required for internal location, Internal location would
eliminate ground hold and boost boiloff leosses: however, after such boiloff
there would still be adequate propellant remaining in the reservoir to meet
mission requirements prior to the first on~0Orbit reservoir refill (refer to
Figure 5-7). Finally, external location would provide the best accessibility
for initial installation, inspection, and field maintenance of the zero-g
reservoir,

A comparison of these factors shows that no major driver emerges to
dictate a decision on locations. It does appear, however, that an external
installation would be slightly more favorable in terms of weight, cost, and
maintainability and thus it has bean chosen as baseline for this study.

MPS Self-Settling Start Basket Evaluation

The General Dynamics Tug design (Reference 23} utilized an MPS start
basket to eliminate the need for propellant settling at each MPS engine
restart., General Dynamics has done appreciable work, including computer pro-
gram development, on the hydrodynamics of start basket depletion and refilling
(Reference 24). Space Divisicn has used the analytic procedures described
previously to evaluate the start basket design approach. As pointed out, at
least one of the Mission A orbit maneuver burns (the Midcourse Correction at
8.02 hours) appears to be marginal with regard to refill., As the information
on start baskets in Reference 23 was somewhat sparse, screen material and refill
rates not being specified, it 1is difficult to evaluate the adequacy of the
proposed design., In addition, thermal control provisions are not detailed,

It is probable that, in addition to attached thermodynamic vent tubes, insula-
tion may be required. Such insulation may decrease the open flow area for
refill, 1In conclusion, there are unresolved questions about start basket
design and performance. Further conceptual study is warranted, leading
ultimately to experimental in-flight verification, in order to validate this
start method,

MPS self-sgettling also has been considered through the use of the APS
zero-g reservoir as a start basket for the main Tug engine. Since a
minimum of 67 seconds of THIM cperation is required for main engine thermal
conditioning as compared to 55 seconds maximum for main tank propellant
settling, liquid settling could be accomplished during this period without
any additional propellant consumption penalty. The resultant savings in
APS propellant is equivalent to approximately 95 kg (210 1b) of payload.
The APS reservoilr dry welght would have to be increased by approximately
13 kg (28 1b) total to provide the additional propellant capacity required
for the main enpgine, resulting in a net payload gain of 59 kg (130 1b).

Use of the APS reservoir as an MPS start basket also would require
redesign of the internal capillary devices to allow for the higher flow rate
demand of the main engine., An additional isolation valve in each of the LOX
and LH7 main engine feed lines would be required to preclude vapor ingestion
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during the settling period. Additional SR&T and development tests would be
necessary to validate the dual mode operation and performance of each
reservoir. Because of these additional complexity and cost {actors, this
concept was not considered further.

" ORIGINAL PAGE IS
PUMP SYS1EM SELECTION OF POOR QUALITY

Since the thruster inlet supply pressure requirement is 152 + 14 N/em
(220 + 20 psia) and the maximum tank pressure is 13,4 N/cm2 (19.5 psia), pumps
are r—é_quired to increase the fluid pressure. Also, accumulators downstream
are used to limit the pump duty cycle as well as provide for APS functional
capability in the event of pump failure during Tug recovery by the Shuttle.

Pumps

The purpose of this section is to pregent the system requirements and
constraints which any pump configuration will have to meet, and to select the
best type for each propellant system.

The APS pump requirements are presented in Table 5-14, as well as the inlet
and rlisrharge conditions any pump type will have to accept and satisfy.
Figure 5-27 presents the power requirements needed to operate the pumps as a
funetion of pump overall efficiency. Additional ifmportant items to be deter-
mined are the pump type, pump weight, and motor weight.

Candidate pumps are divided into two basic categories: dynamic pumps and
positive displacement pumps. As seen in Figure 5-28 (from Reference 25), the
specific speed (Ng) is higher for a dynamic pump (e.g., centrifugal or axial)
than a positive displacement pump (e.g., piston, vane, drag, or roots) for the
same specific diameter (Dg).
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Figure 5-27. Pump Input Power Required as a Function of Efficiency
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Figure 5-28, Pump Specific Diameter and Speed

For the initial evaluation of candidate applicability, it is assumed that
the maximum desired rotational speed is 30,000 rpm for any pump type. Further,
the pump inlet diameter is limited to 15.2 em (6 in.).

Using these limits and the design head rise and volumetric rates, pump
operational envelopes can be superimposed onto Figure 53-28, which encompasses
all desipn operations for either the hydrogen or oxygen system. As seen, the
only approsriate choice for the hydrogen system is a positive displacement
pump type. For the oxidizer system, the choice is not as forceful: a dynamic
pump type could possibly be used for the oxidizer system; however, overall
dynamic pump efficiency would tend to be low (50 percent or less). The
requirmd pump input power, from Figure 5-27, increases as pump efficiency
decreases. For the oxygen system, a positive displacement pump is the first
choice with a dynamic pump design as a possible alternate.

Of the common positive displacement pump types, the current baseline

choice is a piston pump because of the availability of reliability data on

ield usage of such units, It also has high and constant hydraulic efficiency
over a range of pump specific speeds. Hydraulic efficiency is the ratioc of
delivered head plus hydraulic losses where the hydraulic losses consist of
the friction of the liquid flowing through the pump cylinder and the pressure
loss through the pump valves. The piston pump is estimated to have an
efficiency of 65 percent.

To reduce pump weight, a vane pump, with which there is virtually no
cryogenic experience in this flow range, is an alternative, To maximize the
mechanical efficiency of a vane pump, its specific speed from Reference 25,
should be greater than 2 (see Figure 5-29). Even with this optimizatioen,
overall efficiences of 58 percent for both hydrogen and oxygen vane pumps
are anticipated (Source: Sunstrand Co.).
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In the preliminary design phase of this study, the characteristics of the
two pump types will be investigated in greater detail,

Accumulator Sizing

The rationale for sizing the integrated system accumulators is similar
to that for the dedicated concept D-6 presented in Section 4.4, The sizing
method is illustrated in Figure 5-30., Basically, the approach is to trade
off accumulator weight versus pump and inverter weight. A trapped helium
ullage bellows type of accumulator is assumed, providing a thruster inlet
oressure ranging from 141 to 162 N/em? (205 to 235 psia). A narrower control
band than that assumed for the d.dicated APS was used to provide additional
margin in meeting thruster inlet requirements. For all cases, minimum
weight occurs at the minimum accumulator volume with the exception of the
LOX system for Mission A. Minimum accumulator volume occurs at a pump flow
rate equivalent to four-thruster sustained flow, This pump size provides

maximum system flexibility by allowing extended linear translation APS
thrusting.

The design requirement dictating accumulator volume is the limit in
pump start and stop cycles (assumed to be 100 for reasonable reliability and
pump life). Application of this criterion results in accumulator liquid
capacities of 0.068 kg (0.15 1b) for LH2 and 0.204 kg (0.45 1b) for LOX.
Incorporation of variable pump speed flow control during steady-state
thruster operation eliminates accumulator cycling during all but pulse mode
operations and thus allows a significant reduction in accumulator capacity
from that developed previously for the dedicated systems,

In addition to limiting pump cycles, the accumulator also provides backup
propellant feed capability in the event of a pump malfunction during Shuttle
rendezvous and docking. The propellant requirements for this function are
0.013 kg (0.0288 1b) LH2 and 0.0392 kg (0.0865 1b) LOX, which are well below
the accumulator capacity requirements set by the cycle limit of 100 pump start
and stops.

THERMODYNAMIC CONTROL

The baseline thermodynamic control system and its performance require-
ments were presented in Section 5.2, This system consists of insulation and
low conductivity supports to minimize tankage and feed system heat loads, and
an active hydrogen bleed system to dissipate these heat loads and control LOX
and LH, temperatures. The elements of this system and their corresponding
weights are listed on Table 5-21 along with the LH2 bleed weight. These
weights result in a payload loss of approximately 54.9 kg (121 1b), a penalty
unique to a cryogenic type of APS. Because of this penalty, passive cooling
of the APS has been evaluated.

The passive cooling approach considered utilizes the normal flow or pro-
pellant to the thrusters to absorb the system heat load. Review of the
reference mission timeline revegls that the worst-case condition occurs during
coast period No. 5 for which attitude control propellant consumption results
in average thruster flow rates of 0.016 kg/hr (0.035 1b/hr) LOX and 0.005 kg/hr
(0,011 1b/hr) LH,.
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Table 5-21, Thermodynamic Control System Weight

{Concept I-3)

Total thermodynamic control system
Dry weight payload penalty (2.68:1)
Bleed propellant

Consumable payload penalty (.893:1)
Total payload penalty

1D Weight
Component No. kg (1b)
LH2? bleed return solenoid 15 0.68 (1.5)
LH2 bleed shutoff valve 38 0.68 (1.5)
LH2 bleed expander 16 0.68 (1.5)
LH? bleed heater 49 0.23 (0.5)
Tank external cooling coils 50 1.54 (3.4)
LOX tank insulation 17 0.23 ( .5)
LH2 tank insulation 19 0.23 ( .5)
Bleed lines 7.71 (17.5)
Feed line insulation 3.72 (8.2)
Component mounting (5%) 0.77 (1.7)
Subtotal 16.47 (36.3)
Growth contingency (13%) 2.13 (4.8)

18.60 (41.1)
49.94 (110.1)
5.67 (12.5)
5,08 (11.2)
55,02 (121.3)

Assuming the average flow rates are continuous, Figure 5-31 presents
the resultant hydrogen and oxygen thruster inlet temperatures as a function
Annotated on these curves
are the nominal design temperatures and maximum design temperatures for LOX
and LH2 as well as the maximum LH2 inlet temperature corresponding to the

of thermal isolation system effective emittance.
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thrust chamber m=terial upper temperature limit. As can be se<n, satisfaction
of these temperature limits would require thermal isolation system effective
emittance values of 0.00004 to 0.00072 as compared to a value of 0.005 achieved
_to date for flight vehicles and 0.002 achieved for laboratory calorimeter tanks.
Sufficient advancement in insulation technology to allow passive cooling is not
expected in time to support the initiation of Tug vehicle development in 1978,
Furthermore, since this analysis is based on average flow rates, quiescent periods
between APS attitude control burns as well as more frequent cperation of some
thruster quads will result in localized tramsient temperatures far above those
shown on Figure 5-31. For these reasons, it has been concluded that an active
thermodynamic control system such as the one described earlier will be required
for a cryogenic APS.

ELECTRICAL POWER SYSTEM

One of the most significant impacts that the use of an integrated cryogenic
APS will have on the design of the Tug 1s on the electrlcal power subsystem,
As shown in Table 5-15, simultaneous operation of the LOX and LHz APS pumps
imposes an additional demand on the Tug power system of 1,44 kw. The total
electrical energy required for a given mission depends on the pump operation
time accumulated to provide APS total impulse and thermodynamic control hydrogen
bleed., Assuming APS settling is used prior to MPS burns, mission pump electri-
cal energy is 0.86 kw-hr and 3.9 kw~hr for Missions A and B, respectively.

APS Pump Power Evaluation

Two possibflities have been evaluated for providing APS pump power: the
addition of silver-zinc primary batteries, and an increase in the size and
capability ¢f the Tug fuel cell. The latter will be discussed first.

Figure 5-32 presents a Tug power profile representative of the highest
power demand flight phases. This profile was developed Ly starting with the
baseline power requirements specified in Reference 1 as shown by the dotted
line, subtracting the heater power required for the hydrazine monopropellant
APS, and then adding the 1.44-kw pump power to the Tug APS linear translation,
MPS burn, and Shuttle rendezvous and docking phases as shown by the solid line.
The original haseline fuel cell and proposed fuel cell capability profiles are
shown by the two dashed liaes. Maximum predicted time periods for each phase
also are identified. The baseline Tug fuel cell capability is 1.75-kw
steady stata and 2.5 kw peak. Overloading of the advanced Tug fuel cell is
possible for short periods, with the magnitude of the overload a function of
its duration up to a maximum overload capability of approximately 140 percent.
Thus 1t can be seen from Figure 5-32 that the baseline fuel cell could meet the
2.4-kw pump power demand during the APS linear translation phase for only
11 minutes as compared to a required maximum of 5.8 minutes for Mission A and
35 minutes for Mission B.

To satisfy the 35-minute 2.4-kw pump power requirerent, the Tug fuel cell
must be designed for approximately 2.0 kw steady state ¢r 0.25 kw above the
current baseline capability. Similar evaluation of the other .ower profile
phases reveals that the fuel cell design is dictated hy APS pump operation
during the high power demand period of MPS burn. If the APS accumulators were
filled just before MPS burn and the APS pumps locked out during MPS burn, then
the fuel cell design would be dictated by the rendezvous and docking phase
of operztion.
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Figure 5-32. Worst-Case Tug Power Profile

Figure 5-33 presents Tug payload weight capability as a function of fuel
cell steady state powzsr required for APS pumping. Also shown is the assoclated
fuel cell system weight penalty based on redundant fuel cell modules at 8.5 kg/
kw (19 1b/kw) and additional radiator area at 5.9 kg/kw (13 1b/kw). As can be
seen, approximately 18 kg (40 1b) of payload can be gained by APS pump lockout
during MPS burns, Although not selected as baseline for this study because of
reduced operational flexibility, this option should be re-evaluated after Tug
operational and control functions are further defined,

Because of the substantial weight penalty for the fuel cell pump power
supply, primary battery systems were considered, Figure 5-34 presents a weight
comparison of the fuel cell system with a silver-zinc primary battery system
as a functlon of total APS pump electrical energy demand. As can be seen, the
welpght of a fuel cell system is primarily power-dependent while the weight of
a battery system is energy dependent. The crossover point occurs midway between
the energy demands of Missions A and B. The lighiest weight system for Mission
A results from the use of a battery. However, the fuel cell system would pro-
vide the greatest mission flexibility for either Mission A or B, An unexpected
increase in APS impulse would not be limited by the energy storage capability
of the battery, The flexibility of the battery system could be improved, how-
ever, by designing the electrical power distribution system to allow switchover
to the fuel cell during periods of low Tug power demznd. For example, this
switchover could be used to support mission zbort operation of the APS in the
event of a MPS failure,
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Fuel Cell Reactant Storage

A comparative analysis has been made of three different approaches to the
storage and supply of Tug fuel cell reactants:

® Dedicated system
e MPS integrated system
® APS integrated system

Figure 5-35 presents the estimated weight penalty for each approach as a
function of Tug mission energy (kw-hr) and reactant storage capacity, Table
5-22 presents a detailed breakdown of the design consideraiions and their
weight penalties as applicable to each storage approach. The weilght penalty
for the dedicated system is attrlbuted to supercritical storage bottles of the
type defined in Reference 2, For this system, the reactants are stored at a
cryogenic supercritical state in dewar pressure vessels to avold the problem
of liquid-vapor interface control. As reactant fluid is withdrawn, pressure
switches energize an electrical heater within the vessel to maintain constant

pressure cperation,

The MPS integrated concept is based on the system proposed in Reference 1,
This system draws the fuel cell reactants directly from a zero-g capillary
basket within the MPS tank through cleaners and filters used to provide the
required reactant purity. Because the fuel cell must operate at a low main
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Figure 5-35. Integnated Versus Dedicated Fuel Cell Reactant Storage
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tank pressure level of approximately 10.3 N/cm? (15 psia), as compared to

138 N/em2 (200 psia) for the two other concepts the fuel cell power density is
reduced and results in an estimated weight penalty of 7.4 kg (16.4 1lb) for a
2.6-tvw system. For both integrated storage systems, liquid reactants are
provided to avoid the temperature and flow oscillations that two-phase or slug
flow could cause in the regenerative reactant supply heat exchangers. This
liquid provides a useful heat sink, however, which can supplement fuel cell
cooling and thus reduce the required radiator surface area, This advantage is
equivalent to approximately 2.4 kg (5.4 1lb) of radiator and 1s subtracted

from the other weight penalties shown in Table 5-22.

Both integrated systems offer the advantage of mission flexibility; that
iz, additional electrical energy can readily be made available for special
missions or in the event of on-orbit problems. Depending on the circumstances

at the time, propellant refill of the capillary system by APS settling may be
used to increase reactant supply.

The major technical problem in implementing an integrated fuel cell
reactant storage concept is the design and development of the flight qualified

Table 5-22. Integrated Versus Dedicated Fuel Cell Reactant Storage

Weight Penalty, kg (1b)

Integrated

Dedicated MPS APS

Welght Penalty
Consideration 02 Hp 09 Hy 02 Ho

Supercritical bottles|16.8(37.0 | 18.4(40.5)
Additional main tank
volume 0.7(1.5)10.8(1.7)(0.7(1.5)|0.8(1.7)
Propellant cleaners
and filters 2.7(6.0) }2.7(6.0)|2.7(6.0)| 2.7(6.0)
MPS tank capillary
basket 3.6(7.9)13.9(8.6)
Large APS zero-g

reservoir - 4,3(9.5) 4,6(10.1)
Reactant for

reactant pump 1 0.0244(0.0538)
Low pressure fuel
cell penalty 7.4(16.4)
Liquid reactant
heat sink
(radiator savi.gs) -2.4(=-5.4) ~2.4(~5,4)
Total 35.2(77.5) 19,4(42.7) 13.4(29.5)

# Fuel cell nominal power rating = 2.6 kw
e Tug Mission A energy = 145 kw-hr
# Reactant storage requirement = 60 kg (132 1b)
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cleaners and filters required when using propulsion grade hydrogen and oxygen.
CO» and other harmful contaminants must be removed to provide the reactant
purity necessary for sustained fuel cell operation, The investigation of
these cleaners and filters should be the subject of a near-term SR&T effort,

As shown on Figure 5-35, the APS integrated system provides minimum
weight for the missions under consideration, It is expected that the APS
‘integrated concept alsc would result in DDT&E costs below those for the MPS
integrated system by avoiding the development of a separate capillary zero-g
propellant retention device. However, in order to simplify the subsequent
preliminary design task and allow concentration of effort on APS problem
areas, the MPS integrated concept has been selected as baseline for the
remainder of this study.

RELTABILITY

The reliability of the I-5 integrated APS design was assessed following
the same procedure used for the dedicated cryogenic and storable propellant
designs, 1In general, the basic reliability of the integrated APS is higher
than that of the dedicated cryogenic concepts, but lower than the storable
propellant designs. However, with development of specific components to a
level comparable to that of the storable propellant designs, the I-5 design
will meet .the reliability goal. In particular, it is believed that the generic
failure rate of the accumulator may easily be reduced by half to 1.56 per
million hours if life cycle testing is undertaken. The reliability of the
design is itemized in Table 5-13 and shows that the goal of 0.996 can be
attained by halving the accumulator generic failure rate,

Details of the reliability analysis of the I-5 design are described in
the success path logic shown in Figure 5-36. In a few instances the operating
times and cycles were revised from those used in the dedicated APS analysis.
The complete list of times, together with valve failure rate assumptions is
as follows:

Valve failure rate assumptions:

Leakage 80%
Failure to return (unenergized) 18%
Fail to operate (energized) 2%

Operating times and cycles:

tl - 164 hr Mission time

ty - 2300 cycles Single thruster mission operation
t3 ~ 82 hours Assumed failure point

t& - 1 cycle Isolation after failure

ts - 50 cycles LH2 bleed shutoff valve operation
te - 10 cycles Vent

ty - 32.8 hr LHy bleed heater operation
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tg ~ 0.4/3.25 hr Pump operating times, Mission A/B
tg - 0.25 hr Single thruster operating time
t1g ~ 5 cycles Pressurization system operation
t11 - 100 cycles Pump operation

The failure rates used in the analysis are the same as those of the dedicated
system analysis except for the following:

Accumulator 3.13/106 hr
He pressure switch 8/108 hr
Pump and motor 3/106 hr

All of the components which are charged to the APS as a stage system in
the reliability sense are shown in the path logic., Other components which are
utilized by the APS but are integral parts of other stage systems, such as ‘
the main tanks, rightfully are included in the reliability allocations of
those systems.

Single propellant pumps in the I-5 design are permitted under the base-
line requirements since they have inherently high reliability for their short
operating periods. They do not constitute single points of failure leading
to the loss of the Tug because the accumulators, being downstream of the
pumps, provide sufficient propellant to afford rescue. -

All of the reliability analyses conducted for this study are based on the
application of predictive techniques to historical failure data. As system
development progresses beyoud this study, however, knowledge of the relative
capability for success will grow firmer for all Tug systems and the APS
reliability goal will become a requirement, At the same time, DDT&E test
programs will yield improved reliability assessments and, even more important,
actual reliability improvements through hardware maturity gains.

VEHICLE SYSTEMS IMPACT ANALYSIS

Main Engine Backup Capability Analysis

Backup for a Tug main engine failure can be provided by the integrated
APS in the +X velocity mode. 1In this mode, the four aft firing thrusters
provide 445 N (100 1b) of thrust and can be supplied with the total quantity
of MPS propellant remaining, Since the loaded MPS mixture ratio is either
5.6 (for offloaded missions) or 6.0 (for the full tank retrieval missions),
the APS mixture ratio for backup operations must be correspondingly increased
from its normal value of 3.0 to use all of the oxygen as well as the hydrogen,

Thruster Capability

Thruster analyses indicate that the thrust chamber will operate satis~
factorily at a mixture ratio of 5.6 with low density warm hydrogen at inlet.
Assuming injector performance can be maintained with higher density (lower
injector pressure drop), colder hydrogen at inlet, a specific impulse of 400
sec is obtained for the 200 area ratio thrusrer operating in steady state
backup mode at the mixture ratio of 5.6. This assumption involves injector
and chrust chamber desipn aspects which will require further study. Higher
nominal (pulse mode) mixture ratio, a stiffer (higher pressure drop) fuel side
injector or a valved, split-manifold fuel injector are some of the design
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possibilities for obtaining mixture ratio shift capability in the thruster,
For the present conceptual level study, this capability is assumed. Although
it would be beneficial if somewhat higher thrust resulted from the mixture
ratio shift, abort performance analvses of this study assume constant thrust
and 400 sec specific impulse at a mixture ratio of 5.6, Performance for
retrieval missions accounts for the outage resulting from a 6.0 loaded ratio.

Propellant System Capability

During main engine backup operation by the APS, the propellant supply
from the main tanks is unpressurized. This results in a blowdown mode but,
unlike main engine blowdown conditions, the withdrawal rate is low and heat
leak to the tank is sufficient to maintain absolute pressure above one
atmosphere. Suppression head for pump suction is also maintained at the
design condition by the active cooling of the reservoirs. The hydrogen bleed
rate during this mode corresponds to a 24.5 N-sec/kg (2.5 sec) specitic
impulse loss.

The APS propellant system has the ability for mixture ratioc shift by
varying the speed of either pump up to about +40 percent through frequency
variation in the power supply inverters. As shown in Table 5-23, at constant
thrust and injector pressure loss coefficient, the oxidizer pump speed, head,
and power demand increase after a mixture ratio shift while the converse is
true of the fuel pump,

The total power demand drops to 59 percent of nominal, but fuel side
injector pressure drop falls to an unacceptable 37 percent, If injector
drop coefficient is still constant while chamber pressure and thrust are
increased 25 percent, fuel injector drop reduces only to 57 percent and fuel
cell power demand is constant,

The foregoing illustrates the range of feed system mixture ratio shift
capability which can be balanced against thruster trades without significant
power or propellant system weight penalties. The cryogenic integrated concept
is therefore considered to have inherent capability to serve as a backup for
a Tug main engine failure.

Table 5-23, Mixture Ratio Shift Values

Parameter Values (% of Nominal)
Constant Thrust Constant Power
Item 0xidize£ Fuel Oxidizer Fuel

Injector pressure drop coefficient 100 100 100 100
Thrust and chamber pressure 100 100 125 125
Pump flow and speed 113 61 141 76
Injector drop 128 37 200 57
Pump head 110 77 154 103
Pump power 124 47 216 78
Fuel cell power 59 100
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Backup Operations Analysis

With mixture vatio shift, the APS impulse capability i3 proportional to
the specific impulse ratios of the two engine systems - 86 percent of the MPS
impulse remaining. In Figure 5-37, the return velocity requirement is shown
for synchroncus equatorial missions as a function of main -mgine burn time.
On the outbound leg, the return velocitv is considered to be the Tug ideal
velocity attained. On the inbound leg, it is the mission ideal velocity
remaining.

The peak return velocity is therefore at mission orbit insertion (MOI)
shown on the figure for the three types of missions: placement, round trip,
and retrieval. The ability to return without jettisoning a payload is on the
outbound leg up to the line labeled on the figure as the "liftoff configuration
recovery limit." This poin: is, in general, during the mission orbit insertion
burn. The values of main engine burn time at this limit and at MOI are
tabulated on the figure for two APS aft firing thruster cant angles: 25
degrees and zero, As may be seen from the table, main engine backup capability
for the liftoff configuration exists for very nearly 60 percent of the main
engine duty cycle with the baseline 25-degree cant angle. For zero cant
angle, the capability is not less than 60 percent. The method of computing
the limit of outbound recovery accounts for both the lower specific impulse
(400 sec) of the APS and the lower thrust, 445 N (100 1h). Lower thrust is
accounted for by adding 18.5 percent to the ideal return velocity for gravity
loss.
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LACEMENT
ROOND, TAIP
KPS s lecm—L
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LIFTOFF CONFIGURATION \ ® SYNCHRONDUS EQUATOREAL OREIT
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z 10§ ) - \
4
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£ . i\ PROPELLANT
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Figure 5-37. Abort Capability - Main Engine Backup by APS
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In a previous study (Reference 26), the effect of gravity losses on
the total return AV using the APS for thrusting was investigated for a point
partway through the MOI maneuver after an ideal veloecity of 2896 m/sec
(9500 ft/sec) had been obtained. The burn sequence involved a total of
43 APS apogee or perigee burmns, each contributing a AV of about 61 m/sec
(200 ft/sec). An APS engine cumulative burn time of 16.9 hours was required,
with the longest individual burn lasting about 45 minutes. The total time to
return to the 315 km (170 n mi) orbit was about 137 hours. Gravity losses
for this flight profile amcunted to 538 m/sec (1765 ft/sec). The previous
study concluded that a curve representing required AV including gravity losses
could be approximated by simply 'pivoting" the ideal return AV curve counter-
clockwise about the origin until it passes through the computed point, This
amounts to adding 18.5 percent.

]

Return during the outbound leg involves mission abort, In addition,
missions which do not carry a maximum payload can have the capability for
mission completion by the APS in the event of a main engine -failure near the
end of its duty cycle. This could be accomplished by loading a small propellant
reserve for such a contingency. For example, a 227-kg (500-1b) propellant
margin will permit coverage of the last 916 m/sec (3000 ft/sec) of a place-
ment mission., Other options considered in Reference 26 which extend the
range of APS backup capability include (1) payload jettison which permits Tug
recovery from a point about 80 seconds prior to completion of the MOI burn,
and (2) a second Shuttle flight to recover the Tug at 926 km (500 n mi). This
would reduce the return velocity requirement by over 305 m/sec (1000 ft/sec),

Use of APS for MPS Feedline Chilldown

This aunalysis considers the use of an APS propellant-supplied recir-
culation system for thermal pre-conditioning the MPS propellant feedline
prior to main engine operation., The possibility investigated was that a
welght saving or a preferred engine start transient could be cbtained if the
feedlines were pre~conditioned by the recirculation system rather than by
t1itial THIM propellant flow, This analysis led to the coneclusion that an
APS propellant-supplied recirculation system is an inferior alternative to
THIM cooldown,

The baseline vehicle propellant feedline dimensions from Reference 27
are presented in Table 5-24., The engine start transient analytical results
established in Reference 27 are used directly for comparison with the results
of the APS recirculation system analysis.

Table 5-24., MPS Propellant Feedline Data

Descriptior LHp System LOX system
Material Stainless steel Stainless steel
Length, m (ft) 4.3 (14 1.2 (4)

Inner diameter, cm (in.) 6.4 (2.5) 6.4 (2.5)
Wall thickness, em (in.) 0.1 (0.02) 0.05 (0.02)
Weight, kg (1ib) 1.7 (3.8) 0.50 (1.1)
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A propellant feedline is considered to be thermally-conditioned if its
temperature is within Z£.22 K (4 R) of the propellant temperature., For a
Tug with propellants at saturated conditions and 11 N/cm¢ (16 psia), propellant
feedline thermal conditioning is complete when the LH2 feedline temperature is
no warmer than 23 K (41 R) and the LOX feedline temperature is 93.2 K
(167.8 R).

Preliminary analysis showed that the best APS propellant-supplied recir-
culation system was one which extracted only liquid hydrogen from the APS.
Such a system is schematically illustrated in Figure 5-38, Heat exchange
between coolant line and feedline is obtained by thermal contact between
the two. The recirculation system dry weight was estimated to be 8.6 kg
(19 1b),

The recirculation system is activat:u by opening the two-way solenoid
valve starting the LH2 pump. Subsequent activation of the three-way solenoid
valve permits coolant to bypass the MPS LOX propellant feedline once it has
reached the desired temperature level. Because the pressure of the hydrogen
coolant is greater than the LH, tank pressure, the warm hydrogen is dumped
back into the LH2 tank, thereby adding energy to the tank system and momentarily
causing the hydrogen liquid in the tank to be subcooled.

)
Kge (1be }

LINE WEIGHT, 3075 ()
THREE-WAY $/V; 0,340 (,75)
TWO-WAY SA/ 0,227 (.5}
CHECK VALVE: 0.113 (,2%)
SUPPORT BRACKETRY;: 4,743 {10,5)

TOTAL 8.618 (19)

LOX TANK

L-10
NGIN

Figure 5-38. APS Propellant-Supplied Recirculation
System Schematic
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With some allowances for heat exchange efficiency, it was established that
a maximum of 1.34 kg (2.96 1b) of hydrogen coolant initially at 155 N/cm2,
(225 psia) and 21,11 K (38 R) is required to thermally condition the MPS LH2
and LOX propellant feedlines from 278 K (500 R) to the desired temperature
levels. By assumption, the APS supplied the coolant at a mass rate of
0.0284 kg/sec (0.0627 1lb/sec). Because of the different temperature levels
and line masses, the oxygen feedline system is thermally conditioned within
37 sec while the fuel feedline requires 48 sec to be thermally-conditioned.
A maximum of 278,000 Joule (263 Btu) of energy is extracted from the MPS
propellant feedlines during each chilldown cycle.

In Reference 27 an analysis is presented with propellant feedlines assumed
to be either preconditioned to the propellant saturation conditions of 11 N/cm?
(16 psia) or to be unconditioned with an initial temperature of 278 K (500 R).
The analysis showed that the use of colder feedlines increases the propellant
consumption and the time required to condition the engine, This occurred
because the coliler lines allowed the oxidizer pump to cool down 12 sec earlier
tnan with hot lines., Once the oxidizer pump was conditioned, oxidizer flow
increased significantly, causing mixture ratio and chamber pressure to
increase. The higher mixture ratio increased fuel heat transfer and the
higher chamber pressure increased fuel system back pressure causing a reduction
in fuel flow and a 4~sec longer time to condition the fuel pump. Since, in
this case, the cooldown time was set by the fuel pump and the oxidizer pump
was condltioned considerably earlier, total propellant consumption increased
2,9 kg (6,4 1lb) with the colder suction lines. Aside from the weight disad-
vantage, to run the engine at a algh mixture ratic involves a high engine
damage risk due to the increased combustion temperature.

A conparison of the i.copellant masses used and the time required to chill
the propellant feed lines and engine pumps with and without {(from Reference 27)
an APS recirculation system is presented in Table 5-25, The table also pre-
sents the lrgic used to conclude that an APS recirculation system is not mission-
effective because its effective burned weight is more than double that of a
system which permits initial propellant flow to condition the feedlines.

It is concluded than an APS propellant-supplied feedline recirculation

system 1s an inferior alternative to permitting the feedlines to be thermally-
conditioned by initial THIM propellant flow.
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Propellant Recirculation System Comparison

NO RECIRCULATION WITH RECIRCULATION REMARKS
DESCRIPTICN OMIDIZER |  FUEL TOTAL | OXIDIZER FUEL TOTAL
®  PROPFLLANT USAGE, Kps [iby,)
® APS PROPELLANT REQUIRED FOR FEEDLINE BUST CONDITIONING /A N/A N/A 0 {0} 1.34 (2.98) | 1,34 (2.98) | MASS QUANTITIES AND TIMES
® MPS PROPELLANT REQUIRED FOR ENGINE AND FEEDLINE DUCT CONDITIDNING| 7.17 (35.8) | 2,22 (4.5) | 9.39 20.7}] 098 (22) | 2,31 (5.1) [12.29 (27.7) | PRESENTED ARE BASED ON THE ENGINE
PUMPS AND FEEDLINES INITIALLY AT
®  TIME DURATION, SECONDS 277 ,.77°K {500°R) AND THE TANK
® APS FEEDLINE DUCT CONDITIONING N/A N/A N/A w 48 48 PRESSURES AT 13,03 N/CmZ obs
® MPS ENGINE AND FEEDUNE DUCT CONDITIONING 59 87 8 47 91 #1 (14 PSIA) AND ZERD NPSP, THIS IS THE
& COMBINED APS AND MPS CONDITIONING a7 139 WORST CASE FOR COOLDOWN TIME
OR MASS USAGE FOR THE TUG.
(D) APS AND ME5 TOTAL PROPELLANT USAGE, K (Lbs,) 9.3 (20.7) 13,63 {30.06)
FOR PERFORMANCE, RELIABILITY AND
(D USEFUL TOTAL IMPULSE DURING THIM, Kg-Sec (Lby-sec) 2459 (5421) 2545 (7218) | COIST, THE SYSTEM WITH NO AR
RECIRCULATION (5 THE BETTER CHOKCE,
(@ EQUIVALENT PROPELLANT AT 459.2 Lbpwc/Ll,, [@ " ‘5,.2], K {Lby, ) 5.35 (11.00% 7.72 (nun]
(@ fQUIVALENT LOST PROPELLANT PER START [@ - @], Kgt (L) 4,04 {8.5) 5.97{13.04
(5 EQUIVALENT LOST PROPELLANT PER MISSION, Kgn (Lby )
® MISSION A - 125TARTS 48,48 (106.8] 70.92(156 . 48)
® MISSIONS - SSTARTS 24.24 (53,4) |5 .48 (78,241
(® EQUIPMENT BURNED WEIGHT, Ko {Lbs ) 0} B8.62 (19}
LOST PROPELLANT EQUIVALENT BURNED WEIGHT, Kgs [Lbs )
® MISSION A [BIMISSICN A + 3] 16.15 (35,8} [3.65 (52. ;:l
® MISSION B [(Dmission s + 3] 8.07 {17.86) 11,83 [26.
{(8) TOTAL EFFECTIVE BURNED WEIGHT, Xgs (Lby )
& mission A [® + (D) 16.15 (35.8) 2.28 (7115}
o mission s [@+@)] B.07 (17.8) Fn.ts tts.ne}




6. CRYOGENIC CONCEPT SELECTION

Competitive concepts were compared using a general methodology which was
first developed to evaluate the seven dedicated APS designs. This same
methodology, with additions to account for integration effects and refine-
ments to include more depth of detail, was then vsed in evaluating the
surviving integrated APS concepts against the selected dedicated concepts.

6.1 CONCEPT EVALUATION METHODOLOGY

The APS designs are evaluated by generating a matrix which ranks the
designs in order to identify and eliminate the poorer candidates and to foecuy
attention on the top two or three contenders. If the top contender excelz in
all criteria, the selection is obvious. If the criteria values for the top
two or three contenders are virtually identical, then no significant difference
exigts among them. If the candidate preferences shift significantly among the
criteria, then the selection is made on the basis of value judgments.

Cost=rzlited criteria constitute the major basis for evaluation. Perform-
ance attriputes constitute the second group of evaluation criteria, followed
by schedule considerations.

No attempt was made to apply weighting factors because of (1) the highly
subjective nature of such factors and (2) the incommensurability of the
criteria.

COST

In compiling cost data, major attention is focused on costs at the APS
component level, recognizing that in most systems, 80 percent of the cost
comes from approximately 20 percent of the components (Pareto's rule), Vendor
cost data were obtained and used (modified for additional costs) wherever
feasible.

In generating both the nonrecurring and recurring cost estiwmates,
increnental costing i1s used. Costs of peripheral iteme (such zs APS zround
support equipment) that are judged to be nearly constant across the alterna-
tives being evaluated are omitted so as to place emphasis on the sources of
cost differences or incremental costs. In this way, incremental life cycle
costing (LCC) was developed and used as a primary criterion. To illustrate
its significance, the LOC criterion can show that systems which incur
relatively high DDT&E costs and even relative high production costs may be
offset by low operational costs and vice versa.

PRECEDING PAGE BLANK NOT FILMED
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Because of the uncertainty of the magnitude of the buy, the APS fleet
slze was 1nitially treated as a variable. In later comparisons involving the
integrated APS, the fleet size of 17 from Reference 1 was used., All costs
are determined in 1973 dolliars.

Supporting Resezrch and Technology Costs

Key technological deficiencies inhibiting the development of APS concepts
were recognized during the study and the requirements for technology develop-
ment programs were roughly defined in terms of cost and time. These SBAT
program costs were not included as evaluation factors in the comparisons for
two reasons: (1) when the final (Phase B) gelection of the APS concept is
made, the SR&T costs will have already been expended; and (2) subjects of
SR&T funding, on basically new concepts such as the one considered here,
usually have great potential for cther programs.

DDT&E Costs

DDTEE cost estimates contain implicit probabilities of their attainment,
The DDT&E costs shown are the "most likely" costs; these in themselves do not
completely denote the intrinsic development risks associated with the DOT&E
activities.

Production Costs

A first unit production cost was generated for each A¥S candidate., These
are also based on modified vendor data wherever possible. A 90 percent
learning curve was used to project the production costs for various quantities
of systems produced.

Maintenance/Refurbishment Costs

The program model (taken from Reference 1) involves 243 f£lights with a
fleet size of 17 and a maximum of 20 missions for each vehicle. This leads to
an average of 12.15 vehicles refurbished for 20-mission capability. The spares
required are determined by analysis of APS component life and replacement
schedules. Tt is assumed that spares are produced during the produc.ion phase
and are stored for future use. Accordingly, they are posted at the 17th unit
level. Subsgequent learning curve reductions are not taken in order to
approximate compensation for storage and iInveniory costs, Refurbishment
operations are taken at 50 percent >f the cost of replacement units.

Potential Costs

Potential costs are those whia™ i - ve-rioonded changes or possible
savings in the Tug vehicle or prog.- .. -« e+ grrictly APS costs, They
are identified and assigned a valv: ii watsblish "net" DDT&E or LCC
costs,
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PERFORMANCE

The performance criteria used in the evaluation consider both reference
mission payload ('basic") perfurmance and additional functional capability
that would enhance operations. Two types of functional capability are
considered. Added flexibility is considered to mean he.: the relative
adaptability of an APS concept to provide main engine backup operational modes
at any time, Vehicle versatility involves the capability to perform currently
unplanned but nevertheless likely wmissions. More exactly, flexibility refers
to the potential capability to provide added APS impulse instead of main
engine impulse in the event of any mission contingency or opportunity.
Similarly, versatility means an extremely large maneuvering capability may be
obtained from the APS. Such a capability could be essential to complex
orbital assembly operations and other potential missions.

SENSITIVITY ANALYSIS

The final step in the APS evaluation methodology is determination of the

sensitivity of the key evaluation criteria values to the study assumptions and
constraints.

6.2 DEDICATED SYSTEM EVALUATION

The seven cryogenic APS concepts which were defined in Section 4 were

" evaluated using most of the methodology described. Recognizing that the
weight, cost, and reliabllity data of the dedicated concepts were preliminary,
certain aspects of the methodology were relaxed to yield quick answers and to
identify drivers which would permit the elimination of other criteria as
nonessential.

EVALUATION ANALYSTS

Since coz: (DDT&E plus production) is used as a primary evaluation
criterion, the total cost at a buy of 17 reflects the relative ranking for
this criterion., The least costly concept was found to be No. 3 (tank wall-
cooled, pressure feed) whlle the most costly concept was No., 4 (modular tank
wall-cooled, pressure feed). This ordering in increasing costs was used to
establish the order of listing of the concepts in Table 6-1. The ordering
was found to bz Independent of the buy size between 5 and 30. Next to cost,
the second most important critexrion was judged to be the additional payload
capability and so these dzta are shown in Column 2 of the table. DDT&E cost,
first unit cost, and reliability make up the balance of the evaluation table.
Except for candidate 4, all reliabilities are acceptable,

In conducting the comparative evaluation, it was recognized that life
cycle costs (LCC) should be considered. However, detailed data on maintenance
requirements of the alternative concepts was not available at this point in
the study schedule. Neverthele~s, a sensitivity analysis showed that the
incorporation of operational costs with the costs shown (so as to obtain LCG)
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Table 6~1, Comparative Evaluation of
Dedicated Cryogenlec APS Concepts

Cost
Additional
Concept Payload 1 st
Production| Capability |DDT&E|Unit
No. Description Cost kg (1b) (M$) | (MS$) |Reliability
3 |Tank Wall-Cooled,
Pressure Feed 26.0 0 |11.4 |1.44 0.9411
5 |Tank Wall-Cooled, Bladder
Feed 26.5 - 5 (- 12)|11.2 11.49 0.9349
0 |Updated Baseline,
Pressure Feed 27.2 0 J11.6 |1.52 0.9599
6 |Tank Wall-Cooled, Pump
Feed 28.1 +248 (+546)| 12.6 |1.54 0.9472
7 {Pump and Bellows Feed 28.8 - 44 (- 96)| 12,5 |1.61 0.9314
1 {Pump Feed 29.5 +229 (+504)| 13.0 (1.62 0.9472
4 Modular Tank Wall~-Cooled,
Pressure Feed 30.8 - 46 (-102)11.3 |1.87 0.8801

would not change the relative standings of the top contenders, The bladder-
fed system would require more costly maintenance than the pressure-fed system,
and the pump~fed system would likely require even more costly maintenance,
These increases are in the same direction as theilr cost standings of Table 6-1.
Based on prior Tug system study estimates of LCC, the added maintenance costs
alsoc are considered to be less than the differentials,

The data in Table 6~1 show Concept 3 as the leading contender from a cost
standpoint. There would be no substantial reason for choosing Concept 5
because not only does it cost more than Concept 3 but it also imposes a
payload penalty of 5.4 kg (12 1b). Moreover, if SR&T costs were included in
this evaluation, Concept 5 would be even more inferior. The bladder material
does not exist even in prototype form. Therefore, Concept 5 reptresents a
high risk/high SR&T cost concept.

Concept 0 is essentially the same as Concept 3 except for fine distinctions
in cooling method and so should be carried along with Concept 3 into Eurther
analyses in subsequent tasks. Concept 6 costs approximately $2ZM more than
Concept 3 and might be considered for eliminaticn on that basis., However, it
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enables the Tug to increase its payload capability by approximately 248 kg
(546 1b) over Concept 3. This could be a highly advantag=ous attribute and
could result in cost savings in the payloads or in other subsystems that far
exceed the $2M cost increase shown. Consequently. it is recommended that
Concept 6 be included in subsequent analyses and evaluations.

Concept 7 costs more than Concept 6 and incurs a 44~kg (96-1b) payload
penalty, and so can likely be eliminated from further consideration. As was
the case in Concepts 3 and 0, Concept 1 is essentially the same as 6 except
that it also differs in ceoeoling methed in the same manner. Additional
refinements in the design could make it more attractive from a cost standpoint
than Concept 6. Concept 4 can be eliminated because of cost, welght penalty,
and intrinsically low reliability.

Based on evaluation of the data in Table 6~1, the pressure-fed Concept 3
and pump~fed Concept 6 were carried into subsequent analyses and evaluations,
and APS Concepts 5, 7, and 4 were eliminated from further consideration,
Concepts 0 and 1 were not rejected, being only minor cooling method variations
of Concepts 3 and 6, respectively. However, for practical purposes of the
study, they were excluded from subsequent evaluatlions in order to minimize
the number of concepts considered.

EXPANDED CONCEPTS DATA

The two selected dedicated APS designs were subjected to further invest-~
igation in order to expand their descriptions, First unit and DDT&E costs
were updated to be on the same basls as subsequent comparisons. Component
replacement costs per vehicle were estimated for a 20-mission Tug lifetime,
These data were used to develop fleet maintenance/refurbishment costs.

Replacement rates were based on two factors: (1) an estimate of the
normal rate due to maintenance procedures usuul for the component type. and
(2) the life of the component without excess relilability degradation as
implied by its failure rate and worst-case duty cycle.

The data are shown in Tables 6-2 and 6-3. The final entry (Table 6-3) is
the incremental life c¢ycle cost for the concept. Tt represents the life cycle
total for the concept of all costs considered in this study and, as such, is
the concept total cost measure to be used for subsequent evaluations., It
includes only APS DDT&E, system production cests as required for 10-year Tug
fleet operations, and component replacement costs necessary to maintain
reliability at the design level.

Although SR&T requirements were defined as part of the expanded data,
they were subsequently found to be similar for all cryogenic concepts. For
this reason, as well as those previously cited, SR&T costs were not a
selection factor. The SR&T requirements identified in the conceptual study
ph e are discussed in Section 5.2,
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Table 6-2.

Candidate D-3--Pressure Feed, Tank Wall Cooled--
Component Replacement Requirements

Worst~-Case

Predicted No. of

Replacements for 20
Missions Over 10 Years

Failure Exposure
No. Rate/ Cycles Per Component Total
Schematic | Per Million (hr)/ per
Component ID No. Tug |hr {cycles) Hission Sched Unsched Vehicle

Discoruect Valve, Liquid 1,2,23,27 4 32.5 (164) v} 0.1066 0
Disconuect Valve, Gas 3 1 32.5 2 0 0.0013 0
He Relief Valve 5 1 45 10 0 0.009 0
Helium Tank 4 1 0.3 (164) 0 £.0098 0
He Filter 6 1 0.057 (104) s 2.0 x 10~5 3
He Regulator 7 3 18 5060 10 0.182 31
He Check Valve 8,9 8 38 5060 5 0.385 42
He Heater 19 1 0.11 (131) 0 0.00029 0
He Solenold Valve 36 3 32.5 (164) 0 0.107 1
Pressure Switch 37 6 45 (164) 0 G.147 1
LOX Tank Capillary Device 11 1 0.11 {164) 0 0.00036 0
IHs Tank (Sump) Capillary

Device 13 1 0.11 {164) 0 0.00036 0
LH2 Tank (Upstream)

Capillary Device 14 2 0.11 (164) 0 0.00036 o
Solenoid Valve, Liquid 15,18,20,24,| 16 32.5 (164) 1 0.1066 3

28,35,38

LOX Tank 17 1 0.3 (164) 0 0.00098 0
LH? Tank 19 3 0.3 (164) Q 0.00098 0
Bleed Expander 16 1 0.75 (164) 0 0.00246 0
Bleed Heater 49 1 0.11 (131) 0 0.00029 0
Cooling Coils 50 4 0.02 (164) 0 !6.56 x 10> 0
Insulation 17,19 4 1.0 (164) 1 0.000164 4
Prop. Relief Valve 21,25 2 45 (164) 2 0.1476 2
Thruster Assembly 29 16 0
Solenocid Valve 32 14.4 2,300 0 0.6624 22
Igniter 16 0.6 9,200 0 0.1104 2
Nozzle/Chamber 16 0.16 (.25) 0 3.2 x 1078 0
Instrumentation Set 43 0 10% Assumed 5




Table 6-3. Dedicated Concepts~~Incremental Life Cycle Costs

Pressure~Fed Pump-Fed
Item (D-3) (D-6)
First Unit
Vehicle systems 0.0 .01
Thrusters 1.24 1.24
Feed system +65 .74
Test, engineering, business
management, etc, .24 o 24
Total 2.13 2,23
DDT&E
Vehicle systems .04
Thrusters (GFP) 5.81 5.81
Feed system components 1.05 2.02
System test hardware 1,06 1.16
System test 76 .76
Engineering business management,
etc. 2,84 2.84
Total 11,52 12.63
Production & Refurbishment
Ship sets (17) 27.05 28.32
Replacement items 7.26 7.07
Replacement operations 3.63 3,54
Total 37.94 38.93
APS Incremental Lifz Cycle (17 ships) 49,46 51.56

6.3 INTEGRATED SYSTEMS EVAULATION AND FINAL SELECTION

Integrated APS data were generated in a manner similar to that described
for the dedicated systems and assembled in matrix form for evaluation. The
results of the comparison are shown in Table 6-4. The integrated concepts
represent a single APS design, but have either a battery or a fuel cell power
option.

The candidate concepts are listed in order of decreasing life cycle cost.
An examination of the data reveals that the integrated cryogenic APS concepts
are dominant in that they are superior to the dedicated concepts in every
criterion.
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The DDT&E costs display considerable uniformity with the exception of the
dedicated pressure~fed design. The first unit costs also display relatively
little variation, the highest being only 4 percent larger than the lowest.

The basic performance of the four competing designs in implementing
ttission A was established and although all systems ate adequate, the integrated
concepts are superior. In determining payload capabilities for Mission B,
the dedicated concepts were found to be inadequate. The basic difference in
migssion flexibility between the dedicated and integrated cryogenic concepts
stems from the maln engine backup capability of the integrated versions.
Both the I5-1 and 15-2 concepts provide MPS backup capability for up to
60 percent of the main engine duty cycle without payload jettison or abort
propellant margin., In addition, the fuel cell in I5-2 can provide 1.0 kw of
additional electrical power over 98 percent of the mission. These data are
also incorporated into the evaluation matrix,

It is not possible to identify unequivocally a preferred power option
for the iIntegrated concept. While 15-2 displays a slightly lower life cycle
cost, its payload capability is 48 kg (106 1b) less than that of I5-1,
Although this is only a 2 percent difference, it could exert a significant
impact on the cost of payload placement because it occurs at the borderline of
feagibility of dual placement of communication satellites.

The additional electrical power that can be provided by the I5-2 concept
is of nebulous value at this point. It could conceivably be beneficilal on
some activities (e.g., increasing the power output of a target acquisition
radar or providing additional power to a particular payload).

Because of the marginal advantages displayed by I5-1 and I5-2 in different
criteria, both concepts will be compared against storable monopropellant and
biprapellant systems in Section 8.

Table 6-4. Evaluation Matrix for Cryogenic APS Concepts
Cost ($M) Paylead | MPS Backup | Additional
Ta Capability | Elec. Pur
Life Production | Operation | First | Orbit | (Burn Time | (kw/Mission
Concept Cycle| DDT&E of 17 {Maint.) Unit | kg ¢1b) | Fraction}) | Fraction)}
Mission A
15-2 Integrated Cryo | 48.19] 12.56 28.23 7.40 2.22 2389 0.60 1.0/0.98
(Fuel Cell) . {5267}
15-1 Integrated Cryo | 49.01| 12.56 27.93 8.52 2.20 2437 0.60 None
(Battery) (5373)
D3 Dedicated 49.46( 11.52 27.05 10,89 2,13 2030 None None
Cryo (Pressure-Fed) {4475)
D6 Dedicated 51,56} 12,63 28,32 10.61 2.23 2331 None None
Cryo (Pump-Fed) (5139)
Mission B
15-2 Integrated Cryo | 48.1%: 12.56 28,23 7.40 2,22 2195 0.60 1,0/u.98
{Fuel Cell) (483%)
154 Integrated Cryo | 49.01} 12.56 27,93 8.52 2,20 2146 0.60 None
Battery (4731)
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7. STORABLE APS DESIGN DESCRIPTION

Storable propellant APS designs were analyzed by the Tug systems study
contractore (References 1 and 2). These designs, whi:l. are monopropellant
and bipropellant, provide reference peints by which the relative advantages
of the selected liquid-liquid O/H system may be mcasured. Before a fair
comparison can be made, however, the storzble designs must be redefined in a
manner which is compatible with the cryogenic syster in each of the comparison
categories.

In Section 6, the criteria for cost, weight, and performance are
developed, Descriptions of the storable designs are giver in this section,
and compared to the selected cryogenic system in Section 3.

7.1 MONOPROPELLANT SYSTEM DESCRIPTITON

The NpH, monopropellant APS is a prrssure«regulated system utilizing
helium as the pressurant. Two regula&nyi:., installed in parallel and operating
simultaneously, maintain a constant preszsure on thz bladder of the sirngle
propellant tank. The mechanical schemat’.: i3 presented in Figure 7-1 and
significant operating and capacity characteristics are shown in the process
diagram of Figure 7-2.

The system detailed welght and component level cost statement is given
in Table 7-1. Table 7-2 includes the system dry weight in the weight summary
for the total vehicle. Fluid welghts were obtained by analyzing the mission
timeline shown in Table 7-3,

A total payload capability of 2337 kg (5149 1b) is obtained for the
reference mission using the storable monopropeliant system. The MPS was
assumed to include a start basket for propellant settling. If APS settling
is used, the payload capability is 56 kg (124 1b) less, while THIM propellant
settling will increase the payload capability by 50 kg (110 1b).

Critical items of reliability in the system are described in Table 7-4.

These may be compared with the cryngenic system reliability elements given in
Table 5-13.
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Table 7-1. Weight Statement and Cost Summary for Storable Monopropellant System

1D NU} QTY PER IYEM WEIGHY SYSTEM WEIGHT DOTCE | LST UNIT| REFUMB
VEHICLE e T kG Il %G $1000. | $1000. | $L00D.
FILL AND CRAIN SYSTEM 21 0 LeSH DeTHE 1711 1 2.7V & A.8)
A2H4 FILL & DRAIN DISC i 1 L0 0.5 1.0 0.5 17.1 2.1 2.1
N2H& FILL FILTER 2 1 0.5 0.2 0.4 02 0.0 0.8 2.9
PRESSURLZATION SYSTEM t {41220 ¢ EMTY[E 30190 1 TI,T) ( 193.9)
HE FILL € DRAIN DISC 10 t 1.5 0.7 Le5 0.7 33.1 2.1 0.0
FE FILL FILTER 1l 1 0% 0.2 0.5 0.2 0.0 Oats 3.2
FE TANK 12 i 22.7 10. 22.7 10.3 38.1 1.9 0.0
FE PRESSURIZATION FILTER 13 2 0.5 0.2 .0 0,5 0.0 1.3 3,2
HE PRESSURE SOL VALVE 14 2 2.0 0.9 4.0 1.0 43,3 12.6 6.3
HE PRESSURE REGULATOR 15 2 1.5 0.1 3.0 Lia 116,41 15.8 165.9
+E PRESSUHE ORIFICE i6 2 0.5 0.2 1.0 0.5 0.0 0.3 0.0
CROUNC FE SELECTOR VLV 17 1 1.5 0.7 1.5 0.7 28.9 9,5 0.0
GROUND PURGE DISCONNELT 21 1 1.0 0.5 1.0 0.5 17.1 2.1 2.1
GHOUNC PURGE FILTER 22 1 0.5 0.2 0.5 0.2 0.0 0.6 ]
PIIRGE SOLENOID VALVE 23 2 1.5 0.7 3,0 1ok 2T.3 12.6 63
FURGE CCNTPUL VALVE 24 1 1e8 0.7 145 0.7 0.0 6.3 6.3
FROPELLART CONTROL SYSTEM t n 000 1 0.00{¢ 272.9) £ 63.2) { 82.2)
h2hi TANK HUADCER Q 1 0.0 0.0 0.0 0.0 212.9 63.2 63.2
PHOPELLANT FEED SYSTEM « n To&5.3F (205000 313,10 0 86,31 1 16,80
A2Hu TENK 3 1 27.3 12.4 27.3 12.4 180,5 39,5 8.0
CUAL ISC SOL VALVE T 4 3.0 L4 12.0 5.4 83.3 2%.3 6.3
GUAC FEED FILTER 4 4 05 0.2 2.0 0.9 040 2.5 10.1
LINE & TANK HEATER 0 a 0.5 0.2 4.0 1.8 49.2 19.0 0.0
OVERBCART VENT t » £ %% 1 A 212,20 € 38,00 1 6.3
N2H4 RELIEF |SO SOL VLV 4 2 1.5 0.7 3.0 Leb 43,3 12.4 8.3
h2F& BUAST DISCONNECT 5 1 0.% 0.2 0.5 0.2 40. & 0.8 0.0
heH4 WELIEF GISCONNECT & 1 1.0 0.5 1.0 0.8 37,1 2.1 0.0
WL VERT SOLENDID VALVE 19 2 l.5 0.7 3.0 1a4 1543 126 0.0
ME RELIEF IS0 SOL VALVE 13 1 1.5 0.7 1.8 0.7 35.3 63 0.0
FE AURST/RELVEF VALVE 22 1 0.3 0.2 0.% 0.2 24,8 1.6 0.0
THRLSTER GUAD { as) € 80400 € 36.,31[11332.30 { 935.4) ( 228,00
THAUST CHAMHER € NOLILE 9 ks 5.0 2.3 80.0 3.3 | 1290.7 573.9 0.0
SCLENOIC VALVE 2 16 0.0 0.0 0.0 0.0 0.0 177.9 4.2
CATALYST BED 9 1 0.0 9.0 0.0 0.0 0.0 13%.0 134.0
CATALYST dEC HEATER A 6 0.0 0.0 0.0 0.0 33,8 Sh.8 50.6
INSTRUMENTAT [ON 0 t 2% LI 0.2 [t 1000 & #5011 16.TH t 3.6 2.M)
COMECNENT TOTAL 134 187.5 85,0 [ 2468.0 1226.9 517.0
LINES 16.0 T.3
0.0 0.0
COMECNERT MCUNT INGS .4 4.3
ORY SYSTEM 212.9 98,8

Table 7-2, Vehicle Welght Summary for Storable Mondpfopellant Syatem

TESCRIPTION REICHT
h P [
STALCTURE {21274 1 mes.d
[TTRER¥ALC CONTRAL - {7 aeaa) 1118,
ASTRIONICS C1e12.) 1«59,
PAOPLLSION L 1736,1 & b0R, )
| FAIN PROPULSEON _ 1122, 539,
EUXIL [ARY PROPULSIOR 214, 97,
DAY WEJGHT 4Arg, 2201,
CONT INGENEY {13%] 34, 2mT,
| TOYAL DAY $YSTFM 1 . 55C2. 2408,
NONUSUABLE FLUIPS I %4Du) & 24540
ABS TRARPEQ PAOPELLAKT 16, Fa
MPS PRESSUAANT 2. e
PPS TRAFPED PPOPELLANT 154, T0.
FPS PFESSUANT 370, 148,
ORIGH\TAL FLIGHT RESERVES [ 3750 t 170.)
I’j&(}la I A5 RESEAVE (10T) 55, 2.
O POOR QU d upS HESERYE 3z0. ey,
ALITL' AURNOUTY wWeRGHT | salr, . 2911,
EXPENDID FLUIDS I5€R31.)  {2305h.)
AES LSUABLE PRDPELLANT 584, 1.
MPS LSABLE PROPELLANT 49953, 226Th,
¥PS ROILDFF VENTED 150, B,
] FUEL CELL AEACTANTS 124, 6l
PAYLDAD I oS149.0  { 231%,)
GROSS WETGHT AT ORBLTER SEP 62367, 20303,
I _TUG CHARGEABLE INTEWFACES 1 2603.) ¢ 11ng.d
T GROSS LIFTOFF WEIGWT 550C0, FAITEN
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Table 7=3, Mission Timeline for Propulsion Events - Monopropellant System
CTES A [ K" LATR Ak | #AIN [ IRA MANBUVER | APS T dNSLATE ATT : STARY INEETLAS
Tym ) RN D) TEOrR]OT 0%y MINE [FAG Ny hy if ny tr faNy ?1,’.«'[5«!‘ (LA
e I e uiy | sisee| wysecl w-see] wssEc] wesec] w-skr K uOLL [ PTTCA
T LI TS
] CHITTYE PLREIT
fas ¥ » 1 TR AT BT 29K WM 2N4RY
e 1 LI BN TR A [T [1.11 3 83120 2022 [2MINN | 16632 ARRYAL
'PRT - o VR raser v g 279% | 20259 | Lha2T 4RTAAT
gl L] } ) Py, WHT MSFLTINY MATH 163 AT92 | 2HIG4 | Lok28 4ATAY?
TaTh | & % 9 (CORST v 7 2595 | 27249 | L2909 &TAAYN2
7,80 ’ IR Ty SEFE FURYY [NSFRTICN RETR] 2306 AT23 | 27247 | 16290 &THADS
He 2 ] y 2 MY VR SE CORRELTY {0V L} prm 1% 26%147 6298 116119 [lefan 349213
IR R P& A FNRT M} 210F 116951 J14878 3eA65]
3.7 1) T oa PIES]e GRRTT IMSERTTON MALN 17484 6360 [ 16048 | L4ATA 360005
13.3" | Y2 (N IENT rhYLNAR APS 3 IMTS 1506 f1ON2Y [14214 278927
L4y |17 IOy TEPLNY BAYLTAT L (779 KG) 10A0h fL421Y P2TALTA
13,61 T1Y % T PAYL AN SHRVFILLANCF (1.0 9 1009h7 1236 [ 10028 J121710 223927
ITLhh {16 20w [£40% 3 Bl n29 S9u2 J12173 2233%)
T, 19 |14 Y 2 PHAGING (UR|T INSEHT (DY 2)| ALK 9% AL274A 4036 9962 12171 223095
a3, 1% e ®71 &  roaty Nno# %335 | 97172 |L21eT 22CABR
w337 |17 @ 2 “ISSjON PRE]T TNSERT (DY 1) | wAIN 8% A2VW00 ICRG | 9Pin [ 12141 220137
ang4Y |14 L TRIFNT PAYLORY aps 32071 1181 ag4y 112188 217739
a3.e1 J17 3 9 PEBLIY RAYLOAN 2 { Y79 xh) . Q520 F12Lib ZLT56T
ag, sy [2) Y A PAYIT™AN SIFVELLIANE APS 9 880493 RT3 8749 (L0082 148274
83,346 |21 5 =g (7AST KN B 1270 } 8TO0% [10077 154834
6,31 |22 7 2 PHISING CGHATT TRSEAT (DV &) | MAEN 9% TIsras 2035 AT06 JL0OTH L5&TTY
1&T7.4%2 |?Y &2 & oAsT v ? “70% 8538 | 100%% 152942
147,%% {ea a3 7 MISSION PHRTT INSERT [Ny S)| »AIN a5 T1TIAS 2714 2494 | 10049 1524658
147459 )+ a9 2 PefFNY PAYLOAD APS 29302 LFa ) 8332 | 10029 150460
Tul,68 g26 3 4 [EO 1Y PAYLIAN T { TT9 ¥n) A%Le 110077 L509LT
167,67 |27 0 &  FCAYLIAT SHRVEILLANCF (141 % 15924 489 | Ti6L | T9vs 77337
153607 f2d 431 COAST NN & L1} T804 1983 TLIAG
183,27 191 3 = FIINSFE® NER]T INSFOTION HAIN 1M 1458 1504 1988 Te9h2
155.44 V0 s 19 fNysT N3 9 LA 5066 TH15 81937
15557 I )] 9 2 wincayesE CNRAFCT (Dv Al THI™ 15 16946 are 5059 TeTs 51890
185,546 | ¥2 0 & PHASING NAN|T JHSFATION MALN 1893 ans 5038 TaTs  SlAas
IRTLAN |34 2 8 FAASY N 10 [2.04] 3487 TeTé 345%5%
157,60 |36 % 3 C(CYLAVTIE FOR RENDEZVOUS | MAIN 142 699 | 65 § TeTA 33539
143,96 F348 5 83 COAST NO 1] 97N 2927 7400 39021
1A3.%9 gt 9 2 THUTTLE PFNDEZVONS AND DOCK] ARS ] 245768 202 922 T&07 2996A
L43,%9 [37 b I SHIITTLF DENIHEY 2911 T40T 299A9
Thb 27 04 3 3  TNUCHOOWE =
TOT AL & A87) 370 Jea0l ' 9 47 &AIOTA__ROA9 3
MISSTWN EVENT BLRN] MARN | DRS ﬂlﬂmvfl APS Ylfjh AVE ATT STAKT INERTEAS
TiwF [} N WOOE [ENG DV CINY LT WF[GHT S%US-FT S0
HA MR NN FT/SEC] FY/SECILB-SEC| FY/SEC| LB-SEC]LE-SEC Lh L t YCH
9 0 1L IFTOFE
1 SHIITTLF RURNOUT
lefd 7 1 CIRCULAPTIZE 4T £60 NM %009
i« 75 3 o7 CEPLOY TUG APS 10 21304 590 | 62397 | 12120 160204
5.79 & LR CnasY xn ¢ 628 [ 62300 | 12114 199032
L] 5 0 1 PHASING NARIT [NSERTION HALN 536 1977 | 622%0 | L2115 ¥594aLt
ToTh A 1 i COAST N2 2 583 | 50073 | 12021 31498
7.%9 T 0% TRANSFES NRALT INSERTION HAIN| 7820 1961 | 0069 | 12021 351481
R, 02 | 9 0 2 MIYCOURSE CPRAECT {0V 1) 3 L] 50 5511s 1416 | 35923 | L0980 237570
17.113 a 5 & (5T AN 3 4T 4 35788 | 109T4 257008
Lv.24 |12 a7 ® MESSION DRATT INSERTION MAIN 5859 1527 [ YeaTy [ir Ty 294962
13.73 |11 3?2 FPRIFNT PAYLOAN APS5 10 arr 339 [238461 [10%60 224729
13.3) (12 3 0 BFEZLY PAYLIAD 1 L1714 LB) 23824 | 10483 205544
13,41 |1V B 7 SAYL YAD SUPVFEILLANCE APS 0 22690 277 | 2210m 1983 14695142
3T, 04 |1k 22 AR st Ny & 591 | 22007 BRTG 1ALTIY
W, 1% {18 ) 2 PHASIAG DRRTT INSERT {DV )] MaIN 290 189300 908 21982 1 8977 184549
A, 1% {14 &2 n ST Ny 5 914 | 21543 4399 162773
M, 3T |17 Q0 ¢ MISSIPN (ONTT (NSFRT [0V 3)] MATN 290 184861 894 | 21447 8955 142146
auv sl |18 nor FRIFNT nAYLIAN APS to T210 266 | 21038 89319 160613
ay,L1 |17 I NEPLNY PAYLRAD 2 {1T71a LR} 2100% 8935 1A24T]
wo.51 |2y 3 n DAYLNAD SURVEILLANGE APS 3 19804 198 [ 19289 | T435 114%24
ak, e | M 5 €N CPAAT N A 284 | 19201 T43I2 114207
%7 |27 L I PHASENG NRATT INSERT [NV 40! MATN 2R3 165400 633 | L94Pr9 T432 114149
17,52 {21 57 « reagy &0 7 1058 | 18R2Y Thld 112804
167,548 | 2% -] FISSION LRHIT IMSFRT (hy S| MAlN 280 1h140% 624 | 10727 Tel2 112449
1at.c2 | ;& b ] eyt MAYLNAN APS 10 b29% 1846 ] 18389 7397 111123
te7,.%49 |24 Y0 (COLIY WEYLTAG 3 {IT[A 1R} 18341 398 L1L19L7
147, +7 |07 7% Payl J&A™ SURVETLLANCS L1t 1% 17968 10% | 164624 5195 57241
16399 [en 2 AL (MAST N M %3 | 1as40 | sA92 shTR?
S PEAM A 1 Tt SFREE FERET INSERTION MALN £AY) 27 {14944 SA92 S46TAS
18%,ua |17 17 TIAST Ko Y 197 | Li1sk Shbe 39307
156,67 |2} 12 MINCANGRE CONRECT (AY &) THI™M 50 1729p 220 | 111584 5453 327y
186,0% |47 1 PHASING (0N Y [HSFRTION MATN 11 224 [11106 sa6l 38107
LEF & | 53 LR Fasst 4t 10 108 Thdk 561% 26227
157,40 1 LI | CErOaLAT D FRR oEDE VNS | AN 2530 157 Th&0 5514 24A21)
187, ar 5 3 LAEL R B B | 214 6453 Sehb  F2LRY
14,00 1y y 2 Saptrr s L ENE VIS AND IHE] APK 2% 551% o% LTL ¥ S48 27104
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T AL 2AfFt 1720 TT33T9 15%  LOM1%I LHIAS
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Table 7-4. Storable Monopropellant System Relifability Summary

Generic Failure Contrib.
Failure Mode Component Failure Rate | Redundancy 106 Missions

Thrust loss Thruster (16) 0.27 14 of 16
Propellant loss | Thruster valve (132) 4.8 Standby !86

Isolation valve (4) 6.5 None

Tank & bladder (1) 1.5 301 835
Pressure Loss Vent & relief valve (2) 9.0 Standby ] 2

Vent & relief valve (1} 9.0 None " = .9992
All others - - - 446

7.2 BIPROPELLANT SYSTEM DESCRIFTION

The NoO4/MMH bipropellant APS utilizes a single bladder tank for each of
the propellants. A comstant pressure 1s maintained on thba bladders by use of
a pressure regulator which has two redundant standby regulators in parallel.
The use of these backup regulators is controlled by pressure switches and
solenoid valves,

Two 98-N (22-1b) and two 400-N (90-1b) thrusters are used in each o four
quads to provide the desired thrust levels for translation, pitch, yaw, and
roll maneuvers. Figure 7-3 is the mechanical fl. . diagram for this system
and Figure 7-4 is the process flow diagram and shows the pertinent tank and
system operating characteristics.

A detailed system weight and cost statement was prepared from Figure 7-3,
as shown in Table 7-5. The data sources were the cryogenic Tug system studies,
other programs (72-2, CTS, etc.), and direct contact with suppliers. 1be data
from the weight breakdown were then analyzed on a mission basis to detaermine
propellant and pressurant quantities., The vehicle weight summary is given ip
Table 7-6, while the timeline is described in Table 7-7.

As for the monopropellant design, the bipropellant system capability
was assessed assuming that a start basket is used. The payload capability is
2259 kg (4981 1b). Use of the APS for propellant settling reduces the payload
by 48 kg (105 1b) and use of THIM settling increases the payload by 5C kg
(110 1b).

The important reliability elements of the system are described in

Table 7-8, which may be compared with the cryogenic system reliability
elements given in Table 5-13.
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Table 7-5. Weight Statement and Cost Summary for Storable Bipropellant System
{0 NnO ury PER 1TEM WETGHT SYSTEM WEIGHT POTEFE | 15T UNIT} REFURE
VEHICLE L!J L1} Le J KG $1000. $1000. $1000.
FILL ANC CRAIN SYSTEM Y U S0 2.30|1 98.7H 1 1671 1 12,80
N2O& FILL DISCONNECY 1 L 1.0 0.5 1.0 0.5 17.1 2.1 0.0
N2O& FILL SHUTQOFF 2 3 1.5 Q.7 1.5 0a7 27.3 hed (7% ]
wVH FILL OTSCONKECT 5 1 1.0 .95 1.0 0.5 25.1 2.1 0.0
MMR FILL SHUTUFE VALVE 8 1 1.5 0.7 1.5 .7 273 6.3 6.3
PRESSURLZAT LON SYSTEM 28 f 4%.4F { 20.60t 391.9) { 137.0) § &432.4)
FE FILL CISCONNECT 12 ] 1.5 0.7 1.5 0.7 331 2.1 0.0
FE FILL SHUTOFF VALVE 13 1 1.9 0.7 LS 0.7 43.3 623 0.N
HE TAMR Le 1 19,8 L 19,5 4.0 36,1 T.9 0.0
€ PRESSURE FILTER 15 3 .5 Qe 1.% 0.7 0s0 1.9 2.5
HF PRPESSURE SHUTDFF YLV Lé ~ 2.0 0.9 4.0 3.4 2T.2 25.3 6.3
HE PRESSURE REGULATOR 17 3 1.5 0.7 4,5 2.0 1161 23,7 204,9
+E PRESSURE SWITCH X ] 1.0 045 6,0 2.7 19,23 37.% 12.¢
“E BURST/RELIEF VALVE [ 1 0.5 0.2 0.5 0.2 32.8 1.6 0.0
UMK hHE PHESSURE CHECK V 22 L] [T ] 0.1 1,2 0.9 42.0 15,2 9.6
N2D4 WE PRESSURE CHECK V 21 “ 0.2 0.1 1.2 0% 42.0 15,2 .6
PHCPELLANT CONTROL SYSTEM { 2) { 0,01 ¢ 00010 S4Z,T) { 126440 ( 126.40
K204 TAMK BLACCER 3 1 0.0 0.0 0.0 0.0 272.9 6%.2 8%.2
¥MH TANN HLAGLER a i 0. 0 Qa0 Q.0 040 2729 43.2 63,2
PRCFELLANT FEED SYSTEM U 28 U 59,00 | 26.8H/ 4T4.8) 1 152,3) ¢ 15.5)
A2734 FlLL FILTER 3 1 0.5 0.2 0.5 0.2 0.0 [+ ] 2.%
N2OA TANR & i 13.9 2% ] 13.9 6.3 136.% 3.6 0.0
whH FILL FILTER T 1 0.5 0.2 0.% 0.2 0.0 0.6 2%
MEH T ANK 3 1 13, 6.3 13,9 3 | 1364 3.6 0.0
h204 L5CLAT ICN VALVE 9 & 3.0 1.4 12.0 Tk 593 2%.% (]
¥MH JSOLATICN VALVE Lo & 2,0 lab 12.0 Sat 5%9.3 2%.3 0.0
WMH LRECRAUT CESCENMECT 2o i 1.0 0.5 1.0 0.5 17.1 2.t 2.1
N204 CHECKOQUY CISCONNECT 25 i .0 G.% 1.0 0.5 171 2.1 2.1
LINE £ TANK HEATER [V} 14 0.3 0.l e 2 1.9 49,2 3.2 0.0
OVERPCARE VEAT ¢ k4 ] 1.0} ¢ D51 ( w9.8) ¢ 320 1.6)
¥MH PURSTI/RELIEF VALVE 22 i 0.5 774 0,5 [+ 194 24. 8 1.6 1.6
h204 BURST/FELIEF VALVE 23 1 0.5 0.2 0.5 [+ 194 268 1.6 0.0
THRLSTER QUAD ey ( B5.80 £ 3081 40100.01 11088.11 | 126481
S90=-LP THRLST ChHaMa E NOKZ il B 4.0 1.8 32.0 14,5 533.4 328,46 0.0
THRUSTER HEAYER [¥] 14 0.2 0.l 4,8 242 33.2 37.9 3T7.9
SC=LB TRAUSTER VALVE 1] 16 Cab 0.3 9.8 L 213 0.0 1T7.0 hk,2
22-LB THAUSY CHAME € NOZ |8} L} 1.7 1.7 29.86 13.4 533.4 3284 0.0
22=L8 THAUSTFR VALVE J 16 0«6 0.3 .4 & ok 0.0 177.0 LLTY S
NS TRUMENTAT kCN ¢t 2D Dude 0.2 {1 10.8) ¢ 4.0 1671 € 341y £ 5.1
CCMPCNENT TOTAL 15% 206.8 9.8 26T5.4 1518.9 120.2
LINES 28.5 12.0
Q.0 0.0
COMELANEMNT MCUNTINGS 10.3 &7
CRY SYSTEM 2438 1108

Table 7-6. Vehicle Weight Summary for Storable Bipropellant System

T BESCAIPTION WE {GHT

[\ Xa G

STRUCTURE L2270 98541
THERNAL GONTROL T 3940 1 17941
| ASTRAIONECS . L £ 100240 1 4594
PROPULSTOM € 138740 | 62040

MAYN PAOPUL SION 122, 509,

AUKIL TARY PROPULSION 245, 1.

ORY WE JGHT _. %900 _ 2223,

CONTINGENCY 11388 831, 2ng,

| Totat cey SysTEW 5537, 2512,
NONUSUABLE FLUIDS (531 244,)

#P5 TRAPRID PPOPELLANT 1. 5.

AP5 PRESSURANT 24 1.

¥:3 TRAPPED PROPELLANT 156, 70,

#RE PREESUAANY 310, 1A,
FLICH! RESFRVES [ 1 1V TR N & T |

APS RESERVE {LO%) 0. 27,

MBS RESERVE 2.7 145,

|_PURNCUT WETGHT te54, 2927,
EXPENDED FLLIDS 150862, 0 1223116.)

APS USUARLFE PRIPELLANY Les, 270.

NP4 LSAPLE PROPELLANT 50083, 22717,

¥RS ROTLOFF VENTED 150, by

| —FUEL CELL REACTANTS _ 1 134, tl.
PAYLLAD § 4SEILY | 2250,)

GROSS WEIGHT AT LPR|TFe SER 2187, 2m30n.
_TOG CHARCEABLE INTERFACES L 26030 ¢ 31810}

GROGS LIFTOEE wFIGRT [ Escco. 29441,
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Table 7-7. Misslon Timeline for Propulsion Events - Bipropellant System
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Table 7-8,

Storable Bipropellant System Reliability Summary

Generic

%ailure Contrib.

Failure Mode Compnent Failure Rate | Redundancy 106 Missions
Thrust Loss Thruster (16} 0.76 14 of 1a
Propellant Loss | Thruster valve (64) 4.8 Standby {Qual 1263
Isolation valve (8) 6.5 Standby [Isol 1716
Tank & bladZer (2) 3.6 None 1184
Propellant Feed Feed check vatves (8) 9.0 Qual = a
128 |R = .92982
Loss connected

All Others

71
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8. CRYOGEMIC CONCEPT EVALUATION

The potential of the selected liquid-liquid O/H APS design was measured
by comparison with the more conventional storable propellant APS designs
described in the previous section. A common basis for the comparison was
established by providing compatible data in the areas of cost, performance,
and reliability. In addition, important informationm of a partly quantitative
nature was generated to define the mission flexibility and vehicle versatility
attributes of the APS designs.

8.1 COMPARATIVE EVALUATION

Detatls of the comparison criteria are given in Section 6. 3riefly, the
most important criterion is cost, including that of the first unit and
incremental life ecycle (LCC). The LCC is composed of production and refur-
bishment, as well as DDT&E costs. All flight equipmant costs were generated
at the component lavel, in vehicle sets, as shown in Sections 5 and 7. The
total system cont~, including other elements besides compunents, are itemized
in Table 8-1, «%eye it is seen that storable system costs are lower.

Performance, the second most important criterion, is simply the payload
capability of the Tug using the various APS designs in conducting the triple-
payload deployment mission. All of the APS designs meet the basic requirements
for functional performance and safety.

Lastly, mission flexibility refers to the beneficial characteristics of
the APS which simplify the Tug and its other subsystems, or which increase

its repertory of mission types. Mary of these characteristics are expressed
as real or potential cost savings.

Data for each of the areas of comparison are listed in Table 8-2. The
first item, reliability, is not a deciding factor; it is viewed a constraint,
and all systems are adequate,

Performance is shown in the table in terms of payload weight for Mission A
and B. Maximized performance with respect to main engine start is by using
APS settling for the integrated designs and start baskets for the storable
designs.

As previously discussed, the performance of dedicated systems is invariably
reduced for Mission B. Although low, the payleoad weight entries for the
storable systems in Mission B do not include the additional weight of
accommodations for the greatly increased tank velumes.

Although the life cycle cosus pertaining strictly to the APS are higher
For the integrated designs {Table 8-1), the gains in mission flexibility and
vehicle versatility {(deseribed in Sections 5.3 and 6.3) from the use of the
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Table 8~1. Storable/Cryogenic Cost Comparison

INTEGRATED DEDICATED
CRYDGENIC APS ($M) STORABLE APS ($M)
PRIMARY BATTERY | FUEL CELL
POWER PONER HONO - BI-
15-1 15-2 PROPELLANT | PROPELLANT
FIRST UNIT
VEHIGLE SYSTEMS .0 .02 .02 .02
THRUSTERS 1.24 1.25 .94 1.05
FEED SYSTEM T ¥ .29 .47
TEST, ENGR, BUSINESS MANAGEMENT, ETC. .24 .24 .21 .22
TOTAL 2.20 2.22 1,46 1.76
ODTAE
VEHICLE SYSTEM .04 .04 .32 .32
THRUSTERS 5,81 5.81% 1.33 1.10
FEED SYSTEM COMPONENTS 1.99 1.9¢ 1.13 1.58
SYSTEM TEST HARDMARE 1.12 1.12 .58 .80
SYSTEM TEST .76 .76 .51 .56
ENGINEERING, BUSINESS MANAGEMENT, ETC, 2.84 2.84 2.24 2.33
TOTAL 12.56 12.56 6.11 6.69
PRODUCTION & REFURBISHMENT
SHIP SETS (17) 27.93 28.23 18.49 22,32
REPLACEMENT ITEMS 5.68 4.93 4,08 5.69
REPLACEMENT OPERATIONS 2.84 2.47 2.04 2.85
TOTAL 36.45 35.63 24,61 30.86
APS INCREMENTAL LIFE CYCLE (17 SHIPS) 49.01 48.19 30.72 37.55
*GFP
Table 8-2., Storable/Crycgenic System Comparison
INTEGRATED TEE%EAT&B
CRYOC' NIC APS s E APS
ORIGINAL PAGE 18 PRIARY FUEL CELL 10- BI-
OF POOE, QUALT BATTERY POWER PROPELLART | PROPELLANT
K QUALITY , 1541 15-2
RELIABILITY ADEQUATE | ADEQUATE SUPERIOR SUPERIOR
BASIC PERFORMANCE - PAYLOAD KG (LB)
MISSION A 2437 (5373) | 2389 Eszsz 2336 ismgj 2259 (4951;
MILSI0N B 2146 (4731) | 2195 (4839) | 360 {794) | 904 (1994
COST - (M)
DOTAE 12.6 12.6 6.1 6.7
GROSS LIFE CYCLE (FLEET OF 17) 49,0 48.2 30,7 37.6
PROGRAM SAYINGS: ' .
ELIMINATE MAIN ENGINE PUMPED IDLE (DDTAE) -2.8 -2.8 - -
REDUCE MAIN ENGINE REL. DEMO. (DDTAE) -6 -3.6 - -
REDUCED MAIN ENGINE GVERHAUL (0PS) - -9 - -
VEHICLE RECOVERY (OPS -6.3 -6.3 - -
PAYLOAD RECOVERY (OPS -12.4 -12.4 - -
NET LIFE CYCLE 21,9 2.2 30.7 37.6
UTILITY IMPROVEMENTS
MAL! ENGINE BACKUP (BURNTIME FRACTION .6 .6 - -
MPS/APS INTERCHANGE (IMPULSE FRACTION 0 .86 - -
POWER AVAILABLE (KW/MISSION FRACTION) 1.0/.98
VEHICLE SYSTEM IMPACT - MAIN ENGINE LOWER CRITICALITY START TECHNOLOGY
DEVELOPMENT
LOWER
DUTY CYCLE
DEVELOPMENT RISK POTENTIAL
1SSUE B CONCEPT TECHNOLOGY RESIZT™G
COST IMPACT (SH] 1.3 .5 9
SCHEDULE IMPACT {MONTHS) 8 6 3
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integrated design appreciably lower that cost. These "net" life cycle costs
greatly improve the competitive position of the integrated designs. '

Elimination of the main engine pumped idle mode (PIM) is estimated by
the manufacturer to reduce the engine development by $2.83 M and two months.
The test program is reduced by two engine sets and 50 tests. PIM may be
eliminated because the function is inherent in the integrated APS.

The main engine reliability demonstration tests may be reduced, under
DDT&E, in view of the added APS backup capability. Approximately 60 percent
of the main engine duty cycle, in any round-trip mission, can be backed up by
the APS5. To assign a value to this potential cost saving, it is estimated
that the engine testing can be reduced by 150 tests at a saving of $3.6 M,

By performing additional low-velocity changes, in the case of Mission B,
the integrated APS velieves the main engine of these operations and thereby
saves a portion of the overhaul costs. 1t is estimated that, since 6 out bﬁ
11 main engine rotating starts are supplanted by the APS in the reference
mission, the overhaul cost is reduced by $9000 per flight. The saving could
be realized on 100 of the total of 243 flighte composing the bazseline mission
model, for a total savings of 50,9 M.

Operational cost benefits also can be realized through the capability
of the integrated APS to support MPS functions. The MPS reliability goal
implies that wvehicle and payload losses are to be expected; however, many of
these losses can be avoided by retrieval with the APS. Assigning $10.5 M and
$20 M unit costs to the Tug and a typical payload yields potential cost savings
of $ .3 M and 12.4 M, respectively, under these conditions.

The mission flexibility and vehicle wersatility contributions to the
net life cycle costs represent a total vehicle system impact wuich is
favorable to the integrated system by several million dollars.

In conclusion, analysis of the data reveals that the best dedicated APS,
the storable monopropellant concept, has the lowest gross life cycle cost
and an adequate payload capability for Mission A. The storable bipropellant
APS is slightly higher in gross life cycle cost, but has a lower payload
capability for Mission A. On the same basis, the integrated cryogenic
systems cost more initially but provide a higher Mission A payload. Also,
the integrated systems provide an adequate payload for Mission B,

However, by translating the appropriate programmatic benefits of mission
flexibility and vehicle versatility into cost impacts, the resulting net
1life cycle costs are lower for the Integrated cryogenic APS, Furthermore,
the integrated cryogenic APS designs have a greater mission growth potential,
which would allow the accomplishment of missions by the Tug that were not
previously feasible.
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8.2 ADVANTAGE ASSESSMENT

The integrated liquid-liquid O/H APS represents & departure from the
conventional propulsion stage APS in its capabilities and constraints; in
short, it is different in kind, not degree. It should therefore be expected
to have distinct advantages as well as relative rnes.

Recapitulating, some of the more important advantages of the integrated
APS design are:

1'

Mission Versatility - Use cf the integrated APS allows the Tug to
perform missions which require greater auxiliary propulsion activity
than do the standard paylead delivery and recovery missions.,

Operational Flexibility - A virtue of the comingled MP5S and APS
propellant chara_teristic associated with the integrated APS is that
changes to the mission after it has started are not constrained by
the individual system propellant allocations. This simplifies
permission contingency planning and allows the Tug a capability

to surmount unforeseen difficulties.

Total Program Cost Savings - Use of the integrated APS would permit
cost savings in several areas:

a. Development of the main engine pumped idle mode may be eliminated.
b. The main engine DDT&E reliability demonscration may be reduced.
c. The period between main engine overhauls may be lengthened.

d. The probability of Tug recovery after a main engine failure
is improved.

e. The probability of a payload recovery, after either a payload
or a Tug failure, is increased.

f. Additional electrical power 1s available to payloads during
periods when the integrated APS pumps are not in operation.
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9. INTEGRATED SYSTEM PRELIMINARY DESIGN SPECIFICATION

2.1 SCOPE

9,1.1 Objective and Applicability., This s»ecification establishes the
design and performance requirements for an integraced auxiliary propulsion
system (IAPS) for the Space Tug vehicle. It is iitended that the data herein
serve as the baseline for future design evalnziion and system technology
development (supporting research and technology) activity.

9.1,2 System Type. The IAPS defined herein is a cryugenic (oxygen/
hydrogen) bipropellant auxiliaryv propulsion system which uses the vehicle
main propulsion tanks as a propellant source. The cryogenic system type is
restricted to one in which the propellant 1s supplied to the thrusters in
the liquid phase,

9.2 APPLICABLE DOCUMENTS

Johnson Space Center (JSQ}

Jsc 07700 Space Shuttle Level II Program Definition and
requirements:
Vol I Space Shuttle Program Description and Require-

ments Baseline

Vol X Space Shuttle Flight and Ground System
Specification
Vol IV Space Shuttle System Payload Accommedations

Marshall Space Flight Center (MSFC)

MEFC 68M01039 Space Tug Baseline Definition Studies
-1 Baseline: Space Tug Requirements and Guidelines
-2 Baseline Space Tug Configuration Definition
-3 Baseline Space Tug Flight Operations
-4  Baseline Space Tug Ground Operations
9,3 REQUIREMENTS

9.3.1 Program Definition.
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9.3.1.1 General Description. The IAPS ig a candidate auxildiary
propulaion subsystem for the Space Tug, a vehicle carried in the Space
Shuttle System Orbiter.

The Space Tug 1s in a preliminary stage of design with a current
development schedule (Figure 9-1) calling for an initial operating capability
(10C) date of January 1984, The definitjon of the Space Tug program and
requirements is contained in the MSFC Document series 68M00039, current

issue. Additional descriptive information is contained in Section 3.0 of
this report.

Excerpts from the MSFC document 68M0O0039-). Baseline Space Tugz System
Requirements and Guidelines are used in the following, The Space Shuttle
System definition is contained in the J5C document series 07700 "Space
Shuttle Level IT Program Definition and Requirements,"

The baseline Tug is a cryogenic {oxygen/hydrogen) propulsive stage to
be deployed from the Shuttle Orbiter at an initializing orbit, then to
. deliver and deploy spacecraft into their required orbits, and/or retrieve a
spacecraft and ro return to a waiting orbit for rendezvous and retrieval
by the Orbiter for return to earth for refurbishment and mission recycle.

cv [ 1974 [ 1975 [ 1976 1 1977 ] 1978 | 1979 | 1980 | 1981 | 1982 | 1983 | 1984
SHUTTLE MILESTONES

PRELIMINARY

A DESIGN REVIEW A 1ST MANHED ORBIMAL FLIGHT
ORB”“TO'ORB”[NS;L%%%E 1ST FLIGHTA A 10C
[ peePaRATION
{ 100S DEFINITION/VALIDATION STUDIES
FULL SCALE DEVELOPMENT,
L JTEST, "2 EVALUATION
\___PRODUCTION & OPERATIONS J
SPACE TUG

[SUPPORT116_RESEARCH & TECHKOLOGY N\
/ SIMILATION DEFONSTRATION N\

] SUPPORTING STUDIES
PHASE B STUDY A 10C
[ VEHICLE DEVELOPRENT N\
e [ PROGUCTION & 0PS

Figure 9~1. Space Tug Preliminary Development Plan
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The Tug program 1s defined to cwusiist of the elements and sub-elements
defined in the Baseline Space Tug Werk Breakdown Structure, Numbered TBD,
dated TBD., This structure shall be atilized in requirements allocatiouns,
weights, power requirements, interface identification, and end-item
identification.

The detailed description of the baseline Tug configuration except as
modified hereln, is contained in the MSFC 68M00U39-2 Baseline Space Tug
Configurarion Definition, dated July 15, 1974, or more current issue.

The detailed descriptions of the baseline ground and flight operatious
plan are contained in:

a. MSFC 68M00039-4 Baseliue Space Tug Ground Operations,
Verification, Analysis, and Processing, dated July 15, 1974,

b. MSFC 68M00039-3 Baseline Space Tug Flight Operations,
dated July 15, 1974,

9.3.1.,2 Tug Missions. The Space Tug missions consist of delivery and/
or retrieval of DOD, NASA, and other spacecraft identified preliminarily
in:

a, DOD Space Mission Model (Secret)
b. The 1973 NASA Payload Model, October 1973 (Being Revised).

The NASA and other missions consist of delivery to and/or retrieval of
spacecraft from orbits outside the performance range of the Shuttle Orbiter.
Earth escape missions may require expenditure of the Tug. The following,
excerpted from Item b above, are typical missions for various spacecraft
to be deployed by Tug:

a. Astronomy - Depart from 296 km (160 n mi), 28.5° orbit and
transfer to 72227 km (39,000 n mi), 28,5° circular orbit.

b. Atmospheric Physics — Depart from 296 km (160 n mi), 28.5°
orbit and transfer to an escape trajectory.

¢. Earth Observation - Depart from 185 km (100 n mi), 90° orbit
and transfer to 1,667 km (900 n mi), 90° circular orbit,

d. Earth Observation - Depart from 296 km (160 n mi), 28.5°
orbit and transfer to 35,786 km (19,323 n mi), 0° circular orbit.

e. Planetary -~ Depart from 296 km (160 n mi}, 28.5° orbit and
transfer to an escape trajectory.

f. Communication and Navigation - Depart from 296 km (160 n mi),
28.5° orbit and transfer to 35,786 km (19,323 n mi), 0° circular
orbit. Depart from 380 km (205 n mi), 103° orbit and transfer to
1,704 km (920 n mi), 103° orbit.
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9.3.1.3 Tug Operational Concept,

9.3.2.3.1 Ground Processing (from Tug acceptance). The present baseline
Tug ground processing flow is included here In the most general form,

Tug/Spacecraft Mate and Checkout:

This activity includes the preparations for mating, actual mating of
the Tug and spacecraft, and verification of all interfaces.

Tug/Spacecraft Orbiter Mate and Checkout:

This activity includes the physical mating and installation of the Tug/
spacecraft in the horizontal position in the Orbiter., Specific activities
are as follows:

Prepare Tug/Orbiter interface

Install Tug/spacecraft in Orbiter payload bay

Verify mechanical and electrical interfaces

Perform integrated systems test

Erect in vertical position

Roll out to pad

Launch Operations:

Launch operations are the activities accomplished during the Shuttle
launch operations phase and are restricted to those activities that cannot
be accomplished earlier., These include:

Installation of flight systems and facilities interface verification

Umbilical and test equipment hookup

Systems verification and operational tests

Fluids and materials servicing

Installation of sensitive items

Countdown and monitoring of systems
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Post-Landing Operations:

Post-flight operations include those activities necessary to safe and
demate the Tug and the Orbiter. Specific activities are as follows:

Perform safing operations
Remove Tug from Orbiter
Install protective cover and transport Tug to refurbishment area

Refurbishment and Checkout:

Refurbishment encompasses the activities required to service the Tug
between each mission, such as:

Performing inspection and checkout to the line-replaceable unit level,
Performing minor structural rework.

Performing optical check for structural alignment.,

Performing line-replaceable unit removal and replacement,

Performing cleaning operations.

Storage oi the Tug until mission assignment,

Removal from storage and preparation for a mission,

The refurbished Tug systems will be subjected to operational tests to
verify their functional operability.

9,3.1.3,2 Tug Flight Operations. The baseline Tug flight operations
description is included here in the most general form.

The two Shuttle solid rocket boosters and the Orbiter main engines fire
in parallel, providing thrust for liftoff. Following solid rocket booster
jettison, the Orbiter main enpgines continue firing until the vehicle reaches
the desired suborbital conditions where the external tank is jettisoned. The
Orbiter orbital maneuvering subsystem is then fired to place the Orbiter in
the desired Tug/spacecraft initializing orbi-, The Tug/spacecraft are
deployed from the Orbiter payload bay and tre Orbiter moves out to a safe
separation distance and relative attitude,

Within orbit phasing requirements, and with all systems enabled and

prepared, the Tug acquires the proper vector and the main engine is fired
from the ground as necessary to achieve the desired spacecraft orbit or
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trajectory insertion conditions (or retrieval conditions for a retrieve-only
mission). dUnce the spacecraft is inserted the Tupg may be required to verify
spacecraft conditions by visual inspection. The Tug, through a series of
orbital maneuvers, changes orbit to:

a, Deploy other spacecraft (multi-deployment) and, if required,
b. Retrieve a spucr~craic, and then

c. Returu to the Grhiter waitinpg orbic ... rendezvous and
retrieval.

During the Orbiter rendezvous and retrieval operations, the Tug is
configured and safed prior to final docking .nd stowage into the Orbiter
payload bay by the {Orbiter. The Orbiter +hen deorbits and lands for Tug
mission recvcle.

During flight operations, command and control of the Tug and its
gpacecraft is maintained from the Tug/Spacecraft operations centers.

5.3.2 System Elements. The IAPS is comprised of the following major
subassemblies:

Tropellant reservoirs (oxidizer and fuel)
Pumps (oxidizer and fuel)

Accumulators f(ox.dizer and fuel)

Thruster ouad assemblies

Lines and manifolds {(oxidizer and fuel)
Insulation and purge system

Controls

Instrumentation

9.3.3 Performance.

9.3.3.1 Tunctional Performance.
9.3,3.1.1 Functional Description. The IAPS ;. rovides the rotational

and translational impulses necessary to perform the following maneuvers
during Tug flight operations:

Normal Mode
Tipoff disturbance damping

Attitude orientation to alipgn vehicle axes
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Steering during APS or MPS LV

Attitude stabilization for coast, payload docking, and orbiter
retrieval

LV for payload docking or vernier adjustment of orbits
Abort Mode

a¥ for vehicle return after any main engine fallure not
involving excessive loss of MPS propellant

9,3.3.1,2 System Functional Sequence. The IAPS compatibility with
the Tug and Orbiter requires the following functional sequence for the
system over & mission cycle (reference paragraph 9.3.1.3, Tug Operational
Concept):

IAPS Ground Checkout

IAPS Fluid Servicing

Liftoff

Shuttle ascent - insulation venting

Predepl. yment rcheckout

Tug erection - Tug/Orbiter disconnects separated
IAPS Activation

Tug deployment (releasze)

IAPS control of Tug-acvtitude stabilization only

Tug flight operations ~ IAPS functional - all modes

Pre-Orbiter dockins - IAPS safing and checkout, attitude
ste:bilization only

Manipulator arm contact and IAPS deactivation
Tug~erector mating - Tug/Orbiter disconnects mated
MPS/IAPS purge/irerting

Orbiter descent - MPS/IAPS insulation repressurization
Orbiter landing

IAPS post-landing safing

TAFS refurbishment
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9.3,3,1.3 Mission Profiles ~ Normal Mode. The IAPS functional
capability 1is to meet the flight operations profile of all the planned Tug
missions, For preliminary design purposes, the synchronous equatorial triple-
payload placemen* mission is assumed to contain the controlling flight
profile for IAPS funection and performance levels. The event sequence and
mass properties/impulse history ot the reference mission flight profile is
listed in Table 9-1 and is designated as Mission Profile A. An alternate
profile, designated as Mission Profile B is shown in Table 9-2, Profile
B is a mission planning option to be exercised when the mission is not
payload-limited and the lower payload capability of the B profile is
sufficient, Exercise of the B option relieves the main engine of 6 small~
velocity maneuvers and results in Tug operation economies and improved
mission reliability. The IAPS normal mode fumctional capability is also to
permit substantilal variations in the controlling reference mission profiles
invelving greater or less total impulse and IAPS cycles. This capability
is to apply to in-flight profile modifications by Tug control centers in
response to mission event opportunities or contingencies as well as to
plarned profiles needed to accommodate either new, as yet unforeseen, missions
or modifications of currently planned missions, This capability is to make
maximum use of the integrated aspect of the [APS—--the comingling and inter-
changeability of MPS5 and IAPS propellant allocations. It is therefore to be
limited only by the total impulse and single-miszion operation life
requirements specified herein under Paragraph 9.3.3.1.4, Mission Profiles—-
Abort Mode.

9.3.3.1,4 Mission Profiles ~ Abort Mode. The IAPS functional capability

is to provide for Tug recovery in the event of main engine failure unless:

(1) insufficient propellant remains at abort initiation; or (2) main engine
failure involves loss of MPS propellant system integrity. The fraction of
main engine duty cycle (milssion burn time) being covered by IAPS backup is
therefore maximized, and is estimated at 0.6 for this preliminary design, A
representative profile to be met by the IAPS is shown in Table 9-3. Unsche-
duled refurbishment is to be accomplished after any abort profiles involving
significantly greater than normal~mode impulse.

9.3.3.2 Operability.

9.3.3.2.1 Reliahility. A reliability pcal of 0.97 has been established
for the Tug vehicle for all mission phases. Using that goal, the apportioned
numerical reliability goal of the IAPS is 0.996. As noted in section
9.3.3.2.2, Safety, all IAPS elements except primary structure and prescure
vessels shall be designed to faill safe in the vicinity of the Shuttle Orbiter.
The Tug recovery~to-the-Orbiter success probability (one minus the attrition
rate) goal is 0.99, and represents an additional guideline for IAPS relia-~
bility.
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Table 9-1. TIAPS Mission Timeline for Propulsion Eveiits
{Misslon Profile A)
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Table 9-2,

IAPS Mission Timeline for Propulsion Events (Mission Profile B)
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9.3.3.2.2 Safety. IAPS performance durlng post-deployment and pre-

retrieval operaticns within TBD Orkiter/Tug separation distance is Orbiter

crew-safety critical.
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Within these interwvals:

Provision shall be mada for IAPS control by thke Orbiter crew.

No single IAPS failure shall result in unprogrammed motion

of the Tug (fail

safe),

As a minimum, the IAPS shall be designed to sustain a
failure and retain the capability to hold attitude and
position without damaging the Orbiter of injuring flight

personnel of the

Orbiter.

Critical failure indicators/

status signals shall be provided to the Orbiter crew.

IAPS pressure levels and cryogem heating and/or venting

levels shall be held to minimum values compatible with

necessary IAPS operations.

The capability for system

command venting to minimum levels pre- and po:i-Tug
flight operations is to be provided for this purpose,

ORIGINAL pagR 1«
AGE Iy
F POOR QuALITY
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IAPS functions while stowed aboard the Orbiter shall comply with the
following:

a. All propellant venting will be through Tug/Orbiter umbilicals.

b, Prior to descent, IAPS fluid quantities shall be reduced to a
safe value consistent with dumping/venting/helium purge
requirements for the MPS, The interconnection of the IAPS/
MPS shall permit common propellant purge/venting. Minimum IAPS
pressure levels sufficient to prevent pressure vessel implo-
sion shall be established,

9,3,3,2.3 Maintainability. Refurbishment of the IAPS by v..i.acement
and overhaul of subassemblies/components is planned to permit atiz:.ment of
required useful life in the most economical manner while maintusis<y-; system
reliability above the apportioned goal.

9.3.3.2.4 Useful Life. The IAPS design and maintenance/refurbishment
plan is to comply with a useful life corresponding to 20 missions (design)
reference M..sion Profile B) over a ten-~year period,

The operating life required of the system elements is that which is
necessary to accomplish the normal missions between scheduled refurhbishments,
The design 1life is the total of the nor. ~ mission operating life plus one
aborted mission involving IAPS maximum recovery capability plus margin.

9.,3.3%3.2,5 Environments, Natural and induced environments are as
specified in MSFC 68M00039-1 Baseline Space Tug System Requirements and
Guidelines. Cargo bay door-open pressure levels apply to the IAPS (and
MPS) insulation venting back pressure.

9.3.3.3 Performance Allocaticns.

9.3.3.3.1 Performance Trades, The nominal, preliminary design perfor-

mance allocations for IAPS elements are given in paragraph 9.3.5, Design.
Allocation for other functicnally interfacinz subsystems are given in
paragraph 9.3.3.3.2 Functional Intexrfaces, All of these allocations are
tradeable during development with a coefficient of -2.9 kg of payload per

kg of burned weight (-2.9 1b of payload per 1lb of burnout weipht). Where
useful, unit performance parameter trade coefficients are shown in terms

of payload or burnout weight in the sectiuvn specifying unit performance.

9.3.3.3.2 TPunctional Interfaces.

9.3.3.3.2.1 Main Propulsion System,

(L) The MPS interfaces with the IAPS by providing a propellant
source in the lug main tanks. During normal IAPS modes
propellant is withdrawn at the normal mode mixture ratio
and is within the condition limits of Table 5-18 of this
report. During abort mode operation, MPS autogenous
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pressurization is not available and propellant supplied
is saturated (after initial blowdown expulsion). The
abort timeline shall permit tank heat leak sufficient to
maintain a minimum propellant pressure of 10.3 N/cem?

(lF psia) .

{(2) MPS and APS propellant loaded quantities are comingled
and are to be treated as such in flight contingency allo-
cations by root sum square combination, Flight performance
reserves are 2 percent of the planned mission AV for the
MPS and 10 percent of the planned mission total impulse for
the IAFS except for any & covered by the MPS reserve allo-
cation. The MPS mixture ratio loaded bias is assumed at
29.5 kg (65 1b) of fuel). The IAPS mixture ratio is
controllable and loaded bias is TBD,

(3) The IAPS is to provide a two- or four-thruster propellant-
settling maneuver equivalent to 4 free falls prior to each
main engine rotating start. The acceleration by the main
engine THIM operation necessary for engine chill shall be
included in the computation.

(4) The reference MPS enzine for this IAPS design is the
Pratt and Whitney Category IIB RL-10 with a 2/15 (oxidizer/
fuel) minimum NPSH capability at full thrust.

{5) The existance of IAPS main engine backup capability requires
that main engine design goals include a fail-safe objective
of minimizing MPS propellant loss in order to maximize Tug
recovery probability.

9.3.3.3.2.2 Electrical Power System. The Tug electrical power system
shall provide 0.85 kw of conditioned power to the IATS pump drives and TED
power to IAPS controls and heater at all times during Tug flight operations.
Reactants shall be supplied to the EPS fuel cells from the MPS tanks on
demand during any phase of flight operations. For the puvrposes of this
preliminary design, the baseline vehicle's main tank zero~g device feedout
at low pressure is incorporated. Tapoff at high pressure from the TAPS
is a beneficial alternate that could be implemented. The EPS power condi-
tioning system for the IAPS shall include variable frequency inverters in
conformance with the speed variation requirements of the IAPS pump drives.
Using the current baseline EPS, each of the redundant fuel cells must be
increased in rating from 1,75 kw to 2.60 kw to meet this requirement.

9.3.3.3.2.3 Stabilization and Control System. All control signals
to the IAPS shall be provided by the Tug stabilization and control system
{(5C8). Ground control also shall be through the SCS during flight opera-
tions. The S8CS shall provide for semi~autonomous IAPS operation by
furnishing status data, thruster logic, sequencing logic, and feedback
control loop electronics.
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9.3.4 Design and Construction Standards. The IAPS shall conform with
Tug system specifications on desig.: snd construction standards.

9.3,4,1 Factors of Safety. The factors of safety for pressure vessels
are 2,0 ultdmate and 1.5 proof with respect to limit pressure.

9.3.4.2 Fluid Seals, To minimize leak hazards in the Orbiter and
loss of fluid during f£light operations, all-welded or brazed connectiens
will be used where practicable. Breakable joints shall be minimized to
locations where disassembly requirements preclude application of chipless
cutter/weld stub technique and in-situ welding.

9.3.5 Design.
9.3.5.1 System Characteristics.

9.3.5.1.1 General Arrangement and System Properties. The inter-
connection of system fluid elements and components is defined on Figure 9-2,
IAPS mechanical schematic, The nominal function of system fluid elements
is as defined by the fluid state and mass/energy balance data on the IAPS
process diagram of Figure 9-3., Preliminary design of the physical/geometric
velationships of the Space Tug and IAPS elements is as shown on Figure 9-~4.
.ae IAPS detailed weight statement and reference Tug stage weight statements
for this preliminary design are in Tables 9-4, 9-5, and 9-6.

9.3.5.1.2 Operation, The IAPS utilizes capillary reservoirs as the
source of propellant during all flight phases except sustained velocity
maneuvers. The reservoirs are refilled on demand from the MP3 tanks by
venting their vapor contents to space, Refill is contrulled to occur only
when main tanks are settled during either IAPS or MPS velocity maneuvers.
Reservoir capacity is to be sufficient for the controlling coast period
between scheduled velocity maneuvers of the reference migsion but may be
vefilled as necessary by unscheduled velocity maneuvers. During sustained
velocity maneuvers propellant flows through the reservoirs and they are not
depleted,

Each reservoir (oxidizer and fuel) contains capillary screens and col-
lector tubes to provide vapor-free propellant to their thruster feed pumps,
An accumulator is provided downstream of each pump to minimize pump cycles.
The entire system is insulated with multilayer insulation (MLI} to provide
a radiation barrier and minimize heat leaks to the cold feedlines, pumps,
and tanks. The system heat loads are absorbed by hydroagen bleed flow which
is tapped off upstream of the pump and expanded through a Joule-Thompson
expander to a pressure of 7.9 N/em? (1L.4 psia) and a temperature of 35 K
(63 R). This cold hydrogen bleed is first routed through cooling coils
mounted on the outside of the fuel zero-g reservoir., The bleed then traces
the hydrogen feed line manifold, absorbing heat through saddleblock segments
brazed between the chill line and feed line. After leaving the hydrogen
system, the bleed is electrically heated above the freezing temperatures of
oxygen and routed along the oxygen system in a manner similar to that for
the hydrogen system, after whiech it is vented overboard through the MPS vent
system,
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IAPS Component Weight Statement
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Table 9-5. IAPS Stage Weight Table 9-6. IAPS Stage Weight

Statement {Mission A) Statement (Mission B)
GESCRIPTION WEIGHY DESCRIPTION WFIGHT
[X] I ¢ LB f KG
STRUCTURF t 2094.0) | 950.% STRUCTURE { 2114, § 9%9,}
THERMAL CONTRODL { 396, ( 179.) THEHMAL CONTROL  39%.) ( 179.}
ASTRIONICS t 10t2.) | 459) ASTRIONICS I 101240 1 459.)
PRUPUL S IDN U 1355,y 833 PROPULS 10N t 1385.)Y t 633D
MAIW PROPULSION 1122, 509, MAIN PROPULSION 1122, 0%,
AUN L TARY PROPULSICN 213, 124, AUX L TARY PROPULSION 273, 126,
CRY mEIGHT 4095, 2220, CRY MEILCKT 491%, 2229.
CONTINGENLY {138} 638, 288, CONT INGENCY {13%) 635, 290,
TOTAL DRY SYSTEM 5531, 2509, TOTAL ORY SYSTEM 5554, 2519,
NONUSUAPLE FLULIRS £ 53%.) t  243,) NONUSUABLE fLUITDS { S56C,) (  245.)
AbrS TRAPPED PHAOPELLANT 10, Se APS TRAPPED PROPELLANT 1C. S
ups TRAPPED PKIPELLANT 154, T0. MPS TRAPPED PROPELLANTY 154, TU.
“PS PRESIURANT Itl. 164, MPS PRESSURANT 374, 171.
FLICHY KESERVES L 321, { 140, } FLIGHY RESERVES + 4 32.1 14241
APS RESERVE 3. is APS RESERVE s Ze
WwpS AESERVE 118, 4%, MPS RESERVE ace, 140,
BRURNAUT NFICRT 6327, 2897, BUAKNUT WEIGHT Bhih, 2906,
EXPENUED FLULDS 150549.) {22929.}) EXPENTCELC FLUIDS 150T44,) (230L7.)
APS 1JSUABLE PRIPELLANT 4ld. 189, APS WJSUABLE PROPELLANY 2215, 1¢13.
APS LHZ BLEEN NVERAUARD 13, (99 APS LH2 BLEFD DVERAUARD 13, -
HPS UJSAPLE PROPELLANT 49A33, 226C%, MpS YSABLE PRGPELLANT &8210. 21Pra,
MBS BTILAFF VENTED 150. &8, MPS ADILOFF VENTED L15C. bha
FUEL CELL REACTANTS 137. L.¥-™ FUEL CELL REACTANTS lar, tza
PAYLOYAD I Sh81.) 1 24TT7.} PAYLL AC € 5247.) 1 2380.])
GRNSS wE(CHY AT JRBITER SEP 42357, 283013, GHOSS WFIGHT AT ORAITER SEP 42317, 268303,
TUG CHARGEABLE INTERFACES { 24C3.1 t 11°1.1}
TUG CHARCEARLE [NTERFACES * 2603, f 118l.Y
GROSS L IFTOFF WL IGHT &500%0. 29483, CROSS LIFTOFF WEIGHT &50CC. 29483,

The reservoirs are loaded prior to launch with the remainder of the
downsgtream system isolated and filled with ambient temperature propellant
vapor. Initial chilldown of the isolated section requires the use of a
higher flow rate bypass expander, The oxygen accumulator is pressurized
with helium on the ground at ambient tempevature and a pressure high enough
to result in operating prevsure after chilldown to LOX operating temperature,
The hydrogen accumulator is prassurized from the MPS helium system during
on-orbit IAPS activation. Ar MLI purge bag surrounds that portion of the
system which is loaded with liquid propellant.

903.5.2 Thruster.
9.3.5.2,1 General Requirements and Characteristics. e IAPS thruster

is a 1liquid-liquid oxygen/hydrogen type with nominal preliminary design
characteristics as described in Table 9-7.

The preliminary design of the thruster is shown in Figure 9-5., The
thruster consists of the thrust chamber assembly, igniter and two propellant
valves. The thruster installation in quad arrays, also is shown in Figure
9~5, The thruster quad consists of three 50 area ratio thrusters, one 200
area ratio thruster, an exciter-control unit, manifolding, insulation, and
housing.
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Table 9~7. Thruster Requirements/Characteristics

Normal Mode Abort Mode
Roll and =X +X +X Thruster
item Thrusters Thrusters Differences
Thrust, N (1b) 111 (25) 133 (30)
Chamber pressure, N/cmé (psia) 103 (150} 125 (180)
Mixture ratio 3 5.6
Nozzle area ratio 50 200
Sperific impulse, N-sec/kg (sec)
Steady state 3910 (398.7) |4002 (408.1) 3923 (400)
Pulse train {(cold) 3069 (319) 3202 (326) TBD
Minimum bit, N-sec (lh-sec) 2.2 (0.5 TBD
Steady state flow rate, kg/sec (1lb/sec) 0.0284 (0,0627) 0.034 (0.075)
Throat diameter, em {in.) 0.909 (0.358)
Chamber diameter, cm (in.) 1.90 (0.748)
Nozzle length, em {in.) 8.15 (3.21)|18.7 (7.35)
Nozzle exit diameter, cm (in.) 6.60 (2.6) |12.9 (5.1)
Propellant inlet temp, K (R}
Fuel min/nominal/max 25/28/31 (37/50/55)
Oxidizer min/nominal/max §6/92/98 (163/165/200)
Propellant inlet pressure, !/cm? (psia) 157 +8 (220 + 15)
Quad weight, kg (1b)
Thrust chamber assemblioss (3/1) 3.5 (7.8) 1.4 (3.2)
Valves (8) 2.2 (4.8)
Redundant power supply (1) 1.2 (2.7)
TolLal 8.4 (18.5)

9.3.5.2.2 Design Point Trades. The thruster nominal performance
characteristics are, effectively, minimun: requirements. Design and techno=-
logy development improvements in thruster performance affect system
performance (payload) through engine weight, specific impulse, mixture ratio,
and chamber pressure. The effect of engine weight is defined in paragraph
9.3.3.3. The estimated effects of the other three design parameters are
shown in Figure 9-6.

9.5.5.2,3 Sensitivity to Inlet Conditions. The thruster nominal
periormance requirements and characteristics, shown in Table 9-7, specify
injector manifold and propellant inlet conditions for steady-state and rapid
pulse train operation. Steady-state conditions are reached in burns of at
least 10 sec, Rapid pulse train operation is defined as having less than a
l-sec off~time between pulses and extending for greater than 1ll2 N-sec
(250 lb-sec).

For initial and intermittent pulse operation, the injector manifold
and the inlet propellant adjacent to the thruster valve are at higher than
nominal temperature. The temperatures for 2,5 cc (0.15 cu, in.) of either
adjacent propellant are influenced by thruster heat soakback which is as
yet indeterminant. The design goal is to maintain the bulk temperature of
the oxidizer and fuel adjacent volumes to 111 and 33 X (200 and 60 R),
respectively., Beyond that point, the propellant thermal control system is

PRACENDING PAGE BLANK NOT FILMED
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expected to maintain nominal temperature conditions. Under these higher
temperature conditions, high mixture ratio excursions are not to result in
loss of ignition or excessive thruster life/reliability degradation.
Specific impulse for pulsing performance is acceptable at values as low as
TBD percent of nominal, but minimum bit size shall be not greater than twice
nominal. Thruster performance after initiation of a steady-state firing
shall reach the nominal value within 10 sec.

9.3.5.2.4 Abort Mode Operation. Steady state operation of the +X
thrustere 1g required for the IAPS abort mode at the MPS (offloaded mission)
peak-specific~impulse mixture ratio of 5.6. Thruster performance in this
mode shall be not less than 3727 N-s/kg (380 sec). The thruster design is
to accommodate this mode of operation without requiring propellant fluid
power input in excess of that required for nominal steady-state conditions.
Higher than nominal thrust is beneficial. Thruster design firing duration
and cycle life requirements are not exceeded in this mede for one abort
profile at the end of a life cycle.

9.3.5.2.5 Useful Life, The operating and design life requirements
of the thruster are as follows:
Thrust
Requirement Chamber Igniter Valves Exciter
Operating Life
Cycles per mission 2300 2300 2300 2300
Operating hours permission 2.8 2.8 2.8 168
HMisslons between refurbishment 20 20 20 20
Design Life
Cycle 10,000 10,000 10,000 10,000
Operating hours 80 80 80 13,440

9.3.5.2.6 Refurbishment Frequency.

thruster quad elements is anticiapted.
to checkout/flight performance data.

No schedule re .rbishment of
Unit replacements will. be in response

Failure rate assessment implies the

replacement of 22 of the 32 thruster valves in a ship set over 20 missions
at random intervals, and no replacement of other elements,

9.3.5.2.7 Reliability, The apportioned reliability goal for the
thruster quad with associated isolation valves is 0.9993.

9,3.5.3 Reservoirs,

9.3.5.3.1 Performance. The reservoirs supply vapor-free propellant
to the pumps within the required suction conditions (paragraph 9.3.5.4) during
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all flight phases, In conjunction with other system elements, they are to be
refillable frem the MPS tanks during MPS or IAPS AV maneuvers once main tank
settling is achieved,

The usable propellant capacity of the reservoirs between refills shall
be sufficient to meet the IAPS duty cycle requirements of the reference
mission Profiles A or B with a margin of 10230 N-sec (2300 lb~sec).

Refill during or soon after an MPS AV results in reservoir fluid being
subcooled and amount corresponding to MPS autogenous pressurization suppression
head. After long coast perilods, the MPS tank propellants reach a saturated
condition and an IAPS AV (only) refill does not change that condition. The
function of the reservoir chill circuit heat exchanger is to provide the
subgequent subcooling necessary for capillary device stability in 0.5 hr or
lesg. The heat exchanger also functions to intercept and remove environmen-
tal heating in order to maintain the subcooled state.

The preliminary design characteristics of the reservoirs are shown in
Table 9-8,

Table 9-8, Reservoilr Characteristics

Oxygen Hydrogen

Volume, m3 (ft3)

Propellant Capacity, kg (1b)
Equivalent Impulse, N-sec (lb-sec)
Attitude Hold Capability, hr
Trapped Resiuuals, kg (1b)

0.008 (.28)
9.5 (20.9)
47150 (10600)

100
0.4 (0.9)

0.065 (2.3)
4.8 (10.5)
47150 (10600)

100
0.3 (0.6)

9.3.5.3.2 Design and Operation,

The reservoirs are comprised of a

propellant tank, internal capillary device, and external, fuel-vapor-cooled
heat exchanger as shown in Figures 9-7 and 9-8, The capillary device divides
the reservoir into two compartments separated by a capillary barrier. The
upper compartment has the capability of being refilled (purpged of vapor)
during each of the APS tramslational maneuvers and MPS burns. The lower
compartment offers a degree of redundancy. The design is such that under
normal operating conditions, no vapor will enter the lower compartment until
depletion of the upper compartment, If an off-design condition occurs,

the lower compartment can accumulate some vapor before any vapor is drawn into
the acquisition tubes and to the APS pump. As the thermal control system
condenses this vapor, the capillary acquisition tubes will replenish the
lower compartment with more liquid,

The acquisition tubes provide a communication path for liquid from the
upper to the lower compartment. They are arranged to be in contact with
liquid under any adverse acceleration that might be imposed. The tube's self-
wicking screen covers are designed to be wetted during the entire mission in
order to pass liquid and block vapor flow.
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After the propellants are settled during either an MPS or APS transla-
tion maneuver, the TAPS refill vent valves are opened and the reservoir is
replenished to L00-percent liquid. Baffles in the tank vent exit are te
minimize losses due to liquid entrainment in the vented fluid. Liquid point
sensors are installed to activate closure of the vent valves. APS propellaut
demand for the remainder of any AV maneuver is supplied by direct flow of
liquid from the MPS tank through the reservoir and to the APS pump. The
reservoir size thus is unaffected by extended APS AV,

9.3,5.3.3 Useful Life. The operating life of the reservoirs is 20
missions without refurbishment, The design life is 80 missions.

9.3.5,3.4 Reliability Apportionment. The apportioned reliability of
each reservoir is .99995,

9,3.5.4 Pump and Drive Assemblies,

9.3.5.4.1 Performance, The function of the oxidizer and fuel pumps is
to provide the head rise from MPS tank to TAPS thruster inlet pressure at a
maximum combined flow rate equal to the steady-state demand of four thrusters,
During normal mode operation, the oxidizer and fuel mass flow rates corres—
pond to the normal mode mixture ratio. During abort mode operation, the rates
correspond to the MPS offloaded mission mixture ratio.

The pumps are required to provide nominal performance at zero NPSH and
up to 1l0-percent vapor (by volume). Pump requirements and characteristics
resulting from preliminary design are listed in Table 9-9.

9.3.5.4.2 Design and Operation. The pump and drive assemblies are
comprised of an axial flow inducer stage, a reciprocating pump stage and a
3-phase 115/200v, 210/240 Hz motor (oxidizer/fuel). The preliminary design
of these units, provided by Sundstrand Corporation, is shown in Figure 9-9,
In operation, the axial flow inducers boost the saturated inlet propellant
to the pressure level acceptable for the piston stage design suction specific
speed. Motor speed 1s controlled by inverter power supply frequency. For
safety reasons, the oxidizer motor uses a canned stator., The discharge check
valve is required to seal only to the degree necessary for acceptable
volumetric efficiency. During pump inactive periods, fuel flow from the
accumulator is prevented by line-mounted quad redundant check valves,

9,3.5.4,3 Useful Life, The pump drive units have a required operating
life of 10 Profile B missions plus one worst-case abort mission between
refurbishments., This involves a total normal mission operating time of 26
hours, plus 17 hours of abort mode operation and 1500 operating cycles. The
design life for the units is 125 hours and 6000 cycles,

G.3.5.4.4 Reliability Apportionment. The reliability apportionment for
the oxidizer and fuel pump and drive units is 0.998 and 0,997, respectively.
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Table 9~9. Pump Requirements and Characteristics

Abort Mode
Normal Mode {Constant Power)
Oxidizer Fuel Oxidizer Fuel
Requirements
Flow rate, m3/sec (gpm} 00454 (1.2) 1245 (6.47)1.00640 (1.69)} 0186 (4.92)
Head rise, m (ft) 129 (425) | 2110 ({6920)|199 £654) | 2170 (7128)
Fluid output power, kw {(hp) ,109  (.147) ) .580 (.792)].238  (.320)}].461 (.620)
NPSP 0 0 C 0
Vapor capacity, X 10 10 10 10
Characteristics
Boost stage
Head rise, N/cm2 (psi) 1.1 (1.6) |.52 (c.75)|1.5 (2.2) {.31  (.45)
Efficiency, % 3z 35 36 28
Pump Stage
RPM 3000 3000 4230 2280
Design specific speed 35.7 10.1 43,2 36.5
Displacement per rev, cc¢ (cu. in.)i 1,61  (.0985)] 8,90 (.594) Same
Overall effiency, % 75 78 70 | 80
Weight, kg (1b) .23 (.50 .27 (.60 Same
Motor
Efficdency, 2 70 92 82 B5
Output power, kw (hp) 147  (.,198) ].750 {1.01)].334 (.45) |.57% (.775)
Weight, kg (lb) 2,04  (4.5) |3.09 (.6.8) Same
Assembly Total '
Weight, kg (1b) 3.6 (7.9) 4.8 (10.5) Same
Power demand, kw (hp) ) £246  (.330) }1.01 (1.35)].55% (.75) .77 (1.03)

9.3.5.5 Accumulators,

$,3,5,5.1 Performance. The function of the accumulators is (1) to
damp reciprocating pump flow pulsatiuns, and (2) to provide feed pressure
storage sufficient to limit shortecycling of the pump/drive units and
supply enough propellant for Shuttle docking attitude hold in the event of
a pump failure during that operation. The usable propellant capacity of
the units corresponds to 108l Ne-sec (243 lb-sec) of total impulse which
provides for approximately 1.5 hours cof attitude hold capability.

9.3.5.5.2 Characteristics. The preliminary designs of the accumulators
are shown in Figures 9=-10 and 9~11. Each accumulator is a trapped ullage
device. Helium external to the bellows is compressed or expanded as propel-
lant is pumped into or withdrawn from within the bellows. The helium
volumes correspond to the pressure limits of the system with adiabatic
compression and iscothermal expansion. The units are all-welded with provision
for bellows replacement by cutting and rewelding. Externally mounted bellows
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position switches act to provide pump control loop information (see para-
graph 9,3.5.7). Loading of the helium is a ground service operation for the
oxygen accumulator and a flight activation operation for the fuel accumu-
lator., Both operations result in external pressure on a cellapsed, flat
bellows. Subsequent activation by f£illing with propellant chills the
oxygen unit helium to working pressures and eliminates differential pressure
across each of the bellows to permit cycling at low stress levels,

9.3.5.5.3 Useful Life. The accumulator operating life requirement
is for 10 normal mode miszions plus one abort mode mission between bellows
replacement, This operating life corresponds to 1500 bellows expulsion
cycles plus 20 external pressurized collapsing cycles, The design life is
6000 cycles at equalized internal and external pressure plus 80 collapsing
cycles with external pressure maintained for 30 and 2 hours between cycles
for oxidizer and fuel units, respectively.

9,3,5.5.4 Reliability. The apportioned reliability of the oxidizer and
fuel accumulators is .998 and .997, respectively. A failure of the accumu-
lators, which are single~point failure components, is to be fail-safe during
Orbiter=-Tug docking., The fajilure mode to be considered is bellows rupture.
This type of failure is to be detected by bellows position indicator signals
showing lack of bellows cycling. The downsftream capability of the propellant
gystem is to be sufficient to permit safe continuation or termination of
Orbiter-Tug docking after helium pressurant/propellant mixing upon bellows
rupture, Downstream volume provisions shall include a capillary tube
channel or similar device to retard helium gas migration through the
downstream propellant sufficiently to permit this docking operation or ter-
mination.

9.3.5.6 Insulation and Purge System

9,3.5,6.1 Performance. The insulation system has the function of
minimizing heat flow from the environment to all propallant-containing ele-
ments of the IAPS, The insulation purge system has the function of providing
an enclosure (bag) around the insulation to exclude all contaminants. During
ground servicing with propellants, the purge bag contains helium to preclude
cryopumping of moisture and oxygen from the air. After servicing and dis-
connect, insulation is to be effective, as limited by helium conductivity, in
minimizing launch through orbit insertion boiloff losses to the same value
per unit of surface area as the MPS insulation, Insulation venting during
ascent shall limit internal gauge pressure to 0,14 N/em? (0.2 psia) and less
than 10~4 torr shall be achieved within 0.5 hour after orbit imsertinn. After
venting to that level, insulation effectiveness through TAPS deactivation
shall be equivalent to an effective emittance of 0.002 including the contri-
bution of penetrations and supports., The insulation shall be repressurized
during descent with Orbiter cargo bay helium provided to the MPS for this
purpose.
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9.3.5.6.2 Design and Operation, The elements of tle IAPS enclosed by
the insulation and purge system are indicated in Figures 9-2 and 9-4., The
system consists of 1.27 to 2.54 cm (0.5 to 1.0 in,) thick blankets of multi-
layer insulation of the same material and installation method to be selected
for the MPS. (A Mylar ox Kapton purge bag, MLI of single-aluminized Mylar
or single goldized Kapton, thermal isolation supports using titanium struts,
or axially oriented S-glass rods are representative choices.) Vent valves
for self-actuation during ascent and actuated closed for deszcent also are to
be similar to the type selected for the MPS.

9.3.5.6.3 Useful Life, The insulation and purge system is to be
designed for a 20-migsion operating life with no scheduled refurbisghment.

9,3,5.7 Controls.

The system is controlled through the Tug umbilical disjonnect prior to
launch and at any time while attached to the Tug erection ring of the Shuttle,
In free flight, the system is automatically controlled by the Tug onboard
computer, with specific measurements and commands to/from the ground or
Shuttle via the Tug communication system. Control logic and interfaces are
described in Figure 9-12. The IAPS sequence of events is listed in Table
9-10, where the numbers in parentheses identify components.

9.3.5.7.1 Major Control Functions. Operation of the system involves
the following major control functions,

9.3.5.7.1,1 Reservolr Fill and Drain. APS reservoirs are filled and
drained for prelaunch test, checkout, and purge through the MPS fill and
drain system using the tank isolation wvalves. The valves are opened during
Tug flight activation and closed at deactivation.

9.3.5.7.1.2 Reservoir Refill. During flight operati s the reservoirs
are refilled during delta-V maneuvers by opening the vent valves., These
valves close by liquid-level sensor signals when the reservoirs are full.

9.3.5.7.1.3 Propellant Pump Speed, The pumps provide a low flow rate
for low thruster duty cyecle conditions such as attitude stabilization. Low
constant-speed pump operation is activated by the minimum bellows deflection
switch and is deactivated when the maximum bellows deflection switch is
reached, High flow rates are provided for delta-V thruster operation, in
which the pump speed is proportionally controlled between specified accumu-
lator pressure set points.

9.3.5.7.1.4 Hydrogen Bleed Control. The bleed system has two control
modes: low and high circulation flow, with controlled variable heat input,
High circulation flow is obtained for APS activation and deactivation, while
low circulation flow is used during free flight., High flow also may be used
whenever the upper hydrogen temperature Lound is reached at the reservoir
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Table 9-10.

IAPS Mission Sequence of Events

fportt thocloyt

Tindd Svavlodio (hiodadim RBunuciveifng

Lifrnff

Shuttle Axeont

Truutaglon vortine = nuree kap vent valwe celf-

epenire and lateched at set
differential pressarc

freceplovrent Chechout
uyr irection
drbiter-Tup KPR fLuicd disconnestr separated

> Activarion

Upen fuel accouwrulacer pressvrisaticn lelium
valves ()

Cpen tank and feed innlaticn valves
(5%, A6, 18, 20)

Open high ond Low Ea bleed valves (62, 38) and
vent throupl Tup TS nonpropnlsive vent

Arm pump eentrols (purps cpuratﬂ)
Verifv TAPF read: (rontral tomps and press norrmal)

Clcse high hvdreopen bleed valve (39)

Tup Denlovment (Release)

Attitune vontrol Inditlated TBD sev after
manipulater arm sepavatier

Tug Flight Thase

Ileed control continuously cperational
fiow valve (3B} Dpen}

Pump control

Low flow rate operation {attitude control,
etc.) is controlled from ON-OFT bellows
position switches

Hligh flow rate operation (normal mode aVv

M = 3:1, atort made aV MR = 5.6) controlled
by proportional specd hetween bellows pressure
set peints

Bescrynir rofiil

vpen £111 vert valves (24, 28) bLased op S or
“pe Ay acculreretion v, time lople or srouod
control cormand

Close Fill vent valves by liewld polnt nenmor
(59, 0} sienals

Thruster quad fusolation apetivated by F-1lupe
mode leab lédentificaztion (onkoard rorpcter or
rrovid)
Tug Petrieval by Ortiter
Predocling
Command accunulater FEll cvele

safety chockout, svster safint to attitude
stabilization mode

Manipulator arm contact ard TAPS deactlvation
Lisarm thruster firinpg commarnd lopir
Shut bleed contral valve (3R)
Disarm pump cortrol lopic
Tug-ercctor mating
Orbiter-Tug MFS fluid disconnects mated
IAPS purne/inerting
MPE-Urbiter vert sveotowm activated

Open IAPE Lleed and vent valves
{38, 62, 24, 2B} to purge

MPS Felium purge zyole acromplished
Close bicerd rutoff vrlves
Close tank and feed isolacion valves

Close insulation vent valves and pressurize bag

Urbiter Pescent and Landing

Insulation purpe bag pressure program - controlled
differential pressures usinp MPS repress system

or at the thruster quad manifold.

Power to the bleed heater is controlled

using oxygen reservoir and thruster quad manifold temperature measurements.
If the oxygen temperature reaches its upper bound the bleed heater logic
can override the valve logic to open the valves,

9,3.5.,7.1.5 TFeed Isolation Valves.

The oxygen and hydrogen thruster

quad isolation valves are opened at Tug activation and closed during deacti-

vation.
thruster valve failure.

A thruster quad set may be closed during flight to isolate a
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912

Table 9-11.

Component Design Requirements

REFURBISH OPERATING LIFE
PERFORMANCE/MOCESS DATA DESIGN LIFE POWER
COMPONENT NAME 10 NO, FUNCTION OPERATION /DESCRIFTION R IOCESS DI AGE::‘ AN AS NOTED INTERVAL PER MISSION
MISSIONS CYCLES HOURS CYCLES HOURS WATTS
FILL AND DRAIM SYSTEM
LOX DRAIN VALVE 51 ORCUND SERVICING NC SOLENCID ] 2 1 x
L, DRAIN VALVE 53 GROUND SEAVICING N SOLENOID ] 2 140 »
MRESSURIZATION SYSTEM
He RUPTURE DISCONMNECT = LOX " SAFETY - ROTICTION 330 TO 345 N/am2 (480 TO 500 pis) SET MESS 2 o % 1,350
Ha DISCONNECT - LOX 1] GROUND SERVICING 345 M/am? (500 pmis) LIMIT PRESSURE 2 1 0
He ISOLATION VALVE - LH, » FLIGHT SEIVICING NC SOLENOID [ 5 o0 =
He PRESSURE SWITCH - LH, -4 INITIAL CHARGE AND MAKEUP 135/141 N/l [195/205 pele) ON/OFF 0 5 -
PROPELLANT CONTROL SYSTEM
LH, BLEED SHUTOFF VALVE » MOWMAL BLEED SHUTOSF NO STLENOID 10 3 % »
LHy MEED SHUTOSR VALVE & CHILLDOWN M tD NG SOLENOID © 2 [ =
Lty BLEED EXPANDER 1% MNORMAL MLEED JT EXPANSION THIOTTUING CRWFICE » "R 12,90
LHy BLEFD EXPANDER &2 CHILLDOWN BLEED JT EXPANSION THOTILING OMFICE »n H e
LHy SLEED HEATER aw REHEAT TO LOX TEMPERATURE ELECTAIC RO ANC TUSE b ] "] 12,5 4
FROPELLANT FEED SYSTEM
LOX SYSTEM 15OLATION VALVE 55 N<ORMTER LEAK SUPFEESSION NO SOUENOID x 3 ] »
1M, SYSTEM ISOLATION VALVE - IN-CRNTER LEAK SUPPRESSION NO SOLENOID 2 ] ”m »
LOX PUMP CHECK VALVE © BACK FLOW CHECK SMING CHECK SLOW RESPOMSE = LESS THAN Jcm 3 1% 1.
L4, PUMP CHECK VALVE ] BACK FLOW CHECK SPNG CHECK SLOW BESPONSE - LISS THAN 3 cm 3 1m0 1L
LOX QUAD ISOLATION VALVE " SHUTOPF FAILED - OMEN THRUSTER NO LAKCKING SCUENOW 0 2 ") ]
LM, QUAD ISOLATION VALVE F SHUTOFF FAILED - OPEN THRUSTER MO LATCHING SOLENOID 0 2 W »
LOX RELIER VALVE 42 RELIEF BYPASS ORIFICED, SMING, CLOSED } LINE LOCKUP MROTECTION: 0 2 ]
LM, RELIEF VALVE e RELIEF BYPASS ORIFICED, SMIMG, CLOSED CRACK - M0 N/am? (M0 uie) ] 2 [ ] -
RESEAT = 172 N/an? (290 pein)
FLOW = .02 k/onc (.05 W/unc)
OVERMOARD VENT
Lty HELIUM VENT VALVE 5 SAFETY ~ MOTECTIGH SMING LOADED, PLUS CRACK = 100 Nfan? {240 pie) x 2 " »
VENT THERMAL PRESSURE 2ISE NC SOLENOID RESEAT = 172 N/fan2 (250 mia)
] AT DEACTIVATION QVERRIDE
LOX REFILL VENT VALVE M VENT VAPOR NC SOLENOID = F ] 1,600 »
LH, REFILL VENT VALVE » VENT VAPOR NC SOLENOID » ] 1,800 »
LOX REFELL VEMT VALVE 0 DETECT LGQUID DISCRETE SENSOR 20 x 1,600 .1
ulz REFILL FOINT SENSOR ki DETECT UQUAD DISCRETE SEMSOR o o 1,408 . |




9.3.5.7.1.6 Thruster Valves, All IAPS propulsion is controlled by the
thruster select logic of the attitude control system, which generates open
and close signals to each of the 32 thruster valves.

9,3,5,7,1.7 Exciters, Each thruster quad uses a single, internally
redundant, electrical exciter which provides energy to the spark igniter.
The exciters are cortrolled by the thruster select loglc and fire all four
igniters of a quad simultaneously,

9,3.5.7.1.8 Vent and Repressurization Relief Valves. Purge bag
pressure is controlled by relief velves which are self-opening during
Shuttle ascent. The valves latch at a pressure differential set point.
During APS deactivation, the valves are closed by an electrical command from
the Shuttle to allow controlled purge bag pressure through descent,

9.3.5.7.2 Remaining Control Components. The functional requirements

and descriptive data for the components not previously covered are presented
in Table 9-11.
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10, INTEGRATED SYSTEM TECHNOLOGY DEVELOPMENT REQUIREMENTS
10.1 TECHNOLOGY DEVELOPMENT PLAN

The development plan, including suppurting research and technology
(SR&T), for the integrated auxiliary propulsion system is driven by the
overall development plan and schedule for the Space Tug vehicle. The Tug
vehicle development plan is as shown ir Ffigure 9-1, Initial operating
capability {(IOC) is scheduled for early in 1984, requiring a five-year
Phase C/D design and development period beginning mid-1978., Selection of the
Tug APS concept to be implemented would have to be made during the Phase B
study period.

SRAT effort would be necessary before any promising but unproven APS
concept could be chosen for application to the Tug. This SR&T effort
initially would be intended to confirm concept design estimates so that the
concept would qualify for inclusion in Tug Phase D design activity commencing
early in 1976. Subsequent SR&T activity would have goals similar to those for
Tug elements which already have been selected in cencept but still require
technology development. The purpose of this later SRRT effort is to explore
fully the functional/performance potential of the design concept and to provide
a broader technology base that will pay off in reduced total vehicle DDT&E
phase costs.

In this section, SR&T technical requfrements are identified which are
assoclated with the initial, concept-confiimation type of SR&T goals. The
balance of the SR&T activity 1s considered to be of a follow-on nature and
needs no specific identification at this time. However, estimated SR&T costs
shown are based on completion of all SR&T goals.

The SR&T costs developed are extremely judgmental because the level of
effort required to satisfy the gozls as well as the precise nature of the
technology which needs to be explored are subject to engineering appraisal.
Cost estimates are nevertheless presented since they help define the extent
of SR&T effort cunsidered appropriate by Rockwell and participating subcon-
tractors and, as such, are useful in concept selection evaluations. These
costs are mean values obtained from estimates of the extreme (high/low)
limits of the SR&T cost. To qualify each estimate, a measure of its
uncertainty is obtained by computing an approximate standard deviation from
the high and low values. These costs and the estimated duration of each SR&T
item identified are shown in Table 10-1. It is considered that none of the
technology development required is more elusive or formidable than the Tug
improvements resulting from system application would warrant. All of the
technology needed is based ou firm prior art--at least in building-bleck form,
if not as a unit,
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Table 10-1, Integrated System Technology Development Requirements

6
Program Program ROM Costs $10
TAPS SR&T Duratian Low High One~-Sigma
Element Ohjectives {mo.) Est, { Est, | Mean | Uncertainty
Thruster Performance, life, and 16 1.0 2.6 1.8 0.27
inlet requirements
verification
Pumps Functional and performance 9 g,3 0.5 G.4 0,04
verification
Zero~g Concept validation, 12 0.4 1.2 0.8 0.13
Reservoirs functional and performance
verification
Thermodynamie ]| Functional and performance 12 n.8 1.6 1.2 0.13
Control verification
Total . 4.0 .55

The following sections describe the background basis, SR&T objectives,
key technology issues, test simulation method, and acceptability criteria for
each APS element determined to require SR&T effort. These elements are:

e Thruster

e Pump

e Zero-g reservolr

¢ Thermodynamic control

Figure 10-1 presents an overall schedule for the completion of this
SR&T program. The major test phases for each element have been sequenced to
provide an orderly, bullding-block progression from basic materials and sub-~
component investigations to ultimate concept conformation. The thermodynamic
control tests, which require integration of a thermally representative
segment of the IAPS, have been scheduled to maximize use of residual hardware
from the three previous SR&T programs.

10.2 THRUSTER TECHNOLOGY

It is reasonable to expect that a liquid-liquid O/H APS thruster can be
developed to meet the performance, weight, and reliability goals identified by
this study. This confidence results from extensive industry oxygen~hydrogen
thruster experience and, most particularly, ALRC experience with a liquid-
liquid thruster.
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1975 1976 977
JTa[s[o[N[o[JTeIm[aTml ToTaTlsJol [l Te[mialmialalals[olnio

1 THRUSTER SR&T PROGRAM I DESIGN/ANALYSIS/PROCUREMENT/FAR/TEST/DATA ANALYSIS AND REPORT
| MATERIALS AND FABRICATION TESTS
CHAMBER COOLING TESTS
THERMAL TRAMSIENT AND IGNITIOM TESTS
| PERFORMANCE TESTS
DUTY CYCLE TESTS

PUMP SR&T PROGRAM
MOTOR TESTS
PERFORMANCE MAPPING
NPSP DEMONSTRATION
MISSION PROFILE TESTS
OXYGEN SAFETY DEMONSTRATION

ZERO-G RESERVOIR SRAT PROGRAM I
THERMODYNAMIC CONTROL TESTS

LIGUID FLOW AND RETENTION TILT TESTS
| VENTREFILL TESTS

THERMODYNAMIC CONT SRAT PROG '
HEAT LOAD DETERMINATION AND iMIROVEMENT

CHILL LINE ROUTING AND ATTACHMENT TESTS
|_] MISSION PROFILE TRANSIENT TESTS

Figure 10~1. Integrated System Technology Development Schedule

BACKGROUND

ALRC recently completed a NASA LeRC contract on a liquid/liquid
thruster, Extended Temperature Ranpe (ETR) ACPS Thruster Investigation
{Contract NAS3-16775). The objective of this contract was to establish the
operational feasibility of an oxygen-hydrogen ACPS~type thruster for the
Shuttle Orbiter in which c¢ryogenic propellants are supplied to the thruster
valves. Two temperature design points were investigated, resulting in
LH?_/LO2 injection for Design Point 1 and GHZ/L02 injection for Design Point 2:

Hy Temperature 0, Temperature
Design Point K (R) K (R)
1 25 (45) 83 (150)
2 83 (150) 23 (150)

Two-flight-type thrusters were built and tested at a nominal thrust
level of 5560 N (1250 1b) and a chamber pressure of 345 N/cm? (500 psia).
This thrust level is far greater than required for the Tug IAPS. Moreover,
no test experience exists at the 111-N (25-1b) thrust scale needed for Tug.
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The torch igniter svccessfully used on this and other programs produced
approximately 111 N (25 1b) by itself and formed the basis for this Tug APS
study, Applying the igniter technology directly to a 111-§ (25-1b} thrust
angine involves two possible areas of concern: performance and durability.
The performance of the igniter by itself is very low (approximately 60 percent
of theoretical Ig) and the igniter has not been operated for long steady-state
firings, Nevertheless, the igniter program tests and the analyses of this
study form the basis for confidence in the thruster concept.

In adapting an igniter to an APS thruster, a change in design eriteria is
requirec. This may lead to significant design differences; in fact a design
from scratch may be equally successful. Any design, of course, requires con-
cept validation and performance verification, which 1is the purruse of this
SR&T.

SR&T OBJECTIVES

The objectives of the thruster SR&T program are (1} to design, analyze,
and obtain experimental data on a liquid-liquid O/H thruster designed to meet
the Tug IAPS requirements, and (2) to resolve potential problem areas, A
program of analysils, hardware design, and experimental ewvaluation is required.
This overall thruster demonstration program should include rigorous analysis
of the thermal manc,ement problems assoclated with the very cold temperatures
encountered at the propellant valves, injector, and thruster manifolds;
evaluation of the interaction of chamber cooling, performance, and injector
design requirements; design and fabrication of injector chamber, igniter
assembly, and associlated thruster hardware; and experimental testing to
evaluate the thruster over ranges of uperating conditions and pulse mode duty
cycles. During the design phase, attention shall be directed to thruster
ignition requirements, cowbustion chamber cooling schemes, combustion
stability, pulse mode limitations, propellant valve requlremen:s, component
material selections, and nttainable specific impulse performance under both
normal mode steady-state .and pulse mode operating conditions, as well as for
abort mode steady-state.

Another very important SR&T objective is to evolve a design that will
minimize tl.ruster DDT&E costs while still satisfying all performance require-
ments. The results of this study reveal that the thruster DDT&E costs are a
significant portion (approximately 45 percent) of the DDT&E for the tital
integrated APS, Simplifications in manufacturing, assembly, and test operations
that would not unduly compromise performance or reliability should be
investigated in concept during thruster SR&T.

KEY TECHNOLOGY ISSUES

The key technology issues pertaining to an SR&T program for the IAPS
thruster stem from the fact that no previous test experience exists for a
liquid-liquid O/H thruster in the 111-N (25-1b) thrust range.



High specific impulse is an SR&T goal which will involve the design,
analysis, and experimental evaluation of possible alternatives to the baseline
sleeved chamber cooling concept such as partially regenerative or internally
regenerative cooling of the outer wall, or slot cooling along the axial
length. Performance and film cooling requirements for the current design
depends heavily on the rate at which the coolant hydrogen mixes with the core
gases. For performance to be reasonably hizn, mixing must be complete before
the core gases reach the throat. This can result in a relatively long and
heavy thrust chamber and high temperatures in the outermost coolant channel,
thus reducing the throat film cooling effectiveness.

Thrust chamber length and performance may be improved by one of the
alternate cooling concepts mentioned above or by providing a splash plate or
similar mixing device at the outlet of the innermost coolant sleeve, Testing
will require a means of varying the cooling design and mixing length until
optimum performance is achieved.

The selection of suitable materials and manufacturing processes compatible
with the high temperatures and small size of the IAPS thruster is another key
technology issue. Selection of the basic thrust chamber alloy, close tolerance
machining processes, and procective coating application are all interrelated
problems that will affect thruster durability aad production cost. Axial and
radizal thermal gradents are severe, Estimates of external temperature range
from approximately 28 K (-410 F) at the igniter, or chamber inlest, to near
164 K (2500 F) at the throat. Temperature gradients may be as high as
110 K/em (500 F/in.). Thermal stresses in the concentric sleeves making up
the coolant flow channels could result in cracking of any coating or base
metal at points of high stress concentrations,

Thermal transient effects also are a key issue for the technology
development of this thruster, Pulse mode thrust profiles after both hot and
cold starts must be defined and their acceptability established. Proper
ignition after extended cold soak periods with liquids at the wvalve inlets also
must be verified. It is expected that these issues can be resolved by a series
of variable duty cycle tests followed by correction of differences, if any, as
they occur,

TESTING APPROACH

The thruster SR&T objectives can be satisfied by first conducting precursor
eyperiments in support of materials selectlon analysis and manufacturing pro-
cess evaluations. These tests will support the selection of the basie thrust
chamber alloy and protective coating materials, and will verify acceptable
machining techniques and reproducible dimensional tc¢lerances.

Chamber cooling tests should then be conducted utilizing typical, but not
flight~type valves, manifolds, and ignition system. A bolt-on thrust chamber
assembly could be used so that alternate cooling designs may be easily installed
and tested. This would permit a parametric approach to the problem of
optimizing thrust chamber length, cooling configuration, and performance.
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Thermal transient and cold 7 ,aition tests should be accomplished using
the optimized thrust chamber .<rom the previous test series. Various manifold
lengths and internal platelet or other inculator designs should be installed
and tested with different injector configurations, ignitor locations, and
support methods. Fropellant thermodynamic state at the valve Inlets should he
varied to simulate the range of heat soakback expected over an actual mission
duty cycle. The produceability, poteuiial DDI&E costs, and compatibility with
future development tests of each configuration must be thoroughly evaluated,

Performance tests of the most favorable arrangement of valves, manifolds,
injector, and igniter should be run to determine steady-state and transient
thrust, specific impulse, and mixture ratio as a function of wvalve inlet
pressure and temperature. The limits of performance should be explored and
the capability for inlet pressure controlled mixture ratio shift as required
for Tug abort recovery must be verified.

Finally, mission profile duty cycle tests should be conducted. Satisfactory
start transient and minimum impulse bit characteristics should be verified.
Sufficient extended duration and repetitive cyclic firing tests should be
conducted to demonstrate the durability of this thruster design concept.

ACCEPTABILITY CRITERIA

Satisfactory thruster performance and duvability are major criteria that
must be demonstrated prior to selection of a Iliquid-liguid O/H APS for use on
the Space Tug., To do this, the SR&T test program must provide reasonable
confidence that the welight, length, thrust, speclfic impulse, minimum
impulse bit, inlet condition sensitivity, and abort mode requirements specified
in Sectlon 9 can be achieved. Prior to initliation of performance and duty
cycle tests, the precursor materials and fabrication, thrust chamber cooling,
and thermal transient and ignition tests mus% have led to satisfactory solu-
tions of the problems previously identified. Following IAPS thermodynamic
control SR&T tests, thruster qualification development testing can be
initiated as a part of the Tug Phase C/D vehicle development program,

10,3 PV TECHNOLOGY

Neither oxygen nor hydrogen pumps currently exist for the IAFS since the
pressure, flow, and suction requirements are unique. In particular, the flow
rates are orders of magnitude smaller than that of flight-weight pumps
previously develored for O/H rocket engines. The pressure requirement is
moderate but high euougn to demand special design provisions with positive
displacement machines. The low suppression head suction requirement has been
satisfied previously but only for high-flow centrifugal/axial rocket engine
punps. However, it is consideced that the IAPS pump SR&T involves relatively
straightforward develcpment of custo:i designs using well-established concepts
scaled from other applications.
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BACKGROUMD

The pumping of cryogens can, in many respects, be considered a mature
technology. Large turbo-machinery goes back as early as the 1940's for the
German-built V-2 liquid oxygen and alcohol propelled rocket. Smaller,
electric motor-driven, cryogenic pumps were developed later. In the period
between 1956 and 1959, the Pesco Products Division of Borg~Warner Corporation
designed, fabricated, and tested an electric motor driven liquid hydrogen
centrifugal pump for the U.S5. CGovernment under Contract AF 18(660)1658,

During this program, the feasibility of wet running ac motors submerged in
LHp was proven, and rolling contact bearings for use in cryogenic pumps were
shown to be practical. Since that time, many electric motor—-driven pumps

have been built for a variety of applications including a two-stage liquid
hydrogen boost purp for destratification studies under Contract AF 33(1616)5810,
and liquid hydrogen and oxygen recirculatinn pumps for the Saturn S-II and
S8-IVB stapes under Contracts NAS7-200 and NAS7-101., Although small compared
te the turbo-pumps used for rocket engines, these electric motor—driven pumps
are still large when compared to the IAPS requirements: ,113 m I/sec (30 gpm)
for the S-IVB LOX recirculation pump as compared tc¢ 0.00454 m 3/sec (1.2 gpm)
for the LOX IAPS feed pump. This low flow coupled - ‘n ithe moderate head rise
required results in specific speed values that fal' . e regime of positive
displacement pumps.

no flight-qualified positive displacement pumps have yet been built.
ATRCO and others have estensive experience with both hydrogen and oxygen
stationary piston pumps for high-pressure transfer service and other cryogenic
applications. These pumps have demonstrated high efficiency, long life, and
good reliability but tend to be heavy due to their low operating speeds.

Sundstrand Corporation has some applicable vane pump experience developed
as a part of a General Electric Company contract for NASA LeRC, Final Pumping
System Liruid Hydrogen/Liquid Methane, J85 Control System. This pump operated
at 0.098 wd/sec (26 gpm) and 186 N/cmé (270 psig). Demonstrated volumetric
efficiency was low, however, and problems remain to be solved te reduce
internal leakage. A pressure-loaded balanced vane concept is currently being
studied by Sundstrand to improve efficiency.

SR&T OBJECTIVE

The objective of the pump SR&T program is to verify by empirical data
that the flow, pressure, efficlency, and weight requirements specified in
Section 9 can be sarisfied by practical and inexpensive L0OX and LH2 TAPS feed
pumps. This cbiective involves substantiating zero NPSH and momentary two-
phase flow capability, supporting material selection studies, verifying
crycgenie clearances, and demonstrating oxygen safety. It is considered that
satisfaction of these objeciives will require LOX and LH, flow tests of full-
scale prototype pumps.

Although a piston pump with a centrifugal boost stage was selected as
baseline for the preliminary design of this study, other pump concepts such
as a vane with boost stage, a low-speed piston without a boost stage, or one
with a higher speed boost stage cannot, at this point, be discounted. As
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discussed in Section 11, both vane and piston-type pumps are considered
competitive alternative concewts hbased on the limited available test data and
experience. Thus, the selection of the basic pump type becomes an objective
of this SR&T program.

The funding level estimated for pump SR&T refers to single-source
procurement. However, it is considered that two competitive programs, one
for a vane type and one for a recilprocating type, may be warranted. If two
programs are not possible, pump SRAT procurement action could be aimed at
obtaining a firmer basis for pump type selection by making the pump type
an option in a competitive bid which calls for substantiation of the type
selected by the hidder.

KEY TECHNOLOGY ISSUES

The basic technology issues requiring SR&T effort for the IPAS feed pumps
stem from the fact that experience at the low flow rates and suction conditions
required for this system are practically nonexistant. The development of a
flight-type positive displacement cryogenic pump leads to problems not
supported by the previously well-developed axial or centrifugal dynamic pump
designs. The requirement for high efficiericy requires speeial attention to
internal leakage paths, close tolerance clearanues at cryogenic temperatures,
and material thermal contraction and dynamic sealing properties.

The requirements for zerc NPSH and momentary operation with vapor
ingestion at reduced flow rates also introduces design and technology
problems not previously addressed for small pumps. Vane pumps would probably
require a centrifugal boost stage while piston pumps could possibly operate at
low enough speeds to avold excessive cavitation. In either case, detailed
thermodynamic/fluid-dynamic analysis and subsequent test verification will be
required.

An important SR&T issue is the problem of oxygen safety. A thorough
pump failure mode analysis must be made and preventative measures incorporated
in the basic pump design where possible. Some of the failure modes previously
considered that could potentially lead to an oxygen fire or explosion include
mechanical rubbing, mechanical impact, abrasion due to fluild-born particles, or
electric arcing due to a short circuit. A comprshensive treatment of oxygen
pumping safety is discussed in Reference 28. 7t is concluded that an entirely
safe oxygen pump can be designed and demonstrated by induced failure mode
testing. Safety design feat:ures that should be considered include a hermeti-
cally sealed stator cavity, triple redundant winding and connector insulation,
underspeed or overload sensing safe shutdown interlocks, and the use of high-
conductivity materials for dissipating localized frictional heating caused
by particle ingestion or bearing failures. Material flammability and LOX
compatibility limits must, of course, be carefully evaluated.

Another unigue feature of the IAPS pumps is the requirement for speed
control to modulate flow during extended delta velocity maneuvers and to
change the flow rate for a shift in thruster mixture ratic in the event of MPS
abort recovery by the IAPS. SR&T testing Is required to verify proper response
of the pump/motor performance to variations in electrical input frequency.
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Other SR&T issues include establishment or verification of the motor/
pump assembly performance, power drain, weight, structural integrity,
external leakage, and start and stop transient characteristics.

TESTING APPROACH

Full~scale prototype LC and LH2 pumps will be designed, fabricated, and
tested in liquid oxygen and nydrogen at design flow rates and pressures.
Power supply at variable frequency will be from a nonflight-type ground test
support unit. Separate electrical motor dynamometer testing will be completed
first. Cryogenic fit and clearance checkout would then be accomplished,
followed by design nominal pump performance tests and performance mapping.
These tests might best be accomplished using special test devices simulating
the wvariable fluid and pressure capacitance characteristics of the downstream
IAPS accumulator and the upstream inertia and flow loss., Propellant inlet
pressure, temperature, and quality limits would then be explored to develop
performance losn characteristics and recovery times. Prototype pump tests
would be completed by following a typical worst-case pump timeline for a Tug
mission profile,

A separate oxygen unit is anticipated for induced fallure mode testing
and oxygen safety analysis. This pump will incorporate all the anticipated
basic design safety features, but also will include the capability to simulate
physically various failure modes such as a bearing failure, locked rotor,
or particle ingestion. The unit will be operated in oxygen until failure
occurs, after which it will be disassembled and the damage evaluated.

ACCEPTABILITY CRITERIA

This SR&T program must demonstrate that the design and performance
criteria specified in Section 9 can be achieved for both the LOX and LH, IAPS
feed pumps., Any deviation greater than approximately 10 percent will require
re—evaluation of the design on a system basis, Of particular interest ic the
ability of the pump to operate with a two-phase fluid at its inlet., A
momentary reduction in flow and efficiency is not as critical as the pump's
ability to expel the gas and recover nominal performance.

The induced failure mode tests must verify satisfactory performance of
the pump fail-safe design features and demonstrate that pump operation in the
IAPS oxygen system does not constitute a hazard to the safety of the Tug
vehicle, its payload., or the Space Shuttle and its crew.

10.4 ZERO~G RESERVOIR TECHNOLOGY

SR&T requirements for the zero-g reservoir are dictated primarily by the
internal capillary devices. Although similar devices are operational with
storable propellant, no flight experience exists for cryogenic propellants.
However, theoretical analyses, fluid properties research, negative one-g
tests, and scale-model drop and pushover flight tests (short duration zero-g
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tests), accomplished in a series of regsearch programs carried out for more than
a decade, have placed cryogenlc capillary device technology on a sound basis.
The approach to SR&T for the zero-g reservoir is to apply these well-developed
simulation and experimental analysis techniques to a full-scale IAPS prototype
design. No technology advance 1s needed, but concept confirmation is required.
This section presents the technological backgreund, SR&T cobjectives, key
technology issues, test simulation method, and acceptability criteria for the
zero—-g reservolr SRET.

BACKGROUND

References 29 through 34 present the results of some of the more recent
study and test programs dealing with design and operation of the zero-g
reservoir. The Reference 29 test program demonstrated in 1972 the feasibility
of long-term cryogenic storage through the use of multilayer insulation, low-
conductivity supports, and heat load interception utilizing a shleld cooled
by the vented cryogen vapor. This program showed that by close attention
to design detall and proper selection of materials, an effective thermal
1solation and heat rejection system could be fabricated, assembled, and
operated for long periods (48 days).

Early in 1973 tests were conducted by Rockwell {Referemnce 30) to explore
the problems associated with start and shutdown transient flow in a typiecal
capillary device used for feedout from a propellant tamk in a zero— or low-
gravity environment. The effect of significant variables such as pressure,
flow rate, line length, and valve actuating time was determined. It was
found that the shutdown surge had no adverse effect on the caplllary device
tested. However, under some conditions, start flow transients can cause gas
ingestion into the capillary device. Several methods for reducing or
elir nating start transient gas inpgestion were successfully tested.

Later in 1973, an experimental program was performed by McDomnnell
Douglas Astronautics Company under the direction of NASA LeRC to determine
the feasibility of integrating an internal thermodynamic wvent system and a
full wall-screen liner for the orbltal storage and transfer of liquid hydrogen.
The results of this program are reported in Reference 31. The annulus formed
by the screen and tank wall was used to provide a flow path for pumped Ll
which absorbed tank incident heating and then rejected this heat to the
thermodynamic vent system. Ten screens were selected for test after a com~
prehensive screen survey. The experimental results measured screen bubble
polnt, flow-through pressure loss, and pressure loss along rectangular
channels lined with screens on one side using LH; saturated at 34.5 N/cm?

(50 psia). The study demonstrated this concept to be fluid-dynamically
feasible and, although somewhat different from the design proposed for the
IAPS reservoir, resulted in basic screen and channel data supportive of the
design of an SR&T test article.

Additional experimental testing was accomplished by McDonnell Douglas
Astronautics Company to develop capillary system design char-cteristies in
{1} basic surface tension screen performance, (2) screen acquisition device
fabrication methods, and (3) =zcircon surface tension device operational fallure
modes. These data are presented in Reference 32. Various screen materials,
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screen joints, screen support structures, and sealing devices were fabricated
and tested, Correlation technlques were developed for predicting screen LRjp
bubble points using isopropyl alcohol as a test medla, The eriticality of
screen vibration and direct heating of a screen retaining a cryogenic fluid
also were demonstrated.

Reference 33 presents the results of a 1974 program involving the design,
fabrication, and test of a multipurpose full-scale liquid hydrogen
acquisition and thermal control system for inclusion in a NASA/MSFC auxiliary
propulsion system breadboard. This design differs from the proposed Tug IAPS
zero-g reservolr in that feedout 1s accomplished with the reservolr pressure
isolated from the main propellant tank. However, two features common to the
Tug IAPS desipn performed satisfactorily: (1) use of a tank wall-mounted heat
exchanger system for heat load interception, and (2) overboard venting for
reservoir refill from acceleration-settled propellant in the main tank.

The tank wall-mounted heat exchanger system also has been experimentally
evaluated by Lockheed Missiles and Space Company as described in Reference 34,
dated January 1975. During this study analytlical models were developed
describing the heat and mass transfer and energy distribution in the contents
of a cryopenic propellant tank under varying gravity fields. Pressure and
temperature histories were computed for tanks ranging in size from 1.2 to 6.8 m
(4 to 22.5 ft) in diameter and gravity levels from 0 to 1.0. Results of
subscale testing utilizing both cryogenic and noncryogenic fluids compared well
with the analytical models, and demonstrated that a tank wall-mounted heat
exchanger can effectively control tank pressure and propellant temperature.

Previous technology studies have shown the potential criticality of
vibration, warm gas exposure, and feed system startup and shutdown fluid
dynamics on the performance of capillary screen acquisition systems. For this
reason, the Reference 35 experimental study has been sponsored by NASA/MSFC,
Some cryogenic testing has been completed and data evaluation 1s underway.
Assessment of the progress to date indicates that the results of this study
will be beneficial to an SR&T program for the IAPS zero-g reservoir.

SR&T OBJECTIVES

The objective of SR&T for the zero-g reservolr is to apply previously
well-developed simulation and experimental analysis techniques to a full-scale
prototype design. No technology advance is needed, but concept confirmation is
required., The experimental program will take the form of prototype hardware
subjected to operational thermal conditions and negative one-g demonstration
of retention and feedout capability. 7The test program is consildered to
involve validation of thermal control aspects as much as capillary phenomenu
influences, This 1s because the two factors are intimately related.

Capillary device performance is tied to the design's ability to avoid vapor
formation and retain subcooling at critical points within the device and in
the operational cycle.
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KEY TECHNOLOGY ISSUES

One of the major technology issues requiring SR&T experimental evaluation
is propellant refill of the zerc—-g reservoir by the venting of vapor to space,
The wvent line will probably require a flow restrictor so that during steady
flow, reservoir pressure does not drop enough to cause propellant flashing.
Considering the pressure ratio involved, this is not an easy problem to
evaluate. During flow start transients, the pressure in the reservoir can
drop sharply, causing some propellant flashing. As long as the flashing does
not occur within the capillary collectors, the loss of propellant is small
and effects inconsequential, A motorized vent valve to control rate and
magnitude of pressure changes within the reservoir may be required. To
assure that liquid is not wvented to space, a liquid sensor at the top of the
reservolr, which activates the vent valve, is provided. Propellant sloshing
due to the low acceleration from APS thrust or splashing due to liquid boiling
may wet the sensor and could cause premature valve closure if appropriate
design provisions are not explored in SR&T. Majority vote sensors could be
considered and evaluated.

Another problem which must be faced during refill is thermal and
thermodynamle state control. The contents of the reservoir are subcooled
with respect to the propellant in the main tank due to the cooling of the
thermodynamic vent system. The introduction of large quantities of warmer
liquid during refill temporarily overloads the thermodynamic vent system.
Several hours are required to cool the reservoir's contents to steady~state
level, The thermal isolation and thermodynamic cooling systems must be
designed to prevent bolling of propellant within the collector tubes during
this period. SR&T testing analysis will be necessary to define the map of
acceptable pressure transients and operating conditiomns, including the
required degree of subcooling, ratio of incoming to resident propellant, and
vent valve and liquid sensor characteristics.

Additional technology issues that must be addressed during a zero-g
regservolr SR&T program are:

1. Liquid retention during adverse acceleration maneuvers.

2. Screen drying due to localized heat transfer and screen
vibration.

3. Fluld flow startup and shutdown transient effects on
screen bubble pressure stability.

4, Fluid temperature stratification.

5. Liquid subcooling to satisfy pump inlet requirements and to
avoid vapor entrapment in capillary compartments,

6. Cooling coll attachment design and assembly techniques,

7. Screen installation, support, and joint sealing methods.
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TESTING APPROACH

Since the IAPS zero-g reservoirs are relativelv small-~51 em (20 in.)
and 25.5 cm (10 in.) in diameter for the LH, and LOX reservoirs, respectively--
full-scale prototype SR&T tests are recommended for each. Although test
results using storable fluids could be used to predict the fluid-dynamic
behavior of the IAPS propellants, cryogenic hydrogen and exygen tests are
recommended to provide an adequate understanding of the combined fluid-dynamics
and thermodynamic effects in a thermal environment representative of on-orbit
operation,

The test articles should be designed for easy disassembly to facilitate
testing of various capillary screen materials and internal acquisition system
geometries. Testing will be conducted in a vacuum chamber with provisions for
varying the reservolr heat load, coolant vent flow rate, entering and exiting
propellant flow rates, internal liquid level, propellant inlet temperature,
refill vent pressure, and refill vent flow rate. The test support fixture
should be designed to rotate the reservoir through 180 degrees between tests
to allow tilt tests ranging from plus one g to minus one g. The cooling coil
attachment and thermodynamic vent flow path should be designed for ease of
modification to allow for temperature and subcooling optimization and proper
cooling of heat shorts. A thorough analytical math model and a comprehensive
network of propellant temperature measurements would be required to extrapolate
one—-g temperature profile data to a predicted zero~g temperature distribution.
Preliminary math model results should be used to establish the proper combination
of test control conditions and range of parameter variations in order to
gather the maximum amount of useful data with the minimum number of test runs.
It is expected that variation of heat loads, coolant flow rates, and coolant
flow routing will require the most extensive testing because of the need to
extrapolate propellant temperature profile data to a zero~g environment.

ACCEPTABILITY CRITERIA

Correlation of the zero-g reservolr SR&T results must show that vapor-
free propellant can be suppl'led to the feed pump during zero-g coast and
during all APS or MPS maneuvers. Short transient periods of vapor ingesticn
may be acceptable if they are within the performance limitations of the
dowvnstream pump and accumulator combination. Such conditions would require
evaluation as a part of the pump SR&T program. The reservoir SR&T goal is to
preclude any such vapor ingestion transients, however, and thus allocate any
two~phase pump capability to system performance margin.

Demonstration of acceptable component dry weight and coolant flow
expenditure also are important SR&T goals. An increase of 10 percent or more
in either of these parameters above that specified in Section 9 will require a
re—evaluation of the IAPS design on a systems level.
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10.5 THERMODYNAMIC CONTROL

The design of the thermodynamic contrel system for the Tug TAPS will
play a key role in the success or failure of the proposed concept. It is
principly the need for thermodynamic control that sets the cryogenic APS apart
from competing storavle propellant systems. Thermodynamic control of the
oxidizer and fuel inlet temperatures must be provided to supply propellant at
the thermodynamic states required for satisfactory thruster operation. Liquid
subcooling must be achieved within screened compartments to preclude vapor
disruption of the propeliant acquisition capillary devices. Excessive forma-
tion of wvapor at the feed pump inlet could cause inadequate pump flow and
efficiency.

To verify that these problems have been adequately reflected in the
specifications fcr primary IAPS elements (thruster, reservoir, pump) and are
properly resolved in the design of the thermodynamic control system, the
following SR&T program has been identified. It should be noted that the APS
will use the same insulation and thermal isoclation support concepts developed
for the Tug main propulsion system. While thermal isolation performance will
be evaluated, further development of this technology will not be a primary
objective of this SR&T program.

BACKGROUND

Cryogenic thermal control technology is as old as the study of cryogenic
fluids, Not until cryogens were considered for extended space applicatien,
however, did the problem of zero-g venting appear. Studies in this area have
been conducted as early as 1966 when General Dynamics under Contract NASB-20146
evaluated four different vent system liquid/vapor separation methods:

(1) heat exchange, where the vent fluid is throttled to a low pressure and
temperature and allowed to exchange heat with the tank fluid to vaporize any
liquid initially present in the vent; (2) mechanical, employing a rotating
element for centrifugal separation; (3) dielectrophoresis, utilizing an
electric field to separate liquid from vapor (both total liquid control and
local separator devices were considered); and (4) surface tension, utilizing
fluid surface forces to orient the liquid in a tank with baffles or screens,
or to effect local separation at the vent. The results of this study are
documented in Reference 36. Selection criteria included system weight, vent
losses, power required, and reliabllity. It was concluded that the heat
exchange system was the most promising, with the mechanical separator a close
second.

In 1967, a prototype zero~g hydrogen vent system using the heat exchanger
principle was designed, fabricated, and tested by General Dynamics under
Contract NASB-20146. The results of this test program are presented in
Reference 37. During the design phase, tradeoffs were made to determine the
type of heat exchanger (bulk versus wall), type of pump drive (electric versus
turbine), optimum vent flow rate, vent cycle, and fluld mixing criteria.
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An internal heat exchanger and electric bulk mixing pump were selected
for test in a 1.,0-m (40-in.)} diameter by 2.3-in. (89-in.) long hydrogen tank,
Intermittent operation was used to minimize total pump power input to the
tank. The pump provides forced convection heat exchanger flow as well as
liquid temperature destratification. Deactuation and actuation of vent and
pump were controlled by a pressure switch. Various liquid and ullage mixing
modes and mixing flew directions were tested, Liquid mising flow directed
at the liquid-vapor interface was found best for tank pressure control and
minimum vent losses, Similar tests were conducted in 1968 by the Lockheed
Missiles and Space Company using an internal mixer and heat exchanger in a
larger hydrogen tank--2,8-m (110-in.) diameter oblate spheroid--with similar
results, These tests are reported iIn Reference 38, A zero-g thermodynamic
vent system (TV5) using a tank wa.l-mounted heat exchanger was tested as a
part of a cryogenic fluld storage and expulsion subsystem bullt by
McDonnell Douglas Astronmauties Company in 1974. This test program is
documented in Reference 33, The specific objectives were to demonstrate
(1) both steady-state and transient operation of the TVS, (2) control and
predictability of the vented flow rate, (3) that the TVS could provide
coolant flow for additional hardware such as feedlines and turbopumps, and
{4} the fabricability of the wall~mounted heat exchanger subsystem.

To meet these objectives, the I'VS was configured with a nunber of flow-
control orifices in parallel, which gave a vent flow rate variagble from
0.09 to 2.3 kg/hr (0.2 to 5 1b/hr). Bypass flow also was provided for
turbopump or feedline cooling. The TVS heat exchanger colils on the tank were
configured to provide a number of alternate flow paths., It was found that
successful heat interception operation of the TVS required that the wall-
mounted heat exchanger b  insulated from the external main tank fluid
(to prevent condensatior and loss of cooling capacity). This condition is not
applicable to the Tug I/ 5 design since the cooling lines are all external
to the main tanks.

Vent system fabricability was fully verified. Both dip-brazing and
epoxy bonding techniques were used successfully. Vent mass flow rate versus
pressure drop data were measured for various orifice and flow path combinations.
Complete heat flux Interception was demonstrated during steady-state thermal
control by maintaining constant vent flow rate at the proper conditions.

During the same period, the tank wall-mounted heat exchanger vent concept
was evaluated by Lockheed Missiles and Space Company. Results of this
experimental program are documented in Reference 34. Testing of LH,, Lip,
0il, Freon, and water were conducted using a 0.56-m (22-in.) diameter
spherical tank for the noncryogenic fluilds. Test data were obtained for
various ullage volumes, heat loads, fluid remperatures, and vent flow rates,
and compared with analytical models. Both the model and test results indicate
that a passive tank wall-mounted heat exchanger can effectively control tank
pressure and propellant temperature.

SR&T OBJECTIVES

The principal objective of this SR&T program is to verify the satisfactory
operation of the proposed thermodynamic control concept. Satisfaction of
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this objective will require thermal-vacuum test of a prototype system
including thermally representative segments of the entire APS, Thermal
interactions between the zero-g reservoir, pump, accumulator, thrusters, and
interconnecting manifolds will have a strong influence on individual
component and system performance and must be verified experimentally. The
test setup will use prototype hardware available from the previous component
SR&T programs. Satisfactory temperature, pressure, and flow rate control must
be demonstrated for both transient and steady-state thruster operation.
System activation and deactivation using representative on-orbit sequences
will be simulated., Tecihniques for improving system performance and reducing
coolant consumption will be identified and experimentally evaluated.
Satisfactory control of the thruster propellant inlet conditions within the
required limits as specific in Section ¢ will be dezmonstrated,

KEY TECHNOLOGY ISSUES

Because of the criticality of weight and reliability, thermodynamic
control of the proposed IAPS relies heavily on passive design techniques.
Multilayer insulation and low-conductivity supports are used to minimize
tankage and feedline heat leaks. Series flow coolant coils with only two
on~off flow control valves and gne variable power heater are used both to
reject the heat load and to centrol all 16 thrustey propellant inlet
temperatures for both the LOX and LHy storage and feed systems. Passive tank
wall-mounted cooling coils are employed for thermally conditioning the
propellant tanks rather than active bulk mixers and internal heat exchangers.
Thus, system temperatures and propellant thermodynamic state throughout the
TAPS will depend on the balance of heat leak distributions and conduction
paths between the propellant and cooling fluid,

Satisfactory thruster, pump, and capillary system temperature require-
ments can be assured by controlling to the warmest allowable measured
temperature., Efficient use of the e.pendable coolant, however, will depend
on minimizing the special varilation in propellant temperatures by proper
design and sllocation of the system thermal resistances. Analytical
predictions will require experimental verification. It is expected that
design modifications such as increasing or decreasing the spacing of cooling
tube saddleblocks or rerouting tank woll-mounted coils will be required as the
result of this testing. It is these adjustments and subsequent verification
of efficient and proper system temperature control that is the key issue of
this SR&T program.

TESTING APPROACH

SR&T requirements for the thermodynamic control system will be satisfied
by thermal-vacuum testing of a prototype system including thermally representa-
tive semgnets of both the LOX and LHy portions of the entire IAPS. The test
specimen will include the zero-g reservoir, pump, accumulator, a single
thruster, and a segment of the interconnecting manifold and cooling lines.
Prototype hardware from the previous SR&T programs will be used where available.
The system will be installed in a vacuum chamber and tested at anproximately
0.133 N/cm? (10~3 torr) to assure insulation performance representative of
a space environmert. Thruster exhaust will be to sea level pressure
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The test apparatus will be desipgned for ease in varying cooling coil
routing, attachment location, and saddleblock spacing. The test sequence
will follow a representative Tug operational profile including initial IAPS
activation on-orbit, system chilldown, reservolr vent refill, attitude control
pulsing, APS delta velocity maneuver, quiescent .-.u5t, and system
deactivation and safing. System pressures, teyx, -acures, and flow rates will
be measured and the thermal control system modifiel as required to meet
temperature requirements and minimize hydrogen coolant consumption., Although
not a prime objective of this SR&T program, insulation performance will be
monitored and potential improvements such as additional coverage or better
design of penetrations or joints will be considered.

ACCEPTABILITY CRITERIA

SR&T testiag and analysis of the IAPS thermodynamic control system must
demonstrate proper propellant temperature control as required by the thrusters,
feed pump, and zero-g reservoir capillary devices. These requirements are
specified in Section 9. Hydrogen coolant cousumption in excess of 50 percent
above that predicted will require re-evalaation of the IAPS at a system level,
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11, INTEGRATED SYSTEM PRELIMINARY DESIGN ANALYSES

The IAPS preliminary design is defined in terms of requirements and
primary characteristics in Section 9 (Integrated System Preliminary Design
Specification). Additional descriptive information, supplementary to the
preliminary design definition, is contained in Sections 5.2 and 5.3 in
discussions of Concept I-5. Most of those discussions are applicable,
except where changes were introduced during preliminary design. To provide
design change traceability, this section summarizes those changes. Subsequent
sections present design analyses for the principal issues resolved in
preliminary design.

11.1 PRELIMINARY DESIGN CHANGE SUMMARY

The changes resulting from preliminary design caused a substantial
payload performance increase: 40 kg (88 1lb) and 185 kg (408 1b) for Mission
Profiles A and B, respectively. 1In Mission Profile B, most of this was due
to the effective specific impulse gain occasioned by the change to a zero
cant angle. For Mission Profile A, this effect was less important, the
system dry weight reduction of 18 kg (41 1lb) being the principal contributor.
With respect to earlier (conceptual phase) comparison with storables, the
relative rosition of the IAPS was enhanced; however, the cant angle change
and possivly most of the valve weight reductions apply equally to the
storables, For this reason, the conceptual phase comparisons are to be
considered the only wvalid ones made on a common basis. It can be noted,
however, that the cant angle change has the greatest favorable impact on the
IAPS in Mission Profile B, which cannot be performed by the storable systems,

Process/mechanical diagram changes were as follows:

1., The hydrogen bleed tapoff was moved from the high-pressure feed line
to the low-pressure reservoir outlet. This improves thermal
performance, reduces the pressure ratio of the Joule Thompson
expander, and minimizes the size of the hydrogen accumulator. This
change also requires the bleed circuit shutoff valves to act as
ascent isolation valves.

2. The oxygen accumulator pressure vessel wall was determined to be at
minimum gauge at the pressure corresponding to its gas at ambilent
temperature. To eliminate components and simplify activation, the
unit is provided with a ground servicing (ambient) helium disconnect
with a closure manually sealed after loading.

PRECEDING PAGE BLANK NOT FILMED
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3. For preliminary design purposes, the fuel cell-~supplied power option
was selected. The battery-powered option is still a competitive
alternate to be considered in Tug Phase B.

4, An additional high flow rate JT expander and shutoff valve was
added in parallel to the normal flow expander. This parallel path
is required to accommodate the transient chilldown heat load prior
to IAPS activation.

The conceptual phase solenoid valve weights were counservatively estimated.
In preliminary design, these were :edefined and reduced according to the
following criteria:

Reservolr pressure valves 0.36 kg (0.8 1b)
Feed pressure valves 0.45 kg (1.0 1b)
MPS helium pressure valve 0.54 kg (1.2 1b)

The additional weight changes resulting from preliminary design refinements
are listed in Table 1l1-1. The total of all refinements results in a weight
decrease of 18,5 kg (40.9 1b).

In accordance with conceptual phase conclusions and recommendations, the
IAPS thruster quad was moved to the Tug aft skirt from the baseline midship
location. This change involves vehicle integration aspects too extensive to
be resolved within the scope of this subsystem study. LOX tank diameter and
shape, primary structure (particularly the aft docking ring), and the Orbiter
attachment are all involved. Since thz necessity lor this change applies to
both storable and integrated APS, the resulting vehicle imcact is of no
consequence to the APS concept comparisons of this study. A design solution
applicable to this change has been worked out with acceptable results for an
earlier vehicle version with even larger main tanks (Reference 39). The
solution ilnvolves a tapered aft outer shell and is shown in Figure 11-1.

11,2 PUMP TYPE SELECTICHN

Tc further the design analysis of the conceptual phase, (Section 5.3)
preliminary design phase activity centered on making a choi.e between vane
and reciprocating pumps. Data received from Sundstrand Corporation caovered
both types. Part of these data are presented in Figures 9-10, 11-2, and 11-3,
and in Table 11-2, where preliminary designs and chavacteristics of both types
of oxidizer and fuel pumps are presented. Although considerable engineering,
mostly by Sundstrand, has been accomplished substantially more design
development and test data are nccessary to make a firm evaluation. Based on
the limited information developed, a pump type selection for the preliminary
design purposes of this study was made and is described in this section.
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00S VEMICLE

SIZE; 144 IN, OIA. TO 180 IN. OIA X 36 FEET 6 I{N LONG

PAYLOAD ENVELOPE 15 FEET DIA. X 22 FEET 8 IN. LONMNG Co
PROPELLANT: LIQUID OXYGEN f LIQUID HYDROGEN

MAIN ENGINE AV PROPELLANT LOAD 39,692 L85,

APS AY PROPELLANT LOAD 194 (BS

STRUCTURE:
FORWARD SKIRT GRAPHITE COMPOSITE SKIN 10.008 4N THICKY [ ALUMINLM HONEYCOMB CORE (0. 770 IN. THICK!
INTERTANK SHELL GRAPHITE COMPOSITE SKIN {0 Q0B IN. THICKY  ALLWIN. M HONEYCOMBLCORE (0. 84 N THICK)
AFT SKIRT. GRAPHITE COMPOSITE SKIK 19,010 1N THICK: © ALUMINUM HOMEYCOMB CORE (0.51 IN  THICK)
OOS/ORBITER ADAPTER OGRAPHITE COMPOSITE SKIN (VARYING THICKNESS ' ALUMINUM HONEYCOMB CORE (1.12 IN THICK)
LOX TANK SUPPORT LONGITLOINAL BORON FELAMENTS WITH GRAPHITE HOOP FILAMENTS
24 TUBULAR STRUTS 2.0 03A X 0.040 IN THICK WALL
LHgy TANK SUPPORT S5-CLASS LONSITUDICAL AND NOIDP FILAMERTS
24 TUBULAR STRUTS 2.0 1N GIA X 0.0248 1IN, THICK WALL
THRUST STRUCTURE LONGITUDINAL B30RON FILAMENTS WITH GRAPHITE HOOP FILAMENTS
12 TUBULAR STRUTS | S 1% GIA X 0.02 IN THICK WALL
STABILITY CONE GLASS CLOTH £.010 in THICK
STABILITY RING FRAMES GRAPHITE COMPOSITE
0.40 IN. X 2,25 1% ODEEP %X 0.0% IN 1diCK
0.45 IN. X 2.50 IN DEEP X £ 09 IN THICK
RING FRAMES GRAPHITE COMPOSITE
PAYLOAD [NTERFACE CHANWNEL SECTION

2.5 IN. X 20-30 K DEEP X 0 088 I THICK '
LOX TANK SUPPORT “[" SECTION

3.0 IN. X 4.0 IN. DEEP X 0.050 IN. THICK
LHz TANK SUPPORT: “I" SECTION

1.8 IN. X 3.7 IN. DEEP X 0.034 LN, THICK
FORWARD SKIRT STAZILITY FRAMES (4 CHANNEL SECTION
1.O IN. X 1.5 IN. DEEP X 0 049 IN THICK
FORWARD SKXIRT AVIONICS ATTACH STABILITY FRAME CHANNEL SECTION
1.0 EN. X 12,0 IN. OEEP X 0 950 IN. THICK
INTERTANK SHELL STABILITY FRAMES 13+ CHANNEL SECTION
1.0 IN. X 1.5 YN DEEP X £.050 IN. THICK
AFT SKIRT STABILITY FRAME CHANNEL
1.0 §N. X 1.5 IN. DEEP X 0.050 IN. THICK

LIQUID HYDROGEK TAMK
INTERNAL VOLUME 2109.8 CUBIC FEET
PROPELLANT LOAD 3936 LBS
SIZE: 168 IN. DIA X 204.4 IN LONG
SHAPE: 1.4 RATIO ELLIPTICAL BULKHEADS WITH CYLINDRICAL SECTION BETHEEN
MATERIAL. 2014-T651 ALUMINUM

LIQUID OXYGEN TANK
INTERNAL VOLUME 766.1 CUBIC FEET
PROPELLANT LOAD 52 4460 LBS
SIZE: 1524 IN. DIA. X 108.%3 IN LONG
SHAPE: 1.4 RATIO ELLIPSOID

MATERIAL: 2014-T451 ALUMINUM - mom FRAME
METEGROID PROTECTION
QUTER SHELL STRUCTURE
FORWARD SKIRI
INTERTANK SHELL

AFT SKIRT
RUBBER IMPREGNATED GLASS CLOTH ON FORWARD END (PURGE BAG)
THRUST STRUCTURE CONICAL CLOSEOUT ON AFT EXN [PURGE BAG)

THERMAL CONTROL SYSTEM

INSULATION MULTI-LAYER INSULATION {MLI) ON LHz AND LOX TANKS

ZINC OXIDE COATING
QUTER SHELL STRUCTURES
FORWARD ENOD METEQROID SHIELD IPURGE BAG)
AFT END THRUST STRUCTURE CONICAL CLOSEOUT IPURGE BAGIMETEORQID SHIELD)
INMER SURFACE OF AFT SKIRT

RADIATORS:
INTERTANK SHELL- ELECTRICAL POWER SYSTEM FUEL CELLS



LE

CHARACTERISTICS TUMMARY

THICKI

PUREE BAC
EPOXY RESIN COATING
INNER SURFACE OF OQUFER SHELL STRUCTURE
FORWARD SKiRT
INTERTANK STRUCTURE SHEL!
YNNER SURFACE OF THRUST STALCTLRE CONICAL CLOSEOUT
RUBBER IMPREGNATED GLASS CLOTHM
v FORWARD END METEORQID SHIELD

MAIN ENGINE Hi Pg STAGED COMBUSTION LOX'LHp
THRUST: 20,000 LBS.

igp: 471.0 SEC.

Pe: 1740 PSIA

Ii: 6:1

€ 400

WEIGHT: 370 LBS.

LENGTH: 7.0 N,
EXIT DIAMETER 26,0 IN.

ACS THRUSTERS- GOX . GHz
FOUR FIVE ENGINE CLLSTERS

THRUST: 100 LBS.
I5: 420 SEC. (THRUSTERS) 336 SEC. {SYSTEM)
Pe: 750 PSIA
a0
MR 4,2 1

PROPELLANT MANAGEMENT SYSTEM
REFILLABLE ACS TANKS IN MAIN TANKS
GAGING SYSTEM
POINT SENSOR STILLWELL LUTILIZATION!
CAPACITANCE PROBE (LOADING!
SETTLING BAFFLES
ANTI-VORTEX BAFFLES

Q0S5 | ORBITER UMBILICAL PANELS
LOCATED 04 AFT SXIRT
RADIAL ENGAGEMENT
LOCATED (N LOWER PORTION OF ORBITER CARGO BAY

AVIONICS.

FORWARD SKIRT
GH & C
COMMUNICATIONS
BATA MANAGEMENT
RENDEZVOLS AND DOCKING
INSTRUMENTATION
ELECTRICAL POWER DISTRIBUTION
CIRCUMVENTION
PROPELLANT MONITOR

AFT SKIRY:
ELECTRICAL POWER GISTRIBUTION
THRUST VECTOR CONTROL SYSTEM
APS EQUIPMENT
INSTRUMENTATION
DATA MANAGEMENT

DOCKING 5YSTEM: -
005 / PAYLOAD: SQUARE FRAME TYPE
00S ACTIVE (ATTENUATOR SYSTEM!

LATCHING SYSTEM
005 7 PAYLOAD
ACTIVE LATCHES ON
PAYLOAD PASSIVE
008 { ORBITER ADAPIER
JACTIVE LAYCHES 04
005 PASSIVE (FITT

005 ! ORBITER ATTACH
X-LOAD @ ORBITER THROD
SHOULDER FITTI %S
Z-LOAD @ ORBITER w10~
SHOULDER FITTINGS
LOWER CENTER FITY
Y-LOAD & ORBITER MID-
LOWER CENTER FITT

PAYLOAD PASSIVE (GUIDE SYSTEMr QR ACTIVE {ATTENUATOR SYSTEM)

"00S 1 ORSITER AODAPTER (PROBE ¢ DROGUE!
00S PASSIVE (DROGUE)
ABAPTER ACTIVE [PROBE)

FOLDOUT =rntth

) -

H
Figure 11-1. Inboard/Cutboard Profilé
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SYSTEMI

LATCHING SYSTEM
00S | PAYLOAD
ACTIVE LATCHES ON Q05 «*4°
PAYLOAD PASSIVE
00S /! ORBITER ADAPTER
CACTIVE LATCHES ON ADAPIER ‘4
00S PASSIVE (FITTINGS vn. v

005 / ORBITER ATTACH
X-LOAD # ORBITER THRUST REsw
SHOULDER FiT71%G6S O aner i
Z-LOAD @ ORBITER % 1D-BODY smawes
SHOULDER FITTINGS O Do

LU TANE R RO EQANE M
LOWER CENTER FITTING At rd+ 232 ANTEXFA0E ¢QAVE 4]
Y-LOAD ® ORSITER MID-BODY fF2amz:

LOWER CENTER FITTING 0% 0% 20 TANL SLPPQ4T FRAME (11

EOIDOUT FRAVIF

/A

Figure 11~1. Inboard/Cutboard Profile, Orbir-'uu*Qggét Stertle
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Table 11-1. 15~2/IAPS Weight Comparison

[5-2 Weipht | 1AMS Weipht Delta Weight
Component 1D aty ke {1b) Fp  (1b) kg (1b)
Fill and Drain
LOX and LHs Drain Valves 51,55 | 2/4 | 0.91 (2.0) | v.68 (1.5) +0.91  (+2.0)
He Fill Disconnect - LOX 63 1 - - 0.45 (1.0) +0.45 (+1.0)
He Rupture Disc - LOX 64 1 - - 0.23 (0.5 +0.23 (+0.5)
Pressurizaticn
He Isolation Valve - LOX 36 2 0,91 (2.0) - - -1.81 ({-4.0)
He Isolation Valve - LHy 36 2 0.91 (2.0) 0.54 (1.2} -0.73 (-1.6)
Pressurization Suwitch - LOX 37 2 0.45 (1.0) - - ~0.91 (-2.0)
Propellant Control
LOX Tank Capillary Device 11 1 0.32 (0.7 0.68 (1.5) +0.36 {+0.8)
Lty Tank Capillary Devt. e 13 1 1.0 (4.2) | 0.95 (2.1) -0.95 (~2.1)
LHy Bleed Return Solenoid 15 1 .68 (1.5) - - -0.68 (-1.%)
tHy Low Bleed Shutoff Valve 38 1 0.68 (1.5) g,36 (0.8) -0.32 (=0.7)
LHy Low Bleed Expander 16 1 0.68 (1.3 0.36 (0.8) ~0.32 (~0,7}
LH2 High Bleed Shutuff Valve 61 1 - - 0.36 {(0.8) 40,36 (+0.8)
LH2 Wigh Bleed Expander 62 1 - - 0.36 (0.8) +0,36 (+0.8)
Propellant Feed ’
LOX Reservoir 17 1 0.54 {1.2) 1.09 {2.4) +0.54 (+1.2)
LHy keservoir 19 1 2.31 (5.1) 3.81 (8.4 +1.50 {(+3.3)
LOX/LH2 System IS0 Valves 55,56 2 1.36 (3.0) 0,36 (0.8) -2.20 {(-4.4)
LOX/LU, Duad IS0 Valves 18,20 R 1.7  (3.0) 0.45 (1.0) ~7.26 (-16.0)
LOX Pump and Drive 39 1 6.12 {(13.,5) J1.58 (7.9) -2:54 (-5.6)
LHy Pump and Drive b4 1 7.71 (17.0) 4.76 (10.5) =2.95 (~6.5)
LOX Accumulator/Bellows 41 1 0.32 (0.7) D.68 (1.5} +7,36  (+0,8)
LHp Accumulator/Bellows 6 1 1.00 (2.2) 2,18 (4.8) 41,18 (+2.8)
LOX/LHZ Relief Solenoids 42,47 2 0.91 (2.0) 0.36 (0.8) ~1,09 (-2.4)
LOX/LH2 Relief Orifices 57,58 2 0.14 (0.3) - - -0.27 (-0.8)
Overbeard Vent
LOX He Vent Valve 5 2 0.23 (0.5} - - -0.45 (~1.0)
LOX/LH2 Vent Solenoids 24,28 8 0.6% -(1.5) 0.36 (0.8) -2.54 (=5.6)
Total -18.55 -40.9
1

Table 11-3 summarizes evaluation information on four pump types—~~one vane
and three reciprocating. The Type 4 pump, a nonboosted reciprocating pump,
is slightly heavier but has all the advantages of proven service since many
similar units are in successful field use (AIRCO units) However, these all
require 1.5 N/em? (2 psi) NPSP suction conditions and the zero NPSP requirement
for this application probably cannot be met at any reasonahle speed and welght.

Types 2 and 3 are both boosted reciprocating pumps. Type 2 is a high-
speed (3000 rpm) Sundstrand pump concept running at the speed chosen for the
inducer which provides 1.6/0.75 NPSP (oxidizer/fuel). Experilence with AIRCO
ground service units is that above 800 rpm more than 1.4 N/cm2 {2 psi) NPSP
is required for hydrogen and the peak speed attained at high NPSP has been
1200 rpm. At that high speed, the AIRCO pumps lose volumetric efficiency but
have not experienced cavitation damage. It is possible, however, that a
design effort to increase suction specific speed could result in a successful
high-speed unit at the boost pressures chosen. If unsuccessful, Type 3
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Table 11-2.

Candidate Pump Characteristics

Vane Reciprocating
Oxypen tiydrogen Oxygen Hydrogen
Requirenents e
I'low rate, nd/sec {gpm) 0.00454 (1.20) | 0.0245 (6.47)
Head rise, = (ft) 129 (425) 2110 (2920)
Fluld output power, kw 0.109 (0.147) 0.590 (0.792) Same
(hp)
NPSP 0 0
Vapar ecapacity, % 101 10
Charuvteristics .
Boost stape
Head rise, Hfcm® 2.0 (2.9) 1.3 (1.9) 1.1 (1,6) 0,52 (0.75)
(psi)
Lfficiency, X 40 45 32 35
Punmp stage
RPM 12 12,000 3,000 3,000
Design specific speed jo. . 39.7 35.7 10.1
Displacerent per rev, ;1 . - ,J74, 2,23 (0.136) | 1.561 (0.0985) | 8,90 (0.544)
ce (in3.)
Overall Efficiency, % |75 64 75 78
Weight, kg (1b) 0.23 {(0.50) 0.23 (0.50) 0,23 (0.50) 0,27 (.60)
Motor
Efficiency, % 78 92 78 92
Output pover, kw (hp) | 0,147 (0.198) | 0.920 (1.24) | 0.147 (0.198) | 0,750 (1,01}
Weight, kg {1b) 1.86 (4.1 1,95 (4.3) 2,04 (4.5) 3.09 (6.8)
Agsembly total
Weight, kg (1ib) 3.0 (6.6} 3.2 (7.1) 1.6 (7.9 4,8 (10.5)
Power demand, kw (hp) | 6.189 (0.253) | 0.994 (1.33) | 0.246 (0.330) | 1.01 (1.35)

could be considered an alternate proposal.
down from the inducer shaft to the speed range of AIRCO experience.

The Type 3 piston stage is geared

The

lightweight motor and reasonable size inducer features of Type 2, which
follows from their high shaft speed, is retained in the proposed Type 3

concept.

Type 1 is a boosted vane pump.
not selected for two reasons.

leakage is unknown.

It is still ronsidered competitive but is
First, its ability to pump without excessive
In fact, the only, limited experimental program on a

much larger hydrogen unit ylelded seriocusly low volumetric efficiency due to

high leakage.
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Table 11-3. Pump Selection Basis

PUMP TYPE (O « 10)
AECIROCATING
.OMT;WWE > ® o
HIGH SPEED BOOSTED | LOW SPLED BOOSTED | LOW SPEED UNAOOSTED
Fi—-—-—-—-SUNs TRAND e arame——— i
bkt CHARACTERISTICS
BOOST STAGE VM AXIAL FLOW INDUCER: - NONE
R (O/F) 4,000/12,00  pa—————3,000/3,00 ——— i .
DRIVE ol DARECT -
PUMP STAGE PN (O/F) 4,000/12,000 2,000/3,000 m 0
DRIVE DIRECT - GEARD .
INLET FLOW COMPATINLITY (ZENO NPSH, K% VAPOR) mOvEN o unxnown
OUTLEY FLUID COMPATIMUTY NONPULSATING  fab—————————— WA SATING, ACCEPTANE
PUMP STAGE \ OLUMETRIC EFFICIENCY
LEAKAGE UNKNOWHN ~ ONLY MOVYEN
IR TEATS UNACCE (LONG-LIFE TEFLON/S0ASS NINGH)
TAME. SCALE HFFOCT
MORE ADVERSE FOR
THIS AMUICATION
CAVITATION HIGHER RPM THAN
CUMENT MACTICE
AELABRLITY
FAILURE MODE SUDDEN DETEMORATION -
MON 44T DATA NONL APPLICARE | GOGO DATA ON ALL ELIMENTS -
OXYOEN SAFETY COMPATINLITY UNKNOWN - VANE et J MOVEN x
MATERIAL AN ISS$UE
MICHANICAL CORSUIXITY '
AMANGEMENT st ACCEPTANLE MORE DIPACULT ACCEPTANE
SHAPT SEAL REGANRED NO — POsSINY
EATIMATEO WEIGHT
OXYGEN .o 7.y n.e e
HYDROGEN 7.1 6.5 3.0 me
TOTAL 3.7 1.4 M0 Mo
DELTA FROM BOOSTED VANE 0 "7 0.3 1.3

introduces an aggravating scale effect--the several leak paths of a vane
pump are an even larger proportion of the displacement than on the unit
tested. Second, the vane materials for high~velocity rubbing seal surfaces
which are compatible with oxygen safety hazard standards are evidently not
among those known to be best for the functional requirement,

On the basis of this evaluation, the Type 2 high-speed, boosted recipro-
cating pump is selected for preliminary design.

11.3 RELIABILITY ANALYSES

SHUTTLE DOCKING

The safety criterion is that nc single-point failure shall affe-~t safety
of Orbiter-Tug docking (fail safe). In the case of the APS, it is assumed
that this requires capability to hold attitude long enough to complete the
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operation or enable the Orbiter to be maneuvered to a safe distance. This
criterion also implies that there will be no uncontrolled APS thrust.

In the APS, only two elements, the pump and the accumulator, represent
single-point failures in this category. If a pump failure occurs, the
accumulator provides an operation completion backup since a refill is
commanded just prior to docking and it contains sufficient propellant,
Failure of an accumulator is considered in this section and also is found
to be fail-safe in this context.

Helium leakage from an accumulator bellows rupture can alter the APS
thrust characteristics sufficiently to make Tug recovery by the Orbiter
potentially unsafe. The degree of the hazard caused by the helium contamina-~
tion of propellant is not yet defined and should be investigated further.
Even though a hellows rupture is highly unlikely, the bellows are moving
componenta and single-point failure elements. Fall-safe accommedations
should therefore be provided.

Recovary involves the half hour of re rvieval operatilons preceeding APS
deactivation and manipulator attachment. . Fall~safe design must provide
enough propellant to stabilize the Tug attitude to + 0.5 deg in all axes
during this half-hour period.

Any of four Tug configurations can exist during recovery: Ffull or empty
of propellants, and with or without a payload. A comparison of the configura-
tions shows that the worst case of propellant usage exists when the Tug is
empty of propzllants and has no payleoad. Using moment~of—1nertia values of
7400 kg-m= (5462 slugwft } and 27400 kg*m {22021 slug-ft ) for roll and
pitch or yaw, respectively, and a minimum bit size of 2.22 N-sec (0.5 1lb-sec),
the propellant needed for stabilization is approximately 0.113 kg (0.250 1b).

Eithar the LOX or the LH; accumulator bellows may fail; however, since
the volume is the same in each line and the hydrogen flow velocity is greater,
the hydrogen line will pass the leaking helium to the thrusters first. The
line segments that are common to all thrusters hold a total of approximately
0.022 kg (0.048 1b) of propellant.

The most straightforward solution, and the one that is selected, is to
increase the line capacity past the accumulators so that they always hold the
required amount of propellant in ready. This is accomplished by adding a section
of line of larger diameter with capillary provisions as necessary to retard
helium imigration to the thrusters during the short operational period
involved.

To provide the half-hour of attitude control propellant for the most

demanding Tug configuration, 0.085 kg (0.188 1lb) of LOX is needed in the
liners. The hydrogen needed for attitude control is .029 kg (.063 1b).
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ACCUMULATOR FAILURE RATE PREDICTION

During the conceptual phase, the accumulators were identified as items to
be subjected to SR&T to improve their reliability. Subsequent preliminary
Jesign activity revealed that the SR&T approach is unnecessary and reliability
goals 2re attainable as a result of design improvements.

The principal design improvement was to eliminate all static seals in
the assembly and utilize an all-welded design (Figures 9-10 and 9-11). This
eliminated the predominate fallure mode of the conceptual phase--~leakage over
the 168-hour mission.

The only other failure mode to be assessed for the accumulators is
bellows rupture as a fatigue failure. The required operating life of the
bellows is 150 cyeles per mission with replacement after 10 missions.
Investigation of industry practice relative to assessing and demonstrating
reliability for applications similar to this one resulted in the conclusion
that a fallure rate goal of one per milllon cycles was reasonably attainable
without SR&T improvements or demonstration. Demonstration of this reldiability
can be deferred until the component qualification program of Tug Phase C and
then be accomplished by an engineering evaluation test at four times design
operating life,

This appraisal is briefly supported by the following. Small, 7.6 cm
{3-in.) diameter bellows in commercial service for vacuum pumps frequently
demonstrate 3 billion cyecles without a failure. These units are manufactured
by Metal Bellows Co. and are a welded, as opposed to formed, type of bellows.
In this application, the bellows is subjected to a moderate differential
pressure and is therefore similar to the accumulator bellows in that the
stress level is predominately due to extension/contraction deflection as in a
spring. Metal Bellows Co. ig currently developing bellows of this welded
type for the Space Shuttle Orbiter ECS.

At cryogenic temperatures, as for application here, both metallurgical
and component test data indicate that the fatigue limits are higher with the
CRES materials of interest. The Rockwell Rocketdyne Division practice in
testing engine cryogenic feed line bhellows flex joints (applications involving
internal pressure with limited deflection) is to conduct them at the wore
severe condition of room temperature, Data reported by Battelle (Reference 40)
show the endurance life (flexing to failure) of test coupons is four times
better at LNo temperatures than at ambient and is 15 times better at LHy
temperature. :

The approach recommended involves an engineering evaluation of the bellows
insteal of a statistical reliability demonstration., The design is to account
for the fatigue properties of the material by holding operating stress levels
to an appropriate low value. This is the approach taken by Rocketdyne on the
Shuttle main engine line bellows where the cycle life requirement is higher
than for previous expendible engine programs. They have tested units designed
to 4000 maximum deflection cyeles to 16,000 cycles without a failure, thus
meeting program demonstration test requirements. It is considered that Tug
requirements are similar and therefore the same approach is warranted.

Pulsing flow influence on bellows stress levels and life is a consideration
that is yet to be investigated.
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11.4 HEAT LOAD VARTATION SENSITIVITY

The design and performance of the IAPS thermodynamic control system
depends on the effectiveness of the thermal isolation system. An increase in
heat load, for example, will require an increase in LH; bleed consumption
and a corresponaing increase in the capacity of the lHj zero-g reservoir,

The combined performance of the insulation and low conductivity supports
can be expressed in terms of effective emittance, ¢. A review of the litera-
ture as well as thermal-vacuum testing of a Rockwell-built eryogenic radiator
(Reference 41) indicate that an effective emittance value of approximately
0.006 is representative of current technology. It is anticipated, however,
that future improvements in ploymeric metalizing processes and multilayer
insulation layup and installation techniques can reduce effective emittance
levels to approximately 0.002 by 1978. This level has already been demon-
strated in the laboratory on calometric test tanks.

In the event that the predicted insulation improvements are not
realized in time to support the Tug vehicle program, a weight sensitivity
analysis is presented in Figure 11~4, The additional weight incurred by an
increase in LHy bleed expenditure and zero-g reservoir capacity is presented,
in terms of Tug payload weight penalty, as a function of insulation system
effective emittance. As can be seen, use of current insulation would result
in approximately a 35-kg (73-1b} less in Tug payload capability as compared
to the use of insulation providing performance at the level projected for
1978,

PAYLOAD WEIGHT PENALTY (LB)
1] 8
i 1

PAYLOAD WEIGHT PENALTY (KG)

[=]
T

APS BASELINE -

CURRENT STATE~-OF -THE-ART
{—IWB PRCJECTED STATE-OF -THE-ART _l

25l { { 1 L I |
0 .001 002 .003 .004 .005 .006 007

INSULATION 5YSTEM EFFECTIVE EMITTANCE, €
Figure 11-4. Tug Payload Sensitivity to APS Insulation Performance
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12, CONCLUSIONS AND RECOMMENDATIONS

The study objective-~to evolve a promising Tug auxiliary propulsion
system using the liquid-liquid O/H concept~-was achieved. The selected
concept, an integrated design which uses the main tanks as the prop-
pellant source, has several superior aitributes which arise only because
jt is integrated, Since no other competitive integrated concepts for Tug
now exist and since these attributes are extremely beneficial to the Tug
program as well as to Tug functional capability, the continued development of
the concept is recommended. The next phase of development requires
experimental activity. To that end, a technology development plan with
specific goals and approaches has been prepared.

Tug Performance

Significant + 'nsilons regarding the performance of a Tug vehicle
incorporating the . ,¢zenic integrated auxiliary propulsion system are
summarized as folLlcwe:

1. Basic payload performance on the study reference mission (triple
payload deployment) is approximately 5-percent superior to
dedicated systems when the mission profile involves the main
engine for all small ve® acity maneuvers within its capability
(Mission A profile),

2. For the mission profile which replaces six of the main engine small
velocity maneuvers with APS maneuvers {(Mission B profile ) only
the integrated system retains adequate payload capability. Its
payload decrement from the A to the B profile is only 8 percent.
This makes the B profile a viable one for flights that are not
payload-limited. '

3., TPor most main engine failures which do not result in propellant loss,
the integrated APS can be used for abort return to the Shuttle.
This capability exists for recovery of the Tug in its liftolf
configuration {(with payload, if present) for up to 60 percent of
the main engine duty cycle.

4. Since the APS and MPS propellant is stored in common tanks, the
propellant allocations are interchangeable. This permits, without
vehicle change, the accommodation of missions requiring high APS
impulse-~up to a value limited only by MPS tank capacity aud the
lower (86 percent) specific impulse of the APS thrusters.

PRECEDING PAGE BLANK NOT FILMED
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5.

The reliability goal of 0,996 apportioned to the APS is achievable
by either an integrated or dedicated cryogenic system. Inherent
reliability is greatest for the integrated system because of
component commonality with the MPS for functions such as overboard
venting and ground loading,

The use of an APS ullage (settling) maneuver prior to main engine
start does not penalize Tug payload performance since the eryogenic
APS specific impulse is higher than the main engine tank head idle
mode., This is most advantageous since other main engine start
options are not yet proven.

Tug Impacts

Tug vehicle and program impacts resulting from incorporation of the
selected integrated APS are, in sum, beneficlal, To summarize, they are:

1.

2.

3.

6.

A relatively high DDT&E cost - $12.6 M

A higher load (increased by 0.85 kw) and duty cycle (increased by
0.85 kw hr — Mission A and 3.9 kw hr - Mission B) for the Tug power
system. An APS dedicated battery or higher power level fuel cells
are required.

The opportunity exists to reduce the main engine development test
plan by 150 tests since main engine ecriticality is reduced by the
presence of APS backup capability. This would result in a program
DDT&E cost saving of %3.6 M.

APS gettling for main engine start eliminates the need to develop
either a main tank start basket or a main engine tank head idle
mode self-settling capability. The start basket is estimated to be
the most inexpensive uf the two alternatives at a DDT&E cost of
$0.32 M. For either APS settling or the start basket choice, the
main engine development effort is substantially reduced, but the
cost saving has not been estimated.

The capability of the selected APS permits elimination of the
pumped idle mode in the main engine with negligible sehicle pexfor-
mance penalty. An engine DDT&E cost saving of $2.83 il would
result,

The opportunity to use the Misslion B profile at 92 percent of
maximum payload is estimated to apply to 100 of the 243 planned
flights, The resulting elimination of 5 ocut of 1l main engine rota-
ting starts per mission would save $0,9 ¥ in main engine overhaul
costs at negligible increase in APS maintenance cost.

APS backup of the main engine over 243 planned flights results in a

statistically predicted savings for otherwise lost Tug vehicles and
payloads equivalent to $18.7 H,
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Auxiliary Propulsion Design

Principal conclusions regarding the design of the integrated liquid-
liquid O/H concept are summarized as follows:

1-

An APS propellant reservolr to provide for propellant acquisition
during zero gravity is necessary. The best design is one which is
refilled on demand during MP& or APS velocity maneuvers. For zero-g
control of propellant in thke reservoir, a capillary device is
esgential for adequate performance and functional f£lexibility.

In order to make maximum use of the attributes of an inteprated
APS, pump feed rather that pressure feed is required. Unlike the
pressure feed system, the pumped system design and weight is
unaffected by total impulse rating.

Redundant pumps are not required. Since the pump duty cycle is low,
probable failure rates do not significantly affect the system mission
success goal, Although the pumps are single-point failure elements,
the use of downstream accumulators allows for safe continuation of
Shuttle docking after a pump failure. Similarly, an accumulator
failure permits pump-only continuation of docking,

The very low flow rate required leads t. the preference for positive
displacement pumps in order to hold machine speeds to practical
levels and yet maximize efficiency. No existing fully developed
Elight-weight pumps meet the requirements even with modification.
However, the development of either piston or balanced vane type of
pumps is considered readily achievable for the application.

Thermal control for all cryogenic elements of the system is best
accomplished by an active system using hydrogen bleed as the
coolant,

The thruster design point is sensitive to the predicted thruster
specific impulse variation with mixture ratio and chamber pressure.
Based on the data developed in this study, the selected thruster
design point is:

Thrust - 111 N (25 1b)

Chamber pressure - 103 N/cm? (150 psia)

Nominal mixture ratio -~ 3

Abort mode mixture ratio - 5.6 (aft engines)

Area ratic - 200 (aft engines}, 50 (all others)
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7.

The capability for the thruster to shift mixture ratle from 3 to 5.6
1s essential i1f a principail attribute of the integrated system--— the
capabillity to back up the main engine for aborL recovery of the Tug
and its payload-~-is to be retained. The thrust level of 111 N

(25 1b) is very close to the best value for Tug normal operations.
The attitude h»ld duty cycle and propellant consumption is excessive
at a thrust level of 445 N (100 1lb}, for example. In the abort mede,
the +X thrusters could beneficially use higher thrust to reduce
extended burn gravity losses.

For two important reasons, the location of APS thrusters in the Tug
vehicle should be moved from the baseline vehicle mid-ship pesition
to an aft skirt location., For any APS design, the aft location
provides greater thruster redundancy in pitch and yaw by enabling
roll thrusters to perform this function. At the mid-ship location,
the thrusters are, at times, nearly at the same station as the
vehicle c.g. and the roll thrusters have insufficient authority in
pitch or yaw. For the integrated APS, the aft thruster location
enhances the velocity mode (either normal or abort backup) effective
specific impulse nearly 10 percent since the thruster cant angle
can be reduced from the 25 degrees required at mid~ship to zero.

Two electrical power system options are viable for supplying auxilary
propulsion pump power. These are: (1) the addition of silver-zinc
primary batteries, and (2} an increase in the size and capability of
the Tug fuel cell. Although heavier for Mission A by approximately
11,3 kg (25 1b), fuel cell modification provides the greatest mission
flexibility by allowing extended APS operation without affecting
other power demands. The fuel cell system is approximately 12.7 kg
(28 1b) lighter for Mission B, Abort recovery capability could still
be provided with the battery system with 2 provision for switching

to the fuel cell and reducing the non-essential vehicle power

loads during abort. Since either approach is acceptable, the final
selection of the pump power supply system is deferred to Tug Phase B,

Technology Development

Four parts of the IAPS have SR&T requirements which are recommended

L.

2,

for completion prior to Tug Phase B subsystem design selections in mid CY
The SR&T program is estimated to cost approximately $4 M. None of
these developments are considered excessively difficult. Beginning with the
most critical programs, they are:

Thruster performance, life, and inlet requirements verification
(16 months, $1.8 M).

Pump functional and performance verification (9 months, $0.4 HM).
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3. Zero-g reservoir concept validation, and functional and performance
verification (12 menths, 50,8 M).

4, Thermodynamic control functional and performance verification
(12 months, $1.2 M).

Reliability improvement testing of the accumulator bellows was
identified as a £ifth SR&T program during the conceptual phase of study, but
was later eliminated by redesigning the component to eliminate the principal
failure mode.
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