&3

Copy No.

MCR-71-11 (Vol i)

o

N71-24927
NASA CR11826%

CONTRACT NAS8-26196

EfW Repair of Solid
Hybrid Attitude
ropulsion .Subsystems

.......

APRIL 1971

Prepared For:

George C. Marshall Space Flight Center
Marshall Space Flight Center, Alabama 35812

DENVER DIVISION




MCR-71-11 (Vol II)

Contract NAS8-26196
July 1, 1970 thru December 31, 1970

RESUPPLY/REPAIR OF SOLID OR HYBRID
ATTITUDE PROPULSION SYBSYSTEMS
FINAL REPORT

Volume II
Technical Study

April 1971

Principal Authors
Dr. J. Michael Murphy
John M. Humphrey

Approved

ﬁ%: Jl Michael Murpby
Program Manager

Prepared for

George C. Marshall Space Flight Center
Lee W. Jones, S&E-ASTN-PPC
Marshall Space Flight Center, Alabama 35812

MARTIN MARIETTA CORPORATION
DENVER DIVISION
P.0. Box 179
Denver, Colorado 80201



MCR-71-11 (Vol II)

FOREWORD

This document describes the results of the study on the resup-
ply/repair of solid or hybrid attitude propulsion subsystems. This
report is submitted to the George C. Marshall Space Flight Center,
National Aeronautics and Space Administration, in compliance with
Report Requirement d of Contract NAS8-26196.

The overall objective of this study program was to select opti-
mum methods for orbital resupply, maintenance, and repair of a
hybrid attitude control propulsion subsystem for a large orbiting
Space Station. Hybrid rockets were studied because they appear to
offer significant benefits for the attitude control of manned space
stations. United Technology Center served as a subcontractor to
Martin Marietta Corporation to provide assistance in satisfying the
overall program objective.

Tasks conducted during this program included: establishing
candidate methods; analyzing their impact on Space Station systems;
selecting preferred system/methods; developing conceptual design;
and analyzing demands on Space Station systems. This report de-
gscribes the activities for these tasks, and is submitted in two
volumes:

Volume I ~ Program Summary;

Volume II - Technical Study.
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ABSTRACT

The National Aeronautics and Space Administration (NASA) is
investigating the possibility of launching a large manned earth
orbital space station. The nominal operational lifetime of this
base would be a minimum of 10 years with a 180-day resupply peri-
od,

A 10-year mission in space dictates new approaches to the
design of propulsion subsystems. Previous and current space ef-
forts have satisfied the lifetime requirements with component
redundancy and rigorous testing of the components. This approach
is acceptable for relatively short missions. For long missions,
critical subsystems, such as propulsion, must be designed so that
the crew can perform resupply, maintenance, and repair operations
to maintain the subsystem's original integrity. This requires a
different approach: one that minimizes the impact on the workload
of the crew and maximizes the probability of successfully accom-
plishing the mission.

This volume presents the details of a study to determine
optimum Qethods for orbital resupply, maintenance, and repair of
a hybrid” attitude propulsion subsystem (APS) for a large orbiting
Space Station. An overall goal of this program was to develop the
information needed to compare the hybrid APS with other candidate
propulsion subsystems.

The hybrid rocket is an attractive candidate for the Space
Station APS because: (1) it is safest due to its lack of toxicity
and explosion hazards); (2) it can combine the simplicity of a
monopropellant with the performance of a bipropellant; and (3) it
provides on-off and throttled operation that cannot be satisfac-
torily obtained with a solid rocket.

A combination of polymethylmethacrylate and polybutadiene was
selected as the baseline fuel, and liquid oxygen was chosen as the
oxidizer, Helium gas was the selected pressurant for the blowdown
stored gas system that expels the oxidizer from the capillary
screen storage tank, Long life was obtained in the thrust chamber

*The hybrid rocket considered in this study employed a liquid
or gaseous oxidizer with a solid fuel.

Xiv
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assembly by using radiation cooling and permitting the fuel-rich
boundary gases to flow directly into the nozzle. This not only
significantly reduces the thermal load and the chemical corrosivity
of the hybrid chamber and nozzle, but it also extends the operating
life beyond 10,000 sec. The radiation cooling of the hybrid thrust
chamber assembly provided an exhaust gas species environment that
was similar to the environment of the bipropellant liquid engine.

The study indicated that the hybrid APS is capable of satis-
fying the 10-year life capability. An evaluation was conducted to
determine which combination of the 18 candidate oxidizer feed sys-
tems, four ignition concepts, three grain design concepts, five
grain resupply concepts, nine oxidizer resupply concepts, and five
pressurant concepts will provide the optimum APS from resupply,
maintenance, and repair considerations while satisfying mission
success criteria. The study also showed that, to obtain the 1l0-year
lifetime for the propulsion subsystem, it is necessary to have both
redundant critical subsystems and inflight maintenance.

Areas studied in detail included: reliability; failure modes;
malfunction detection and repair during APS operation, standby, and
refurbishment; estimates of unscheduled maintenance time to correct
random failures; and onboard servicing and repair.

Many of the concepts, findings, and conclusions presented in
this study are equally adaptable to other mechanical and fluid sub~
systems for the Space Station.
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Section A summarizes the significant findings and conclusions
derived from this 6-month study. Details and supporting data are
presented in the body of the report. The recommendations presented
in Section B must be accomplished if the hybrid APS is to become a
reality.

A. SUMMARY

This study has shown that the hybrid APS has many exceptional
characteristics for use aboard a manned Space Station. The se-
lected hybrid APS:

1) 1Is the safest high-thrust propulsion system in use
today;
2) Offers high reliability;
3) Requires little inflight maintenance;
4) Offers high performance;
5) Achieves a low total system weight;
6) Requires minimum crew time.
An early consideration of mission requirements and constraints
led to the selection of two separate hybrid propulsion units to

satisfy, in an optimum manner, the impulse profiles necessary for
Station attitude control and the discrete spinup/despin functions,

Sixteen 223-N (50—1bf) thrusters were selected to supply atti-

tude control impulse, while three 1114-N (250—lbf) units were

selected for the large impulse requirements of spinup/despin.

Two similar, but differently sized thrusters, were selected to
achieve a simple and reasonably sized motor for attitude control,
while providing a unit of sufficient size to limit required main-
tenance (refueling) during station spinup operation. A maximum of
commonality is maintained between the two units to permit simpli-
fied development.

In designing both thrusters, long—-duration and low-maintenance
requirements led to the selection of a radiation-cooled molybdenum
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thrust chamber operating at relatively low pressure (80 psi, or
558 kN/m2). A radiation-cooled nozzle of the same material, lined
with an MoSi, coating, is also used. The nozzle expansion area
ratio is limited by a restriction that the exit diameter be no
larger than the case diameter to facilitate withdrawal into the
Space Station for routine maintenance.

The nozzle selected operates at a maximum temperature of 2900°F
(1867°K) with essentially zero erosion and minimum maintenance re-
quirements.

Based on an evaluation of the performance and handling charac-
teristics of potential propellants, we selected an oxygen/ (PMM/PBD)
propellant combination for both thrusters. This propellant system
is safe to handle, nontoxic, and results in minimum impact on the
Space Station. In addition, these propellants provide satisfactory
performance at oxygen-to—fuel mixture ratios, which results in
acceptable exhaust gas temperature and chemistry, and reasonable
refurbishment (refueling) intervals.

For the larger spinup motor, solid fuel grains are loaded in
easily handled segments. The smaller attitude control motor uses
monolithic grains. The spinup motor uses liquid oxygen as the
oxidizer, inasmuch as any start transient effects are insignificant
with regard to the magnitude of the impulse bits involved. For
attitude control, reproducible impulse management with small im-
pulse bits is necessary for attitude control, and start transient
variations become important; consequently, gaseous oxygen was
selected as the oxidizer.

Ignition system differences between the multipulse operation
of the attitude control thrusters and the single long burn of the
spinup motors resulted in the selection of alternative systems.
The multipulse ignition is obtained with an oxygen/propane spark-
initlated preburner that has proven safety and reliability. The
simpler single-pulse motor ignition is accomplished with a squib-
initiated pyrogen system similar to those used with solid rocket
motors,

Both motors share a common malfunction detection system (MDS)
philosophy and sensing techniques. TIn particular, a helical
sensing wire system is buried in the replaceable fuel cartridge
near the outer diameter. As the fuel grain burns back to the
cartridge wall, the heat causes the sensing wire to break, which
signals oxidizer flow shutdown. If oxidizer continues to flow
after the fuel grain burns back to the cartridge wall, an off-
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mixture ratio operating condition will occur, with an accompanying
performance loss and potential for nozzle/case damage.

Except for minor variations associated with dimensional differ-
ences, essentially common construction, mounting, and handling
philosophies are employed in both motors. Motor closure joints use
shear pin fasteners with strap retainers that are at once simple
and reliable, and which impose minimum work load on the crew during
routine maintenance operations. Motor joints are so located as to
eliminate the possibility of having hot gas leak into the Space
Station in the event of seal failure.

Reliability goals of the hybrid thrust chamber assemblies (TCAs)
are met by using high-reliability components and redundancy in the
area of critical subsytems. Main oxidizer pressure regulation and
valving, for example, will be accomplished using redundant systems.
Malfunction sensing also includes redundant sensing techniques, and
all primary pressure seals use redundant O-rings.

A detailed discussion of the selected motor configuration is
presented in Chapter VI of this volume. The ACS motor has an over-
all length of 940 mm (37.0 in.), a loaded mass of 21.0 kg (46.3 lbm),

and delivers 225-N (50.5 1b of average thrust for 386 sec, at an
f

average chamber pressure of 558 kN/m? (81.0 psia). The average
delivered specific impulse is 323 sec, and the total impulse per
fuel grain is 86,630 N-sec (19,480 lbf-sec).

The gaseous oxygen line is connected to the motor via a double
poppet screw disconnect. Opening the oxidizer control valve allows
GOX to energize the fluidic injection system, which mixes a meas-
ured amount of propane with GOX in a precombustor. A timed spark
ignites the mixture and starts the motor. Chamber pressure, thrust,
and fuel depletion measurements are monitored by the MDS.

The complete hybrid APS uses two thruster pads with a total of
16 ACS motors and three spin/despin motors (located in four possible
firing locations). The eight ACS motors are arranged into two re-
dundant sets of four motors. Each set is connected to a backup
shutdown valve. Each ACS motor has separate GOX, propane, and
electrical lines. The two spin/despin motors are attached to re-
dundant LOX valves via vacuum-jacketed flex lines,

The motors are located on raised thruster pads inside two hybrid
APS rooms on the bottom deck of the proposed Space Station. All
motors are stored inside during launch and extended once the Space
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Station is in orbit. The propulsion refurbishment rooms provide
all the facilities required for maintenance, repair, and resupply
of the hybrid APS.

Refurbishing/refueling of the thrusters is accomplished by
mounting a vacuum-tight work chamber within the Station's pressure
hull, leak-checking the inner chamber, withdrawing the thruster
back into the work chamber, sealing off the opening that is left,
leak-checking the hull seal, and removing the work chamber. The
motor is then refueled by inserting a fuel grain cartridge complete
with MDS sensors. All oxidizer and command/instrumentation umbili-
cals are equipped with quick-disconnect couplings to facilitate
handling. Following checkout of the assembled system, the thruster
motor is returned to its firing position by essentially reversing

the motor withdrawal procedure.

The oxidizer feed assembly selected for the conceptual hybrid
APS was designed to operate with the attitude control thrusters.
The cargo module must be docked to the Space Station to store and
supply the liquid oxidizer and pressurant for the spin/despin
motors.

The conceptual oxidizer feed assembly was designed to minimize
maintenance, repair, and resupply while maximizing safety, relia-
bility, and performance. This led to the selection of a helium
blowdown pressurization system using capilliary screens. This is
based on a launch date in the late 1970's. An early launch date
would necessitate the use of a bellogs system, as was recommended
in an earlier Martin Marietta study.

The 10-year life requirement dictates that the oxidizer feed
assembly be reparable and contain a degree of redundancy. Thus,
each propulsion module is designed to have two interconnected
oxidizer feed systems that are virtually independent. In addition,
the oxidizer feed assemblies for each module are interconnected.
Furthermore, each system has sufficient redundancy among its com-
ponents to eliminate single-point failures. Each system contains
an assembly of quad check valves; a potential failure on one side
of the quad valve is eliminated by flow through the redundant side.

*V. A. DesCamp et al.: Study of Space Station System Resupply
and Repair, Final Report. MCR-70-150, Contract NAS8-25067.
Martin Marietta Corporation, Denver, Colorado, June 1970.
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This also permits replacement of the failed side of the quad valve
without hindering the operation of the propulsion system. The
system employs a two-stage pressure and flow regulation assembly.
In this manner coarse regulation is obtained, followed by fine
regulation. Use is made of interconnections (crossover valves)
between the two systems making up a propulsion module. Inter-
connections are located downstream of the pressurant tank, down-
stream of the oxidizer tank, and just upstream of the TCA units.
This provides interaction between the two systems of the propul-
sion module, if required. Each system also contains relief valves
and burst discs at locations where unrelieved pressure buildup
could result in catastrophic failure.

___The components are designed for quick removal with a minimum
of physical effort. Since a group of components (one side of the
quad valve assembly, for example) or a section of the oxidizer
feed assembly may become defective, modularization is used when

possible.

Finally, it is recognized that the system fluids should be
isolated during repair. These fluids should be removed during
component repair or replacement. This requirement is satisfied
by venting all fluid storage containers and transfer lines to
vacuum and by using cold traps to reclaim the fluid. This permits
storing the fluid, as well as isolating the system fluid if it be-
comes contaminated.

The oxygen is stored in the liquid phase to minimize space
requirements, and is vaporized using the heat rejected by the
Space Station systems before being injected into the TCAs,

Resupply of the oxidizer feed assembly will be made with a
blowdown screen arrangement., A blowdown system will be used for
pressurant resupply. The pressurant bottle onboard the logisties
craft will be sized so that the residual gas from the pressurant
will be used as the pressurant for oxidizer resupply.- An earlier
Martin Marietta study recommended modular replacement for the
pressurant; the present study placed a premium on crew time, which
resulted in the blowdown approach.

Self-sealing disconnects will be used to prevent spillage.
The pressurant level will be determined by pressure gases on the
Space Station storage tank. The oxidizer level will be predeter-—
mined on the logistics craft, and the whole bulk of fluid will be

transferred. )
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The interface between the logistics craft and the Space Station
is the hand-operated quick disconnect. This could be converted to
a "“hard-dock" operation with additional development. This would
eliminate crew commitment and completely automate the system.

A cargo module feed system will also be used for the spin/despin
experiments, thereby eliminating a separate system for this opera-
tion. Engine selection would take place at the control panel, along
with pressure regulator setting.

The consumable demand for the spin/despin experiments required
the use of the cargo module to supply the feed system. All other
functions -- including fault detection and compensation -- will re-
main the same.

The overall reliability of the attitude control thruster pads
is 0.9671. The overall reliability of the spin/despin thrusters
is 0.9913,

All maintenance, repair, and spares storage for the oxidizer
feed assemblies and the thrusters take place in two auxiliary
propulsion subsystem rooms located on the bottom deck of the Space
Station. This lower deck also contains two docking ports with
1.52-m (5.0-ft) passageways leading to a 3.04-m (10-ft) diameter
central tunnel,

The auxiliary propulsion subsystem rooms are designed around
the thruster pads and refurbishment table. This table is the
primary APS maintenance and repair station. Storage space under-
neath the table and in cabinets holds spare and replacement parts,
replacement fuel grains, and refurbishment equipment. Recessed
cradles and straps are available to hold motors and feed system
tanks during repair or refurbishment.

The selection of onboard spares was based on the following
criteria:

1) Components whose failure would adversely affect crew
safety. No components are required to meet this
criterion;

2) Components whose failure would degrade mission
8UCCEe8s;
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3) Components with a high failure probability.

Because each piece of hardware and each designed piece of
equipment was selected with reliability as one of the important
criteria, spares were kept to a minimum. Motor replacement parts
will include complete modular assemblies, such as igniters, fluid-
ic assemblies, and sparking assemblies, in addition to O-rings,
shear pins, and fuel grains. Oxidizer feed assembly replacement
parts include three-way valves, control valves, relief valves,
control regulators and filters. Whenever an item is replaced or
refurbished, the older stocked item will be used first, so the
spare and reserve parts will always be fresh.

Refurbishment of each ACS thruster requires approximately 41
minutes, and each spin/despin motor, 43 minutes. The total crew
time per year for the scheduled maintenance of the feed assembly,
including resupply periods, is 286 minutes.

Special tools required include container assemblies for the
thrusters, a dolly, a fluid decontamination tool, and the normal
hand tools.

The instrumentation and computer facilities requirements were
designed to satisfy four primary objectives:

1) Insure mission success;
2) Promote safe propulsion subsystem operation;

3) Minimize propulsion maintenance and increase propul-
sion reliability;

A
4) Provide minimum impact on Space Station activities.

Malfunction detection devices on the thrusters include pressure
and thrust transducers and fuel trip wires. The operation of the
oxidizer feed assembly is monitored by a series of pressure read-
ings. The conceptual hybrid APS can achieve high reliability and
safety with extensive computer facilities.

Resupply of the APS encompasses all activities from terrestrial
storage, inventory control, and ground handling to inflight refur-
bishment of the subsystem,

At launch, all necessary equipment and tooling will be onboard
the Space Station to perform the planned attitude control and spin/
despin maneuvers. Items that will be resupplied during the 10-year

I-7
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Station orbit will be as follows:

1) Consumables:
a) Liquid oxygen,
b) Helium pressurant,
c) ACS and spin/despin motor fuel grains,
d) Propane gas for igniting ACS motors,
e) Spin/despin motor igniter assemblies;
2) Items that Age or Wear Out with Time and Use:
a) Valves,
b) Filters,
c¢) O-rings,

d) Seals.

Resupply quantities of the consumable items were determined from
the total impulse requirements, and assume a Shuttle flight every
6 months, except during the artificial-g maneuvers when a cargo
module is docked to supply LOX. The first Shuttle flight would be
flown 3 months after launch, and the last resupply flight would be
flown 9 years and 6 months after launch. A total of 21 resupply
Shuttle flights would be made during the 10-year Space Station
mission.

As shown in previous studies and confirmed in this study, long-
life components can not, by themselves, satisfy the long-life
operational requirements for auxiliary propulsion systems for
manned space missions. Even standby redundancy, although it im-
proves system reliability, cannot satisfy the long-life requirement.
Inflight maintenance is a must if the system has a long-life opera-
tional requirement.

B. RECOMMENDATIONS

This study has shown that the hybrid propulsion subsystem is
an attractive concept for attitude propulsion on the Space Station.
This really should not be surprising, inasmuch as the USSR arrived
at the same conclusion earlier. However, the changing status of
the Space Station concept means that the present results are
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limited specifically to the McDonnell Douglas Phase B ''common
module" Space Station concept. We recommend that additional
study programs be considered to account for new concepts. These
study programs should include:

1) Use of the hybrid rocket to satisfy low-thrust, as
well as high-thrust, requirements (the hybrid rocket
is also a likely candidate for drag makeup);

2) A system's study investigation of the use of trash
generated onboard the Space Station to supply the
fuel for the hybrid grain. Results of this study
could indicate what materials should be used for
items that become trash;

3) An evaluation of hybrid, monopropellant, and cryogenic
bipropellant systems as candidate propulsion subsystems
for attitude control of the Space Stationm.

We also recommended that NASA initiate propulsion programs that
emphasize inflight maintenance, long life, and commonality with
other subsystems. The propulsion community presently emphasizes
one factor —- performance. This, of course, is not sufficient to
satisfy long life requirements for either manned or unmanned appli-
cations. The propulsion programs should not only emphasize the
design of these systems, but also demonstrate their inflight main-
tenance capability.

It is also apparent from this study that inflight maintenance
for propulsion must interface with other subsystems to provide the
most effective concept. Therefore, one central integrator is re-
quired to define, implement, and coordinate the inflight mainte~
nance program for complex applications like the Space Station.

New technology requirements identified during the performance
of this study and recommended for further effort are:
1) Development of three-way valves;

2) Develobmentidf electromechanical and mechanical
bellows systems;

3) Inflight maintenance experiment;
4) Zero-g fluid transfer;
5) Capillary screen development for cryogens;

6) Component design and test for maintainability;

I-9
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7)
8)
9)
10)

11)
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Design and test fluid fittings;
Long~life test program;
Low-pressure, radiation-cooled hybrid motor;

Low oxidizer mass flux regression characteristics
with GOX/(PMM/PBD) ;

Advanced, low-maintenance ignition concepts.
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| The National Aeronautics and Space Administration (NASA) is

j investigating the possibility of launching a large manned earth

| orbital space station. The nominal operational lifetime of this

| base would be a minimum of 10 years with a 180-day resupply peri-
od.

This type of long-duration manned space mission requires
drastic improvements in the capabilities of the propulsion sub-
system, as well as other subsystems, to attain satisfactory
probabilities of mission accomplishment. Increasing the reliabil-
ity of the parts and assemblies of the propulsion subsystem,
although mandatory, will not be sufficient in itself to achieve
the overall levels of assurance that are sought. The realization.
of the 10-year mission in space dictates new approaches to the
design of the propulsion subsystem. These approaches must include
appropriate onboard resources to augment or maintain, throughout
the mission, the initial integrity of the propulsion subsystem. .
This can be accomplished by providing redundancy, performing fault
correction, or incorporating a combination of the first two and
resupplying expendables. The selected approach must minimize the
impact on the work load of the crew and maximize the probability
of successfully accomplishing the mission.

A. STUDY OBJECTIVES

The objective of this study was to select optimum methods for
the orbital resupply, maintenance, and repair of a hybrid  APS
for a large orbiting Space Station. An overall goal of this pro-
gram was to develop the information needed to compare the hybrid
attitude propulsion subsystem with other candidate propulsion
subsystems.

*The hybrid rocket considered in this study uses a liquid or
gaseous oxidizer with a solid fuel.
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Secondary objectives were to:

1) Determine the effect of selected approach/methods on
Space Station systems, and

2) 1Identify propulsion areas that require further immedi-
ate technology investigation and/or development to
meet an operational date of the late 1970s.

B. PROGRAM OVERVIEW

The present study is one of three such study contracts awarded
by the Marshall Space Flight Center (MSFC) to provide the necessary
data to support the definition study being conducted by the McDon-
nell Douglas Astronautics Company (MDAC), one of the two prime
contractors for the Phase B Space Station study. Other candidate
propulsion subsystems are the bipropellant subsystem (studied by
the Martin Marietta Corporation, Denver Division) and the mono-
propellant hydrazine APS (studied by Hamilton Standard). MDAC is

"presently basing its Space Station APS design approach on the

monopropellant hydrazine subsystem. The other Space Station prime
contractor, the North American Rockwell Corporation (NAR), has a
cryogenic bipropellant subsystem as the baseline for its APS.

The hybrid rocket was selected as a candidate for the Space
Station APS because: (1) it is safe (due to its lack of toxicity
and explosive hazards); (2) it can combine the simplicity of a
monopropellant with the performance of a bipropellant; and (3) it
provides on-off operation that cannot be satisfactorily obtained
with a solid rocket.

C. STUDY GROUND RULES

The ground rules for this study were selected to provide a
scope of work compatible with a reasonable investigation of the
application of hybrid rocket propulsion to the attitude control

. of an earth-orbiting Space Station.
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This study was made with the baseline Space Station defined

in the MDAC Phase B study.* This configuration, shown in Fig.
I1-1, has a 10-m (33-ft) diameter ''common' module; the Saturn

S-11 stage is used as the counterweight for the artificial-g
experiments. The 'common' module contains two decks. Two of
these modules make up the main work and living areas. Two of

the decks are devoted to general purpose laboratories that support
the experimental program. Each of the remaining two decks houses
an operations and living quarters for six men. Either living

area could accommodate the entire 12-man crew indefinitely, should
the need arise. Access between decks is furnished by a central
tunnel 3.048 m (10 ft) in diameter that also provides emergency
shelter. Zero gravity, which is desirable for the conduct of
experiments, is the normal mode of operation, although the Space
Station has an artificial-g capability provided by using the spent
Saturn S-I1 stage as a counterweight. Other pertinent study
ground rules were:

1) Only the high-~thrust requirements are to be considered;
the baseline thrust is 222 N (50 lbf>;

2) The propulsion subsystem design is not constrained to
a pod-type mount on the vehicle skin;

3) The study will be limited to the mechanical portion
of the system and associated instrumentation. The
electrical control circuitry will not be defined;

4) The thermal requirements will be considered, but no
detailed thermal analysis will be undertaken;

5) Repair or resupply concepts should minimize the re-
quirement for extravehicular activity (EVA);

6) The only requirement for the APS is in orbit, not
during boost;

7) The resupply/repair requirements imposed on the
logistics craft will be established, rather than
optimizing the type and size of the craft;

8) All replaced hardware must be collected and placed
inside the logistics craft for return to earth;

xSpace Station Preliminary Design - Utility Services. MSFC-
DRL-160, Line Item 13, Vol I, Book 4, Preliminary Systems Design
Data, Contract NAS8-25140. McDonnell Douglas Astronautics, July
1970.
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The study will assume that there is no continuous
ground monitoring of the attitude control system;

Safety shall be a prime consideration in system
selection;

Alternative concepts will be limited to technology
available for operational use by the late 1970s.

Other evaluation criteria used to compare alternative hybrid
APS approaches included:

1)
2)
3)
4)
5)

6)

Supply requirements; 7) Space Station interfaces;

Maintainability and repair; 8) Performance;

Crew requirements; 9) Weight;
Commonality 10) Growth potentialj;
Onboard équipment require- 11) Cost.

ments;

Reliability;

D. REQUIREMENTS

Several functions for the APS involve positioning, station-
keeping, attitude control, pulsing, thrust vector alignment,
thrust vectoring, and plume impingement. In this study, the uses
for the hybrid APS are limited to high-torque, high-thrust func-
tions only for the Space Station. These functions are:

1)

2)

3)

4)
5)

Providing attitude control, maneuvers, and docking
functions before activation of the control moment
gyros (CMGs);

Performing spin/despin maneuvers for the five
artificial-g experiments;

Providing attitude control (wobble damping) during
the artificial-g experiment periods;

Providing control during the docking maneuvers;

Providing backup attitude control.

The high-thrust subsystem is located on the outboard aft end
of the Space Station. With the thruster orientation shown in
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Fig., II-2, it provides the capability to perform both attitude
control and spin/despin for artificial-g experiments. Separate
thrusters are used for spin/despin and attitude control. The
thrusters, installed in two thruster module groupings, are located
aft on the Y-axis (in the spin plane). A cluster of spin thrusters
is located in the module, oriented normal to the vehicle surface;
a corresponding cluster of thrusters on the opposite module pro-
vides despin. The multiple thrusters provide the reliability and
redundancy necessary to complete the spin/despin functions safely.
Redundant attitude control thrusters are also provided. By lim-—
iting the locations and orientation of the thrusters, plume
impingement is minimized on the attached experiment modules and
the installation weight of the thruster modules is reduced; i.e.,
there are only two, instead of four, modules.

The impulse requirements for the hybrid APS, based upon the
MDAC phase B study, are presented in Table II-1. These require-
ments are further defined in terms of the sixteen 222-N 50—1bf)

attitude control motors and the three 1114-N (250—lbf) spin/deépin

motors in Table II-2.

E. APPROACH

The approach followed to determine the optimum resupply,
maintenance, and repair methods for a hybrid APS to serve a
10-year life as part of the Space Station is shown in Fig. II-3.
The study was divided into five tasks:

Task Description
I Establish Candidate Methods
IT Analyze Impact on Space Station Systems
III Select Preferred System/Methods
v Develop Conceptual Design
v Determine Effect on Space Station Systems

Initially in Task I, requirements and constraints were agreed
upon. This was followed by preliminary analyses of the hybrid
thrust chamber assembly (TCA) and the oxidizer feed system.
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Table II-1 High-Thrust Impulse Requirements

MISSION PHASE

FUNCTION

IMPULSE

N-sec

1bf-sec

Initial Boost thru
Space Station Operation
(7-10 days)

Space Station Operation
(10-90 days)

Artificial-g Experi-
ment Period (15
months)

Five Experiments

Zero-g Space Station
(8% years)

Maneuver to Gravity Gradient
Orientation

Attitude Control {Ro11) While
in Gravity Gradient Operation

Control during Docking of -
Initial Crew/Cargo Module
(ALS Hard Dock)

Attitude Control until CMGs
Are Operating

Space Station Turnaround
and Docking

Control Attitude during S-II
Safing and Arming

Attitude Control (if CMGs Are
Inoperative)

Control during Docking Dis-
turbances

Spin/Despin

Attitude Control while
Spinning

Control during Cargo Module
or ALS Docking Disturbances

Attitude Control if CMGs Are
Inoperative

Control during Docking Maneu-
vers (every 90 days)

Miscellaneous Maneuvers
{every 90 days)

154,000

204,000

51,000

87,000

6,200,000
184,000

87,000

51,000

87,000

51,000

34,500

46,000

11,500

19,550

1,396,100* .
41,400%

19,550%

11,500%

19,550+

11,500+

TOTAL

38,000,000

8,509,500

*Per experiment.
+Per event.
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Table II-2 Impulse Summary for Hybrid Propulsion Subsystem
IMPULSE
FUNCTION N-sec 1bf—sec
Attitude Control
0-90 Days 498,000 111,550
3-18 Months 1,632,000 362,250
18 Months-10 Years [138,000 4,770,000 1,055,700
N-sec (31,050 1bf-sec)/90 days ]
Total Attitude Control Requirements 6,900,000 1,529,500
Spin/Despin
3-6 Months 6,200,000 1,396,100
6-9 Months 6,200,000 1,396,100
9-12 Months 6,200,000 1,396,100
12-15 Months 6,200,000 1,396,100
15-18 Months 6,200,000 1,396,100
Total Spin/Despin Requirements 31,100,000 6,980,000
TOTAL APS REQUIREMENTS 38,000,000 8,509,500
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Task IT resulted in the development of selection criterisa,
as well as a Space Station systems impact analysis. This analysis
considered 18 candidate oxidizer feed systems, three grain design
concepts, four ignition concepts, five grain resupply concepts,
nine oxidizer resupply concepts, and five pressurant resupply
concepts and how they interface with other subsystems of the Space
Station.

Task III consisted of an analysis to select the optimum APS
from resupply, maintenance, and repair considerations while
satisfying mission success criteria.

Task IV developed the conceptual design of the selected APS
that incorporated the selected methods of maintenance, resupply,
and repair.

During Task V, the characteristics of the conceptually designed
APS were factored against the requirements of the Space Station.
Details of the study results in each of these areas are discussed
in Chapters III thru VII,

I7-11
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The studies performed in Task 1 were under the following
subtasks.

Subtask No. Description

Theoretical Propellant Performance

Design Model Thrust Chamber Assembly (TCA)
Parametric TCA Tradeoffs

Candidate Motor Component Designs
Spin/Despin Requirements

Oxidizer and Pressurant Considerations
Candidate Oxidizer Feed Systems

NOY U 0N

A. THEORETICAL PROPELLANT PERFORMANCE

Seven candidate hybrid propellant systems were analyzed using
a shifting-equilibrium propellant performance computer program.
Theoretical values of specific impulse, flame temperature, charac-
teristic exhaust velocity, and chemical composition were calculated
for expansion ratios of 20, 40, and 60 at a baseline chamber pres-
sure of 689 kN/m?(100 psia). Table III-1 lists the seven candidate
propellant systems that were examined and briefly outlines the
reasons for their consideration. The theoretical performance
curves for these seven candidate propellant systems are shown in
Fig. III~1 thru III-3 for an expansion ratio of 60 and a chamber
pressure, P, of 689 kN/m? (100 psia).

The gaseous oxygen (GOX). propellant systems have similar
characteristics, with flame temperature increasing with higher
performance., The polymethyl methacrylate (PMM) fuel system has
the lowest optimum oxidizer/fuel (0/F) ratio (1.6), and has a peak
performance Isp = 343 sec at € = 60) that is about 20 sec lower

than the other fuels investigated. The three other candidate fuels
=~ TFTA/polybutadiene (PBD),* 50-50 by weight; PMM/PBD, 20-80 by

TWIFIA = tetraformal trisazine; PBD = hydroxy terminated
polybutadiene.



I1I-2

MCR-71-11 (Vol II)

*49ZLPpLX0 oLudboAuduou €31qea0ls yiim wasSAS
I8 -yb1n

*3uoup

19bdey S,91n Ul pasnh AL3ud4auand uoLle|nuaol

01 Je]Lwis juej|ladodd ‘Idouewsojuad poob
SplaLA |9nd *49ZLPLXO OJLuUsboAUdUOU ©3|qeU01S

jue|(adoud aspndut A3LSuap-wnuixew *

*A9ZLpLXO
aLuabohusuou €31qedolS "oLled angaxiw ybry
Koweuaxa yaLm welsAs sanjedadwsy swelt Mo

*OL3Rd duangixiw ybry
Kl91e49pow § a3ea uoLssadbau ybry AisaLre|ay

*A1LSU3p BN SOSBIJIDUL OS|® Y14l

"(99s/°ul €00°0)

J9s/ull H/0°0 °93eJ4 UOLSSIUDBJ wWNWLULW MO|
Alsweu3lXxa ue sey g suodp 33buel pLughy s,31n
UL @sn ulL A[3USJ44ND UOLIR|NWMOS BY] 03 Je|
-LWLS SL [9N4 °3SNRYXS IALSOAUO0D SS3] € YIiM
g ‘Oljed aunixXLw J4aybLy © 1@ WWd/X09 ueyy
9ouewJ04dad JaybLy SpaLA uolLje[nuwaos |an4

*uMop1nys uo
900 4UNS 3dU44-JdRYD ‘ued|D B BULARI| °usuwOUOW

e 03 $9s0dwod3p § (238S/°uUl G00°0) 99S/uw
[21°0 > 93e4 uoLSSdJbad wnwiulw Mo © Ssey Wid
*JLX03UOU § 948S SL X09 ‘wolSAs jue||sdoud
SLY3 YaLm doudLJ4adxD 40 [eap 3eadb e sey jINn

G8d %0G/HLT %52/17 %82

(dd %08/Wnd %02

id

id
Qdd %0G/vLdLl %09

(49d %08/WWd %02

WWd

dd %82/4dD

0°H %0T/%0%H

%41

01N

%06

X09
X09

X09

X09

NOILYYIAISNOD ¥0d4 NOSY3IY

13n4

d43Z1a1X0

WILSAS 1INVT113d0dd

sjue||3dodd a3eplpue) Sdy PLugAH T-III aqel




Theoretical Vacuum Specific Impulse (sec)
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L N N T
GOX/(TFTA/PBD)— < GOX/PE
\ (Li/LiH/PBD)/(CPF/PF)
SNEENY
350} N
/ N —
/'// \/// |
300 //A yd — 1
/ \/\ 90% H,0,/PE-
ANA N
2501 \ \
' \ \ \——NTCI)/(PMM/PBD)
\ S=GOX/ (PBD/PMM)
200 —GOX/PMM
150} Note: Nozzle expansion ratio = 60:1.
100
501
0
0 1.0 2.0 3.0 £.0 5.0 6.0 7.0

Oxidizer/Fuel Ratio

Fig. ITI-1 Theoretical Vacuum Specific Impulse vs
Oxidizer/Fuel Ratio
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(Li/LiH/PBD)/ (CPF/PF)

4000 \
]
—
GOX/PE
ggf/(TFTA/PBD) -~ _
N AAS
30004 PHM/GOX ///
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2000 ‘ /\
/\ .\ NTO/ (PMM/PBD)-
\ 60X/ (PHM/PED)
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0
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Oxidizer/Fuel Ratio

Fig. III-2 Flame Temperature vs Oxidizer/Fuel Ratio
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Fig. III-3 Characteristic Exhaust Velocity vs Oxidizer/Fuel Ratio
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weight; and polyethylene (PE) —- have optimum O/F ratios of 1.8,
2.25, and 2.6, respectively, with optimum performance at £ = 60
from 361 to 366 sec. Peak flame temperatures vary from 3300°K

(5480°F) for PMM to 3460°K (5770°F) for the PMM/PBD combination.

Nitrogen tetroxide (NTO) with the PMM/PBD combination offers
good performance at a relatively high mixture ratio, and has the
advantages of a noncryogenic oxidizer. These features are very
attractive in many applications and led to the selection of a mix-
ture of NTO and nitrous oxide (MON-25) and PMM/PBD for UTC's hybrid
target vehicle. However, the toxicity problems associated with
NTO* make this propellant system unattractive for a manned Space
Station.

A chlorine pentafluoride (CPF)/perchloryl fluoride (PF) oxi-
dizer with a lithium fuel system was included to compare a high-
performance, maximum-density impulse propellant with the other
candidate systems. The CPF/PF system has about the same specific
impulse as the GOX system, but its flame temperature, 4000°K
(6740°F), is significantly higher, In addition, this CPF/PF oxi-
dizer is even more toxic than NTO and is difficult to seal.
Furthermore, the fuel grains present storage and handling problems
because they react mildly with water vapor at room temperature and
must therefore be sealed from cabin air during storage and han-
dling,

The hydrogen perox1de (Hzoz)/PE propellant system was s included
to evaluate a high-performance system with a very high O/F ratio
(88% oxidizer by weight at O/F = 7,5). Ninety percent Hy0, is
storable, provided special tank passivation and clean room proce-
dures are used, Hy0, is also nontoxic. Although its theoretical

Isp at 320 sec is some 40 sec lower than other systems, its flame

temperature, 2690°K (4380°F), is substantially lower than other
candidate systems, which simplifies the TCA cooling problem.

*V. A, Deschamp et al.: Study of Space Station Propulsion
System Resupply and Repawr, Final Report. MCR-70-150, NASA Contract

NAB8-25067, Martin Marietta Corporation, Denver, Colorado, June
1970.
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The selection of a mixture ratio presents some unique consid-
erations for the candidate hybrid propellants. Slightly oxidizer-
rich operation offers several performance and ballistic advantages
for the hybrid attitude control system (ACS). Operation at higher
O/F ratios increases the permissible maximum fuel grain diameter
and reduces the fuel grain length, thereby increasing maximum
total impulse and operating time between fuel changes. However,
oxidizer-rich TCA operation increases the corrosivity and the -
flame temperature of the combustion products. Therefore, it was
necessary to determine the limiting oxidizer-rich mixture ratio
that would permit the required long-term operation of the motor
chamber and nozzle assembly.

The chemical composition of the combustion products for three
candidate propellant formulations [GOX/PMM, GOX/(PMM/PBD), and
(90% Hy,0,/PBD] is shown in Fig. III-4 thru III-6 for P =689

kN/m? (100 psia) and € = 60. At peak performance, the H,0, sys-
tem has the lowest concentration of oxidizer species, the GOX/
(PMM/PBD) system has the next lowest, and the GOX/PMM system, the
highest. Slightly fuel~rich operation can dramatically reduce both
the concentration of oxidizer species and the flame temperature,
causing only a 10-15 sec loss in specific impulse. This can be
achieved without entering the region where solid carbon begins to
form in the exhaust. Any deposition of solid carbon on the Space
Station or associated experiments would be unacceptable.

Preliminary fuel regression rate characteristics have been
determined for the seven candidate propellant formulations. A
relatively simple analytical model widely used for preliminary
design relates the fuel regression rate (#) a constant times the
square root of the oxidizer mass flux (f = AO JEA), A semiempir-

ical relationship, where AO = gemiempirical regression constant

and GO = oxidizer mass flowrate/grain port area = lbm/sec—in.z,

was developed that relates the regression coefficient AO to the

driving enthalpy, the fuel heat of vaporization, and the fuel
density. Because the driving enthalpy can be calculated from a
theoretical thermochemical propellant combustion analysis, this
approach provides both a convenient preliminary value of AO and a

comparison of the effects of pressure and O/F ratio on the regres-
sion rate. Table III-2 lists the values of AO predicted by this

theory for the seven candidate propellant formulations at the
baseline chamber pressure of 689 kN/m?2 (100 psia). Most of the
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Fig. II1I-4 Chemical Composition vs Oxidizer/Fuel Ratio, GOX/PMM
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Moles/100 gm (0.22 1b)
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propellants considered have fuel regression coefficients between
0.06 and 0.08, The lithium fuel propellant system has a consid-
erably higher regression coefficient, primarily due to a higher

flame temperature, a low propellant density, and a low effective
heat of vaporization.

B. DESIGN MODEL TCA

A design model hybrid TCA (Fig. III-7 and Table III:3) was
developed to indicate the relative size, weight, and performance

of a 222-N (50—1bf) hybrid thruster. The design model TCA used

gaseous oxygen and PMM at a baseline chamber pressure of 689 kN/m?
(100 psia) and delivered 49,553 N-sec (11,140 lbf—sec> of total

impulse between grain changes with a specific impulse of 302 sec
at an expansion ratio of 60. The overall motor length was 818 mm
(32.2 in.) with a 122—=mm (4.8-in.) motor case diameter.

The TCA used LOX from the oxidizer feed system to regenerative-
ly cool the nozzle throat area. The resulting LOX temperature
increase raised the vapor pressure above the GOX injection pressure
(but below the line pressure). The LOX was then passed through a
phase compensator that throttled the pressure to about 894 kN/m?
(130 psia) and flashed the LOX to GOX. The GOX then passed through
an oxidizer control valve into a precombustion chamber, where it
was mixed during an 0.050-sec ignition period with a measured
amount of gaseous butane and sparked. During the ignition tran-
sient, the hot, oxygen-rich precombustor gases flowed into the
primary combustion where they initiated the hybrid combustion
process. After ignition, the GOX was injected directly into a
cylindrical port fuel grain tailored to provide a fuel flowrate of
0.0250 kg/sec (0,0552 lbm/sec) for a period of 223 sec,

The design model TCA was designed to operate slightly oxidizer-
rich at a mixture ratio of 2.0. This significantly improved the
hybrid fuel grain configuration and increased the maximum total
impulse. The fuel grain was designed to provide a mixing chamber
in the aft closure to increase combustion efficienty. without using
a submerged nozzle. An unsubmerged nozzle benefits from fuel
boundary-layer cooling that significantly reduces the aft closure
and nozzle heating problem. The motor case and nozzle assembly
were constructed of molybdenum disilicide~coated molybdenum, and
were radiatively cooled.
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Table III-3 Design Model of Hybrid TCA

PERFORMANCE SUMMARY

Grain Design
Case & Nozzle Design

Ignition System

Propellants GOX/PMM
0/F Ratio 2.0
Chamber Pressure, kN/m2 (psia) 689 (100.0)
Nozzle Expansion Ratio 60.0
Vacuum Specific Impulse, sec 302
Thrust, N (]bf) 222 (50)
Total Impulse, N-sec (1bf—sec) 49,553 (11,140)
Duration, sec 223

DESIGN SUMMARY
Motor Diameter, mm (in.) 122 (4.80)
Throat Diameter, mm (in.) 14.7 (0.578)
Overall Length, mm (in.) 818 (32.2)

Single Central Port
Radiatively-Cooled Molybdenum Case

with LOX Regeneratively-Cooled Throat
Sparked-Butane Precombustor

WEIGHT SUMMARY, kg (1bm)

Thrust Chamber Assembly

Forward Closure, Ignition, &

Oxidjzer Control Assembly

Motor Case & Nozzle Assembly
Reusable TCA Weight

Expendables

Useful Fuel
Residual Fuel

Loaded TCA
Gaseous Oxygen

Butane (used for ignition -
weight for 100 restarts)

Total Expended Weight

29.4 (6.5)
60.3 (13.3)
89.7 (19.8)

55.7 (12.3)
2.7 £0.6)

148.1 (32.7)
117 (25.8)

1.4 (0.3)
176.8 (39.0)
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The design model TCA was constructed to facilitate the replace-
ment -and maintenance of the fuel grain. The LOX, butane, and
electrical lines all used quick-disconnects. The oxidizer control
assembly was attached to a snap ring-held forward closure that
could be easily removed by bending or detaching the flexible GOX
line. The fuel cartridges had several loops of thin wire imbedded
in the grain. During motor operation, an electrical current flowed
through a relay in this wire, which supplied power to the oxidizer
control valve in the closed position. When the fuel surface
reached these wires, the electrical current ceased, which opened
the relay and automatically shut down the motor for grain replace-
ment.

C. PARAMETRIC TCA TRADEOFFS

1. Objective

Using the equations in Appendix B of the Quarterly Report,*
three propellant systems were evaluated to determine the effects
of chamber pressure, mixture ratio, and thrust on performance,
total impulse, duration, motor size, and fuel weight. Although
several simplifying assumptions were made to make a parametric
analysis possible, the results are sufficiently accurate for pre-
liminary design and for a comparison of propellant systems.

2. Ground Rules and Assumptions

. Prdpéllant Systems ~ The following three nontoxic hybrid
propellant systems were selected for parametric analysis:

1) GOX/PMM;
2) GOX/(PMM/PBD);
3) H,0,/PE.

*J, M. Murphy: Resupply/Repair of Solid or Hybrid Attitude
Propulsion Subsystems, Quarterly Report. MCR-70-375., Martin
Marietta Corporation, Denver, Colorado, October 15, 1970.
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" The GOX/plexiglas, polybutadiene systems were selected for
their high performance, safety, and excellent fuel-regression
characteristics. The 90% H,0,/PE system was selected for its
storability, low flame temperature, and high mixture ratio. The
other four candidate propellant systems either offered no advan-
tages to the three that were selected or had serious drawbacks for
this mission (e.g., toxicity or handling problems), and were not
evaluated further.

b. Performance - The theoretical performance values calculated
in Section III-A were applied to the partial boundary layer-cooled
design model TCA presented in Section III-B. The estimated deliv-
ered performance with this design should be a 957 theoretical
characteristic velocity, c¥*, and a 90% Ispefficienty at € = 60

and Pc = 689 kN/m? (100 psia). The nozzle exit diameter was set
equal to the maximum grain diameter for ease in handling.

c. Regre851on Characteristics - The regression rate relation-
ship ¢+ = A ‘/ was used with the values of A at 689 kN/m2 (100

psia) determined theoretically in Section III—A Data for the GOX
systems indicate that there is a flattenlng of the regres51on
curves at values of G, below 6.98 kg/m?-sec (0 .01 1b //1n. —sec).

Therefore, this analy31s is conservative and probably underpredicts
the maximum total impulse. The pressure sensitivity of the two
oxygen propellants should be very similar and can be matched by

F o« (PC>O .25, where P % 1379 kN/m? (200 psia). The H,0, system

will also be matched by this relation, although the lower reactiv-
ity of the oxidizer may increase the pressure sensitivity. Further-
more, because the effect of the mass flux on the pressure sensitiv-
ity has not been completely characterized, a constant pressure
exponent of 0,25 will be used in this analysis. Therefore,

r = AQ (P/lOO)O’ZS, where PC < 1379 kN/m? (200 psia).

d, Critical Regression Rate - The critical regression rate for
PMM was ~0,127 mm/sec (0.005 in./sec) for the proposed Space Station
ACS application., Tests with PMM/PBD indicated that minimum regres-—
sion rates as low as 0.076 mm/sec (0.003 in./sec) may be possible,
but a value of 0.1016 mm/sec (0.004 in./sec) will be used in this
analysis te account for pulsed operation and to minimize transient
effects, Polyethylene has a low melting temperature and a rather
high critical regression rate; thus, a minimum regression rate of
0.254 mm/sec (0,010 in./sec) would be required to prevent melting
of the surface during pulsed operation.




MCR-71-11 (Vol II) I11-17

3. Results of Parametric Motor Analysis

Specific impulse depends on the chamber pressure and O/F ratio,
and is independent of thrust level., Figure III-8 shows the maxi-
mum nozzle expansion ratio vs chamber pressure for three propellant
systems, based on propellant ballistic characteristics and the con-
stant D 7. =D . . The GOX/(PMM/PBD) system can be designed

exit grain
for € = 100 (the highest expansion ratio considered) down to a
chamber pressure of 517 kN/m? (75 psia), due to the extremely low
critical regression rate and relatively high regression coefficient
of this propellant system. On the other hand, the GOX/PMM system
is expansion ratio-limited at low pressure, and the Hy0,/PE system
is limited to comparatively low expansion ratios due to a high
fcrit of 0.254 mm/sec (0.010 in./sec).

Figure I1I-9 shows the effect of the mixture ratio on the

maximum expansion ratio at 689 kN/m? (100 psia). Because € ax *

0/F/(O/F + 1), the GOX/PMM system is more sensitive to the O/F

ratio than the H,0,/PE system, which operates at a significantly
higher mixture ratio. The GOX/(PMM/PBD) system, whose curve was
off the graph, had an intermediate sensitivity to the O/F ratio.

Figure III~10 shows the delivered specific impulse vs chamber
pressure of the three propellants. The GOX/(PMM/PBD) system de~
livers over 330 sec at chamber pressures greater than 448 kN/m?
(65 psia). The performance of the GOX/PMM system is 20 to 30 sec
lower, and that of the H,0,/PE system is lower by another 20 to
30 see, All three propellants suffer significant performance
losses at chamber pressures below 414 kN/m? (60 psia).

Using 222 N (50 1b.] of thrust as a baseline, Fig. ITI-11
shows the variation in fuel grain length with chamber pressure.
The grain length decreases with increasing chamber pressure due
to the increase in the regression coefficient. Operating fuel-
rich increases the grain length and its sensitivity to chamber
pressure, but the opposite is true for oxidizer-rich operation.
The GOX/PMM system has the longest fuel grain, due to a low O/F
ratio and a low regression coefficient. Conversely, the Hy0,/PE
system offers a very short grain length, due to a very high O/F
ratio.

The maximum port area (Fig. III-12) is a strong function of
the eritical regression rate and is less sensitive to the O/F
ratio. The low critical regression rate and relatively high
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regression coefficient of the GOX/(PMM/PBD) system allows a much
larger maximum port area than the other two propellants. Poly-
ethylene's high critical regression rate offsets its high regres-
sion coefficient and results in a small maximum port area.

At a low chamber pressure and a high O/F ratio, the minimum
port area is determined by Mach number effects; but at high pres-
" sures and low O/F ratios, boundary-layer comstraints are more
important. Figure III-13 shows the minimum port area vs pressure
and O/F ratio for the GOX/PMM system. At O/F = 1.0, the longer
grain length restricts the initial port diameter, due to boundary
layer effects; at O/F = 2,4, the grain is significantly shorter,
and Mach number constraints limit the initial port diameter until
PC > 978 kN/m? (140 psia). Figure III-14 shows the minimum port

area for the other two propellant systems, both of which are Mach
number-limited for P < 689 kN/m?2 (100 psia).

The usable fuel-grain weight for a 222-N (50-Ib_) motor is

shown in Fig. III-15., The values shown in this figure do not in-
clude the weight of residual fuel, which would add 3 to 6% to these
wejghts, depending on the grain. The fuel-grain weights for the
GOX propellants are around 4.54 to 9.07 kg (10 to 20 1b ). Hy-

brid grains can easily be segmented to facilitate handliﬁg and
storage. However, a man would be able to handle 1.34 to 18.14 kg
(25 to 40 lbm) grains in the O to 0.7-g Space Station environment,

and segmentation would not be necessary for a 222-N (SO—lbf)

thruster., The HZQQ/PE grains are extremely small and only weigh
about 0.9 kg (z 1bm).

The maximum total impulse capability of the three propellants
is ghown in Fig, ITI-16. At a thrust of 222 N (50 1bf§, the GOX/

(PMM/PBD) system can deliver 80,000 to 97,860 N-sec £18,000 to
22,000 lbfrsec> between grain replacements, but the GOX/PMM system

ecan enly deliver about half this much. The H,0,/PE system delivers
less than 22,240 N-sec (5000 1bf—sec) and would, therefore, require

more frequent grain replacement than either GOX system. Figure
I11-17 ghows the motor firing time between grain replacements. At
689 kN/m? (100 psia), this varies from 442 sec for GOX/(PMM/PBD)
to only 92 sec for Hy0,/PE.
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The effect of the motor thrust level has been evaluated for a
baseline ‘motor using GOX/ (PMM/PBD) at O/F = 2.4 and PC = 689 kN/m2

(100 psia). Figure III-18 shows the maximum total impulse and
fuel-grain weight vs thrust. This curve shows that varying the
thrust level is a good approach to tailoring the motor impulse to
mission requirements. Motors up to about 667 N GSO lbf> and de-

livering 448,822 N-sec (100,000 1bf—sec) of total impulse could

use monolithic grains, which weigh 45.4 kg (100 lbm) and are
handled by one man.* Motors in the 1000 to 1334 N (225 to 300 1bf)

size can deliver 889,644 to 1,334,466 N-sec (200,000 to 300,000

lbf—sec of total impulse with fuel grains segmented into 2 to 3

maximum-weight [45.4—kg (lOO—lbm)] segments, or into 5 or 8 seg-
ments weighing 18 kg (40 lbm) each.

Figure I1I-19 shows the grain length and maximum grain diameter
vs thrust. Both these dimensions increase with thrust. Therefore, a
1334-N (300-—lbf) motor [L, = 856 mm (33.7 in.), D, = 447 mm (17.6
in.)] is similar to and 2.5 times the size of a 222-N 50-1b )
motor. The maximum grain diameter of 457 mm (18 in.) is well
within the 111-mm (25 in.) limit defined in the study by Nelsen.

4. Thermal Analysis of Radiation-Cooled Nozzle

A preliminary thermal analysis was made of the design model TCA
motor nozzle to determine the feasibility of a design using radia-
tion cooling. The configuration that was analyzed is shown in Fig.
ITI-20. It consisted of an aft closure, throat, and exit cone made
of a single piece of molybdenum coated with molybdenum disilicide.
A satisfactory design must be capable of radiating sufficient
energy to space to maintain temperatures below an appropriate oper-—
ating maximum. This maximum operating temperature will depend on

#C, B. Nelsen: "Simulation of Package Transfer Concepts for
Saturn I Orbital Workshop'. Proceedings of the Second National
Conference on Space Maintenance and Extra-Vehicular Activities,
Las Vegas, Nevada, August 1968,



I11-30 MCR-71-11 (Vol II)

500,000~ 2224 ; 227 ~500
i /// . ‘/
P !
— ?
200,000} 890+ // ~+ 91 - 200
A
LT
//
g
100,000 445 s 45 100
= e N
. ,,/ .
m s I 7 :
[ [ -
I i 5
= 50,000 2 222} o 23 = 50
9 @ L =y
3 S / @
=% o =
=
= £ F ,/ =
i 3 :
e 5 / Note: 1. O/F = 2.4, g
= 20,000~ 'C 89f v 2. P_ =689 kN/m? +9 g Fo20
E Z ; (100 psia). =
5 x //
= = /
10,000 44 //// 4.5 10
5,000 22t ]-2.3 -5
i !
a
ok 0 l
0 222 445 667 890 1112 1334 1558
Thrust (N)
( T 1 T T T T 1
0 50 100 150 200 250 300 350

Thrust (lbf)

Fig. I11I-18 Maximum Tota]ylm ulse and Fuel Grain Weight vs Motor Thrust Level
for GOX/(PMM/PBDg

Fuel Grain Weight (]bm)



Grain Length (in.)

40-

30+

20

10-]

Grain Length (mm)

1016

762

508

MCR-71-11 (Vol II)

S
<« ///////f - 381

T
N
[42]
ks

254 1
4 - 127
0 -+ I 1 | 1

0 222 445 667 890 1112 1334 1558
Thrust (N)

I T 1 T 1 1 1 1

0 50 100 150 200 250 300 350
Thrust (1bf)

Fig. III-19 Grain Length and Maximum Grain Diameter vs Thrust

Maximum Grain Diameter (mm)

I11-31

— 20

— 15

- 10

Maximum Grain Diameter (in.)



ubtsaq aLzzoN 0z-111 °Hid

MCR-71-11 (Vol II)

9pLoL|LsLq wnuapqh ol
Yz LM pa3eo) wnuspqh|on

uLesn [ang

I11-32



MCR-71-11 (Vol II) IT1-33

the structural properties of the molybdenum (or other metal used)
and the ability of the coating to withstand high temperatures.

The analysis was performed for the GOX/(PMM/PBD) propellant system
because it has the highest peak flame temperature of the propel-
lant systems most likely to be adopted.

The design model nozzle operates by conducting heat away from
the throat area, where maximum heat transfer from the exhaust
gases occurs, to the exit cone, where there is more radiating sur-
face and lower Heat transfer from the gases. Furthermore, by
making the nozzle exit cone considerably thicker than the aft
closure of the case, heat in the throat region tends to be con-
ducted toward the exit cone, rather than toward the aft motor
closure, where high temperatures may damage the fuel grain.

A thermal analysis was made to determine the wall temperature
under a variety of operating conditions. This analysis was per-—
formed using a heat-conduction computer program that allows for
one—dimensional conduction along a structure where radiative and
convective boundary conditions depend on the location on the
structure. Using a finite-difference technique, the program
solves the heat-transfer equations for a structure divided into
discrete nodes. A convective boundary condition is specified for
each node, representing the transfer of heat from the exhaust
gases, and a radiative boundary condition is specified, which rep-
resents the ability of the nodes to radiate energy to space. The
thermal gradient through the nozzle wall was assumed to be negli-
gible.

Convective heat transfer is strongly dependent on the exhaust
gas properties near the nozzle wall. Because of the constant
addition of fuel species to the boundary layer along the burning
grain, the composition of the gas in the region mnear the surface
can be expected to differ considerably from that in the free
stream. Marzman* has shown that both theory and data indicate the
oxidizer/fuel mixture ratio at the flame in an oxygen/PMM system
approaches about 75% of the stoichiometric mixture ratio,

*

Final Technical Report, Investigation of Fundamental
Phenomena in Hybrid Propulsion. UTC 2097-FR. United Technology
Center, Sunnyvale, California, November 1965.
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Between the flame and the grain surface, the gases can be expected .
to be even more fuel-rich. For the heat-transfer analysis, it has
been assumed that the effective mixture ratio along the nozzle
surface i1s 75% of the free-stream mixture ratio.

Convective heat-transfer coefficients were calculated using a
simplified Bartz equation. These heat~transfer coefficients are
strongly dependent upon the oxidizer/fuel mixture ratio, due to
changes in the influential Bartz equation parameters with changes
in the mixture ratio; specifically, the stagnation temperature,
characteristic velocity, molecular weight, and ratio of specific
heats vary widely, as shown in Fig. III-21. The chamber pressure
also has a direct influence on convective heat transfer. Figure
I1I-22 shows the calculated heat-transfer coefficients as a func-
tion of nozzle station for a boundary-layer mixture ratio of 1.33
and chamber pressure equal to 689 kN/m? (100 psia).

The radiation view factor to space from each point on the
nozzle was found by subtracting from 1.0 the value obtained for
the view factor to the rest of the nozzle. Points in the exit
cone have a view factor made up of two contributions: one for the
radiation from the external surface, and one for radiation out the
exit plane. An emissivity of 0.85 was used for the molybdenum di-
silicide coating. View factors as a function of location on the
nozzle are shown in Fig. III-23. T

Thege convective and radiative boundary conditions were input
to the heat~conduction computer program, along with a description
of the nozzle geometry and the material properties., The results
are shown graphically in Fig. III-24 thru III-26,

A typical temperature distribution in the nozzle after 10 sec
is shown in Fig. III-24., Because the convective heat transfer is
highest at the throat and the radiative view factor is lowest, the
throat has the maximum temperature. Figure III-25 shows a typical
temperature history at the throat.

The throat temperature as a function of mixture ratio and
chamber pressure is shown in Fig. III-26. As can be seen, the mix-
ture ratio is the primary parameter determining nozzle temperatures.
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D. CANDIDATE MOTOR COMPONENT DESIGNS

A number of alternative motor component designs have been
developed, in addition to the design approaches shown in the de-
sign model TCA. These alternative components have an important
effect on TCA maintenance, repair, and resupply requirements, but
have a minor effect on motor performance. Therefore, most alter-
native components can be developed independently of the parametric
analysis presented in Section III-C. Candidate nozzle designs,
however, were presented in Section III-C because they relate to
motor operating conditions (chamber pressure and O/F ratio), and
hence affect performance.

1. Attitude Control Motor Thruster Pad Design

The current design requirements specify two ACS thruster pads
at the aft end of the Space Station. Each pad will contain eight
222-N (50—lbf) attitude control thrusters and two spin/despin

thrusters. The spin/despin thrusters will be perpendicular to the
wall of the Space Station, but the ACS thrusters will be parallel
to the wall when in the firing position. Thruster pad designs
that allow the motors to be withdrawn for fuel grain replacement
or repair are discussed in the next subsection.

Two thruster pad designs that allow axial motor refurbishment
are shown in Fig. III-27. The extended-pad approach would use a
streamlined raised thruster pad extending 102 to 152 mm (4 to 6
in.) beyond the wall of the Space Station. The indented pad ap-
proach would maintain the original Space Station outer diameter,
but would provide depressed platforms or slots to extend the roll-
yaw thrusters. This design could be adapted for eight ACS motors
by using a canted forward slot. Contamination of the Space Station
from the exhaust gases could be a problem with this indented-pad
approach.

The nozzles can be canted, in either approach, to minimize
contamination.
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2. Motor Refurbishment and Fuel Grain Replacement Concepts

Fuel grain replacement is the primary scheduled maintenance
task for a hybrid ACS. Therefore, an attractive design must ‘
feature a simple means to replace fuel grains and refurbish or
replace the motor assembly as needed. The following ground rules . . .
were used in developing motor refurbishment concepts: e

1) Any design that requires EVA as part of either sched-
uled maintenance or emergency repairs is undesirable;

2) Designs that require a pressurized compartment and
intravehicular activity (IVA) for emergency repairs
(i.e., replacement of seals) must be evaluated in
terms of the increased maintenance requirements they:
present; '

3) 1Ideally, all components should be accessible to
personnel working in a shirt-sleeve environment;

4) During launch, the TCAs should be located inside the
Space Station or in streamlined protective fairings
on the outside,

a, Movable Tube Concept - The movable tube concept shown in
Fig. I11-28 allows the complete TCA to be extended and retracted
perpendicular to the wall of the Space Station. The TCA in this
candidate design consists of three major parts: a motor case and
nozzle assembly, a cartridge-loaded fuel grain, and a forward
closure assembly, which includes the injector, ignition system,
oxidizer shutoff valve, and electrical controls. The motor case
extends through the wall of the Space Station and is held in place
with a flange sealed by an O-ring. Although the cabin pressure
[101.35 kN/m? (14.7 psia)] acting on the forward closure results in
a force that exceeds the motor thrust, camlock safety latches are
provided to hold the motor securely in place. When the fuel grain
requires replacement, the oxidizer and electrical control lines
are disconnected from the forward closure and the safety latches
are released.

A thin-walled motor refurbishment container (MRC), de-
signed for a 101,35-kN/m? (l4.7-psia) external pressure, is snapped
into place over the motor with a bayonet fitting sealed by anm. "
O-ring. The pressure inside the MRC is vented to space, and the
TCA is retracted into the MRC using a mechanical method, such as
having a travelling nut on a ball screw or using a clothes line
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design operated by a hand crank. Once the TCA has been withdrawn,
an outer door is rolled into place and the MRC is repressurized.
The MRC has'a hinged door that can be opened to expose the motor.
At this point, the forward closure can be removed to replace the
fuel grain, or the entire TCA can be removed for inspection or
replacement. Motor extension follows the same process in reverse.
One or two MRCs would be sufficient for the entire hybrid system.

The movable concept maintains a shirt-sleeve environment
for all TCA maintenance and repair operations.

There are five primary seals, all easily replaceable.
None are exposed to vacuum conditions, low (or high) temperatures,
or solar radiation. The two seals on the MRC may be replaced at
any time. The motor seals can be replaced by retracting the motor.
The outer door can be inspected and the seal can be replaced by
removing a bolt-on cover.

The movable tube concept can be adapted to a canted
nozzle by using an elliptical MRC. This would allow the 16 ACS
motors to be extended in the same manner as the spin/despin motors.
The moment generated by the 222-N (SO—lbf) baseline thrust should
not present a problem.

b. Parallel Transfer Concept - The transfer concept shown in
Fig. III-29 allows the motor to be moved parallel to the wall of
the Space Station and keeps the motor completely outside the Space
Station during operation. The motor rests on a movable platform
supported by four jacks. The motor is retracted by lowering the
platform about 152 mm (6 in.), rotating it 180 deg, and returning
it to its original position. Once inside, the compartment can be
pressurized and the motor can be reached through an access hatch.
A window could be provided at the opposite end of the chamber to
permit visual inspection of the case and nozzle without removing
the motor.

This parallel transfer concept could easily be adapted to
a pair of motors -- one on line and the other one checked out and
ready for firing.
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c. Nozzle Cap Approach - The nozzle cap approach, shown in
Fig. II1I-30, provides an extremely simple method for fuel grain
replacement or motor repair. Before replacing a fuel grain, the
nozzle cap is extended, rotated, and retracted over the nozzle.
This prevents cabin atmosphere from leaking to space while the
forward closure is removed to replace a fuel grain. A single
nozzle cap could be used to service a pair of ACS motors. If the
motor cap seals require replacement, the TCA pallet [which is less
than 30.5 em (1 f£t) square] can be removed and replaced by depres-
surizing the compartment where the ACS thruster pad is located.

d. External Cover Concept - The external cover concept shown
in Fig. I1I-31 allows the entire motor assembly to be withdrawn
without the use of support equipment. The motor assembly rests on
a pallet that can be easily retracted inside the Space Station for
replacing grains, repairing the motor, or inspection. Before re-
tracting the motor, an external cover is rotated into position and
clamped down, and the volume inside the cover is pressurized. If
any of the external seals require replacement during the life of
the Space Station, the cover assembly can be retracted inside the
Space Station by depressurizing that compartment.

e. External Clamshell Approach - The external clamshell ap-
proach, shown in Fig. III-32, allows the motor assembly to be
retracted without using internal support equipment and is similar
to the nozzle cap approach. However, the external clamshell ap-
proach allows the entire motor case to extend outside the Space
Station. Motor retraction is accomplished by rotating shut two
external clamshell doors around the motor. A lock rod is then
extended between the doors to hold them shut when the clamshell
is externally pressurized with cabin air. The forward closure can
then be removed for grain replacement, or the entire TCA can be
retracted inside the Space Station.

3. ACS Motor Forward Closure Retention Concepts

Since fuel grain replacement is the most frequent hybrid
maintenance task, the motor forward closure should be easily re-
movable, yet provide a safe, reliable seal. 1In addition, the
forward closure should be designed to be quickly and simply removed
by one man without special power tooling. During motor operation,
the forward closure must be securely held in place so there is no
possibility of having it become detached.
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a. Snap Ring Connection — A snap ring connection (Fig. III-
33) is one of the simplest and most reliable forward closure at-
tachment concepts. The forward closure has four snap ring
restraints to hold the snap ring to the removed forward closure.
This increases crew safety during attachment or removal of the
forward closure. The snap ring design requires a simple tool.
Since no external torques are required, this design should be easy
to use in a weightless environment.

b. Double Bayonet Flange Connection - The double bayonet
flange connection (Fig. III-34) uses a simple tool to translate
linear motion to rotary motion. The rotary motion engages a bayo-—
net fitting that holds the forward closure to the motor case. The
tool is held to the motor case by another bayonet fitting, and
will not release unless the forward closure is correctly installed.

c. Bayonet Screw Connection - The bayonet screw connection
(Fig. II1-35) features a double lock mechanism that provides maxi-
mum safety, along with ease of operation. The counterclockwise
bayonet flange holds the forward closure in place while the clo-
sure is screwed clockwise against the motor case flange using
the bayonet flange to generate the necessary torque. This design
provides a double seal and lock because both the screw fitting and
the bayonet connection must be released to unseal and remove the
forward closure assembly.

d. Pin Connection - The forward closure is attached and held
to the motor case by four radial pins (Fig. III-36). A strap,
wire, or tape-retention design holds the pins in place. This de-
sign offers a simple method of attaching the forward closure with
the least amount of physical effort. Because no external torques
are required, this design would be easy to use in a weightless
environment.

e. Bolted Flange - The forward closure is held to the motor
case by four bolts (Fig. III-37). Simple hand tools, such as a
ratchet socket wrench, are used to assemble the closure to the
case,

f. Additional Attachment Concepts - A variety of additional
attachment concepts are shown in Fig. III-38, These include a
standard snap ring, a rotating camlock with an extending shaft that
locks the cam in a closed or open position, a screw-tightened hand
knob, a snap ring held in place with a CO, expanding tube, a
suitcase-type latch, and an Ortman key. Several of these concepts,
although shown with a screwed-on closure, could also be used with
a hinged forward closure.
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4. Candidate Ignition Concepts

The initiation of hybrid combustion can be achieved by a num-
ber of means. The igniter must be safe, reliable, and as mainte-
nance-free as possible. Although the primary oxidizers -- GOX and
'”ﬁéoz —— are not hypergolic with the fuels consi&gféd, they are,
nevertheless, relatively easy to ignite. Several ignition con-

cepts are shown in Fig. III-39,

a, Spark-Initiated Precombustor - During ignition, a small
portion (v5%) of the oxidizer flow is passed through a miniature
fuel grain precombustor with electrodes at each end. A spark is
initiated between these electrodes to ignite the precombustor.

For 0.100 to 0,200 sec, the hot, fuel~rich precombustor gases are
injected around the main oxidizer stream into the motor chamber to
initiate hybrid combustion. The secondary oxidizer flow is then
shut off and the precombustor is extinguished.

b. Electrically Heated Oxidizer - Hypergolic ignition can be
achieved by electrically heating the oxidizer. This requires a .
relatively high power level, but a short duration (e.g., 0.1 sec),
so total energy requirements are relatively low (5 Btu). The
temperature rise at the oxidizer reduces the injector mass flow
and facilitates a smooth ignition transient.

c. Pyrogen Hot Gas Igniter - For missions that require one or
only a few motor ignitions per fuel grain, a simple, single-shot,
pyrogen—type igniter could be an attractive solution. The igniter
would supply hot, fuel-rich gases to burn with the oxidizer, and
would not attempt to heat the fuel grain. The pyrogen could be
injected directly into the motor chamber, as shown, or into a
precombustor upstream of the igniter,

d. Butane Spark-Initiated Precombustor - Sparked butane ignit-
ers have been used on several small hybrid motors with complete
success., A trip switch is used to inject a measured amount of
butane (e.g., 20%Z of the oxidizer flow for 0.050 sec) into a pre~
combustor. The mixture is then sparked and the hot gases are
injected into the combustion chamber, where they initiate hybrid
combustion with the fuel grain. This design has proven to be
completely safe and extremely reliable. The only maintenance is
periodic replenishment of the butane supply. This ignition con-
cept was used on the baseline design with one slight modification,
Because each thruster pad holds six ACS motors, the baseline design
used a centralized butane supply and trip switch assembly, rather
than individual units on each motor.
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5. Fuel Grain Depletion Indicators

Proper hybrid motor performance depends on maintaining the
correct propellant flowrate and the correct O/F ratio. When the
hybrid fuel grain regresses to the chamber wall, a part of the
motor wall becomes exposed to the chamber gases; the resulting
heat flux must either be conducted away or allowed to radiate to
space. The chamber gas becomes increasingly oxidizer-rich. This
reduces the delivered specific impulse, while causing a signifi-
cant increase in the corrosivity of the combustion products in the
aft closure and nozzle, often at a slightly higher temperature.
Prolonged operation in this mode could lead to grain breakup and
ejection of unburned pieces of fuel. Therefore, to maintain re-
peatable motor performance and achieve extended motor life, the
fuel grain must be replaced at or just prior to fuel depletion.
Several methods can be used to determine when fuel is depleted.

a. Trip Wire - A fine mesh of wire can be imbedded in the
fuel grain approximately 1.27 mm (0.050 in.) from the outside.
When the fuel has regressed to this point, the wires will melt and
reliably provide a loss in continuity that can be used to signal
motor shutdown. Several layers of wires could be used to provide
a measure of agvailable total impulse (e.g., 50%, 90%, and 100%).

b. Thermocouples ~ Since fuel burnout will occur over a period
of several seconds, due to slightly nonuniform regression, an array
of thermocouples on the motor case could be used to signal fuel de-
pletion, These thermocouples could potentially serve additional
functions, such as measuring when the case had cooled sufficiently
to retract, or monltoring temperatures in the aft closure or nozzle
to detect hot spots that might lead to a burnthrough.

c, Elapsed Time Meter - An elapsed time meter would provide
the simplest measure of available total impulse, and would probably
be accurate to within 5% at burnout. There will probably be criti-
cal maneuvers, and it would be necessary to know whether there is
suffieient total impulse to complete the maneuver with one motor or
whether the alternative motor will be needed to complete the maneu-
Ver,

d. Performance Measurement Instruments -~ Performance indicators
such as chamber pressure, oxidizer injection pressure, and thrust
can be used to signal fuel depletion. A reduction in chamber pres-
sure and thrust at a constant oxidigzer supply pressure would indi-
cate off-mixture ratio operation caused by fuel depletion. This
instrumentation eeuld also be used to signal nozzle or aft closure
burnthrough or throat erosion.
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6. Candidate Grain Design Concepts

Although the design model TCA uses a conventional hybrid grain,
several alternatives may offer advantages in terms of maintenance,
repair, and resupply.

a. Multiple Grain Motor - The minimum regression rate, which
is equivalent to the minimum oxidizer flux, is the primary factor
that determines the maximum total impulse at a given thrust level.
Figure III-40(a) shows a grain design that nearly triples the
maximum total impulse over a conventional design. Oxidizer is
injected consecutively into each port until burnout (as shown) or
into alternate ports after each burn. Trip wires or some other
grain-depletion indicator could be used to signal fuel depletion
in each port and prevent its reuse. When the fuel in all ports
had been consumed, the grain would be replaced. Because the maxi-
mum area in each port is no greater than the port area in a con-
ventional design, the regression rate will always be above the
minimum. However, when one port is being fired there will be some
recirculation of hot gases in the other two ports. This will be
most pronounced at one or two effective port diameters from the aft
end, and some charring or melting of the fuel can be expected in
this region. Although tests would probably be required to estab-~
lish the severity of this problem, there are several possible
design modifications that would permit using a multiple grain ap-
proach if the resulting savings in maintenance made this approach
worthwhile.

b. Moving Fuel Grain ~ A moving fuel grain TCA, similar to
the one shown in Fig. III-40(b) has been developed and successfully
tested at UTC. This design maintains constant chamber geometry,
constant Go’ and has a total impulse limited only by the length of

the grain. The oxidizer line extends through the grain to an in-
jector at the aft end. Both shallow and steep conical fuel sur~
faces have been used. Gaseous oxidizer pressurizes the forward
end of the motor to between 69 and 103 kN/m? (10 to 15 psia) above
chamber pressure, then flows down the injection line and is in-
jected at the aft end. As the fuel regresses, the grain moves
aft. As the grain moves, the edges often soften and curl inte the
flow stream. This can lead to small pieces of unburned fuel or
gsolid carbon in the exhaust. This problem can be overcome by
introducing a secondary mixing chamber to increase gas residence
time.
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c. Segmented Fuel Grains - Because hybrid fuel regression is
a turbulent boundary-layer, convective heat-transfer phenomenon,
small cracks or imperfections in the grain have no effect on motar
ballistics. Therefore, hybrid grains can be laterally or even
longitudinally segmented to facilitate handling, storage, and re-
supply. This is shown in Fig. III-40(c).

d. Waste Fuel Grains - The handling and disposal of wastes
will present formidable design problems for a manned Space Station.
Using wastes for fuel would provide a safe, useful means of dispos-
al and substantially reduce the propellant resupply problem, even
though it introduces a number of interfaces with other Space Sta-
tion activities. Briefly, waste material would be collected and
separated to remove metal and any biologically active ingredients.
Then the raw waste fuel would be processed by shredding and mixing
to create a uniform consistency. The waste fuel would then be
cast or pressed into hybrid grains, inspected, and stored for

future use.

Several waste models have been presented for a manned
Space Station. The waste model shown in Table III-4 represents a
minimum (lower bound) level of waste generation and was selected
for this study. Semiannual waste generation for a 12-man Space
Station would be at least 711 kg (1568 lbm). About 1/3 of the

‘waste =- 231 kg (510 1bm) -~ will consist of food contaiﬁefs, food

scraps, waste paper, worn out clothing, and waste from the envi-

“ronmental control system. The remaining 480 kg (1058 1bm) is

human waste (feces and urine solids). To avoid a serious sanita-
tion and erew acceptance problem, human wastes have not been
considered for waste fuel grains. A chemical model using cellu-
lose and water was used to predict theoretical performance for a
waste fuel/oxygen propellant system. Figure III-41 shows the
theoretical vacuum specific impulse of GOX/cellulose and GOX/(50%
cellulose-50% H,0) vs the O/F ratio. Although the addition of
water seems to have little effect on the fuel-rich part of the
performance curve, it substantially reduces the optimum O/F ratio
and significantly lowers the peak performance. Without special
drying facilities, the 50% cellulose-507% water fuel system seemed
most feasible, based on the selected waste model. Although

: efficient combustion may be difficult to achieve with this formu-
' lation, an oxygen/waste system could deliver an I, of 247 sec

at 0/F = 0.6, ¢ = 60.0, and Pc = 689 kN/m? (100 psia), assuming
a 90% ISp
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Table III-4 Waste Model. for Manned Space Station_
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WEIGHT FOR 6

MEN_FOR 90 DAYS

WEIGHT FOR 12
MEN FOR 180 DAYS

ITEM 1b kg 1b kg
Biological Wastes
Feces (solid) 183.5 | 83 734.0 | 333
Urine (solid) 81.0 | 37 324.0 | 147
Environmental Control &
Water Recovery Wastes
Wicks 14.6 1 7.5 58.4 26
Charcoal 8.9 4 35.6 16
Complexing Agents 11.3 5 45,2 21
Wash Water Charcoal 8.6 4 34.4 16
Ton Exchange Resin 2.2 1 8.8 4
Millipore Filters 1.0 | 0.5 4.0 2
Other (Food Containers, Waste
Paper, Food Scraps, & Worn
Qut Clothing) 81.0 | 37 324.0 | 147
Total Nonbiological| 127.6 | 59 510.4 | 232
TOTAL 392.1 | 179 1568.4 | 712
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Development work will be required to demonstrate desir—
able ballistic characteristics with waste fuel grains. Waste
grains should have reasonably uniform regression characteristics
to ensure reproducibility and minimize fuel grain reprocessing.
Reasonable combustion efficiency will be required to achieve
desired performance and clean exhaust characteristics. Finally,
low minimum regression rates would be desirable to increase total
impulse between grain changes. Although extensive testing will
be required to demonstrate these desired ballistic characteristics,
there are no known technical reasons why these properties could
not be attained.

Hybrid combustion of waste can potentially satisfy Space
Station auxiliary propulsion requirements and dramatically reduce
resupply requirements. However, considerable development work
will be required on the processing of waste fuel grains and the
operation of waste fuel motors. In addition, a detailed analysis
should be performed to identify and evaluate the human and facility
interfaces between waste management and auxiliary propulsion.

That task is beyond the scope of this study.
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E. SPIN/DESPIN REQUIREMENTS

After evaluating the spin/despin requirements, it was con-
cluded that the propulsion requirements for spin/despin are
fundamentally different from those for normal attitude control,
and an attempt to perform both functions with one motor would
result in a decidedly nonoptimum design.

The proposed auxiliary propulsion requirements were shown
in Table II-1. The APS impulse required for the 10-year mission

is 6.90 x 10° N—ééE‘1i15295 x 106 1bf—sec). The proposed two
thruster pads each carry eight 222-N (SO—lbf) motors. Using

GOX/(PMM/PBD) at 483 to 689 kN/m?2 (70 to 100 psia) these 16 motors
could deliver 1,423,430 N-sec <320,000 lbf—sec)(or 16 to 24% of

the 10~year APS requirements) before replacement. If the CMGs
are inoperative for the first 90 days, the impulse requirements _
average 17,215 N-sec (3870 lbf-sec) per day, and fuel grains would

have to be replaced every 5 dayérduring this period. However,
during the remaining 9-3/4 years, the impulse requirements only

average 42,890 N-sec (9642 1bf—séc>)/ﬁﬁifﬁj/%hich would require re-

placing a fuel grain every 2 months. This is an acceptable re-
placement interval, so it appears that the total impulse capa-
bility of a 222-N (50~lbf) hybrid is suited for the proposed

attitude control functions.

Spin/despin motor operation ig significantly different from
ACS operation. A spinup-to-despin maneuver will be conducted
over a period of a few hours. Therefore, the spinup moteor will
operate either in several long pulses that are relatively close
together or in a single burn. These motors are only required
for the first 18 months. After that time, they only take up
valuable space apnd should be removed.

The spins/despins are important maneuvers and may require
considerable attention by the crew. Therefore, excessive APS
maintenance requirements are undesirable. The 222-N (50—1bf)

ACS motor, whose impulse capability is ideally suited to the
attitude contrel mission, is nonoptimum for the spin/despin
maneuvers. A spinup or despin requires 3,105,080 N-sec
(698,050 1bf—sec) of total impulse, which is equivalent to

about thirty-five 222-N (50—lbf) motor grains. Firing and

replacing 35 grains in 4 hr is an unacceptable maintenance
requirement.
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A pair of motors designed for spin/despin could perform this
task as efficiently as the ACS motors perform theirs. A minimum-
maintenance design would use two 1423-N (320—1bf> thrust motors

with 1,556,877 N-sec (350,000 lbf—sec) of total impulse. These

motors could be loaded and checked out days or weeks before a
spin/despin maneuver. Together, they would provide the required

31.1 x 10° N-sec (7 x 10° lbf—sec) and would eliminate replacing

fuel grains during the maneuver. The fuel grains for these motors
would be 889 mm (35 in.) long, 462 mm (18.2) in diameter, and
weigh 141 kg (310 lbm) if they were segmented into eight 18-kg

(39~lbm) segments.
An alternative design would use two 1070-N (240-lbf) motors,

each delivering 1,036,435 N-sec (233,000 1bf-se¢), with the

fuel grains divided into five 18-kg (40—lbm) segments. In this

design, after the first motor was fired, its grain would be re-
placed while the second motor was fired. The first motor would
then be refired to complete the spin/despin maneuver.

Either design could be refurbished by the portable tube ap-
proach or the nozzle cap approach. After 18 months, all the
gpin/despin motors and spares could be returned to earth.

F. OXIDIZER AND PRESSURANT CONSIDERATIONS

1. Oxidizer Consideration

The study of theoretical propellant performance considered
GOX, Ho02, NTO, CPF, and PF as the oxidizers. In most propul-
sion studies, performance is of major importance in selecting
candidate preopellants. In this study, the most important factors
in selecting the oxidizer were:

1) Corrosiveness;
2) Toxicity;
3) Bafety.

Because the mission of interest is manned and the oxidizer
may be handled many times, the oxidizer must be noncorrosive,
nontoxic, and safe during handling and storage. This latter
requirement implies that the oxidizer must be nonflammable and
insensitive to mechanical shock. An evaluation of these oxidizers
is presented in Tablie III-5.
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The oxidizers that best satisfy the requirement for low cor-
rosiveness are LOX, NTO, and PF. Those satisfying the require-
ment for nontoxicity or mild toxicity are LOX and Hy0,. The
oxidizers that meet the criteria for safety in handling and stor-
age are LOX, NTO, H,0,, and CPF.

Table III-6 ranks the oxidizers that fulfill the majority
of listed requirements.

Table III-6 Summary of Oxidizer Evaluation

OXIDIZER NO. OF CHARACTERISTICS SATISFIED
Liquid Oxygen 3

Hydrogen Peroxide
Nitrogen Tetroxide
Perchloryl Fluoride

== NN

Chlorine Pentafluoride

The following considerations are pertinent for the leading
four oxidizers. The equipment for LOX is available and it may
be possible to combine it with the environmental life support
system; however, storage can be a problem if liquid oxygen is
used "only'" for the APS. The main problem with H,0, is that few
materials can be used with it without corroding during long-term
missions. Nitrogen tetroxide can have toxicity problems. Thus,

LOX and H,0, appear most attractive as the candidates for the
oxidizer.

Most metals are not chemically affected by LOXQ* One excep-
tion is titanium, which can enter into explosive reactions with
liquid oxygen under conditions of sufficient impact. Certain
nonmetals react violently in the presence of GOX and should be
avoided. Nylon is one of these materials. Table III-7 presents
the material compatibility of various components with LOX,

%
Theodore Baumeister: Standard Handbook for Mechanical
Engineers. McGraw-Hill Book Co, Inc, New York, New York, 1967,

Glen W. Howell and Terry M. Weathers: Aerospace Fluid
Component Designers Handbook. Clearing House, Redondo Beach,
California, 1967.

Heinz H. Koelle: Handbook of Astronautical Engineering.
McGraw-Hill Book Co, Inc, New York, New York, 1961.
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Table I1I-7 Material Compatibility with Liquid Oxygen

COMPONENT
Valve Bodies

Springs
Stems
Bellows

Bearings

Valving Units (Seats
& Poppets)

Packing
Lubricants

Bolts, Nuts, & Screws

Thread Sealants &
Antisieze Compounds

Coatings
Diaphragms

COMPATIBLE MATERIALS

Stainless Steels 304, 310, 316, 321, &
347; K-Monel; Hastalloy B; Aluminum
Alloys 2014-T6, 6061-T6, 5456H-24, 5154,
5052, 5086, 356-T6, & 6061; Alloy Steel
N-155

Stainless Steels 321 & 347; Alloy Steel
A-286; K-Monel; Inconel; Inconel-X

Stainless Steels 321 & 347; Alloy
Steel A-286; Haynes No. 25; Inconel-X

Stainless Steels 304, 321, & 347,
K-Monel; Inconel-X

Stainless Steels 440C & 52100

Stainless Steels 321 & 347; Teflon;
Kel-F3; Aluminum 1100

Teflon, Kel-F

Teflon Coatings & Molybdenum Disulfide;
Halogenated 0ils May Be Used for
Installation Only

Stainless Steels 321 & 347; Alloy
Steel A~-286:; Inconel-X

LOX-Safe

Chromium, Nickel Anodize (aluminum)
Stainless Steels 321 & 347; Teflon;

Beryllium Copper, Mylar




MCR-71-11 (Vol II) 111-73

Tantalum, zirconium, and aluminum and some of its alloys are
the metals considered compatible for long-term contact with H,0,.
Stainless steels and nickel are also satisfactory for many com-
ponent applications where long-term continuous exposure is not a
requirement. Fluorinated polymers, including Teflon, Kel-F, and
Viton, are compatible nonmetals. Table III-8 shows the material
compatibility of various components with H,0,.

2. Pressurant Consideration

Pressurants were also evaluated in the event a pressurized
feed system was going to be used. Primary factors important in
selecting the pressurant were:

1) Compatibility with the oxidizer;
2) Toxicity;

3) Condensibles;

4) Availability.

The candidate pressurants that were considered and their
characteristics are shown in Table III-9. For resupply and re-
palr purposes, the pressurant should be compatible with the ox-
idizer and nontoxic; as shown in Table III-9, the pressurants
satisfying these requirements are helium, neon, nitrogen, air,
argon, krypton and xenon., Economics dictate that the pressur-
ant be available and low-cost: pressurants satisfying this re-
quirement are helium, nitrogen, and air. In addition, the pres-
surant should not have any condensibles, which eliminates air.

Helium is the only low-molecule-weight gas suitable for all
propellants under all conditions. Nitrogen is compatible with
all propellants, but it is soluble in low-temperature propellants
such as liquid fluorine and LOX. Table III-10 presents a rank-
ing of the pressurants.
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Table III-8 Material Compatibility With Hydrogen Peroxide

COMPONENT COMPATIBLE MATERIALS

Valve Bodies Stainless Steels 304, 304 ELC, 316,
321, & 347; Aluminum Alloys 1060, 1260,
5052, 5652, 6061, & B-356; Titanium

Springs Stainless Steels 302, 304, & 17-7 pH
Stems Stainless Steel 17-7 pH

Bellows -Stainless Steels 304, 321, & 347
Bearings 6061 Al

Valving Units (Seats .

& Poppets) Stainless Steels 321 & 347

Seals Viton A, Teflon, Kel-F, Polyethylene
Packing Teflon, Kel-F

Lubricants Fluorolubes

Threaded Sealants &

Antisieze Compounds Teflon Tape

Coatings Nickel Plating

Diaphragms Stainless Steels 304, 321, & 347;

Teflon
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Table III-10 Summary of Pressurant Evaluation Studies

PRESSURANT NO. OF CHARACTERISTICS SATISFIED
Helium 4
Nitrogen 3
Air 3
Neon 2
Krypton 2
Argon 2

G. CANDIDATE OXIDIZER FEED SYSTEMS

Eighteen oxidizer feed systems were considered for the APS.
These systems were devised to satisfy the following requirements:

1) 10-year lifetime;
2) Ease of maintenance and repair;
3) Ease of resupply;
4) Minimum crew commitment for maintenance and repair;
5) Minimum resupply;
6) High reliability.

It is recognized that these requirements have complex inter-
actions.

1. Design Philosophy

The 10-year life requirement dictates that the oxidizer feed
system be reparable and contain a degree of redundancy. This
means that each propulsion module should have two interconnected
systems that are virtually independent. Furthermore, in each
system there should be sufficient redundancy to eliminate single~
point-failures. Thus, each candidate system contains an assembly
of quad check valves. This arrangement eliminates a potential
failure on one side of thé quad valve by permitting flow through
the redundant side. It also permits the failed side of the quad
valve to be replaced without hindering the operation of the pro-
pulsion system.

Another approach was the use of two-stage pressure and flow
regulation assembly to obtain coarse regulation, followed by
fine regulation.
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The candidate oxidizer systems also had common interconnec-
tions (crossover valves) between the two systems that made up a
propulsion module. These interconnections were located downstream
of the pressurant tank (if one was present), downstream of the
oxidizer tank, and just upstream of the TCA units. This ap-
proach provided interaction between the two systems of the pro-
pulsion module if required.

Each system also contained relief valves and burst discs at
locations where pressure buildups, if not relieved, could result
in catastrophic failure.

Consideration was also given to reparability. The compo-
nents were designed for quick removal with a minimum of physical
effort. Because a group of components (one side of the quad
valve assembly, for example) or a section of the oxidizer feed
system might become defective, modularization was used, when
possible, to provide a modular replacement capability.

Finally, it was recognized that the system fluids should be
isolated from components that are being repaired or replaced.
This requirement was satisfied by venting all fluid storage con-
tainers and transfer lines to vacuum, using cold traps to reclaim
the fluid. This not only permitted storing the fluid, it also
permitted isolating the system fluid if it became contaminated.

2. Descriptions of Candidate Systems

Previously described analyses indicated the desirability of
using LOX and helium as the oxidizer and pressurant, respec-
tively, for the hybrid APS. The candidate feed systems used
these commodities where applicable. The candidate systems are
listed in Table III-11. Note that, in many cases, the candidate
systems are essentially identical, and differ only in that a
bladder, diaphragm, or bellows is substituted for a capillary
screen.

a. Blowdown Stored-Gas Feed System - System 1 (Fig. ITI~
42) - In the blowdown system, stored helium gas is used to pres-
surize the LOX, which is in a positive expulsion bellows tank,
The pressurant is recompressed while the oxidizer is being re=~
supplied, thereby eliminating the need to resupply pressurant,
As the LOX is expelled, it is passed through a heat exchanger
to provide GOX.

b. Regulated Stored-Gas Feed System - System 2 (Fig. 111~
43) - In this system the stored helium gas is regulated for flow
and pressure before it enters the LOX bellows tank. As the con-
trol valve is opened. the regulated LOX enters the heat exchanger.
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Table III-11 Candidate Oxidizer Feed Systems
SYSTEM TYPE
1 Blowdown Stored-Gas Feed System
2 Regulated Stored-Gas Feed System
3 Heater Self-Pressurization Feed System
4 Heat Sink Material Self-Pressurization Feed System
5 Hydrazine Main Tank Injection Feed System
6 Electromechanical Bellows Feed System
7 Mechanical Bellows Feed System
8 Solid Gas Generator Feed System
9 Jet Pump Feed System
10 {Turbopump Feed System
11 |Solid Gas Generator Feed System with Capillary Screen
12 |Gaseous Oxidizer Feed System
13 |Blowdown Stored-Gas Feed System with Capillary Screen
14 1Regulated Stored-Gas Feed System with Capillary Screen
15 |{Regulated Stored-Gas Feed System with Bladder
16 [Blowdown Stored-Gas Feed System with Diaphragm
17 |Regulated Stored-Gas Feed System with Diaphragm

e
1 ©o

Blowdown Stored-Gas Feed System with Bladder
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LOX

Fig, III-42 Blowdown Stored-Gas Feed System
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H

Fig. III-43 Regulated Stored-Gas Feed System
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Upstream of the heat exchanger is a quad check valve assembly
that prevents backflow of gaseous oxygen. Gaseous oxygen leaves
the heat exchanger and enters the engines through isolation
valves. A pressure gage is attached to the nitrogen sphere to
determine when resupply is complete. A filter upstream of the
regulators prevents particle contamination of these components.
All valves except the fill valve are solenoid-operated, but could
also have a manual override.

c. Heater Self-Pressurization Feed System - System 3

(Fig. I1I-44) - The self-pressurization system relies on vapor
pressure from the volatile liquid,* in this case, LOX, to pres-
surize the system. Consequently, a heat source is required to
vaporize the LOX. 1In this system, it is an electric heater that
is controlled by a pressure sensor to maintain the ullage at a
constant pressure. LOX is fed through the nozzle heat exchanger
when the solenoid control valve is opened. The resulting gas is
then regulated to the proper pressure and flow, and fed into the
rocket engines. Because of the heater, this system will require
electrical power, but no other interfaces are needed.

d. Heat Sink Material Self-Pressurization Feed System -
System 4 (Fig. III~45) - This system is similar to System 3, ex-
cept that the electric heater is replaced by a heat storage ma-
terial.* The storage material is such that it remains frozen at
the temperature and pressure at which the LOX boils off and
pressurizes itself. As LOX is withdrawn, the increase in ullage
volume decreases the ullage pressure. This pressure change is
eliminated as the LOX absorbs heat~of~fusion from the heat stor-
age material. This process keeps the LOX under pressure at all
times. When the control valve is opened the LOX is fed into the

* . . . s

. S. F. Griffoni: All-Metal, Volatile-Liquid Positive Ex-
pulsion System. ER-5980, Contract NAS9-1004. TRW Inc, Power
Systems Division, Redondo Beach, California, June 1964.

R. G. Eatough: "Expulsion of Storable Propellants Utilizing
a Volatile Liquid as the Pressurizing Medium." SAE Transaciions,
Vol 76, November 1968, p 1983-1992.

C. N. Tripp: Volatile Liquid Pressurization. The Marquardt
Corporation, Van Nuys, California, 1967.
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Heater

Fig. III-44 Self-Pressurization Heater Feed System
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Heat-Sink

Material Heat-Sink

Material

Fig. I11I-45 Heat-Sink Material Self-Pressurization Feed System
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heat exchanger and converted to GOX. As the GOX leaves the heat
exchanger, it is passed through regulators that control its flow
and pressure. From here, the regulated gas enters the engine
assemblies. Development of the heat storage material will be
required for this system.

e. Hydrazine Main Tank Injection Feed System - System 5
(Fig. III-46) -~ In this system, hydrazine or some other hypergolic
fuel is used with LOX and helium. The stored helium gas pres-
surizes the hydrazine tank, which, in turn, feeds into the LOX
tank. As the hydrazine comes into contact with the LOX, combus-
tion occurs, which pressurizes the LOX tank. The LOX is then
fed through a series of check valves to the heat exchanger,
where it is converted to GOX. The GOX then enters the engine
assemblies. The check valves will shut off any individual en-
gine if it is found to be faulty. This system will require re-
supplying both LOX and hydrazine; the helium can be recompressed
while the hydrazine is being resupplied.

f. Electromechanical Bellows Feed System - System 6 (Fig.
I1I-47) - The use of a gas pressurant to expel the liquid oxygen
is eliminated in this system, thereby eliminating all lines and
components for a pressurant system. The LOX expulsion tank is
modified to ageept an electric motor with a threaded screw drive
that compresses the bellows and expels the LOX at a given rate.
The 10X is then fed through a series of check valves into the
heat exchanger. Gas leaves the exchanger and is channeled into
a series of regulators, where its flow and pressure are deter-~
mined. From here, the regulated GOX enters the engine assemblies.
Redundancy is provided by using crossover valves located after
the LOX tank and before the engine assemblies. Burst discs and
relief valves are installed as a safety measure. This system
will require electrical power to operate the drive motor,

g. Mechanical Bellows Feed System - System 7 (Fig, ITI-48) ~
This system is similar to System 6, except that the LOX bellows
tank uses the force of the bellows and an additional spring in
place of the electric motor assembly. The LOX is external to the
bellows and the spring, and therefore compresses this assembly
during resupply. The system has no electrical interface and

"“eliminates all components related to a pressurant system. When

the control valve is opened, the LOX is expelled and passes
through the quad check valves into the heat exchanger. Gas
emerges, passes through a filter and regulators that control gas
flow and pressure, and enters the rocket engines,
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He He
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P oE

Fig. I11-46 Hydrazine Main Tank Injection Feed System
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Fig. III-47 Electromechanical Bellows Feed System
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Spring & Bellows

;|

LOX

TR ?

Spring & Bellows

Fig, IIL<48 Mechanical Bellows

Feed System
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h. Solid Gas Generator Feed System - System 8 (Fig. ITII-49) -
A solid gas generator is used to provide pressurant to the LOX
tank in this system. As the gas is produced, it passes through
a filter and regulator. The controlled flow and pressure of ni-
trogen gas expels the LOX through a quad check valve assembly
and heat exchanger. The resulting gas is fed to the engine as-
semblies.

i. Jet Pump Feed System - System 9 (Fig. III-50) - A jet
pump is used to feed the oxidizer to the engine assemblies in
this system. A helium tank, under low pressure, is required to
bring the LOX to the jet pump. The jet pump is started by a
separate pressurized start tank that releases high pressure
through the jet pump and draws the LOX through and to the engines,
After the engines are started, the pressure in the nozzle replaces
the pressure from the start tank. One of the interesting as-
pects of this system is the absence of moving parts. The LOX
tank is the positive expulsion bellows type.

j. Turbopump Feed System - System 10 (Fig. III-51) ~ The
turbopump system uses helium gas as a pressurant and LOX as the
oxidizer. The helium exerts a positive pressure head on the LOX
to provide combustion with the PMM housed in the thruster chamber
assembly. The LOX is contained in a metal bellows with a re-
lief valve and a burst disc in line to prevent a high internal bel-
lows pressure. Once the solenoid valve downstream of the LOX
bellows is activated, a turbine driven by a gas generator starts
pumping the LOX through a heat exchanger. This heat exchanger
converts the LOX to GOX, which is passed directly over the PMM
to start combustion. Downstream of the heat exchanger, the GOX
is filtered and regulated to the proper flow and pressure by a
two-stage regulator system. After the engine solenoid valves
are activated, the GOX enters the engines, Upon depletion of
the LOX from the bellows container, the bellows is refilled,
thereby repressurizing the helium pressurant to its original op~-
erating pressure in the pressurant sphere. Eliminating the re~
supply of pressurant simplifies the system and reduces weight.

k. Solid Gas Generator Feed System with Capillary Screen -
System 11 (Fig. III-52) - In this feed system, a solid gas gen-
erator produces the pressurant required to expel the LOX fuel,

The LOX is initially contained by a hydrophilic screen, but
passes through the screen upon application of the pressurant.

The pressurant gas will not pass through the hydrophilic screen.
After leaving the screen, the LOX passes through a heat exchanger,
which converts it to GOX. This is then fed to the engines for
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Fig. III-49 Solid Gas Generator Feed System
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Fig. III-51 Turbopump Feed System
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combustion. This system will require external power for the sol-
id generator igniter. )

£. Gaseous Oxygen Feed System - System 12 (Fig. III-53) -
This system uses compressed oxygen gas as the stored oxidizer.
When oxidizer is required, the control valve is opened and the
gas passes through a filter and a series of regulators to the TCAs.
This system eliminates many of the components found in other sys-
tems. The oxidizer—-pressurant interface is eliminated and there
is no need for items like metal bellows, bladders, diaphragms,
and other similar items. In addition, no nozzle heat exchanger
or vaporizer is needed because the oxygen gas is in the form re-
quired for thrust chamber injection. However, this system re-
quires a larger, heavier oxidizer tank than other systems.

m. Blowdown Stored—-Gas Feed System with Capillary Screen -
System 13 (Fig. III-54) - Stored helium gas is used to pressurize
the LOX fuel in this system. The LOX is contained by a hydro-
philic screen that will allow the passage of LOX, but not the
helium pressurant. After expulsion from the capillary screen,
the LOX passes through a heat exchanger, where it is converted
to the gaseous state. It is then filtered, regulated, and fed
into the rocket engines for combustion.

n. Regulated Stored-Gas Feed System with Capillary Screen -
System 14 (Fig. III-55) - This system is similar to System 2,
except the bellows is replaced with a spherical capillary screen
that contains the stored LOX. The screen will pass liquid, but
not gas. When the screen tank is pressurized from the inside,
the LOX is forced through the screen and pressurizes the system.
When the pressurant valve is opened, nitrogen will pass through
a filter and regulators and into the capillary screen. LOX is
expelled and passed through the nozzle heat exchanger into the
TCAs.

o. Regulated Stored-Gas Feed System with Bladder - System 15
(Fig. I1I-56) - Similar to Systems 2 and 14, this system replaces
the bellows and capillary screen with a flexible-elastic bladder
that is enclosed in the LOX tank. The bladder expands as it is
filled with gas, which causes the LOX to be expelled. The system
is started by opening the nitrogen control valve. Gas flows
through a filter and two-staged regulators into the bladder. LOX
leaves the tank and passes through the heat exchanger, where it
is converted into gas. The gas is then fed into the TCAs.
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Fig, II11-53 Gaseous Oxygen Feed System
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Screened LOX Tank

Fig. 111-54 Blowdown Stored-Gas Feed System with Capillary Screen
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Screened LOX Tank

Fig., II1I-55 Regulated Stored-Gas Feed System with Capillary Screen
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Fig. I1I-56 Regulated Stored-Gas Feed System with Bladder
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p. Blowdown Stored~Gas Feed System with Diaphragm - System
16 (Fig. III-57) - In this system, helium gas is used to pres-—

surize a diaphragm which expels the LOX. Once the LOX is ex-
pelled, the propellant tank will be refilled through the fill
valve to repressurize the helium pressurant, thereby eliminat-
ing pressurant resupply. From the propellant tank, the LOX
passes through a quad check valve assembly and into the heat ex-
changer. The heat exchanger will convert the LOX to GOX, which
will be filtered, regulated, and fed into the engine assemblies,

g, Regulated Stored-Gas Feed System with Diaphragm - Sys-
tem 17 (Fig. ITI-58) — This system is similar to Systems 2, 14,
and 15 except that the bellows, capillary screen, or bladder is
replaced with a flexible diaphragm. The diaphragm seals off the
LOX tank and provides the interface between pressurant and ox-
idizer. The system is started by opening the helium control
valve., Gas flows through a filter and two-staged regulators on-
to the diaphragm. LOX is expelled from the tank and passes
through the nozzle heat exchanger, where it is converted into
gas. The gas is then fed into the TCAs.

r. Blowdown Stored-Gas Feed System with Bladder - System
18 (Fig. III-59) - Stored nitrogen pressurizes a bladder within

a propellant LOX tank in this system. After the bladder expands
and forces the LOX through a quad check valve assembly, the
pressurant tank can be refilled by resupplying the LOX tank.
This procedure eliminates the need for pressurant resupply.

From the quad check valve assembly, the LOX flows through the
heat exchanger, is filtered and regulated, and fed into the
rocket engine assemblies for combustion.
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Fig, I1I-57 Blowdown Stored-Gas Feed System with Diaphragm
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Fig., III-58 Regulated Stored-Gas Feed System with Diaphragm
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The 10-year mission duration of the Space Station program
necessitates resupply, maintenance, and repair to sustain the
operation of the hybrid APS. This study and prior studies have
confirmed the fact that today's systems do not have the reliability
necessary for the 10-year manned space mission. This means that
for future, long-duration manned space missions, significant im-
provements in the capabilities of the various subsystems will be
required to attain satisfactory probabilities of mission accom—
plishment. The projected increase in the reliability of compo-
nents of the propulsion subsystem will not be sufficient in itself
to achieve the overall assurance that is required. In addition,
it is impractical to carry sufficient consumable commodities for
the entire mission duration. The solution to these problems lies
in periodically resupplying, maintaining, and repairing the hybrid
propulsion system during orbital operations in a way that has
minimum impact on the workload of the crew, while maintaining the
hybrid APS in its initial operating state.

Resupply, maintenance, and repair requirements applicablé to
the propulsion subsystem are typified by the following:

1) Resupply - Normal resupply operations and support will
be provided by the Space Shuttle on a nonemergency.
frequency of every 180 days. The propulslon subsystem
can be resupplied by docking and attachment operations
employing a freeflying module or special logistics
vehicle, or by internal access;

2) Maintenance - Preventive or scheduled maintenance will
be performed on a periodic basis to preserve the relia-
bility of the oxidizer feed assembly, ensure successgful
operations, and prevent inadvertent failures and mal~
functions. Maintenance will normally be scheduled for
times when crew operations permit, and without necessi-
tating propulsion subsystem shutdown or interruption
of mission operations;

3) Repair - This refers to unscheduled maintenance, caused
by malfunctions or damage, that must be performed to
restore the capability of the hybrid APS, reactivate
successful operations, and correct conditions causing
degraded performance.
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The studies conducted in Task 2 were under the following
subtasks:

Subtask No. Description
1 Candidate System Selection Criteria
Failure Modes and Component Reliability

Malfunction Detection and Repair

2

3

4 Maintenance Requirements

5 Onboard Servicing and Repair
6

Resupply Methods and Procedures

A, CANDIDATE SYSTEM SELECTION CRITERIA

A number of hybrid attitude propulsion systems have been con-
ceived, based on resupply/repair and performance considerations.
Each candidate hybrid APS was evaluated against certain selection
criteria to determine the optimum system and resupply/repair
methods to meet the 10-year operating life of the Space Station.

The selection criteria presented in Table IV-1 were established
after consultation with NASA. The requirements for safety and
technical status by 1975 are absolute, and no compromise can be
made. The remaining selection criteria are listed in their order
of importance. The highest rating is given to resupply, which
refleets its high cost and complexity.

1. Bafety - The degree of safety for each of the propul-
sion subsystems was determined in relation to the Space
Statieon, mission success, and the crew members. The safety
of repairing, resupplying, and operating was also deter-
mined:

2. Status of Technology - The "state-of-the-art' for each
individual propulsion subsystem was compared and the
development risk for its integration into the Space Station
was determined. For a subsystem to be considered, all
development must be complete by 1975;

_%,‘Vgesggply - The resupply requirements for each individ-
ual propulsion subsystem were analyzed and the resupply of




Table IV-1 Space Station APS Selection Criteria and Order of Importance
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WEIGHTING
PRIORITY ITEM FACTOR
1 Safety Absolute
2 Technical Status in 1975 Absolute
3 Resupply Requirements 20
4 Maintainability & Repair 15
5 Crew Requirements 15
6 Commonality 10
7 Onboard Equipment Requirements 10
8 Reliability 10
9 Space Station Interface Potential 5
10 Performance 5
11 Weight 5
12 Growth Potential 3
13 Cost 2

100

IV-3
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propellants and pressurants was evaluated. Necessary
transporting equipment and additional tankage weight for
fuel and pressurant resupply were considered. The addi-
tional weight due to spares carried onboard for resupply
requirements was also included in the system weight. The
individual components of each concept were evaluated, and
it was determined which components will need to be resup-
plied and at what time intervals. From the component
resupply requirements, a spares inventory was determined
for those components needing resupply. Crew commitment
for the resupply procedures for each concept was analyzed;

4. Maintainability and Repair - Maintenance and repair
requirements for each concept were determined;

5. Crew Requirements - Each subsystem was screened and
its crew commitments determined. Crew timelines were
established for performing scheduled and unscheduled
maintenance, resupply, and repair of the feed system, and
for reading system monitoring devices;

6. Commonality — Each concept was analyzed to determine
its commonality of standardization within the system or

with other systems onboard the Space Station. All con-~

cepts were essentially the same from this standpoint;

7. Onboard Support Equipment and Tooling - The onboard
support equipment and tooling required for each propul-
sion subsystem was determined. This equipment was essen-
tially the same for all concepts;

8. Integration Potential with Space Station - Each
subsystem was analyzed to determine its degree of integra-
tion potential with the Space Station. All concepts were
rated the same;

9. Reliability -~ A reliability analysis was conducted for
each concept;

10. Performance - The performance of each concept was
evaluated;

11. Weight - A weight analysis was performed for each
candidate. First, the individual components for each
system were considered and their respective weights were
determined. Then a total system weight for the concept
was tabulated and used for the analysis;:
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12, Growth Potential - Each subsystem was analyzed to
determine the areas where new technology expansion exists;

13, Cost - The projected costs of each candidate were
considered.

B. FAILURE MODES AND COMPONENT RELIABILITY

Malfunction detection, maintenance, repair, and resupply
requirements for candidate hybrid components depend on the number
and type of failure modes for each compoment. Furthermore, a
consistent set of reliability numbers is required for a compara-
tive evaluation of candidate design approaches.

1. Failure Mode Analysis of Hybrid TCA Components

Predicted failure modes for the hybrid TCA are listed in
Table IV-2 for each candidate design component. These failure
modes are related to the time of occurrence (i.e., during opera-
tion, while on standby, or during refurbishment) because this
time affects the selected malfunction detection, maintenance, and
repair procedures.

2. Component Reliabjlity Analysis for the TCA

The component reliability analysis provides a comparison be-
tween different component design approaches and indicates which
subcomponents have high failure rates.

Component reliability numbers were generated for each design
for 2.4-year and 10-year operation. Based on the estimated
10-year APS total impulse of 6,568,508 N-sec (1,476,660 lbf—sec),

and using 16 GOX/(PMM/PBD) motors operating at O/F = 2.4, Pc = 689

kN/m? (100 psia) with grain replacement at 98,528 N-sec (22,150
1bf—sec) of total impulse, the average grain replacement interval

would be 2.4 years and the maximum operating time without refur-
bishment would be 10 years. Table IV-3 lists the predicted relia-
bility for each component for the 2.4-year and 10-year design
lifetimes.

IV-5
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Table IV-3 Component Reliability

Predictions

RELIABILITY
COMPONENT
2.4 yr 10 yr

Ignition System

Spark-Initiated Precombustor 0.9311 0.7380

Electrically Heated Oxidizer Line 0.9409 0.7705

Pyrogen Hot Gas Igniter 0.9749 0.8940

Butane Precombustor 0.9506 0.8040
Fuel Grain Configuration

Single Port Grain 0.996 0.987

Segmented Grain 0.992 0.983

Moving Fuel Grain 0.982 0.973

Multiport Grain 0.982 0.946
Forward Closure Concepts

Snap Ring (Tru-Arc) 0.984 0.932

Doubte Bayonet Flange 0.826 0.439

Bayonet/Screw Connection 0.828 0.455

Pin 0.984 0.932

Bolted Flange 0.989 0.935
Motor Refurbishment Concepts

Movable Tube >0.9999 0.9999

Parallel Transfer >0.9999 0.9999

Nozzle. Cap 0.999% 0.9920

External Cover 0.996 0.977

External Clam Shell 0.983 0.886

1v-7
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The following recommendations are based on the reliability
analysis:

1) Active redundant carbon seals should be used in the
moving grain concept to reduce the failure rate to
an effective 0.371 x 107%/hr, based on a 2.4-year
life;

2) Redundant oxidizer pressure regulators should be used
for each thruster pad;

3) Manual 3-way valves have a failure rate of 4.4 x
10"6/hr. Therefore, these valves should be checked
before each motor refurbishment to reduce failures;

4) Redundant seals should be used to achieve high
reliability, as shown below:

Reliability of Reliability of

Life Static Seals Dynamic Seals
2,4 years 0.99992 0.9995
10.0 years 0.999 0.993

Because of the short (18-month) life of the spin/despin motors,
they would probably not require redundant seals.

3. Failure Mode Analysis of the Oxidizer Feed System

The major sections of the proposed oxidizer feed assembly
(OFA) were studied to determine what failure modes were most
likely to occur, describe the possible or most likely causes for
each assumed failure, determine the effect on the assembly, de-
scribe redundant or alternative modes of operation that enable
the system to continue the mission, and establish failure classi-
fications., The failure classifications are defined as follows:

1) Catastrophic Failure (Class 1) - Single failures that
are potentially fatal and that would probably result
in the loss of the craft due to a complete loss of
function;

2) Critical Failures (Class 2) - Hazardous conditions
during any phase of flight that can be corrected or
adjusted either by crew action or by an automatic
repair process;




MCR-71-11 (Vol II) V-9

3) Noncritical Failures (Class 3) - Failures that either
degrade performance or require a special operating
technique;

4) Minor Failures (Class 4) - Failures that require
corrective maintenance, but do not degrade performance.

The major sections of the OFA were also given one of the
following criticality rankings:

1) Not Likely — The reaction time is unlimited or has no
major impact either on mission success or on the
safety of the crew;

2) Likely - The reaction time is limited or may be criti-
cal for mission success if not uncompensated for;

3) Highly Likely - The reaction time is critical or the
uncompensated effect is catastrophic.

The results of the failure mode analysis for the OFA are
presented in Table IV-4.

4. Component Reliability Analysis for the Oxidizer Feed Assembly

The reliability of the proposed OFA was determined for a
l-year period. First, the reliability of each component making
up the OFA was then calculated, based on its operational and
nonoperational times, using

R . *x R .
component operational mode nonoperational mode,

where
Reliability = e«k+kt
and
A = Failure rate;
t = Time;
k = Operational factor.
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Table IV-4 Failure Modes for the Oxidizer Feed System
SYSTEM FAILURE FAILURE EFFECT ON ) COMPENSATING FAILURE
FUNCTION TYPE CAUSE SYSTEM PROVISIONS CLASSIFICATION CRITICALITY
He Pressure Leakage Material & Weld | Gradual Loss of Redundant Critical Failure Not Likely,
Supply Func- Imperfection, He Gas, Hence Helium Pressure Time Is Limited
tion Vibration-In- Incomplete Ex- Supply
duced Fatigue, | pulsion of
Loose from Oxidizer
Vibration
Rupture Material or Loss of Feed Redundant Helium Critical Failure Not Likely,
Weld Imper- Pressure Pressure Supply, Reaction Time
fection, Micro- Open Valves to Critical
meteoroid Pene- Feed Propeliant
tration, Inad- to Engines from
vertent Over- Good Leg
pressurization
He Pressure Leakage Material & Weld | Gradual Loss of Redundant Critical Failure Not Likely,
Control Func- Imperfection, He Gas, Hence Helium Pressure Time Is Limited
tion Vibration-In- Incomplete Ex- Supply
duced Fatigue, | pulsion of
Loose from Oxidizer
Vibration
Shutoff Faulty Electric | None (Redundant Redundant Critical Failure Not Likely,
Valve Circuit, Dam- Valves) Shutoff Time Is Limited
Fails aged Valve Valves
Closed Coil
Pressure Faulty Spring None (Redundant Redundant Critical Failure Not Likely
Regulator |or Particle Regulator) Regulator in
Fails Contamination Series Will
Open Control Pressure
Check Faulty Spring None (Redundant Redundant Check Critical Failure Not Likely
Valve or Particle Check Valves) Valves
Fails Contamination
Open
Oxidizer Sup-] Leakage Material or Loss of Oxidizer Replace Critical Failure Not Likely
ply Function in Sup- Weld Imperfec-

ply Tank

tion
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The total impulse required during the l-year period is

905,000 N-sec (204,700 lbf-—sec)° The operational time (for any

particular pair of thrusters) is 905,000 N-sec/445 N, or 0.567 hr.
For the operational mode, k = 1; for the nonoperational mode,

k = 0.1. The failure rates were obtained from the Handbook of
Piece Part Failure Rates. The lower extreme generic failure rates
were used because they provide the best possible reliability. The
generic failure rates of the individual oxidizer feed assembly
components are tabulated in Table IV-5., Table IV-6 gives the
individual reliabilities of the components for 1 year.

Once the reliability of the individual components was known,
we determined the reliability of the entire oxidizer feed system
using

Rsystem (Rcomponent l) (Rcomponent 2) ctt (Rn>.

The reliability of the selected OFA, without redundancy, is
0.8791. To include redundancy, the reliability equation becomes:

Rtedundancy - e~kt @ +A1t1),
where
e—xt = Reliability of system without redundancy;
A1 = Overall system failure rate;
t; = Total time.

With redundancy included, the reliability of the OFA for 1 vear
was 0.9924,

C. MALFUNCTION DETECTION AND REPAIR

1, Reasons for a Malfunction Detection System

A malfunction detection and fault isolation system performs
three basic functions for a Space Station APS. It assures crew
safety, maximizes mission effectiveness, and significantly reduces
the frequency and complexity of inflight maintenance.
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Table IV-5 Generic Failure Rates of Oxidizer Feed Assembly Components

COMPONENT LOWER EXTREME, GFr*
Low-Pressure Helium Tank 0.039
Burst Disc 0.54
Relief Valve 3.27
3-Way & 4-Way Valves 1.87
Annular Screen 1.40
Low-Pressure Tank Shell 0.10
Pressure Transducer 23.20
Control Valve 1.68
Filter 0.045
Quad Check Valve 0.0122
Control Regulator 0.70
Transfer Valve 0.26
Quick Disconnect 0.09
Lines & Fittings 0.05
*Failures/loe hr.,

Table IV-6 Component Reliability of Oxidizer Feed Assembly
(1-yr Period)

RELIABILITY

COMPONENT OPERATING NONOPERATING TOTAL
Low-Pressure Helium Tank 0.9999 0.9999
Relief Valve 0.974 0.974
Fil11 Valve 0.9999 0.9999 0.9998
Pressure Transducer 0.816 0.816
3-Way & 4-Way Valves 0.9837 0.9837
Annular Screen 0.9878 0.9878
Small Pressure Tank 0.9999 0.9999
Control Valve 0.9853 0.9853
Quad Check Valve 0.9999 0.9999 0.9998
Relief Valve 0.9999 0.9971 0.9970
Filter 0.9999 0.9999 0.9998
Regulator 0.9999 0.9999 0.9998
3-Way Valve 0.9999 0.9984 0.9983
Burst Disc 0.9956 0.9956
Burst Disc 0.9999 0.9999 0.9998
Quick Disconnect 0.9999 0.9999 0.9998
Lines & Fittings 0.9999 0.9999
System Structure 0.9999 0.9999
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Safety is a primary consideration for a Space Station APS.
Detection equipment must be provided for any failure modes that,
if ignored, could result in injury to the crew. This requirement
establishes the need for and the minimum extent of an MDS.

An MDS can also significantly improve the mission effective-
ness of the Space Station. Prompt and accurate warning of failures
that affect the performance of the APS will enable the crew to take
effective action to maintain full capability. This will ensure
that all auxiliary maneuvers are completed as planned and on sched-
ule.

In addition, an MDS can be used to analyze performance trends
and detect impending failures, thus reducing maintenance and re-
supply because small or impending failures are detected before any
appreciable damage is done to the system. Detection of impending
failures also allows the work to be performed during scheduled
maintenance perilods or at times of reduced crew workload.

2, Optimum Level of Complexity for a Malfunction Detection System

The complexity of the malfunction detection and fault isola-
tion equipment depends on the highest failure level at which
detection is required (see Table IV-7). The MDS must reliably
detect @ failure, isolate the component responsible for the failure
down to the lowest selected replacement level, and prominently
display the results to the crew so appropriate action can be taken.
The malfunction detection, isolation logic, and display panels are
gingle~function equipment whose space, weight, power requirements,
maintenance, ete, must be directly charged to the APS. Therefore,
a realistic assessment must be made to compare the benefits of an
increased detection capability with the resulting increased equip-
ment penalty incurred.

The complexity of automatic monitoring and control equipment
runs parallel to the level of malfunction detection and display.
As detection requirements increase, the crew will not, in general,
be capable of reliably responding to all APS failures while still
performing their other duties. Although output from the MDS could
be relayed to ground control, this is undesirable for several
reasons, First, ground communication links can fail, leaving the
Space SBtation and crew in a tenuous position. Furthermore, the
Space Statien will develop procedures to be used for planetary
missions where autonomous operation is required; therefore, a
sophisticated MDS will require an automatic monitoring and control
system (AMCS).
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An AMCS for Class 1 failures would provide automatic shutdown.
For Class 2 failures, it could be programmed to take several
courses of action, depending on the type and degree of failure and
the condition of the motor (e.g., operating, on standby, etc) at
that time. Class 3 automatic control would require the AMCS to
provide trend analysis for all possible failures, predict the time
of the failure, schedule corrective maintenance, and perform all
Class 1 and 2 automatic functions. Since Class 4 failures are
all noncritical and occur during refurbishment, no automatic
control should be required.

Automatic monitoring and control equipment for the APS can be
integrated into the overall Space Station AMCS. Although this
will allow some commonality in the computational and interface
equipment, the degree of commonality will depend on a number of
factors, and could be quite low if the Space Station AMC require-
ments are high during attitude control maneuvers., Therefore, the
level of automatic control will depend on the level of MDS capa-
bility selected, on the crew time required to monitor the displays,
and on the cost of providing an AMCS in terms of space, weight,
and maintenance.

3. Candidate Malfunction Detection Methods

Candidate malfunction detection methods for the four ignition
systems are outlined in Table IV-8.

a. Failures during Ignition — All ignition failures are Class
2 because they prevent motor ignition and thereby seriously affect
motor performance. None are capable of becoming Class 1 failures.

An oxidizer control valve failure could be detected by a
valve position indicator or by a pressure gage in the injector or
the chamber. The valve position indicator is preferred since it
provides the simplest and most positive indication of valve fail-
ure.

The propane-initiated precombustor can malfunction due to
a defective spark source or trip valve, or due to a depleted pro-
pane supply. The spark plug and induction coil could be checked
by measuring induced voltage and current, the trip valve could
be checked by a position indicator, and the butane supply could be
monitored by a pressure gage.
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The pyrogen hot gas igniter has two failure modes —- a
faulty squib (which can be determined by a continuity check) and
a premature ignition (which can be detected by a chamber pressure
pulse and confirmed by a squib continuity check). The igniter
supplies warm fuel-rich products that combine with the oxygen
during ignition. A premature firing will have no effect on the
inert fuel grain.

The electrically heated precombustor oxidizer line can
malfunction due to a burned out tungsten element or a capacitor
failure. The tungsten element will be partially consumed during
each ignition. This process can be monitored by periodic resist-
ance checks, and the gas heating can be evaluated by measuring
current and calculating i2R during capacitor discharge. Capacitor
integrity and energy storage can be determined by a voltage check.

The spark-initiated precombustor is a small hybrid gas
generator that supplies warm, fuel-rich gases to burn with the
main oxidizer flow. The precombustor grain is small enough to
ignite with a spark. Possible failure modes include a malfunc-
tioning flow splitter valve, a depleted precombustor fuel grain,
and a faulty spark source. A valve failure could be detected by
a position indicator, a depleted fuel grain could be identified
by a trip wire, and a faulty spark source, by a precombustor
thermocouple or an induced voltage and current check. The latter
is a more precise indication of spark characteristics, but a
thermocouple would provide a valuable indication of precombustor
operation,

b. Failures during Motor Operation — Malfunction detection
methods during motor operation are outlined in Table IV-9. The
oxidizer valve can either close prematurely or fail to close,
both of which are Class 2 failures. If the oxidizer valve closes
prematurely, the motor shuts down early. If the oxidizer valve
fails to close, the motor continues firing, requiring the main
oxidizer control valve to be closed; to reduce this latter possi-
bility, the oxidizer valve will be designed to fail closed. Both
of these failure modes can be detected either by a valve position
indicator or by an injection pressure transducer. Detection with
a valve position indicator is the preferred method. The injector
can be designed for a nearly unlimited life, but some oxidation
or erosion may occur and increase the oxidizer flow, thrust, and
chamber pressure., This is a Class 3 failure but should be moni-
tored. Measurements of increased thrust and reduced injector AP
would indicate an eroding injector.

Iv-17
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A forward closure seal failure or a forward closure re-
tention failure is normally a Class 1 failure. (Class 2 in the
parallel transfer concept, since the motor remains outside the
Space Station). Either event will result in motor shutdown. A
redundant forward closure latch will be provided on all designs
to prevent the forward closure from coming loose. Movement of
the forward closure would break a contact to signal shutdown.
Leaks around the forward closure seal could be detected by a
trip wire seal or a thermocouple in the forward closure cover.

Fuel grain depletion is a predictable failure mode based
on firing time, although trip wires, motor case thermocouples,
and thrust/PC measurements are more accurate indicators. A trip

wire is the preferred detection method since it is a specific
fail-safe indication of fuel depletion. Though fuel depletion

is a benign failure mode in that it only reduces performance, it
is accompanied by rapidly falling thrust and chamber pressure,
which are also symptoms of an aft closure burnthrough. In addi-~
tion, continued operation after fuel is deplete exposes the motor
to oxidizer-rich combustion products. Therefore, the motor will
be shut down when the trip wire indicates fuel depletion.

The moving grain concept has several additional failure
modes. If the grain jams, the oxidizer will not mix properly with
the fuel gases. Thrust and chamber pressure may fall, and the
grain may eventually be extinguished. A grain position indicator
would provide a direct confirmation for this type of failure, and
is the preferred detection method. The moving grain is propelled
by a pressure drop across the grain, which is maintained by an
O-ring seal. If this seal fails, oxidizer tan leak around the
grain. This will increase motor mass flow, O/F ratio, and aft
closure/nozzle boundary layer temperature. Increased thrust and
pressure provide the best indication of this failure.

An aft closure burnthrough is the primary Class 1 failure
for the hybrid system. Although the chambers can be designed for
extended operation and will be replaced after completion of their
expected operating life, the possibility of a burnthrough exists.
Fortunately, such a failure is readily detectable. The 222-N
@O—lbf) motors have a throat diameter of about 15 mm (0.6 in,)

at PC of 689 kN/m? (100 psia). An aft closure burnthrough of this

size will halve the chamber pressure and nearly halve the thrust.
Therefore, a rapid drop in chamber pressure and thrust will signal
an automatic shutdown of the motor.

Iv-19
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Two other similar failures are throat erosion and an exit
cone burnthrough. Throat erosion can easily be detected by a
gradual decrease in chamber pressure and an increase in thrust.
This is a Class 3 failure since throat erosion can be monitored
and the chamber can be replaced before burnthrough occurs. Exit
cone burnthrough will result in decreasing thrust with no change
in chamber pressure. Due to the reduced pressure in the exit
cone, this is a Class 2 failure. The motor would be shut down if
thrust fell below a certain level. Thermocouples on the thruster
pad could serve as backup indicators of nozzle or aft closure
burnthrough on the underside of the motor.

Electrical system failures would be detected by open or
shorted circuits due either to loose plugs or to broken wires.
Depending on the circuit, an electrical failure would either shut
the motor down automatically or force a shutdown due to the loss
of motor performance and malfunction detection information.

Oxidizer and pressurant depletion are predictable, based
on tank pressures, Tank leakage or rupture can also be determined
from the tank pressure, The use of redundant subsystems makes it
possible to isolate the leak or rupture and repair it at a later
time,

¢. Falilures during Standby - Candidate detection methods
during standby are outlined in Table IV-10. Leaks are the primary
failure modes, Although GOX can leak into the Space Station
through several paths, including the quick disconnect, oxidizer
valve, and oxidizer line, the total leakage should not appreciably
raise the partial pressure of oxygen in the Space Station. Any
substantial leak could be detected by a flowmeter in the oxidizer
line, an on-site visual bubble test using a leak detection solu-
tion, or an auditory check.

1f the sparked propane ignition system is selected, a
propane leak is possible, which is potentially more serious.
Although the amount of propane required for ignition is small and
propane is not particularly toxic, the presence of propane in the
cabin atmosphere is undesirable. Therefore, a chemical sniffer
should be installed in each of the two ACS assembly rooms to check
for possible leaks,

In the movable tube and nozzle cap designs, cabin air can
leak to space through the forward closure seal or the external
motor seal, The former 1s considerably more serious since it
indicates a possible Class 1 failure on the next firing. Since
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an individual motor may go weeks or months between firings, seal
failures will most likely occur during standby. Therefore, each
motor could have an electronic vacuum pressure gage (VPG) that
would be turned on during standby to measure the hardness of
vacuum (down to 10”3 torr or lower) inside the chamber (to detect
forward closure seal failures) and possibly in a labyrinth seal
outside the external motor seal. Based on the extremely low fail-
ure rates for the motor seals, a VPG is probably not justified for
the external motor seal. However, the absolute safety requirement
makes a VPG advisable for the motor seal., Electrical system fail-
ures during standby can be detected by voltage and continuity
checks.

Malfunction detection of the oxidizer feed assembly is
based on automatic pressure monitoring. Pressure transducers
located downstream of the pressurant spheres, downstream of the
check valve assembly, and downstream of the vaporizer assembly
permit isolation of the failure, as well as activation of the
proper crossover valves to compensate for a failure. System
condition is indicated on a control panel (Fig. IV-1) that consists
of an assembly schematic with warning lights for all major portions
or modules of the assembly. Three warning lights are associated
with each module: green for the operating path; white for standby;
and red for a failure.

d., Failures during Motor Refurbishment - Candidate malfunc-
tion detection methods during motor refurbishment are outlined in
Table IV-11.

Movable tube refurbishment failures involve seal failures
around the motor, door, and refurbishment tube —- all of which are
detectable by a pressure gage on the refurbishment container —- and
jammed door or retraction mechanisms, which are obvious without
automatic detectors.

Parallel transfer concept failures include outer and inner
door seal failures, which are detectable with a pressure gage, and
failures of the motor pad retraction or rotation mechanisms, which
are detectable by a visual check via portholes or by a position
indicator; a visual check is preferred.

The nozzle cap approach has five potential seal failures
and a potential jamming of the cap extension mechanism. Failures
of the nozzle cap seal and cap holding mechanism are detectable
by a cap pressure gage; seal failures on the cap extension mecha-
nism, the motor pad, and the external motor seal are all detectable
by a vacuum pressure gage.
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Table IV-11 Malfunction Detection and Repair during Motor Refurbishment

FAILURE
COMPONENT FAILURE CLASS MOTOR SYMPTOMS CANDIDATE DETECTION METHODS CANDIDATE REPAIR PROCEDURES
Motor Refurbishment Concepts
Movable Tube Concept 3 Refurbishment container Retract motor & repair seal
Failure of External Motor Seal cannot be repressurized
Failure of Sliding Door Seal 4 Cabin air leaks to space Refurbishment container After motor refurbishment (unless leak rate is
during refurbishment pressure gage unacceptable}, return door to stored position,
remove cover, & replace seal
Failure of Refurbishment 4 Cabin air leaks to space Refurbishment container Repressurize and remove container; replace seal
Tube Seal during motor retraction pressure gage
Failure of Motor Extension 4 Failure before motor is Check out retraction Use a backup refurbishment container
& Retraction Mechanism retracted mechanism before installing
refurbishment container
4 Failure with motor half Motor will not retract/extend | IVA required for this repair. Depressurize
retracted ACS room & remove motor & refurbishment
container
Failure of Sliding Door 4 failure before motor is Lubricate & check out door Dismantle door assembly. Remove & replace
Mechanism retracted movement before retracting door retraction mechanism
motor
4 Failure with door half Door jammed IVA required for this repair. Depressurize
closed ACS room, remove motor, & replace door assembly
Parallel Transfer Concept
Failure of Outer Door Seal 4 Cabin air leaks to space Refurbishment container Reverse motor position & replace seal
during motor refurbishment | pressure gage
Faiture of Inner Door Seal 4 Cabin air leaks into re- Refurbishment container Repressurize container & replace seal
furbishment container dur- | pressure gage
ing depressurization Onsite auditory check
Failure of Motor Pad Re- 4 Refurbishment container Visual check IVA required to repair retraction mechanism.
traction Mechanism will not hold pressure Position indicator Depressurize ACS room, disassemble refurbishment
. container, & repair retraction mechanism
Failure of Motor Pad 4 Refurbishment container Visual check IVA required to repair rotation mechanism.
Rotation Mechanism will not hold pressure Position indicator Depressurize ACS room, disassemble refurbishment
container, & repair/replace retraction mechanism
Nozzle Cap Approach
Failure of Cap Seal 4 Cap will not hold pressure | Cap pressure gage IVA required. ODepressurize ACS room, retract
motor pad, & repair seal
Failure of Cap Holding 4 Cap will not hold pressure | Cap pressure gage IVA required. Depressurize ACS room, retract
Mechanism motor pad, & repair cap holding clamp
Failure of Cap Extension Seal 3 Cabin air leaks to space Vacuum pressure gage B IVA required. Depressurize ACS room, retract
motor pad, & repair seal
Failure (Jamming) of Cap 4 Motor cannot be refurbished | Extension bar jammed IVA vrequired. Oepressurize ACS room, retract
Extension & Turning Bar motor pad, & release extension bar
Failure of Motor Pad Seal 3 Cabin air leaks to space Vacuum pressure gage IVA required. Depressurize ACS room, retract
motor pad, & repair seal |
Failure of External Motor Seal 4 Cabin air leaks to space Vacuum pressure gage Attach nozzle cap & replace seal
Forward Closure Concepts
0-Ring Seal Failure 3 Motor will not hold Leak test using rubber Install new seal
pressure nozzle plug -Pc transducer
Snap Ring Approach
Broken Snap Ring Pliers 4 Pliers will not remove Inspection Use spare pliers
snap ring
Double Bayonet Flange
Broken or Damaged Bayonet 4 Closure cannot be attached/ | Inspection Replace forward closure, motor case, or both
Ring removed
Jammed or Malfunctioning 4 Closure cannot be attached/ | Inspection Use spare removal tool. Repair or discard
Removal Tool removed damaged tool
Bayonet Screw Flange
Stripped Threads 4 Closure cannot be attached/ | Inspection Replace forward closure, motor case, or both
removed
Broken or Damaged 4 Closure cannot be attached/ | Inspection Replace forward closure, motor case, or both
Bayonet Ring removed
Pin
Jammed Pin 4 Closure cannot be attached/ | Inspection Use pin retraction tool
removed
Damaged Retainer Strap or Wire 4 Cannot attach strap or wire | Inspection Replace strap or wire
Bolted Flange
Screw Thread Failure 4 Cannot attach or remove Inspection Use bolt & nut removal tools
bolt or nut
Elongated Bolt Holes 4 Closure movement Inspection Replace closure
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Failure modes for the five forward closure concepts pri-
marily involve jammed or broken components, and do not require
automatic detection equipment.

4. Candidate Repair Procedures

One objective of an MDS is to provide warning of impending
motor failures so that they can be corrected during routine main-
tenance (Table IV-12) or so that additional maintenance can be
performed before the motor has been rendered inoperable. Repair
is defined as any unscheduled maintenance, in response to an un-
predicted failure, that is required to return the system to normal
operation.,

There are three principal levels of repair:

1) Repair a failed part in place;

2) Replace and send the failed part to an onboard work
shop for possible recycling;

3) Replace and discard the failed part.

The level of repair depends on comparing the effort, facilities,
and manhours required to recycle the part with the resupply ef-
fort required to replace it.

Candidate repair procedures for the ignition systems were
outlined in Table IV-~7. Failed oxidizer control valves would be
replaced. Bad seals could be repaired onboard the Space Station,
but a malfunctioning actuation system would probably be considered
unrepairable.

With the sparked propane system, the spark plug and propane
can be discarded; but an attempt would be made to repair or recali-
brate a faulty trip valve. On the other hand, the pyrogen ignition
system is completely disposable; squib or other igniter failures
would be repaired by discarding and replacing the failed part.
Similarly, the electrically heated oxidizer line ignition system
would require no refurbishment equipment. Burned out heating
elements and failed capacitors would be discarded and replaced.

The flow splitter valve for the spark-initiated precombuster
would be repaired in the same manner as the oxidizer control
valve. Only seal failures could be repaired onboard. The precom—
buster grain and spark source would both be discarded and replaced
when grain depletion or spark source failure occurred.

1v-25
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Table IV-12 Scheduled Maintenance
CALIBRATION PRESSURE TEST SCHEDULED
OR REMOVE & OR VISUAL ELECTRICAL | MALFUNCTION
COMPONENT LUBRICATION ADJUSTMENT REPLACE LEAK CHECK INSPECTION CHECKOUT DETECTION
Forward Closure Retention
Snap Ring 0-Ring N/A 0-Ring Pressure Check | Snap Ring N/A N/A Maintenance Will
to Verify be Accomplished
Integrity of during Refurbish-
0-Ring & Snap ment
Ring
Double Bayonet 0-Ring N/A 0-Ring Pressure Check | Attachment | N/A N/A Maintenance Will
to Verify Flange be Accomplished
Integrity of during Refurbish-
0-Ring & ment
Bayonet Ring
Bayonet/Screw Flange (S)Bgmgz N/A 0-Rings Pressur(fe Check | Attachment | N/A N/A Maintenance Will
to verify Flange be Accomplished
Screw Threads Intggmty of during Rgfurbish-
0-Rings & ment
Attach Flange
Pin Pin N/A @ Pin Pressure Check [®Pins N/A N/A Maintenance Will
® Strap or to Verify ®Strap or be Accomplished
Wire Integrity of Wire during Refurbish-
Retention 0-Ring & Pins Retention ment
Bolted Flange Bolt & Nut N/A Bolts & Pressure Check | Bolts & N/A N/A Maintenance Will
Threads Nuts to Verify Nuts be Accomplished
Integrity of during Refurbish-
0-Ring & Bolts ment
Nozzle Throat N/A N/A Motor Case Pressure Check | Nozzle N/A Nozzle Maintenance Will
to Verify Throat Throat be Accomplished
Integrity of Dia. during Refurbish-
Motor ment
Refurbishment
Movable Tube e Retraction & Retraction & Seals at @Refurbishment Seals Retraction | N/A Maintenance Will
Extension Extension Least Every | Tube & Seals & Exten- be Accomplished
Mechanism Mechanism 24 Months @Pressure Valve sion before Refurbish-
#Sliding Door Mechanism ment
gall Bearing
o Three-Way
Pressure
Valve
Parallel Transfer eRetraction & eRetraction & Seals at eRefurbishment Seals oRetraction | N/A Maintenance Will
Extension Extension Least Every | Chamber & & Exten- be Accomplished
Mechanism Mechanism 24 Months Seals sion before Refurbish-
eTurning eTurning @Pressure Valve eMotor & ment
Mechanism Mechanism Circuit
#Turning
Motor &
Circuit
Nozzle Cap e Cap Turning ®Retraction & ®Seals Every [aCap Seal Seals eRetraction | N/A Maintenance Will
& Extending Extension 24 Months @Pressure Valve & Exten- be Accomplished
Mechanism Mechanism elork Area sion before Refurbish-
»Cap Locking eTurning Will Have ment
Mechanism Mechanism to be
Evacuated
Motor Grain N/A N/A Care Should { N/A Grains Verify Fuel Maintenance Will
be Taken in Fuel De- Deple- be Accomplished
Assembling pletion tion during Refurbish-
Grain to Detection Detection |ment
Motor to Wires Are System
Insert Grain Not Broken
in the
Proper
Direction
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Candidate failure modes for operational failures were outlined
in Table IV~8. Oxidizer control valve actuation failures would be
repaired by discarding and replacing the valve. Injector erosion
failures would be repaired during scheduled maintenance by dis-
carding and replacing the injector. Forward closure seal failures
or a loose forward closure during operation would be repaired imme-
diately by replacing the seal or resecuring the forward closure
and checking for damage to the forward closure. Expended fuel
grains will be replaced. The approximately 5% of residual fuel
would be added to Space Station waste (in the movable grain design,
there is no residual fuel). Jammed moving grains would be removed,
inspected, trimmed if possible, repositioned, and reinstalled. Aft
closure burnthroughs, throat erosion, and exit cone burnthroughs
would require discarding and replacing the case/nozzle assembly.
Some electrical failures (e.g., a bad contact or loose plug) could
be repaired in place; most of the rest could be repaired in a re-
furbishment area.

Repalr procedures during motor standby were described in Table
IV-9, Fittings would be checked for oxygen leaks during scheduled
maintenance, Propane leak warnings would trigger prompt checks to
identify the source of the leak and replace the failed trip valve
or butane can. Very small cabin air leaks past the external motor
seal would normally be repaired during the next scheduled mainte-
nance. Cabin air leaks past the main motor seal would result in
the motor being taken off line to preclude a seal failure during
the next firing. Maintenance would be scheduled to replace the
seal and return the motor to an active standby condition. Elec-
trical failures would be handled in a similar manner: the motor
would be held off line until proper functioning could be restored.

Repair procedures during motor refurbishment were outlined in
Table 1V-10,

Most movable tube refurbishment failures can be repaired in a
shirtsleeve environment. The refurbishment tube and sliding door
seals and retraction mechanisms can be checked before refurbish-
ment. A malfunctioning component could either be repaired or
replaced. An external seal failure would be repaired by retracting
the motor and replacing the seal. There is an extremely small
possibility of the motor or door retraction mechanism jamming,
degpite a prerefurbishment check. If this happens, the APS room
ecould be depressurized at a convenient time and the jammed refur-
bishment mechanism could be replaced via IVA. This would not alter
the operational status of the other motors.
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The parallel transfer concept has redundant seals that virtu-
ally eliminate the possibility of a cabin leak. The access door
or motor pad seals can be replaced without resorting to IVA. How-~
ever, a failure of either the retraction mechanism or the motor
pad rotation mechanism would require IVA for repair.

The nozzle cap approach has five failure modes that require
internal vehicular activity for repair. Failure of the cap seal,
the cap extension seal, or the motor pad seal will require IVA
for replacement. In addition, jamming of the cap holding mecha-
nism or cap extension bar would require IVA. Failure of the
external motor seal could be replaced by securing the nozzle cap
and withdrawing the motor.

The five forward closure concepts have widely different repair
requirements. All five are subject to cut or defective O-rings,
which would be replaced. Broken snap ring pliers would require
spare pliers. Jamming of the forward closure was considered
unlikely in the snap ring, pin, or bolted flange concepts. How-
ever, in the double bayonet and bayonet/screw approaches, a
broken or damaged bayonet ring or stripped threads are possible,
These failures would be repaired by discarding and replacing the
forward closure, the case, or the entire motor assembly.

The repair sequence for the selected conceptual OFA is de-
scribed in Table IV-13.

D. MAINTENANCE

Maintenance is limited to scheduled maintenance, which is a
preventive measure to keep all systems, subsystems, and components
in a predetermined condition. A filter replacement would be a
typical scheduled maintenance item. Maintenance by repair or re-
placement will return a defective system to its desired operational
capabilities.

Scheduled maintenance has two objectives: to discover incipi-
ent malfunctions and to prevent malfunctions and breakdowns.
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The following scheduled maintenance functions have been con-
sidered in this study:

1)

2)
3)

Servicing:

a) Lubrication,

b) Calibration,

¢) Adjustment,

d) Cleaning;

Routine removal and replacement;
Inspection:

a) Leak test,

b) Pressure check,

¢) Visual inspection,

d) Electrical checkout verification.

When the control motors are operating, malfunction detection
will be performed by the Space Station crew and equipment.

Maintenance of the control motors falls into one of the follow-

ing areas:

1)
2)
3)
4)
5)

Ignition devices}

Forward closure attachment devices;
Motor refurbishment devices;

Motor grains;

Oxidizer feed assembly.

These are discussed in detail in the following subsections.

1. TIgnition Devices

a. Butane or Propane Spark-Initiated Precombuster - A butane

or propane-filled canister is attached to a trip valve. The trip
valve pulses, allowing a quantity of gas to mix with the oxidizer
flowing through the oxidizer control valve. The gas mixture is
ignited by a spark plug, and the hot gas mixture is injected into
the motor, igniting the grain.
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Scheduled maintenance is performed during motor grain
refurbishment. At this time, the spark plug, spark plug gasket,
gas canister, and seal are replaced. Then the trip valve is
lubricated and calibrated, and the oxidizer wvalve is lubricated.
Once the oxidizer valve is closed and the injector nozzle is
plugged, the ignition system is leak-tested.

b. Pyrogen Hot Gas Igniter — The pyrogen igniter must be
reloaded after each ignition. The pyrogen igniter considered
for use on the spin/despin motor requires a single refurbishment
cycle. Scheduled maintenance is performed concurrently with the
refurbishment function.” The igniter is refurbished with a fresh
squib and propellant cartridge, the seal at the igniter—to-closure
interface is replaced, the oxidizer control valve is lubricated,
and the electrical cable is checked. After servicing, the oxi-
dizer control valve is closed, the oxidizer injector nozzle is
plugged, and the system is leak-tested. The operation of the
squib electrical cable is checked before ignition.

c¢. Electrically Heated Precombuster - The oxidizer is heated
before being injected into the combustion chamber. During motor
grain refurbishment, the heater heating element is replaced and
the operating capability of the electrical control cgble is veri-
fied. The oxidizer control valve is lubricated and the electrical
control cable operation verified. The oxidizer control valve
closed with the oxidizer injector plugged and the system leak-
tested.

d. Spark-Initiated Precombuster - A small quantity of oxi~
dizer is allowed to flow from the oxidizer control valve through
the PMM precombuster grain. A surface spark ignites the precom—
buster grain, which exhausts into the motor chamber and combines
with the oxidizer to ignite the motor grain.

Scheduled maintenance is performed concurrently with re-
furbishment. At refurbishment the PMM grain, the spark source
battery, the tungsten electrodes, and the seals are replaced, the
oxidizer control valve is lubricated, and the electrical control
cable operation is verified. After refurbishment, the oxidizer
control valve is closed, the injection nozzle is plugged, and the
ignition system is leak-tested.

2. Forward Closure Attachment Devices

a. Snap Ring - A snap ring plier is used to help assemble the
forward closure to the motor case. During refurbishment, the
forward closure O-ring seal is replaced. After being assembled,
the motor is pressure tested to verify the integrity of the O-ring
and snap ring.
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b, Double Bayonet - In the double bayonet concept, a ring
actuated by a hand grip tool is used to attach the forward closure
to the motor case. During refurbishment, the forward closure
O-ring seal is replaced. After being assembled, the motor is
pressure tested to verify the integrity of the O-ring and the
bayonet ring.

¢. Combination Bayonet and Screw Attachment - The forward
attachment flange is in two parts: a bayonet external ring en-
gages the motor case and is held in position by four springs; the
closure flange is screwed to the motor case. During refurbish-
ment, the forward closure O-ring seal is replaced and the springs
and threads on the closure are lubricated. After assembly, the
motor is pressure tested to verify the integrity of the O-ring and
closure attachment.

d., Pin - The forward closure is attached and held to the case
by four radial pins that incorporate either a strap, wire, or tape
retention design. A pin extraction tool is used to extract the
pins during refurbishment. The flange will have an alignment key
to faclilitate aligning the closure holes to the case holes. Dur-
ing refurbishment, the forward closure O-ring seal is replaced.
After assembly, the motor is pressure tested to verify the integ-

rity of the O-ring.

e. Bolted Flange - The forward closure is bolted in four
places to the case. 8Small hand tools are required to remove and
install the attachment bolts and nuts. During refurbishment, the
forward closure O-ring seal is replaced. After assembly, the
motor is pressure tested to verify the integrity of the O-ring.

3. Motor Refurbishment Devices

Each of the three refurbishment concepts considered below
offers a shirtsleeve environment for the replacement of motor
grains.,

a. Movable Tube - A tube with sliding door is attached be-
neath the mefor to be refurbished., When the motor is retracted,
the sliding door seals the motor opening in the outer skin. Access
to the motor is through an access door at the bottom of the tube.
Before opening the access door, the pressure within the tube is
equalized to that within the cabin of the Space Station.
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Before attaching the refurbishment tube, a visual inspec-—
tion is made of the seals on the sliding door and on the access
door, as well as the ball bearing rollers on the sliding door.
The seals will be replaced if they appear worn or brittle. The
ball bearing rollers will be lubricated. Once every 24 months,
the seals will be replaced. The retraction and extension mecha-
nism will be checked for proper operation, adjustment, and
lubrication. The pressurization valve will be checked for opera-
tion, and lubricated if necessary. Once the movable tube ig in
place, the crew will pressure check the tube and verify the integ-
rity of the seals.

b. Parallel Transfer - The motor attached to the outer skin
panel is lowered into a refurbishment chamber. The motor and
panel are reversed, positioning the motors on the inside of the
chamber when the skin panel is extended back into position. The
refurbishment of the grain is accomplished through a chamber
access door.

Before refurbishment, the crew will visually inspect the
skin panel reverse seal and the access door seal and replace the
gseals {f they are worn or brittle. The seals will be replaced at
least every 24 months. The crew will also lubricate the retrac-
tion/extension and reversing mechanism and motors, verify the
operation of the pressure valve, pressure check the chamber to
verify the integrity of the chamber seal, and electrically verify
the electrical control cable.

During refurbishment, the crew will visually inspect the
motor side environmental seal and replace it if it is worn or
brittle. This seal should be replaced at least every 24 months.

¢, Nozgle Cap - In the nozzle cap concept, the motor is sta-
tionary and a movable nozzle cap rotates into position to seal the
motor nozzle during refurbishment.

Before refurbishment, the operation of the pressure valve
will be checked. The extension/retraction and rotation mechanisms
will be lubricated. The cap locking mechanism will be lubricated.
Seals will be replaced at least once every 24 months. To replace
the seals, the motor room will be evacuated and the crew will
wear protective clothing.
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4. Motor Grains

The motor grains will be replaced during scheduled motor re-
furbishment. Before replacing a grain, a visual inspection will
be made to determine if any discrepancies exist. The seal used
with the moving grain concept will be replaced during each re-
furbishment. Care should be taken to insert the grain into the
motor in its proper position. After refurbishment, the motor
will be pressure checked to verify the integrity of the motor
case.

5. 0Oxidizer Feed Assembly

A conservative approach has been followed for the OFA, We
have assumed that each component of the assembly system will be
replaced before its operating life is exceeded. This assumption
has been incorporated in the scheduled maintenance estimates.
Table IV-14 presents the estimated life limitations of the com-
ponents that compose the various candidate oxidizer feed systems.

Valves are the most critical components in the feed system.
It is believed that high-veliability valves can be obtained with
a 3- to 5-year calendar life, depending on seal material and valve
type. Cyclic lives in excess of 1 million cycles are obtainable.
Therefore, we recommend that all valves be replaced either after
3 years in space or after a combined ground and space environment
life of 5 years so that their calendar life is not exceeded.

The total useful life (terrestrial and spatial) of the trans-~
ducers is 5 years, per NASA-MSC specification MSC-KA-6D-68-1,
Assuming a 2-year life before launch, the spatial life of a trans-
ducer is 3 years. Martin Marietta's experience indicates that
these estimates are essentially correct.

To minimize total maintenance time, identical components/mod-
ules that require replacement can be replaced at the same time,
saving preparation and travel time. We assumed half of the £il-
ters are replaced after each pressurant and oxidizer resupply
(every 6 months).

If all the components with 3-year lives were replaced during
one maintenance period, available crew time might be exceeded,
Therefore, we suggest that only half of the valves, components,
and transducers be replaced at one period. The componentsgs in the
half of the system that was active immediately after orbit inser-
tion should be replaced first after 3, 6, and 9 years. Components
in the initially redundant standby half of the APS should be re-
placed at 3% and 6% years.
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Table IV-14 Estimated Life of Oxidizer Feed System Components

SPATIAL LIFE LIMITATIONS

COMPONENT CYCLES REF* YEARS REF*
Valves
Solenoid Valves 100,000 a 3 b
Feedline 100,000 a 2 a
Check Valves 5,000 a 3 b
Pressure Relief Valve 3,000 a 3 b
Burst Disc -- - 3 b
Pressure Regulators 5,000 a 2 a
Three-Way Valves 5,000 c 3 b
Quick Disconnects 400 a 2 a
Pressurant Sphere [0-22,048 kN/m2(0-3200
psig) - 0 = 1 cycle] & 1/2 Quick
Disconnect 400 a 2 a
Filter Bodies (Change Filter Element
Once a Year) -- -- 10 c
Propellant Tanks 100 a 10 c
Shell [0-1509 kN/mZ(0-219 psig) -
(9 psig) = 1 cycle] 2,000 a 10
Transducers -- -- 3

*
References: a.
Description Document.

b. Handbook of Long-Life Space Vehicle Investigations.

c. General Data Indication.

d. Experiment General Requirvement Document - AAP.

M-68-21.
Marietta Corporation, Denver, Colorado, December 1968.

Workshop Attitude Control System (WACS), Propulsion Module Component
S&E-ASTN-PAS, 3-25-69.

Martin

MSC-KA-6D-68-1 (Rev B).

EGRD useful life specification for transducers is 5 yr, assumed

terrestrial 1ife is 2 yr.
+M1'n1'mum.
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Primary scheduled maintenance for the OFA consists of:

1) Checking the pressure in the system;
2) Replacing filter elements;

3) Testing the fittings for leaks.

Pressures are checked before and after each resupply. This is
estimated to require 10 minutes per OFA, or 20 minutes per resup-
ply. The total pressure-monitoring time per year is 80 minutes,
assuming a resupply every 90 days. The crew times required for
the remaining scheduled maintenance functions are presented in
Table IV-15.

The total estimated scheduled maintenance time per year for
the OFAs is 286 minutes.

E. ONBOARD SERVICING AND REPAIR

Onboard servicing and repair requirements for the hybrid APS
have been evaluated in six primary areas. The location of the OFA
on the Space Station was considered, as well gs the subsequent
layout of the lower deck of the Space Station, in order to deter-
mine the proper location of APS thrusters and maintenance facil-
ities. Three motor pad configurations were designed to contrast
the requirements of the three primary motor refurbishment con-
cepts. Components and spares requirements were evaluated for
candidate APS component designs. Required maintenance, repair,
and handling equipment was examined and evaluated. Finally,
refurbishment tasks and completion times were evaluated for the
APS.

1. Space Allocation for Oxidizer Feed Assembly

Five conceptual designs were made to determine the optimum
location of the OFA in terms of removal, compactness, and safety.
Consideration was given to storing half the oxidizer and pres-
surant at each end of the Station to eliminate degradation of the
operation of the assemblies in case of meteoroid impact. In all
of the designs, the thruster modules were located at the aft end
of the Station on the first deck level.
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Table IV-15 Estimated Crew Time for Scheduled Maintenance

FUNCTION CREW TIME PER OFA (minutes)

Review Procedures

Obtain Spares

Travel to Assembly

Remove Cover

Replace Filter

Tighten Fittings (1/2 minute Each)
Replace Cover

Return from Assembly & Stow Gear
Perform Administrative Functions

TOTAL .PER ASSEMBLY

4
3

10
3
58
10
5
5

103

1v-37
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The concepts considered were:

1) Split assemblies located on the fifth deck, with
lines running along the central tunnel [Fig. IV-2(a)];

2) Two assemblies located on the first deck, with lines
along the outer wall and interior of the Station
[Fig. Tv-2(b)];

3) Two assemblies located on the fifth deck, with resup-
ply lines along the central tunnel and feedlines
along the outer walls [Fig. IV-2(c)];

4) Split assemblies located on the first deck, with the
feed and resupply lines running along the outer wall
[Fig. IV-2(d)1;

5) S8plit assemblies located on the first and fifth decks,
with feed and resupply lines running along the outer
walls [Fig. IV-2(e)].

There are other combinations that can be considered, such as run-
ning lines along the central wall or outer wall for various deck
combinations.

In the selected concept, the oxidizer assemblies are located
on the first deck [Fig, IV~2(c)]. Redundancy is provided by
having connections between the assemblies and by being able to
resupply from either a side or the end docking port. This con-
cept was selected because it was the simplest and involved the
fewest number of lines, This approach minimizes the potential
for leaks and meteorold impacts, and also minimizes the volume
required for the OFAs,

2. Propulsion Compartment Design

All maintenance, repair, and checkout of the hybrid APS will
be accomplished in the two propulsion compartments shown in
Fig. IV-3, The Space Station is 10 m (33 ft) in diameter and has
a 3-m (10-ft) diameter access tube in the center. The floor-to-
ceiling height 48 2 m (80 in.). On the lower deck, two 1.5-m
(5-ft) diameter docking access tubes, 180 deg apart, extend from
the exterior wall to the central access tube.

The lower deck has been sectioned into a propulsion handling/
refurbishment area and an administrative area for each thruster pad.
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IV-2 Space Allocation for Oxidizer Feed System
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Docking
Tube
Officeu
Motor Records
Operating Storage
Position 8.1m2 A\
N N
» - ol --_' ~ ¢ . -
Propulsion
it Removal Central
I Area Tube
5.3 m?
W (57 ft2)

: ~— Y
Mamtgnance \‘\‘s
Requbishment ~

e [ X
;(42 ft2)

Storage Area
& Work Bench

g PS> 8o e

Tube

e S ——————

\gzzf; This Area Is Normally under Space Station Environment,
™S but Can Be Evacuated to Vacuum Conditions

Fig, IV-3 Onboard Servicing Propulsion Compartnent Layout
Scale: 1 in. = 4 ft
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The refurbishment work area will be completely enclosed, providing
for an evacuation of the area should IVA maintenance be required.
The refurbishment work area provides for removal, installation,
servicing, repair, and storage of APS motors and spare parts. A
portion of the motor compartment, separate from the refurbishment
work area, will serve as an administrative area for the storage of
inventory records, maintenance procedure manuals, and will serve

as the motor refurbishment observation area during IVA motor repair.

The spin/despin motors, because of their greater size, require
more room during handling and servicing than the smaller attitude
control motors. The space required in the motor compartment is,
therefore, predicted on servicing the spin/despin motors. The spin/
despin motor and tube assembly is approximately 1.37 m (4.5 ft)
long, approximately 0.5 m (1.5 ft) in diameter, and weighs 127
kg (280 1b) fully loaded. The motor and refurbishment tube assembly
is loaded onto a dolly and moved to the refurbishment area for
servicing. The removal and installation area is 5.6 sq m (60 sq
ft) and the servicing area is 3.7 sq m (40 sq ft).

A 2.8-sq-m (30-sq-ft) work table, used for servicing and ad-
justment, is provided in the refurbishment area. During standby
operation of the ACS propulsion system, the refurbishment area can
be used for other Space Station repair and service functions.
Storage space is provided around the work table for replacement
fuel grains, igniter parts, O-rings, spare motor cases, hand tools,
valves, filters, and facility equipment.

3. Attitude Control Motor Facility Requirements

Sixteen APS motors control the pitch, yvaw, and roll of the
Space Station. Each motor is 178 mm (7 in.) in diameter, 762 mm
(30 in.) long, and has a loaded weight of 16 kg (35 1b). The
motors are mounted on two 8-motor pads, 180 deg apart, The 16
motors can be fired individually or in pairs to provide redundant
control of pitch, yaw, and roll. After approximately 400 sec of
operation, the motors will require new fuel grains and a general
refurbishment and checkout. Three refurbishment concepts were
considered and are discussed in the following three sections., At-
titude control motor refurbishment spares are listed in Table IV=16,

a. Movable Tube Refurbishment Concept - The two candidate
layouts for the movable tube thruster pads are shown in Fig. IV-4,
The straight nozzle approach shown on the left uses a 2x2-m
(80x80-in.) thruster pad that is raised 0.3 m (12 in.) to allow
the eight ACS motors to be extended and retracted perpendicular to
the pad and still point in their required directions. The canted
nozzle approach shown on the right uses a flush 2.4x2-m (96x
80-in.) thruster pad. All APS motors are extended perpendicular
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Table IV-16 Attitude Control Motor Refurbishment Facilities and Spares

REFURBISHMENT APPROACH

FACILITIES & EQUIPMENT

SPARES

Movable Tube

2 Raised Thruster Pads 2x2x0.3m

(80 x 80 x 12 in.) or 2 Flush
2x2.4-m (80x96-in.) Pads

2 Complete Refurbishment Tube &

Door Assemblies

1
1

Spare Refurbishment
Tube
Spare Door Assembly

12 Replacement External

2

Motor Seals

Sets of Replacement
Refurbishment Seals
Door Seal
Door Assembly Seal
Refurbishment Tube

Seal
Refurbishment Tube
Door Seal
Parallel Transfer 2 Flush Thruster Pads 2 x 2.3 m
(80 x 90 in.)
16 Chambers 1 Spare
32 Electric Motors 2 Spares
48 Seals 6 Spares
16 Motor Mounting Plates 1 Spare
16 Retraction/Extension 1 Spare
Mechanisms
16 Reversing Mechanisms 1 Spare
Nozzle Cap 2 Raised Thruster Pads 1.8 x 1.8
x 0.3m (69 x 69 x 12 in.)
16 Nozzle Caps 1 Spare
16 Retraction/Extension 1 Spare
Mechanisms
16 Locking Mechanisms 1 Spare
16 Nozzle Cap Seals 2 Spares
16 Motor Attach Seals 2 Spares
16 Skin Seals 2 Spares
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to the top surface of the pad. The nozzles are oriented to pro-
vide thrust in the proper direction.

Both motor design approaches are refurbished in the same
manner. During standby or motor operation, the forward closures,
ignition system, oxidizer control valves, and electrical lines
would be protected by a cover. During refurbishment, the cover
would be removed and a sliding door assembly would be installed.
A motor refurbishment container would be connected over the door
assembly. The motor would then be withdrawn into the tube and
the sliding door would be closed. The motor could then be re-
furbished in place (as shown) or moved to the maintenance area
for inspection and repair. All components (the door assembly,
the refurbishment tube, and the loaded motor) would weigh less

than 111 kg (25 lbm> in a 0.7-g environment and could be easily

handled by one man.

Major APS facilities required for the movable tube con-
cept include thruster pads, refurbishment equipment, and spares.
Both motor designs require two floor-to-ceiling thruster pads.

The straight nozzle pad is only 2 m (80 in.) wide —~ vs 2.4 m

(36 in.) for the canted nozzle) -- but it is also raised 0.3 m

(12 in.). This will require an aerodynamic fairing during launch.
The thruster pads will have GOX, electrical, and instrumentation
lines for each motor, as well as brackets to hold the refyrbish-
ment door assemblies.

Three sets of refurbishment containers and door assemblies
are sufficient for the 16 APS motors., This would allow two simul-
taneous motor refurbishments, while holding one refurbishment tube
and door assembly in reserve as a spare. Several sets of door
and refurbishment container seals would be carried as replace-
ments. Sixteen forward closure caps would also be required to
protect the motor during operation and standby and to provide re~
dundant forward closure retention.

b. Parallel-Transfer Refurbishment Concept ~ The parallel
transfer thruster pad design is shown in Fig. IV-5. The APS
motors are mounted on two mounting pads, 180 deg apart. Each pad
is 2.3 x 2.0 m (90 x 80 in.) in area. In the standby or firing
positions, the APS motors are extended above the mounting pad.
During refurbishment, the motor is retracted and reversed in its
own refurbishment chamber. These chambers extend 0.5 m (20 in.)
into the motor compartment. After the chamber has been pres-
surized, the immer door can be opened to remove the motor.
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The mounting pads are plumbed to provide GOX to the APS
motors. The oxidizer lines attached to the motors are flexible,
allowing the motors to retract, extend, and reverse in the refur-
bishment chamber. The pads provide electrical cables for motor
ignition, instrumentation, and operation of the retraction, exten-
sion, and rotation mechanism.

Each motor refurbishment chamber has a three-way valve to
pressurize and depressurize the chamber during motor retraction.

There are eight refurbishment chambers per pad, one for
each motor. Each chamber is 254 mm (10 in.) wide, 762 mm (30 in.)
long, and 508 mm (20 in.) deep, and is permanently mounted beneath
the motor pad. A door on the bottom of the chamber provides
access to the inside of the chamber. The retraction/rotation
system requlres two electric motors, one motor for operating the
retraction and extension mechanism and one for operating the rota-
tion mechanism. The motors are connected so that either one can
be used alone to provide power for retraction, rotation, and
extension. Seals are provided on both sides of the mounting plate
and the access door. The three seals are the same size and can be
replaced in a shirtsleeve enviromnment without evacuating the motor
compartment.

A certain number of replacement parts will be needed as
spares to back up the operation of the parallel-transfer refur-
bishment concept, The 16 refurbishment chambers are the same size
and are interchangeable; one chamber will be provided as a spare.
The 32 electrical motors that are used to extend, retract, and
rotate the APS thrusters are interchangeable; two electrical
motors will be provided as spares. The 48 chamber seals (three
seals per chamber) are the same size and are interchangeable; six
seals will be provided as spares. The 16 motor mounting plates,
the 16 retraction/extension mechanisms, and the 16 reversing
mechanisms require one spare unit each.

¢, Nozzle Cap Refurbishment Concept — The design of the

nozzle cap thruster pad is shown in Fig. IV-6, The APS motors

are mounted on two mounting pads, 180 deg apart, that are 1.8 by
1,8 m (69 by 69 in.) in area. The mounting pads extend out from
the 8pace Station about 0.3 m (12 in.). The APS motors are per-
manently mounted inside the pad so that the nozzle and aft closure
are exposed outside the pad. During refurbishment, the motor
nozzle is covered with a sealed nozzle cap. The cap is normally
positioned alongside the nozzle during motor standby and firing.

IV-57
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Plumbing at the mounting pads provides GOX to the APS
motors during firing.

There are eight nozzle caps per pad, one for each motor.
Each cap is about 300 mm (12 in.) long and 250 mm (10 in.) in
diameter, and can be extended, rotated, retracted, and locked in
position over or beside a motor nozzle. Seals are provided to
seal the motor during refurbishment.

The following replacement parts will be needed as spares

to back up the operation of the nozzle cap refurbishment concept:

1)
2)
3)
4)
5)
6)

One nozzle cap;

One retraction/extension mechanism;
One locking mechanism;

Two nozzle cap seals

Two motor attachment seals;

Two skin seals.

4. APS Equipment and Spares

Regardless of the refurbishment concept, the APS will require
storage and maintenance facilities for fuel grains, oxidizer con-

trol valves, ignition systems, forward closure/motor case assem—
blies, filters, regulators, etc.

a. ACS Motor Equipment and Spares Requirements -~ A list of

required equipment and spares is given in Table IV-17. Storage
facilities will be provided for 10 replacement fuel grains, each
203 mm (8 in.) in diameter x 356 mm (14 in.) long, and for 12

motor seals (10 replacements and two spares).
provide a 40% margin over the total impulse required for the first
Two spare motor case and nozzle assemblies would be

6 months.

carried as spares, along with one forward closure for the snap
ring, pin, and bolted flange designs and two closures for the
double bayonet or bayonet/screw approach. Spare parts for the

oxidizer control assembly would include two replacement oxidizer

valves, two injectors, and two quick-disconnects.

Ignition system spares depend on the system selected.
propane system would require 11 propane cans, 12 spark plugs, and

two spare trip valves. The heated oxidizer line system would

require 12 replacement heating elements and two spare capacitors.

The pyrogen ignition system is not suitable for the APS motors,

These spares would

The
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Table IV-17 Attitude Control Motor Facilities and Spares Requirements
COMPONENT FACILITIES & EQUIPMENT SPARES
Motors 16 Complete Thrust Chamber Assemblies 2 Spare Forward Closures

Ignition Assemblies
Propane System

Oxidizer
Heated Line

Pyrogen Igniter
Precombustor

Forward Closure Retention Systems
Snap Ring

Double Bayonet

Bayonet Screw

Pin

Bolted Flange

Forward Closure

Motor Case & Nozzle Assembly

Oxidizer Control Valve
Injection System
Injector

12 DPST Ignition Relay
12 Capacitors

2 Selector Switches

Not Intended for ACS Motors

2 Snap Ring Pliers

2 Forward Closure Removal Tools

2 Pin Removal Tools

Small Hand Tools

2 Spare Motor Case & Nozzle
Assemblies

2 Spare Oxidizer Control
Valves

2 Spare Injectors

2 Spare Quick-Disconnects
10 Replacement Fuel Grains
203 mm (8 in.) in diam-

12

11
12

12

12

B s et e e ) el

eter

Tong)

by 355 mm (14 1in.)

Replacement Motor Seals

Replacement Propane Cans
Replacement Spark Plugs

Spare

Trip Valves

Reptacement Heating
Elements

Spare
Spare

Capacitors & Relays
Selector Switch

Replacement Grains with
Spark Electrodes

Spare

Spare
Spare

Spare
Spare
Spare

Spare
Spare

Spare
Spare

Spare

Induction Coils

Snap Ring Pliers
Snap Rings

Tool

Forward Closure
Motor Case

Forward Closure
Motor Case

Removal Tool
Forward Closure

Forward Closure
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due to the large number of restarts. The precombuster design
would require 12 replacement grains and two spare induction coils.
The snap ring forward closure retention system, and both the

double bayonet and the bayonet screw designs are impractical for
use with the 406-mm (16-in.) diameter motors. The pin design re-
quires a pin extractor, one spare extraction tool, four spare pins,
one spare strap or wire retention hardware, and one spare forward
closure. The bolted flange design requires small hand tools, four
spare pairs of nuts and bolts, and one spare forward closure.

b. Spin/Despin Motor Equipment and Spares Requirements - The
spin/despin system uses three 1112-N (250—lbf motors, each de-

livering 1/3 of the total impulse required for a spin or despin
maneuver, Before a spin/despin maneuver, all three motors are
loaded and two are extended into firing position. The first motor
is fired, then retracted and replaced by the third motor while the
second motor is firing. After the maneuver, the motors are re-
tracted, replaced by motor hole covers, refurbished, moved on a
handling dolly to the opposite side of the Space Station, and
installed for the next spin/despin maneuver.

Spin/despin facility spares are shown in Table IV-18.
Spares include one each of the following: forward closure, motor
case/nozzle assembly, oxidizer valve, injector, and quick-discon-
nect., Four additional fuel grains (three replacements and one
spare) each 406 mm (16 in.) in diameter and 784 mm (31 in.) long,
would be provided to complete the first spin/despin cycle (6 months).
One spare motor hole cover and four replacement seals would be
provided, along with dolly spares.

The propane ignition system would require one spare pro-
pane can, one spare spark plug, and one spare trip valve. The
heated oxidizer line would require one spare heating element and
one spare capacitor. The pyrogen ignition system (assuming the
spin/despin motors would operate in a burn-to-completion mode),
would require three replacement igniters and one spare igniter.
The precombuster system would require one spare grain and one
spare induction coil. The snap ring forward closure retention
system would require two snap ring pliers and one spare snap ring.
The double bayonet design would not be attractive for the larger
diameter spin/despin motors. A manually turned single bayonet or
bayonet screw would offer alternative retention systems and would
require no spares.

The spin/despin motors could be used with any of the APS
thruster pad designs. Both the movable tube and the nozzle cap
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Table IV-18 Spin/Despin Motor Facilities and Spares

COMPONENT

FACILITIES & EQUIPMENT

SPARES

Motors

Ignition Assembly
Propane System
Heated Oxidizer Line
Pyrogen Ignitor
(Single Burn Mode)
Precombustor
Forward Closure Retention
Systems
Shap Ring
Double Bayonet

Bayonet/Screw

Pin

Bolted Flange

Refurbishment Facilities
Movable Tube

Nozzle Cap

3 Complete Thrust Chamber Assemblies
Forward Closure
Motor Case & Nozzle Assembly
Oxidizer Control Valve
Ignition System
Injector
Fuel Grain

4 Motor Hole Covers

1 Motor Handling Dolly

Not Practical for 406-mm (16-in.)
Diameter

Not Practical for 406-mm (16-in.)
Diameter

Not Practical for 406-mm (16-in.)
Diameter

Pin Extraction Tool

Small Hand Tools

Use APS Pads
1 Complete Refurbishment Tube &
Door Assembly

2 Nozzle Cap Assemblies
Nozzle Cap
Holding Clamp Assembly
Nozzle Cap
Cap Extension Bar
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Spare Forward Closure

Spare Motor Case & Nozzle Assembly
Spare Oxidizer Valve

Spare Injector

Spare Quick Disconnect

Replacement Grains 406 mm (16 in.) in
Diameter by 784 mm (31 in.) long - 5
Segments

Spare Motor Hole Cover

Motor Hole Cover Seals & Dolly Spares

Spare Propane Can
Spare Spark Plug
Replacement Trip Valve

Spare Heating Element
Spare Capacitor

Replacement Igniters
Spare Igniters

Spare Grain With Spark Electrodes
Spare Induction Coil

Spare Extraction Tool

Spare Pins

Spare Strap or Wire Retention Hardware
Spare Forward Closure

Spare Pairs of Nuts & Bolts
Spare Forward Closure

Spare Refurbishment Tube & Door Assembly
Spare External Motor Seals
Set of Replacement Refurbishment Seals
Door Seals
Door Assembly Seal
Refurbishment Tube Seal
Refurbishment Tube Door Seal

Spare Sets of Seals
Cap
Pad
Holding Clamp
Extension Bar
Spare Cap
Spare Clamp
Spare Extension Bar
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approach would be acceptable for motor refurbishment. The movable
tube approach would require two refurbishment tube and door assem-
blies (including one spare), one spare external motor seal, and
one spare set of refurbishment seals. The nozzle cap approach
would require two nozzle cap assemblies, spare parts for a third
assembly, and two complete sets of seals.

¢. Oxidizer Feed Assembly Equipment and Spares Requirements -
The selection of onboard spares was based on the reliability
analysis discussed in Subsection IV-B-4 and on the following cri-
teria:

1) Components whose failure would adversely affect crew
safety. No components meet this criterion;

2) Components whose failure would degrade mission success;

3) Components with a high failure probability.
Based on the above criteria, the following reserve of spares at
launching was established:

1) Two 3-way valves;

2) Two control valves;

3) Two relief valves;

4) Two control regulators;

5) Two filters.

Equipment is required to remove fluid from a system to

perform inflight maintenance. This can be accomplished through
purging, inverse pumping, or by the vacuum cleaner technique.

Means must be provided for disposing of contaminated fluid
and components that have been replaced. Such items will probably
be stored until the logistics craft resupply interval.

Fluid fittings for inflight maintenance must seal after
repeated assemblies and disassemblies. The threads must not gall,
and the seal must be reparable; require simple tools for assembly,
and provide reasonable sealing characteristics.

New methods are required to remove and replace fittings
and to repair tubing. The method and the tools must be adaptable
to both partial and zero gravity, must be simple, provide control
of contamination, be compatible, and require minimum crew training.
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5. Maintenance, Repair, and Handling Equipment

The auxiliary propulsion compartment provides a comfortable
shirtsleeve enviromment. This compartment will have adequate
lighting, a ventilation system that will keep the oxygen supply
fresh and clean, a temperature and humidity control. Safety and
emergency equipment, such as a fire extinguisher and life support
suit, will be provided. A two-way communication system with
other compartments of the Space Station will also be provided.

Because the spin/despin motors are too large to be conveniently
refurbished or repaired by hand, a mobile dolly will be provided.
This dolly can also be used by the crew as a stepladder during
gravity operation and as an anchor during weightless operation.

In addition, it can be tied down in the work area and used as a
work stand for servicing the APS motors.

A work area and a work table are provided in the propulsion
compartment., This work area will be used to refurbish the APS.
The work table can be used to service and repair smaller parts
and to calibrate and adjust mechanisms. Tiedowns have been pro-
vided in both the work area and work table to hold component parts
stationarv during weightless servicing and repair. The work area
will provide for pressure and leak check operations. An electri-
cal patch board will be used to check out and verify electrical
components during and after servicing. Space will be provided
around the work table for storing motor grains, igniter parts,
spare parts, and tools. The area around the motor installation
pad and the work area is enclosed to provide evacuation capability
should IVA be required for APS repair.

A separate administrative area is provided to store inventory
records and maintenance procedure manuals, and to observe propul-
sion performance. This area shall have cabinetry files and an
observation window for observing activity in the motor servicing
enclosure,

The propulsion system will require servicing and refurbishment
according to both a scheduled and nonscheduled plan. The type of
equipment needed to maintain and service the APS is shown in
Table IV-19.

A nonflammable silicone grease is used to lubricate the oxi-
diger control valve, the ignition canister trip valve, and the
refurbishment extraction/contraction mechanism. O-rings and
threads will be lubricated with nonflammable lubricants before
being assembled,
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CALIBRATION PRESSURE TEST SCHEDULED
OR REMOVE & OR VISUAL ELECTRICAL MALFUNCTION
CONCEPT LUBRICATE ADJUSTMENT REPLACE LEAK CHECK INSPECTION CHECKOUT DETECTION FACILITY
ignition
Butane or Grease Gun | Small Hand Spark Plug Leak Detection [ Flashlight Oscillo- Oxidizer Refurbishment
Propane (Silicone) |Tools Wrench Solution scope Power Injector Compartment
Spark-Initiated | s s Source
Oxidizer Removal &
Precombus ter Injector Plug Vacuum Tube | Installation
Volt Meter Tool
Pyrogen Hot Grease Gun | N/A Squib Leak Detection | Flashlight Power Source | Oxidizer Refurbishment
Gas Igniter {Silicone) Removal & Solution VTVM Injector Compartment
(Single Shot) %23%a11at1on oxidizer Removal &
Injector Plug Installation
Igniter Tool
Removal &
Installation
Tool
Electrically Grease Gun | N/A Small Hand Leak Detection | Flashlight Power Source { Oxidizer Refurbishment
Heated (Silicone) Tools Solution VTV VTVM Injector Compartment
Precombustor Qxidizer Removal &
Injector Plug Installation
Tool
Spark-Initiated [Grease Gun {N/A Special Leak Detection | Flashlight Power Source | Oxidizer Refurbishment
Precombus tor {Silicone) Wrench to Solution VTV Injector Compartment
Remove & VTVM
011 Can Install PMM Oxidizer Removal &
Charge Injector Plug Installation
g Tool
Forward Closure
Retention .
Snap Ring O-F_{ir}g Lube | N/A Snap Ring Nozzle Plug Flashlight N/A N/A Refurbishment
{Silicone) Pliers Pressure Gage Magnifying Compariment
Leak Detection | 81255
Solution
Double Bayonet O—Biqg Lube | N/A Hand Grip Nozzle Plug Flashlight N/A N/A Refurbishment
(Silicone) Removal & Pressure Gage Magnifying Compartment
Installation Glass
Tool Leak Detection
. Solution
Bayonet/Screw  |0-Ring Lube | N/A N/A Nozzle Plug Flashlight N/A N/A Refurbishment
Flange (Silicone) Pressure Gage Magnifying Compartment
Thread Lube Leak Detection Glass
Solution
Pin Silicone N/A Pin Nozzle Plug Flashlight N/A N/A Refurbishment
Lube Extractor Pressure Gage Magnifying Compartment
Leak Detection | 81255
Selution
Boited Flange |{Thread N/A Small Hand Nozzle Plug Flashlight N/A N/A Refurbishment
E;g;cone Tools Pressure Gage Magnifying Compartment
Leak Detection | 81258
Solution
Nozzle Throat (N/A /A Small Hand Nozzle Plug Micrometer N/A N/A Refurbishment
Tools Pressure Gage Flashlight Compar tment
Leak Detection
Solution
Refurbishment
Movable Tube Grease Gun |Small Hand Small Hand Pressure Gage Flashlight Power Source | N/A Refurbishment
Bearing Tools Tools Leak Detection | Magnifying Compartment
Grease Gage Solution lass
Paraliel Grease Gun |Small Hand Small Hand Pressure Gage Flashlight Power Source | N/A Refurbishment
Transfer Tools Tools Leak Detection | Magnifying VTVM Compartment
Gage Solution Glass
Nozzle Cap Grease Gun | Small Hand Pro;ective Pressure Gage Flashlight N/A N/A Refurbishment
Tools gs‘ut;git Leak [}etection Magnifying Compar tment
Gage Clothing & Solution Glass
Equipment
Motor Grain N/A ! N/A N/A N/A Flashlight | N/A Fuel Depletion | Grain Storage Area
Magnifyin Detection
1gss ying System
Oxidizer Feed
Assembly
Pressurrant N/A N/A Small Hand Pressure Gage Flashlight N/A Low Tank Oxidizer Feed Com-
Tank Tools Pressure partment
Oxidizer Tank IN/A N/A Small Hand Pressure Gage Flashlight N/A Low Line Oxidizer Feed Com-
Tools Pressure partment
Regulators N/A Small Hand Small Hand Leak Detection Flashlight N/A N/A Oxidizer Feed Com-
Tools Tools Solution partment
Gage
Filters N/A N/A Small Hand teak Detection | a P Button N/A Differential Oxidizer Feed Com-
Tools Solution Pressures partment
Control Valves [N/A N/A Smalil Hand Leak Detection | Flashlight N/A N/A Oxidizer Feed Com-
Toots Solution partment
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The dignition trip valve and the refurbishment extension and
retraction mechanisms are calibrated and adjusted using inspec-
tion hand tools. Certain special hand tools will be required to
remove and replace component parts. A spark plug wrench will be
used to replace ignition spark plugs. The pyrogen igniter will
require a removal and installation tool. A special tool will be
used to remove and install the PMM igniter charge in the spark-
initiated precombustor igniter concept. Depending on which
forward closure retention concept is used, a snap ring pliers,
pin extractor, small hand tools, or hand grip removal and instal-
lation tool will be required. A fluid decontamination and removal
tool will be required for the oxidizer feed system.

After propulsion servicing and refurbishment, pressure leak
checks will be made to determine the integrity of seals. A pres-
sure gage and leak detection solution will be needed to perform
the check on the refurbishment chamber. A nozzle plug is needed
to perform a check of the motor. The pressure gage and leak de-
tection solution are required for the OFA,

A flashlight and magnifying glass are needed to perform a
visual inspection of the forward closure retention concept, the
OFA, and movable tube and parallel-transfer refurbishment con-
cepts.

An electrical patchboard, connecting the motor electrical
system to electrical checkout equipment, will be provided in the
motor servicing compartment. An oscilloscope, power source, and
a vacuum tube voltmeter will be required.

6. Time Requirements for APS Motor Refurbishment

~—

Propulsion refurbishment times and schedules have been evalu-
ated for the ACS motors, the spin/despin motors, and the OFA.
Three principal APS motor refurbishment approaches are described
in terms of required tasks and completion time. Spin/despin
refurbishment is similarly discussed. Since spin/despin maneuvers
are relatively short, they require more intensive maintenance by
the crew. However, several procedures are discussed that permit
the crew to postpone part of the spin motor refurbishment to re-
duce crew workload during these maneuvers.
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a. ACS Motor Refurbishment Time Requirements - Each ACS
motor will be refurbished after every 400 sec of operation, which
occurs, on the average, every 2 years, During refurbishment, the
motor case and closure will be visually inspected, new O-rings
will be installed, the igniter assembly will be refurbished, and
a new fuel grain will be installed in the motor. Tables IV-20
thru IV-22 give a function time analysis for the three candidate
refurbishment concepts.

b. Spin/Despin Motor Refurbishment Schedule Concepts — The
spin/despin motors will use either the nozzle cap or movable tube
concept for maintaining Space Station environment during servicing
and refurbishment operations. Considering a refurbishment inter-
val beginning at the termination of motor operation and ending
when the motor is ready for refire, the nozzle cap approach re-
quires a 30-minute servicing interval, and the movable tube, a
45-minute servicing interval (see Tables IV-23 and IV-24).

To accomplish a spin or despin maneuver, a total impulse
of 3,078,168 N-sec (692,000 lb-sec) is required. The baseline
design makes use of three motors, each providing 1/3 of the total
required impulse. The three-motor concept was determined to be
an optimum system. Using one or two motors requires large, hard-
to~handle grains; and using more than three motors requires han-
dling and storing many small grains.

The maneuver motors can be refurbished during a spin or
despin, or during the period before the next scheduled spin or
despin. Refurbishing after the maneuver allows the crew to remain
at their duty stations until completion of the maneuver. Refur-
bishing after the maneuver also allows the use of both the spin
and despin refurbishment areas simultaneously.

There are certain advantages to refurbishing during a
maneuver. First, refurbishment during despin allows the work to
be done in a positive gravity environment. Second, after any
spin or despin operation, there is a set of motors ready for
firing. Also, if there are waiting periods between the three
motor firings in a spin/despin maneuver, it would be advantageous
to refurbish the motors during the maneuver.

Four possible refurbishment approaches have been consid-
ered. Two deal with refurbishment during motor operation, and
two with refurbishment during the period between spin and despin
maneuvers.
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Table IV-20 Refurbishment of ACS Motors Based on Movable Tube Concept

TIME (minutes)

(
0
0
1
0
0
1
1
3
1
1
5
5
2.
5
1
1
1
3
1
0
0
1
2
0
0

QUICOTITCI OO0 OOO0OO0OoO oo OO oTO;

41.

o

REFURBISHMENT TASK

Remove Operating Shroud

Disconnect Oxidizer Line at Quick Disconnect

Attach Refurbishment Tube & Door Assembly

Depressurize Tube & Retract Motor

Close Environment Door Assembly

Equalize Internal Tube Pressure

Check Environment Door Seal by Observing Tube Pressure for 1 Minute
Remove Tube & Motor as One Assembly & Position for Servicing
Tie Down in Refurbishment Area

Remove Forward Closure

Visually Inspect Forward Closure & Replace 0-Ring Seals
Refurbish Igniter Assembly

Remove Residual Fuel from Case

Visually Inspect Case

Insert New Fuel Grain in Case

Attach Forward Closure

Unstrap ‘

Position & Attach Motor Tube Assembly to Motor Pad
Evacuate Tube

Open Environment Door Assembly

Extend Motor

Remove Refurbishment Tube

Check Environmental Seal for Sealing Integrity

Connect Oxidizer Line at Quick Connect

Attach Operating Shroud

Table IV-21 Refurbishment of ACS Motors Based on Parallel Transfer Concept

TIME

OFRPOMMEFEOWOOUINUCIORREFOOOOR

LW
w

CTOCOIOOOCOIOUIoOOO0OoOUTOOCOUTCTITUl O

o

(minutes) REFURBISHMENT TASK

Open Access Door & Visually Inspect Environment Seals
Disconnect Oxidizer Line

Close Access Door & Depressurize Refurbishment Chamber
Retract, Rotate, & Extend Motor Until Chamber is Sealed
Repressurize Refurbishment Chamber

Check Environment Seals by Observing Chamber Pressure for 1 Minute
Remove Motor from Chamber

Move Motor to Refurbishment Area & Tie Down

Remove Forward Closure

Visually Inspect Forward Closure & Replace 0-Ring
Refurbish Igniter Assembly

Remove Residual Fuel from Motor Case

Visually Inspect Case

Insert New Fuel Grain

Attach Forward Closure

Unstrap Motor & Position for Installation in Chamber
Inspect Chamber Environment Seal

Install Motor in Chamber

Close Access Door & Evacuate Chamber

Retract, Rotate, & Extend Motor

Repressurize Chamber

Check Environment Seals by Observing Chamber Pressure for 1 Minute
Open Access Door, Connect Oxidizer Line, & Close Door
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Table IV-22 Refurbishment of ACS Motors Based on Nozzle Cap Concept

TIME
(minutes) REFURBISHMENT TASK

0.5 Disconnect Oxidizer Line at Quick Disconnect

1.0 Position Nozzle Cap over End of Nozzle & Lock in Position
1.0 Equalize Motor Internal Pressure

1.0 Check Environment Seal by Observing Motor Pressure for 1 Minute
1.0 Remove forward Closure

5.0 Visually Inspect Closure & Replace 0-Ring

5.0 Refurbish Igniter Assembly

2.0 Remove Residual Fuel from Case

5.0 Visually Inspect Case

1.0 Insert New Fuel Grain in Case

1.0 Attach Forward Closure

1.0 Evacuate Motor Case

1.0 Remove Nozzle Cap

2.0 Check Environmental Seal for Sealing Integrity

0.5 Connect Oxidizer Line at Quick Disconnect
28.0

Table IV-23 Refurbishment of Spin/Despin Motors Based on Nozzle Cap Concept

Fire Motor 15,5 minutes
Refurbish after 15-minute Cooldown

TIME
(minutes) REFURBISHMENT TASK

0.5 Disconnect Oxidizer Line at Quick Disconnect
1.0 Position Nozzle Cap over End of Nozzle & Lock in Position
1.0 Equalize Motor Internal Pressure
1.0 Check Environment Seal by Observing Motor Pressure for 1 Minute
1.0 Remove Forward Closure
5.0 Visually Inspect Closure & Replace 0-Ring
5.0 Refurbish Igniter Assembly
2.0 Remove Residual Fuel from Case
5.0 Visually Inspect Case
1.0 Insert New Fuel Grain 1in Case
1.0 Attach Forward Closure
1.0 Evacuate Motor Case
1.0 Remove Nozzle Cap
2.0 Check Environmental Seal for Sealing Integrity
0.5 Connect Oxidizer Line at Quick Disconnect

28.0




Iv-72

MCR-71-11 (Vol II)

Table IV-24 Refurbishment of Spin/Despin Motors Based on Movable Tube Concept

Fire Motor 15.5 minute
Refurbish after 15-minute Cooldown

TIME
(minutes)

OCOMNFOOFRWWHEFEUTINUTUOIF QWEBEEHOO~ROO
(J‘ICNOOU'ICHOOOOOOOOOOOOOOU‘IO‘IOUW.U'I

:

o~
w
(@]

REFURBISHMENT TASK

Remove Operating Shroud

Disconnect Oxidizer Line at Quick Disconnect

Attach Refurbishment Tube & Door Assembly

Depressurize Tube & Retract Motor

Close Environment Door Assembly

Equalize Internal Tube Pressure

Check Environment Door Seal by Observing Tube Pressure for 1 Minute
Remove Tube & Motor as One Assembly & Position for Servicing
Remove Motor from Tube & Tie Down

Remove Forward Closure

Visually Inspect Forward Closure & Replace 0-Ring Seals
Refurbish Igniter Assembly

Remove Residual Fuel from Case

Visually Inspect Case

Insert New Fuel Grain in Case

Attach Forward Closure

Unstrap & Insert Motor Case in Refurbishment Tube
Position & Attach Motor/Tube Assembly to Motor Pad
Evacuate Tube

Open Environment Door Assembly

Extend Motor & Repressurize Tube

Remove Refurbishment Tube

Check Environmental Seal for Sealing Integrity

Connect Oxidizer Line at Quick Connect

Attach Operating Shroud
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1) Minimum Refurbishment during Spin Operation

a)

b)

Two Loaded Motors in Spin Position, One Loaded
Spare Motor — The first spin motor is fired.
Before firing the second motor, the first motor

is removed and replaced with the spare motor.

The second motor and the spare (third) motor are
then fired. All three motors are then refurbished
and positioned prior to the despin operation (see
Fig. IV-7).

Two Loaded Motors in Spin Position, One Loaded
Motor in Despin Position -~ The first spin motor
is fired, removed, and refurbished. During the
firing of the second spin motor, the refurbished
motor is installed into its firing position.
After firing the second spin motor, the refur-—
bished motor is fired as the third spin motor to
complete the maneuver. The two fired motors are
then refurbished before the despin. One refur-
bished motor and the unused motor are oriented in
a despin position, and the other refurbished motor
is oriented in a spin position (see Fig. IV-7).

2) Maximum Refurbishment during Spin Operation

a)

b)

Two Loaded Motors in Spin Position, One Loaded
Spare Motor — The first spin motor is fired.
Before firing the second motor, the first fired
motor is removed and the spare motor is installed
in its place. The first motor is then refurbished
and positioned for the despin. Next, the second
spin motor is fired, refurbished, and positioned
for despin., The third spin motor (or spare) is
fired, refurbished, and positioned as the spare
despin motor (see Fig. IV-8).

Two Loaded Motors in Spin Position, One Loaded
Motor in Despin Position — The first spin motor
ig fired. Before firing the second motor, the
first fired motor is removed and refurbished.
During firing of the second spin motor, the re-
furbished motor is reinstalled in a spin position.,
Before firing the third spin motor, the second
fired motor is removed, refurbished, and posi-
tioned for despin operation. The third spin motor
is then fired, removed, refurbished, and rein-
stalled in the spin position (see Fig. IV-8).
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Table IV-25 compares the minimum total time required to
accomplish a spin or despin. If motor refurbishment is performed
after the maneuver but before the next maneuver, a spin or despin
maneuver can be accomplished in 1 to 1) hr. If the refurbishment
is done simultaneously with the maneuver, a maneuver time of 2 to
2% hr is required.

c. Oxidizer Feed Assembly Time Requirements - Tables IV-26
thru IV-29 present the estimated unscheduled maintenance time per
year for the selected OFA and its components. The estimates
assume that completely failed components, such as valves, are
removed and replaced. Lower-tier items such as valve poppets are
not replaced once the component is installed in the oxidizer feed
system. The times required for each maintenance task were esti-
mated for a modular, internally mounted concept that requires no
EVA, and were calculated as:

1) The times required to perform the individual tasks
necessary to replace components were estimated and
then summed to obtain the average total replacement
time. For example, the average total time to replace
a helium sphere is 54 minutes (Table IV-26);

2) The probability of each component failing during a
year due to random failure was tabulated. These
probabilities, in ppm/year, were taken from the
reliability analysis presented in Subsection IV-B-4.
The failure porbabilities include environmental and
application adjustment factors;

3) The probable unscheduled maintenance time per compo-
nent type in a subsystem 1s equal to the product of
the replacement time, number of components, and proba-
bility of component failure;

4) The sum of the unscheduled maintenance times for com-
ponents in a subsystem equals the unscheduled main-
tenance time for that subsystem. For example, the
average estimated unscheduled maintenance time re-
quired for the pressurization system is about 2.0
minutes per year. Obviously no maintenance can be
performed in 2.0 minutes; however, over a period of
years, the average maintenance time, prorated over
the duration of the mission, will be 2.0 minutes for
the pressurization subsystem.
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Table IV-25 Comparison of Maximum and Minimum Refurbishment Times
during Spin or Despin Operations

REFURBISHMENT CONCEPT TIME (hr)
Minimum Refurbishment During Spin Operation

Two Loaded Motors in Spin Position,
One Loaded Spare Motor

Nozzle Cap 1.1
Movable Tube 1.1

Two Loaded Motors in Spin Position,
One Loaded Motor in Despin Position

Nozzle Cap 1.
Movable Tube 1.

[S2 V)

Maximum Refurbishment During Spin Operation

Two Loaded Motors in Spin Position,
One Loaded Spare Motor

Nozzle Cap 1.9
Movable Tube 2.0
Two Loaded Motors in Spin Position,
One Loaded Motor in Despin Position
Nozzle Cap 2.4
Movable Tube 2.5
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A1l Systems, - 4 x Subtotal = 8.44 minutes/yr

Table IV-26 Unscheduled Maintenance Time for the Oxidizer Feed Assemblies
PRESSURANT OXIDIZER CONTROL
d o
[T (o]
- | Z - =] s
- .
= 18} =T = 5] L ki ] un}
0O o = - JO| x > = = o = [~
<L V) = L e =L W L —d o | oF g e Lid
= e = (5] =L o == ket [&} < A EETIR o <C [
[sn} o ue ] = [ ] pun ] = > N> = =
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LR %] [72) = <L [an} —i N = =T = OQf oo - =T =
ITEM vt = 3 = oS = 5 28 | = = =
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Total Task Time, 43 54 46 50 58 43 46 50 44 41 45 45 43
t (minutes)
Number of Parts, n 1 1 1 1 1 1 1 1 1 1 1 1 3
Probability of Part 6055] 406| 278| 4000{ 3210} 3715} 172] 2460| 6120 3865 {12,834| 2460 172
Failure, Q (ppm/yr)
Probability of Part 6055{ 406| 278 40001 3210} 3715f 1721 2460| 6120 | 3865 112,834} 2460} 516
| Type Failure, nQ
Maintenance Time 0.260]0.022{0.013/0.200}0.186]0.160 |0.008{0.123|0.269 [0.158 | 0.578{0.111{0.022
Per Year, nQt (min-
utes)
Subtotal 2.11 minutes




MCR-71-11 (Vol II)

Iv-79

Table IV-27 Unscheduled Maintenance Time for the Pressurant Subsystem

TIME (minutes)

RELIEF VALVE PRESSURANT 3-WAY
TASK OR BURST DISC TANK TRANSDUCER VALVE

Isolate Fault 1 1 1 1
Review Maintenance
Procedure 3 3 3 3
Obtain Spare 3 3 3 3
Travel to Subsystem 5 5 5 5
Bleed Down Pressure 0 0 5 5
Remove Access Cover 3 3 3 3
Disconnect Instrumen-
tation 0 0 1 1
Remove & Store Part 6 12 4 )
Install New Part 4 9 2 4
Connect Instrumentation 0 0 1 1
Replace Access Doors 3 3 3 3
Actuate System & Check
Out OCS 5 5 5 5
Travel to Station &

| Stow Gear 5 5 5 5
Perform Administrative
Functions 5 5 5 5

Total 43 54 46 50
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Table IV-28 Unscheduled Maintenance Time for the Oxidizer Subsystem

TIME (minutes)

OXIDIZER RELIEF VALVE 3-WAY
TASK TANK & BURST DISC TRANSDUCER VALVE

Isolate Fault 1 1 1 1
Review Maintenance
Procedure 3 3 3 3
Obtain Spare 3 3 3 3
Travel to Subsystem 5 5 5 5
Bleed Down Pressure 0 0 5 5
Remove Access Cover 3 3 3 3
Disconnect Instrumen-
tation 0 0 1 1
Remove & Store Part 14 6 4 6
Install New Part 11 4 2 4
Connect Instrumenta-
tion 0 0 1 1
Replace Access Doors 3 3 3 3
Actuate System & Check
Out 0CS 5 5 5 5
Travel to Station &
Stow Gear 5 5 5 5
Perform Administrative
Functions 5 5 5 5

TOTAL 58 43 46 50
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Table IV-29 Unscheduled Maintenance Time for the Control Subsystem
TIME (minutes)
VAPORIZER,
SHUTOFF & RELIEF & FILTER & | 3-WAY
TASK CHECK VALVE | CHECK VALVE | REGULATOR { VALVE | TRANSDUCER

Isolate Fault 1 1 1 1 1
Review Maintenance
Procedure 3 3 3 3 3
Obtain Spare 3 3 3 3 3
Travel to Subsystem 5 5 5 5 5
Bleed Down Pressure 3 2 2 2 2
Remove Access Cover 3 3 3 3 3
Disconnect Instrumen-
tation 1 0 0 0 1
Remove & Store Part 4 4 6 6 4
Install New Part 2 2 4 4 2
Connect Instrumenta-
tion 1 0 0 0 1
Replace Access Doors 3 3 3 3 3
Actuate System &
Check Out 0OCS 5 5 5 5 5
Travel to Station
& Stow Gear 5 5 5 5 5
Perform Administra-
tive Functions 5 5 5 5 5

TOTAL 44 41 45 45 43
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Note that the maintenance times in Tables IV-26 thru IV-29
are average values. Should it become necessary to employ either
EVA or suited IVA, these estimates must be modified. The 'don
protective clothing" task must be increased to 3 hr, which includes
donning a pressure suit and breathing pure oxygen for 45 minutes.
In addition, EVA and suited IVA require a buddy system, or two
men. Furthermore, the task times in Table IV-26 must be multiplied
by 2.5 to account for the lack of mobility in a pressure suit.

F. RESUPPLY METHODS AND PROCEDURES

Resupply for a hybrid orbital APS encompasses all the activi-
ties from terrestrial storage, inventory control, and ground
handling to inflight removal of residual fuel and used motor com-
ponents. The activities also include earth-to-orbit transfer,
inorbit transfer, and transfer of material within the Space
Statiom.

1. Resupply Methods for Nonliquids

a. Terrestrial Handling Procedures - Replacement fuel grains
and other propulsion components will be stored at a facility near
the transfer vehicle launch area. The resupply facility would
contain a stock of replacement components, such as fuel grains,
motor seals, and expendable ignition system supplies, to meet
scheduled resupply requirements. There would also be a supply of
motor case/nozzle assemblies, oxidizer control valves, refurbish-
ment mechanisms, and other APS spares.

Replacement components would be stored and handled under pro-
cedures designed to maintain their operational capability. The
oxidizer control valves, butane trip valves, filters, regulators,
and instrumentation should receive careful handling and be pro-
tected from dust, salt spray, and extreme humidity and tempera-
ture. However, the motor cases, fuel grains, ignition system
replacement parts, and seals can be stored under less restrictive
conditions. Although no shelf life limitations are anticipated
for propulsion components, any restrictions that develop will be
carefully observed to ensure an available supply of component
parts to meet all resupply requirements.
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Before a resupply mission, the scheduled resupply com-
ponents and any additional spares replacements requested since
the last resupply will be selected from inventory, undergo a
final inspection and be packaged for shipment to the Space
Station.

b. Earth-to-Orbit Transfer - The packaged resupply components
and spare replacements are compatible with the logistics vehicle
and the launch enviromment. The size and weight of component
packages shall conform with the storage capacity of the logistics
vehicle. The packaging will protect the components from all
launch enviromments, including accelerations, shock loads, and
depressurization. The motor cases and fuel grains are rugged and
require minimum packaging to survive the launch environment.
Oxidizer valves, trip valves, and instrumentation will be more
securely packed to prevent damage.

c. Logistics Vehicle-to-Space Station Transfer - Supplies
can be transferred from the logistics vehicle by either direct
docking of the logistics vehicle or by a packed pantry resupply
approach. The Space Station will have several 1.5-m (5-ft) access
ports. The logistics vehicle can be designed to mate with one of
these access ports to provide direct pressurized transfer of sup-
plies and personnel to the Space Station. Supplies can be trans-—
ferred piece by piece (as conventional aircraft baggage) or in
standardized modular containers. Containerization facilitates the
transfer of supplies by reducing the number of packages. Although
the containers introduce a weight and storage problem, they reduce
the packing requirements of individual items.

The packed pantry concept offers a different approach to
resupply. The logistics vehicle delivers a resupply module that
mates with a Space Station access port. This module has been
stocked with all the supplies required by the Space Station over
the next 6 months.

This packed pantry approach offers four main advantages.
It’/adds storage space, which frees other areas of the Space
Station for more productive use. It also provides a centralized
storage location that reduces the chance of duplicating supplies
of the same article and simplifies inventory problems. Third, it
relieves the crew from an intensive resupply task every 6 months
by spreading the transfer of material over the 6-month period.
Finally, it provides a centralized location for waste.

IV-83
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However, the packed pantry approach has two disadvantages
—— parts availability and the risk of damage to propulsion compo-
nents -- which make it less desirable for a hybrid APS. During
propulsion refurbishment, and especially during repairs following
a malfunction, it is important that all required ports be conven-
iently located and available in the refurbishment area. Trips
back and forth to the pantry for parts would significantly add to
the refurbishment time and could affect Space Station operation
during a spin/despin maneuver. The second disadvantage lies in
the fact that hybrid APS components are precision parts. Although
the motor case and grain are rugged, they should only be handled
by qualified personnel. Therefore, all APS refurbishment replace-
ment parts should be safely stored in an APS refurbishment area,
which should be off limits to nontechnical personnel.

d. Internal Transfer of Supplies - Supplies can be transferred
within the Space Station as individual parts or in standardized
storage containers. Large items, such as motor cases or fuel seg-
ments, could be handled separately without specialized containers.
However, small items, such as filters, regulators, seals, valves,
and ignition system supplies, could be more conveniently trans-
ported and stored in closed containers. These containers could
slide along tracks in the access ports to facilitate transfer in
a zero-g environment. They could easily be moved by one man with-
out additional equipment. Following resupply, all APS replacement
parts would receive an arrival inspection.

e, Waste Removal ~ The hybrid APS is not a prodigious genera-
tor of waste. Scheduled replacement of parts is shown in the
resupply schedule in Table IV-30. Worn-out seals and ignition
components, along with residual fuel compose almost all of the
scheduled waste.

Residual fuel comes from.two main sources —— the APS motors
and the spin/despin motors. Fuel grains will have about a 5%
residue after firing. Therefore, at a mixture ratio of 2.4, the
APS motors will generate about 29.5 kg/0.028 m3 (65 lbm/ft3) of

charred fuel in 10 years of operation in the form of fuel shells
203 mm (8 in.) in diameter x 356 mm (14 in.) long x 1.27 mm (0.050
in.) thick. These charred, rubber-based fuel grains can easily be
shredded with a knife and disposed of along with food and human
wastes.

The spin/despin motors consume considerably more propellant
9,367 kg (20,650 lbm) in 18 months than the APS motors. These
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Table 1V-30 Scheduled TCA Resupply Requirements

Motor Assembly

Ignition Assemblies
Butane System

Heated Oxidizer Line
Precombustor
Forward Closure Retention Systems
Refurbishment Approaches
Movable Tube

Parallel Transfer
Nozzle Cap

Motor Assembly

Ignition Assemblies
Butane System

Heated Oxidizer Line

Pyrogen Igniter

Precombustor
Forward Closure Retention System
Refurbishment Approaches

Movabie Tube

Nozzle Cap

ATTITUDE CONTROL MOTORS*

3 Fuel Grains, 203 mm (8 in.) in diameter by 355 mm (14 in.) Long
3 Replacement Motor Seals

3 Replacement Butane Cans
3 Replacement Spark Plugs

3 Replacement Heating Elements
3 Replacement Grains
None

3 External Motor Seals
1 Set of Refurbishment Seals

9 Refurbishment Seals
3 External Motor Seals

SPIN/DESPIN MOTORST

12 Replacement Grains, 406 mm (16 in.) in diameter by 787 mm
(31 in.) long ~ 5 Segments
12 Replacement Motor Seals

12 Replacement Butane Cans
12 Replacement Spark Plugs

12 Replacement Heating Elements
12 Repltacement Igniters

12 Replacement Grains

None

12 External Motor Seals
2 Sets of Refurbishment Seals

12 External Motor Seals

*Resupply required every 6 months.

tSemiannual requirements for the 6-month and 12-month resupply. Motors, spares, and support
equipment may be removed after 18 months.
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motors generate about 10.9 kg (24 lbm of residual fuel during each

spin/despin maneuver, or about 109 kg (240 lbm) in 18 months.

2. TCA Resupply Requirements

Resupply requirements are subdivided into two classes:
scheduled resupply and unscheduled resupply. Scheduled resupply
is based on the projected total impulse required and the parts
replacement schedule. Any accelerated APS utilization or repairs
resulting from component failures will require the use of spares.
The spares requirements discussed in the previous section are
sufficient to maintain full APS operation for at least 1 year,
based on predicted failure rates. Spares used due to a component
failure or to an anticipated failure detected through malfunction
detection trend analysis would be replaced at the next resupply
to maintain the required spares inventory.

The scheduled semiannual TCA resupply requirements shown in
Table IV-30 were based on projected total impulse requirements.

3. Oxidizer Feed Assembly Resupply Requirements

The major resupply requirements for the selected OFA concept
are the LOX and the helium pressurant. The amounts required are
presented in Table IV-31.

a. Pressurant Resupply Techniques - The three resupply tech-
niques evaluated in this study were:

1) Blowdown:
2) Bellows;

3) Modular replacement.

In a blowdown system pressurant is resupplied by equal-
izing the pressure between a high-pressure storage compartment
onboard the logistics craft and the expended storage spheres
onboard the Space Station. There are two advantages to this
approach: a minimum of new technology is required, and the crew
commitment during the resupply is minimal. The main disadvantage
to this approach is that the requirement for transfer lines and
associated compartments increases the weight of the system. In
addition, residual pressurant remains onboard the logistics craft.

By using a bellows with a spring, motor, or manual drive,
it is possible to expel almost all of the helium. However, the
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Table IV-31 Consumable Resupply Requirements for the

Oxidizer Feed Assemblies

1v-87

RESUPPLY REQUIREMENTS

LOX HELIUM GAS
TIME PERIOD FUNCTION kg 1bm kg 1bm
0-10 days Attitude Control Maneuvers, Docking 0 0 0 0
Prior to CMG Activation
10-90 days Attitude Control & Docking 0 0 0 0
3-6 months Artificial-g Experiment 1 1210 | 2675.1 |28 61.8
6-9 months Artificial-g Experiment 2 1420 {3141 32.8 | 75.8
15-18 months | Artificial-g Experiment 5 1420 | 3141 32.8| 75.8
18 months ~ | Zero-g Station Attitude Control 62 | 132.84114.3 | 30.8
10 years (every 180 days)
7820 117299.1]402.0| 887.0
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life expectancy of a bellows is generally less than that of other
systems, such as the blowdown system.

Another approach is to resupply pressurant by modular’
replacement of the gas storage spheres. This system is lightweight
because no transfer lines and components are required and no resid-
ual pressurant is left onboard the logistics craft. Minor develop~
ment of new technology is required for this approach in the areas of
packaging, handling, and installation techniques. A larger crew
commitment is also required with this approach.

The use of a permanent volatile liquid pressurization
system eliminates routine pressurant resupply since the pressurant
is recondensed during propellant servicing. The advantages of
this approach are: (1) no resupply of pressurant is required;

(2) minimum weight is obtained; (3) crew commitment during resupply
is minimized; and (4) inflight maintenance requirements are re-
duced. Major disadvantages of this approach are the increased pro-
gram cost and increased development risk due to heat storage
material and ullage venting.

Another resupply approach uses a blowdown pressurization
system, wherein the pressurant is recompressed during propellant
servicing. Advantages of this approach are elimination of the
resupply of pressurant, minimized requirements for crew commitment,
and a reduction of the inflight maintenance requirements. The
major disadvantages of this approach are the reduction in perform-
ance flexibility and additional development required.

b. Oxidizer Resupply Techniques -~ Resupply techniques consid-
ered in this study were those limited to the intermediate or sub-
critical pressure range for the LOX. High-pressure or supercritical
transfer was not considered in this study because of three major
difficulties associated with this technique:

1) Thermodynamic control of the receiver tank;

2) A large mass of residual fluid remaining in the supply
tank;

3) A large structural weight penalty for the supply tank
due to its operating pressure.

The kinds of intermediate pressure transfer systems
considered were:
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1) Surface Force System - Relies on surface tension dif-
ferences between the liquid and vapor to orient or
collect the liquid for transfer;

2) Positive Expulsion Systems - Provide an essentially
impermeable barrier between the pressurant and fluid
to be transferred;

3) Dynamic Force System - Forces the fluid to move in a
manner such that the orientation of the liquid is
known and transfer can be accomplished.

Modular replacement of the expended storage tanks was also
considered.

The surface tension, or capillary containment system
using screens, was preferred over the dielectrophoretic surface
orientation system due to potential safety considerations. The
use of oxygen, combined with a possible electrical breakdown, can
result in a combustion hazard with the dielectrophoretic system.

The capillary system employs a single concentric screen
tank (Fig. IV-9). The concentric screen or perforated plate is
positioned near the tank wall to provide a liquid outflow path
(annulus). The bulk liquid, on demand, flows through the forami-
nous materials, into the annulus, and out the tank. The liquid/
gas interfaces at the individual pores of the material are stabi~
lized by surface tension forces. This small differential pressure,
on the order of 6.89 kN/m? (1 psia) or less, makes the preferential
fluid path.

The major advantage of capillary devices is that they are
lightweight, generally passive, and can be used for a number of
cycles of operation. The propellant storage life of a surface
tension device is excellent because of its lack of moving parts
and its all-metal construction. Uncertainties in storage or mis-
sion duration due to seal leakage, bladder permeation, radiation,
propellant effects on polymers, thermal cycling, etc, are elimi~
nated by the use of capillary devices for long-duration missions,

A major problem in the transfer of the oxidizer with the
capillary device is determining the quantity of commodity trans-
ferred and the amount remaining in the supply tank. This problem
becomes extremely difficult under zero-g or low-g conditions
because the location of the liquid and vapor phases is not suffi-
ciently defined. Gaging systems presently under development
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include pressure-volume—temperature, acoustical, radioactive tracer
gas, nuclear radiation attenuation, capacitance, positive displace-
ment, density-volume, optical, radio-frequency, flowrate measure-
ment, and point sensor. Venting requirements further increase the
complexity of these systems.

Capillary devices have been used for noncryogenic propel-
lant acquisition. The use of cryogenic fluids introduces thermo-
dynamic and heat transfer problems outside the scope of this
contract which can significantly influence the design of the
transfer system.* Phenomena that must be considered include:

1) Gravity level requirements for vapor/liquid interface
stability;

2) Vapor/liquid interface during draining and vapor in-
gestion;

3) Gas pressurant mass determination;
4) Transfer line chilldown;:

5) Receiver tank thermodynamics and venting.

Positive expulsion devices considered were bladders, bel-
lows, and diaphragm systems. Pistons present weight and moving
seal problems, and thus, were not considered.

A significant amount of work has been accomplished with
bladders (Fig. IV-10). Nonmetallic, folding-type bladders have
been successfully used with earth-storable fluids. Cryogenic fluid
expulsion presents problems in finding materials that are flexible
at cryogenic temperatures and can be incorporated in a satisfactory
design. Although considerable effort has been performed to develop
materials and adhesives that are both flexible and compatible with
LOX, and to develop satisfactory fabrication techniques, it is
felt that such systems will only be good for up to 30 to 35 cycles
on a reliable and repeatable basis.T

*
NASA is presently sutdying low-gravity propellant transfer
under Contract NAS8-26236.

"Handbook of Long-Life Space Vehicle Investigations (1967 and
1968). M-68-21. Martin Marietta Corporation, Denver, Colorado,
December 1968.
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- Formed metallic bellows (Fig. IV-11l) are under development
at Martin Marietta Corporation for cryogens.* The nested type of
formed bellows offers potentially high reliability and high expul-
sion efficiency. Although it is generally 25% heavier than a
basic system, the fluid quantity remaining, even at low gravity,
can be determined by measuring the stroke of the bellows. Cycle
life of 100 cycles should not be a problem.

Considerable effort has been devoted to both nonmetallic
and metallic diaphragms. Polymeric positive expulsion diaphragms
for cryogens have not operated successfully.+ Convoluted metallic
diaphragms are impermeable to propellants, and work well for one
expulsion. Recycling results in severe metal working, which
causes pinholing and failure in most cases.

The dynamic force system of interest uses an internal
paddle to provide a positive vortexing action to the fluid.T
Although this concept (Fig. IV-12) is attractive, its complexity
is beyond the scope of the subject contract. This concept does
have the advantage of reduced residuals, but has a fairly large
hardware weight penalty. 1In addition, the requirement for an
internal tank motor or a tank passthrough for applying rotational
motion to the paddle injection pumping would minimize hardware
weight, but increase the total electrical power requirement and
increase resldual liquid. This concept also has a slow start-up.

One simple concept for the tramsfer of liquid cryogens
is draining by linear or angular acceleration. Despite the sim-
plicity of this approach, this transfer concept is flowrate-
limited.

—
D. T. Corington and R. F. Fearn: C(ryogenic Metallic Expul-

sion Bellows Evaluation. NASA, CR-725B, NASA-LeRC Contract NAS3-

12017, Martin Marietta Corporation, Denver, Colorado, March 1969.

T3, A. Stark: Study of Low-Gravity Propellant Transfer, First
Quarterly Progress Report. GDC 584-4-549, Contract NAS8-26236.
General Dynamics Corporation, Convair Division, San Diego, Cali-
fornia, September 28, 1970.

§Handbook of Long-Life Space Vehicle Investigations (1967 and
1968)., M-68-21. Martin Marietta Corporation, Denver, Colorado,
December 1968.
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The weighted selection criteria presented in Section IV-A
were used to quantitatively compare different candidate design
approaches to establish the optimum design approach. Absolute
safety and advanced technical status by 1975 were primary selec-
tion criteria. To achieve absolute safety, no propellant toxicity
was allowed. No design was accepted that, through a single fail-
ure, could damage the Space Station or injure the crew. Further-
more, no design was accepted that, through any imaginable series
of failures, could do catastrophic damage to the Space Station.
Only designs that represent state-of-the-art 1975 technology were
used.

Table V-1 shows the 11 selection criteria that were used to
choose an optimum system. The candidate designs all satisfied the
primary selection criteria.

Using the selection criteria, the candidate design approaches
were rated separately for the ACS and spin/despin applications.
The evaluation of the oxidizer feed systems used a technique that
was somewhat different than that used for the TCA; this technique
is explained in Section Ciof this chapter.

A. TCA SELECTION

Consideration was given to such factors as physical size, re-
start requirements, duration of operation, and ease of refurbish-
ment. After considering the relative factors, a numerical rating
was assigned to each candidate design, based on the selection
criteria weighting factor, The design approach receiving the
highest overall rating was selected.

1. Propellant Selection

The results of the candidate propellant system evaluation are
shown in Table V-2. Safety, not unexpectedly, was the single
most important criterion for propellant selection. Neither H,0,
nor NTO can meet the high degree of safety required for use on a
manned Space Station. In the}(CPF/PF)/(Li/LiH/PBD) system, both
the oxidizer and the fuel introduce unacceptable handling and tox-
icity problems. Therefore, LOX or GOX are the only oxidizers that

V-1
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Table V-1 Quantitative Space Station APS Selection Criteria

» WEIGHTING
7 ITEM FACTOR COMMENTS

Resupply Requirements 20 Simplicity of resupply operation, small
size, and low weight of replacement
parts/propellant.

Maintainability & 15 Minimum number and complexity of maintenancel|

Repair and repair tasks.

Crew Requirements 15 Minimum manhours, flexibility of scheduling,
and minimum training or special skills.

Commonality 10 Interchangeability of parts and spares be-
tween motors.

Onboard Equipment 10 Minimum handling equipment, service equip-

Requirements ment, space requirements, and malfunction
detection and automatic monitoring equip-
ment.

Reljability 10 Minimum down time and maximum time between
failures.

Space Station 5 Minimum modifications to the Space Station

Interface Potential and no interference with other operations,
experiments, etc.

Performance 5 High specific impulse and repeatable per-
formance.

Weight 5 Minimum motor and equipment weight.

Growth 3 Flexibility of present system to handle in-
creased total impulse requirements for
build-up of Space Station.

Cost 2 Low motor, system development, and support

costs.
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meet the system requirement for absolute safety. A detailed
study of operational requirements showed that only GOX could meet
the short-pulse, multiple restart requirements expected for the
attitude control motors. However, the spin/despin motors can
operate in a single-burn mode, so the thermal transients asso-
ciated with LOX will not adversely affect motor operation.

All four fuel systems considered with oxygen are state—of-
the art. Each fuel system has its own maintenance, repair, and
resupply requirements. The selected fuel, PMM/PBD, combines min-
imum resupply requirements with a low minimum regression rate to
reduce maintenance and crew requirements., Polyethylene offers
slightly higher performance, but requires a significantly higher -
number of fuel grain replacements. Plexiglass delivers lower
performance at a lower O/F ratio and has a somewhat shorter fuel
replacement interval. Although TFTA/PBD is similar to PE in terms
of performance and replacement interval, it introduces handling
constraints not required for pure-binder fuel systems.

2. Fuel Grain Design

Five fuel grain concepts (Table V-3) were considered for use
in the ACS and spin/despin motors. The conventional grain has a
monolithic design with a cylindrical bore. The segmented design
is also a conventional cylindrical bore grain that is cut into
short cylindrical sections to facilitate grain handling. The
multiple port grain is equivalent to several single-port grains
fired in succession; this concept increases total impulse and
extends the fuel replacement interval. The moving grain concept
uses a solid, cylindrical, end-burning fuel grain; oxidizer feed
pressure acting on the forward end of the grain holds the grain
against the aft closure and advances it as the fuel surface re-
gresses. The trash grain uses Space Station waste products pressed
into a monolithic or segmented grain.

The multiple port, moving grain, and trash grain concepts would
require development programs to be operational by 1975. The con-
ventional monolithic (or segmented) cylindrical port grains have
been used in hybrid target vehicles and demonstration motors and
represent current technology. The smaller ACS motors will use the
monolithic conventional grain design, and the larger spin/despin
motors will use the segmented conventional grain design to facil-
itate handling.
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3. Ignition System Selection

The four ignition systems considered for the hybrid ACS are
ranked in Table V-4, The spark ignition system mixes a light
hydrocarbon gas (e.g., butane or propane) with GOX and sparks the
mixture; the resulting hot, oxidizer-rich gases heat the fuel
grain and initiate hybrid combustion. The heated oxidizer system
uses an electric heating element to preheat the oxidizer to approx-
imately 809°K. The precombustor igniter is actually a small spark-
ignited hybrid gas generator that supplies warm, fuel-rich products
to mix and combust with the main oxidizer stream. Similarly, the
pyrogen igniter is a solid gas generator that injects hot, fuel-
rich products into the main oxidizer stream.

Selection of the ignition system was primarily based on tech-
nical status. Butane and propane spark-ignition systems have
been used successfully for years at UTC with GOX on hybrid demon-
stration and test motors. Similarly, pyrogen igniters have been
developed at UTC for hybrid systems, and have been used success-
fully on a number of motors. Compared to these two proved igni-
tion systems, the heated oxygen system and the precombustor sys-
tem are only very promising concepts. Therefore, although a com-
parative ranking of these approaches (Table V-4) showed that the
heated oxygen ignition system was superior for the ACS motors,
only the pryogen and spark ignition systems were considered for
final selection.

The complexity of the pyrogen ignition system increases rapidly
for multiple-start applications, but the complexity of the spark
ignition system is nearly independent of the number of starts. The
pyrogen system would require a separate igniter for each restart,
which makes it unacceptable for the ACS motors. However, a pyro-
gen igniter can provide a safe, compact, reliable ignition system
for the spin/despin motors. The spark ignition system is ideal
for the ACS motors, where frequent starts are required. Once
the spark system and the propane feed system have been provided,
the number of restarts is limited only by the size of the propane
supply. The spark ignition system could probably be used with
LOX on the spin/despin motors since the initial oxidizer flow
will probably be gas; however, since the injector would be sized
for LOX, this system might not provide reliable ignition. Based
on these considerations and the quantitative ratings shown in
Table V-4, the pyrogen system was selected for the spin/despin
motors and the sparked gas system was selected for the ACS motors.
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4. Forward Closure Attachment Design

Five candidate designs were considered for use in attaching
the forward closure to the motor case. The first design uses a
standard snap ring that locks the closure to the case. The sec-
ond design uses a double bayonet concept, in which a ring locks
the closure to the case; a special hand grip tool can be used to
facilitate assembly. In the third design, the closure attaches
to the case and is held in place by a spring-loaded bayonet; the
closure is locked in place through a flange that screws into the
motor case., The fourth design uses several radial pins to attach
and hold the forward closre and case together; a strap, wire, or
tape retention design holds the pins in place. The fifth design
is simply a bolted flange concept using four bolts to hold the
forward closure to the case.

The snap ring, bayonet, and screw designs are not practical
for use with the large [about 406 mm (16 in.) in diameter] spin/
despin motors. However, these attachments were considered for
use with the smaller ACS motors.

In rating and evaluating attachment concepts, consideration
was given to the motion needed to attach the closure and to the
physical size of the closure. Considering a zero-g environment,
installing a snap ring using a ratchet or snap ring pliers is
superior to the rotary motion required to attach a bayonet or
screw flange. A special hand tool could be designed to facilitate
installation of a bayonet design. This tool would have to be
developed and maintained in operational condition.

A snap ring pliers is an off~the-shelf, reliable tool requir-
ing little or no maintenance. Another advantage of the snap ring
design is the elimination of a jammed closure during motor serv-
icing due to installation alignment and and cross threads. The
178-mm (7-in.) diameter ACS motors are large enough to accommodate
the snap ring attachment.

The radial pin attachment concept is a reliable, easy-to-use
method of attaching the forward closure of the larger spin/despin
motors. A pin attachment has an advantage over the bolted flange
concept since no rotary motion or torque is required to install
the pins. The spin concept will require a pin extraction tool to
facilitate the removal of the pins during motor refurbishment. A
strap using a suitcase-type latch will be used to hold the pins
in position during motor standby operation. As an added precau-
tion to accidentally opening the latch and unstrapping the pins,
the latch can be cotter-keyed in the closed position.
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The attachment concepts were rated as shown in Table V-5.
The shear pin design offers the greatest safety, as well as high
reliability, low maintenance, and minimum crew requirements, and
was selected for both the ACS and spin/despin motors.

5. Motor Refurbishment Concept

Three refurbishment approaches were considered for servicing
the ACS and spin/despin motors. All three concepts provide for
a shirtsleeve environment during motor servicing.

The first concept uses a movable attachment tube. During re-
furbishment, the tube is used to retract and extend the motor.
During standby and firing, the tube is in storage or used to
service another motor. Two tube sizes are required: one tube is
used to service the smaller ACS motors, and the other tube, to
service the larger spin/despin motors.

The second concept uses a permanently mounted chamber for
each motor. The motor is retracted into the chamber and rotated.
A door in.the bottom of the chamber provides access to the motor
for servicing.,

In the third concept, a cap is positioned over the end of the
nozzle and the motor is serviced while attached in its operational
position. '

Since the spin/despin motors are oriented radially with re~
spect to the Space Station axis, the movable tube and nozzle cap
are the only two applicable motor refurbishment approaches for the
spin/despin motors. Note that the nozzle cap extends well beyond
the thruster pad and may present a problem during launch.

The three motor refurbishment concepts are rated in Table V-6.
All three approaches are considered safe and state-of-the-art. %
The movable tube approach held the highest rating for both the ACS
and spin/despin motors. It scored highest in maintenance, on-
board equipment, reliability, and weight. The parallel transfer
approach scored highest in crew requirements, but ranked low in
onboard equipment and weight. The nozzle cap approach was not
outstanding in any category, and was rated low in maintenance and
crew requirements.
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B. DESCRIPTION OF SELECTED TCA DESIGN

MCR-71-11 (Vo1 1I)

Table V-7 summarizes the design concepts and approaches that
have been selected for the ACS and spin/despin motors and for the

refurbishment equipment.

The selected esign features a safe, re-

liable, easy-to-maintain system that provides optimum performance
over the required operating life.

Table V-7 Selection Summary

CONCEPT

ACS MOTOR

SPIN/DESPIN MOTOR

Refurbishment

Ignition System
Fuel Grain

Propellant SeTection

Movable Tube

Forward Closure Attachment Shear Pin

Sparked Propane

Monolithic
(Cylindrical Port)

PMM/PBD & GOX

Movable Tube
Shear Pin
Pyrogen Igniter

Segmented
(Cylindrical Port)

PMM/PBD & LOX

1. ACS Motors

The ACS motors will use PMM/PBD fuel with GOX.

The fuel grain

will be a monolithic (one-piece) cartridge having a cylindrical

port design. The igniture will use sparked gaseous propane mixed
with GOX. A shear pin attachment design holds the forward closure
The shear pin will facilitate removal and in-
stallation of the forward closure.

to the motor case.

The movable tube motor refurbishment concept was selected for
the ACS motors. During refurbishment, a tube assembly will be
placed over the motor and attached to the motor mounting pad.
This tube assembly will contain a sliding door with an external
seal that closes off the motor port hole after the motor is re-

tracted into the refurbishment tube.

The tube will then be re-

pressurized. The door will remain in position during motor removal
After refurbishment, the motor will be ex-
tended into its operational position and the tube assembly (includ-
ing the environment door) will be removed and stored until needed
for another motor refurbishment.

and motor servicing.
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2. Spin/Despin Motors

The spin/despin motors will use PMM-PBD fuel with liquid
oxygen (LOX). The fuel grain consists of segmented cartridges
having a cylindrical port design. The segmented feature allows
for ease of handling during motor refurbishment. A pyrogen
igniter will provide ignition of the motor.

The forward closure is held to the motor case by 16 radial
shear pins. A circumferential strap holds the pins in position
during standby operation. The strap is locked in position with
a suitcase-type latch and cotter keyed to prevent accidental
unlatching., A special pin extracting tool will be used to re-
move the pins during motor servicing. Motor refurbishment will
be accomplished using the movable tube appreoach in the same man-
ner as the ACS motors.

C. OXIDIZER FEED ASSEMBLY SELECTION

1, Selection Procedure

A number of OFAs and resupply techniques were conceived, based
on resupply/repair and performance considerations. Each candidate
was evaluated against the selection criteria presented in Table
V-1 to determine the optimum system and resupply/repair methods
to fulfill the 10-year life requirement.

The evaluation of candidate methods for a given application
generally is based on consideration of a number of selection cri-
teria, Xl’ XZ’ e s v g Xn' Furthermore, these criteria are

welghted numerically. Two types of weighted criteria are em-—
‘ployed: qualitative criteria of "go" or "no-go" character that
candidate methods must satisfy to be acceptable, and quantitative
factors that the methods can fulfill in varying degrees. Examples
of the two categories are:

Qualitative Criteria Quantitative Criteria
Safety Performance
Stage-of~the-Art Weight

Size
Cost

Reliability

V-13
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Some of the rating criteria can be both quantitative and
qualitative, depending on the requirements of the application.
For example, if a maximum weight of 100 kg (220 1b) were a re-
quirement, all systems heavier than this would be eliminated.
Systems lighter than this would be rated quantitatively.

The evaluation technique is considered an objective technique
since the "figures of merit" that are used are independent of the
system evaluation and are established before the evaluation. In
the evaluation, an identical set of requirements and constraints
is imposed on each method counsidered.

The figure of merit approach requires that each of the quan-
titative criteria be considered individually. This may be repre-
sented mathematically as:

1
¢ = Z (bi’ [v-1]
i=1
where:
¢ = Overall figure of merit;
¢i = Figure of merit for each quantitative criterion.

Furthermore, the number of individual figures of merit are
reduced by placing the figures of merit in terms of certain com-
mon parameters. For example:

bl?Y
_ [(¢1)a ($2) ] [(V-2]
n (63)° (¢u)d -

¢

The location of ¢, in the numerator or denominator depends on

whether or not the particular ¢, improves or degrades @n.

The exponents a, b, c, d, and y represent the weight factors
assigned to each criterion. Their values are determined in the
following manner. For those common parameters making up the fig-
ure of merit, the lowest weighting factor is used as the base, and
the exponents are determined accordingly. For example:
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a

(WF1)™ = (WF);
WED® = (WE),
[(v-3]
WF)S = (WF)j4
(WFl)d = (WE)y

The same approach is used in determining the exponent y, etc.

Preliminary screening eliminated a number of candidate oxi-
dizer feed assemblies due to safety and state-ocf-the—-art con-
siderations (Table V-8). Systems 3, 4, 5, 8 and 11 were elim-
inated because they involve combustion during the pressurization,
which we believe presents a potential safety hazard. Systems 15
and 18 were eliminated because the elastomeric bladder materials
are not compatible with cryogens. The jet pump, despite its
simplicity, has never worked. The turbopump system was eliminated
because turbopumps that small have never been developed and be-
cause the moving parts of the turbopump present reliability prob-
lems for a long-life manned system. Systems 6 and 7 were elim-
inated because, although they appear attractive, their feasi-
bility has not been demonstrated

Table V-8 Candidate Systems Eliminated

SYSTEM DESCRIPTION REASON
3 Heater, Self-Pressurization Safety )
4 Heat Sink Material, Self-Pressurization | State-of-the-Art
5 Hydrazine Main Tank Injection Safety
6 Electromechanical Bellows State-of-the-Art
7 Mechanical Bellows State-of-the-Art
8 Solid Gas Generator (Bellows) Safety
9 Jet Pump State-of-the-Art
10 Turbopump State-of-the-Art
11 Solid Gas Generator (Capillary Screen) Safety
18 Blowdown Stored Gas (Bladder) State-of-the-Art
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The feed systems were evaluated using the following figure-
of-merit relation:

_ 1.86 1.68
¢ =0 (0g) () [v-4]
where:
¢ = Overall figure of merit; !
¢ps = Figure of merit for the feed system;
¢R = Figure of merit for the resupply requirements;
¢m = Figure of merit for maintenance and repair.
The figures of mexit for growth potential, Space Station inte-
gration potential, onboard servicing, etc, are assumed identical
for all candidate systems. These assumptions are believed valid
since all candidate systems are similar.
The figures of merit are evaluated in terms of reliability
(R), cost (R), crew time (c), and weight (W) or mass fraction
(A). Thus
2.32
R
¢ T TRy [V-5]
ps w2.32 8
where the crew time is assumed equal for all systems;
2.32 ,2.32
_ R A
B c
and
1
¢ = 9 [V"7]
m W2°32 8 C3.91

where the reliability is assumed constant for all systems.
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The exponents used in the figures of merit for all system
calculations (¢ps’ ¢R’ and ¢m> were obtained from the following

relations using the weighting factors in Table V-1.

22 = 15 a = 3.91

2b = 5 b

2.32

The base 2 was used since it was the lowest weighting factor con-
sidered for these parameters.

For the overall figure of merit, the exponents were obtained
as follows:

1%
]

20 1.86

]
]

d

5 =15 d = 1.68

The base 5 represents the lowest weighting factor for this case.

The data used to determine these numbers were derived in the
following manner. Each system was considered by parts, and the
corresponding weights, costs, reliabilities, and crew timzﬁhwere
determined. The values for these parts are presented in Tables
V-9 thru V-12. Common numbers were used for all systems, which
minimizes judgment errors because they are cancelled when one
uses a relative comparison method.

Table V-9 Component Neights*

COMPONENT WEIGHT UNITS COMPONENT WEIGHT UNITS
Bellows 7.2 Pressure Gage 1.2
Bellows Casing 12.8 Fi1ll & Vent 0.2
Tubing 0.6 Three-Way Valve 0.8
Quad Check Valve 1.0 Electric Motor 5.0
Relief Valve 0.3 Spring 2.0
Burst Disc 0.5 Gas Tank 158.0
Shutoff Valve 0.4 LOX Tank 11.4
Filter 0.2 Capillary Screen 2.0
Regulator 1.2 Diaphragm 6.0
Pressurant Tank 6.2 Vaporizer 1.0
*

Weight of attaching structure and remote instrumentation not
included.
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Table V-10 Component Cost*

COMPONENT COST UNITS COMPONENT COST UNITS
Bellows Assembly 20,000 Ny Tank 15,000
Quad Check Valve 160 Fill & Vent 820
Relief Valve 200 Three-Way Vaive 800
Burst Disc 15 Spring 500
Shutoff Valve 500 LOX Tank 20,000
Filter 1,000 Diaphragm 2,000
Regulator 10,000 Vaporizer 2,000
*
1gASA Pressurization Design Guide. Report No. 2736, July

66.
Table V-11 System Cost*t
SYSTEM | LAUNCH COST | SYSTEM COST | TOTAL COST
13 875,000 245,380 1,120,380
14 877,000 245,380 1,122,380
16 878,000 229,100 1,107,100
17 880,000 235,380 1,115,380
1 902,000 245,380 1,147,380
2 908,000 250,580 1,158,580
12 1,420,000 177,180 1,597,180
*NASA Pressurization Design Guide.
Report No. 2736, July 1966.
tSpace Station Definition, Vol V - Subsystems.
MSFC-DRL~16, Line Item 8, Contract NAS8-25140.
Table V-12 Component Reliability (2.4 yr)
FATLURE RATE/ FAILURE RATE/HR-

NAME 105 HR OF OPERATION | NONOPERATE RELIABILITY
Bellows 2.237 0.000002 0.958"
Diaphragm (Metal) 0.800
Electric Motor 0.300
Low~-Pressure Tank 0.180
Annular Screen 1.400
Regulator 2.140
Quad Check Valve 5.000
Relief Valve 5.700
Shutoff Valve 6.500
Filter 0.300
Fi11 & Vent Valve 5.700
Three-Way Valve 4,000

*
Spring 0.220 0.000002 0.958
* I3 b I3 - —
Reliability = (Roperate> (Rnonoperate)'
th
Roperate‘ajo‘gggg (for values of e to the n” power <0.001, the

Rnonoper‘ate

~20.9589,

reliability is approximately = 0.9999).
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The weight and cost of components for the calculation of the
figure of merit for maintenance were obtained in the following
manner. Using the results from the calculation of redundant re-
liability, we estimated that a half-system reliability of 0.61
would give a redundant reliability of 0.96.
in determining the times necessary for system replacement. The
component failure rates were the same, so the time for replace-

ment was a function of component number.

in the equation

t = 247,500/n

Thus, 0.61 was used

The calculation resulted

where t is the replacement time in hours and n is the number of
components. Task times are presented in Table V-13.

Table V-13 Estimated Task Times

PRESSURIZATION

PROPELLANT STORAGE

& TRANSFER SUBSYSTEM
COMPONENT SUBSYSTEM (minutes) (minutes)

Tank 81 255
Quick-Disconnect Valves 74 160
Three-Way Valve 85 211
Pressure Regulator 76 165
Check Valve 71 160
Relief Valve 78 167
Burst Disc 78 167
Filter 59 93
Lines & Fittings 144 213
Solenoid Valves 73 162
Motor 69

Spring 153
Annular Screen 231
Diaphragm (Same as Tank) 255

V-19
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The replacement weights and costs were obtained by dividing

the system weight and cost by the number of years between replace-
The crew time was obtained from the unscheduled maintenance

ment.

calculation.
obtained from previous calculations.

The reliability, weight, and cost of the system were

The results of the calculations for the feed systems are pre-
sented in Table V-14.

The resupply systems that were considered are listed in Table

V-15. The results of the resupply analysis are presented in
Table V-16.
Table V-14 Evaluation of OFA Systems
¢ps n
R wps Bps o R W B 0 ¢
NO. NAME ps | {x102) [ ($ in millions) ps | {x102) | (x102) | (x105 %) C m (x10-2)
1 Blowdown Gas, | 0.85351 1.756 1.482 L1265 | 3.32 | 0.999 1.39 1.19 | 0.366 | 1.04
Bellows
2 Regulated Gas, | 0.8585 | 1.804 1.6585 .105 3.32 | 1.02 1.425 1.15 10.383 | 0.93
Bellows
12 Gaseous Feed 0.9328 | 6.608 2.097 .00507} 9.35 | 0.31 0.63 0.395 | 8.48 0.784
13 Blowdown Gas, | 0.8535 | 1.384 2.1204 0.153 3.32 | 0.786 1.39 0.895|1.94 [26.3
Capillary
Screen
14 Regulated Gas, | 0.8238 ] 1.40 2.1224 .138 3.32 | 0.89 1.57 0.905 ] 1.21 8.5
Screen
16 Blowdown Gas, | 0.8535{ 1.584 1.8571 L1275 | 3.32 10.90 1.30 2.32 10.0365] 0.02
Diaphragm
17 Regulated Gas, [ 0.8238 { 1.60 1.86538 .115 3.32 | 1.02 1.495 2.34 |0.0231} 0.01
Diaphragm

Table V-15 Resupply Techniques

OXYGEN RESUPPLY

Bellows & Spring
Bellows & Motor

Bellows & Manual Drive

Bellows & Gas
Bladder & Gas
Diaphragm & Gas
Screen & Gas

Modular Replacement

Paddle/Vortex

PRESSURANT RESUPPLY
Blowdown

Bellows & Spring
Bellows & Motor
Bellows & Manual Drive
Modular Replacement
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Table V-16 Resupply Evaluation

a) LOX Resupply
C 8 R
NO. APPROACH R A (hr) | (x108) |(x1073)
1 | Bellows & Spring 0.9227 | 0.705 [0.784 1 0.71616 |1.33
2 | Bellows & Motor 0.9235 | 0.685 |0.815 { 0.69276 |1.12
3 | Bellows & Manual Drive {0.9259 |0.710 |1.2 0.68776 [0.270
4 | Bellows & Gas 0.9230 | 0.677 |0.784 |1 0.62876 |1.38
5 | Bladder & Gas 0.5563 [ 0.748 [0.784 | 0.60876 |0.559
6 | Diaphragm 0.9397 | 0.740 {0.784 } 0.61036 |1.80
7 | Screen & Gas 0.9298 | 0.746 |0.784 1 0.80716 |1.38
8 | Modular Replacement 0.9978 1 0.848 2.4 0.4807 [0.0445
9 | Paddle/Vortex 0.9396 | 0.710 {0.815{0.89786 }0.970
b) Pressurant Resupply
C 8 ‘R
NO. APPROACH R b\ (hr) | (x10°) [ (x10-3)
1 | Blowdown 0.9427 | 0.049810.75 | 0.24486 |9.35
2 | Bellows & Spring 0.9227 | 0.0437|0.75 | 0.36336 |4.95
3 | Bellows & Motor 0.923510.048 |0.785 ] 0.35676 [5.95
4 | Bellows & Manual Drive [ 0.9259 | 0.0462(1.17 | 0.35226 {1.03
5 | Modular Replacement 0.9981 | 0.0646]2.27 |0.12872 |0.548

y-21
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2. Description of Selected OFA Design

The leading oxidizer feed system is the blowdown system with
gscreens. This system is undergoing development as the propulsion
system for the Grand Tour spacecraft, as well as for zero-g pro-
pulsion on the Shuttle. Thus, this system has been selected as
the preferred oxidizer feed system.

The preferred resupply methods are:

1) Oxidizer -- Blowdown gas with screens;

2) Pressurant —— Blowdown.

The blowdown system with screens is rated equal to the bellows
system for resupply of the oxidizer. However, to minimize develop-
ment cost, the screen system is selected since this is also the
preferred system for the oxidizer feed system. The bellows system
presents materials problems if it is considered for reuse.

The blowdown system for the pressurant resupply is preferred
since it minimizes crew time but is economical and possesses good
reliability.

Note that in this analysis, crew time is of major importance.
As a result, the preferred systems/methods are those that minimize
crew time. Changing the weighting of the evaluation criteria
would, of course, change the results.
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The conceptual hybrid APS meets all APS performance require-~
ments and has high safety and reliability, low maintenance and
resupply requirements, and minimum weight. The design approaches
presented in Chapter V were further optimized to minimize mainte-
nance, repair, and resupply requirements. Propulsion operating
conditions were optimized to ensure long nozzle life. Oxidizer
flow components were optimized, based on the selection of LOX for
the spin/despin motors and GOX for the ACS motors. Ignition sys-
tem designs were optimized, and a fluidic propane injection sys—
tem was selected for the ACS motors to reduce maintenance and
increase reliability.

The APS was designed to operate safely and reliably for 10
yvears with a minimum of required inflight maintenance. Only state-
of-the-art designs were considered, and off-the-shelf components
were employed wherever possible. The spin/despin motors were
optimized for the planned five artificial-g cycles during the
first 18 months. In spite of their larger size, these motors
were designed to be handled and refurbished by one man to reduce
crew requirements. The integrated hybrid APS was designed with
16 ACS motors and three spin/despin motors; all associated lines
and valves were located on two thruster pads. Mass requirements
were evaluated for the ACS motors, the spin/despin motors, and
the OFAs. Performance and exhaust products were evaluated for
the hybrid APS, and ballistic data were presented for both motors,
Reliability predictions were made for both motors and the complete
system. The numerous safety features of the selected hybrid APS
were compiled.

This task was composed of the following subtasks:

Subtask Description
1 Long—-Life Methods Design Guide

TCA Design Optimization
Attitude Control Motor Design
Spin/Despin Motor Design
Oxidizer Feed Assembly Design
Propulsion System Facilities
APS Mass and Performance

APS Safety and Reliability

R N W
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A. LONG-LIFE METHODS DESIGN GUIDE

This section presents the design philosophy and design guide-
lines used to design the conceptual hybrid APS. This propulsion sub-
system must have a long-life capability in space to satisfy the re-
quirements of the Space Station. Long life is interpreted to mean:

1) Long exposure to the space environment (V10 yr);

2) Long total engine burntime (v2000 sec for the ACS
motor and ~10,000 sec for the spin/despin motors);

3) Many engine ignitions in space (v200 for the ACS
motors) ;

4) Any combination of these requirements.

The life capability of the APS is a major consideration affect-
ing the operating life of the Space Station. The long-life design
methods presented below are tailored specifically for the hybrid
APS although much of the data is applicable to other propulsion
subsystems or similar types of subsystems.

The probability of successful hybrid APS operation for a
specified period of time is basically a function of the wearout
and rundeown failure characteristics of the components that make
up the hybrid APS, To determine what techniques are required to
obtain the necessary reliability and safety for the 10-yr Space
Station mission, it is necessary to ascertain whether wearout or
rundown failures are dominant. Operating redundancy will not
minimize wearout problems since redundant components are wearing
simultaneously; redesign, standby redundancy, or replacement are
the principal methods that can be employed to increase life. De-
creasing the rundown failure rate will not solve the wearout
problems.

Specific ground rules for establishing the most effective
technique depend on the specific application. For our applica~
tion (i.e,, an APS for a Space Station for 10 yr), the operational
requirements can be met only by employing inflight maintenance.

A previous analysis had shown that the required reliability could
not be obtained with a nonmaintainable ACPS. The total weight

(or perhaps some other constraint) for the nonmaintainable APS

is determined from the sum of the component weights for each time
period. Similarly, another curve is determined for the maintain-
able case by determining the weight of the spares, isolation and
detection equipment, etc, to achieve the same mission requirements.
The following figure shows the general shape of the curves and the
crossover point,
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Maintain

Weight -

Mission Time

Fig. VI-1 HWeight vs Mission Time for Maintainable and
Nonmaintainable Propulsion Systems

1. Design Philosophy

Achieving long-life in the hybrid APS components requires the
utmost attention to detail in adhering to a design philosophy de-
signed to eliminate life-shortening factors in APS operations.
This requires a complete familiarity with all of the APS design
factors and as complete an understanding as possible of the ele-
ments involved in the installation, checkout, and operation of
the APS on the Space Station.

One method of providing a long-life capability for the hybrid
APS is to design all life-critical parts with large margins, i.e.,
the operating margins on the performance of the components. One
area in which large margins can significantly contribute to long
life in the hybrid APS involves the combustion chamber temperature
margin. For example, decreasing the maximum chamber wall temper-
ature from 3100°F to 2000°F* would increase chamber life from 30
minutes to more than 1000 hr. Similarly, the design margin for
resisting internal pressures should also be large for the pres-
surant tanks, oxidizer tanks, combustion chambers, and associated
plumbing.

Another means of achieving long life is to use self-healing
characteristics in portions of the system that are subject to
damage from long use or subject to unacceptable leaks,

A major problem in the past has been the thermal control of
various subsystems. Therefore, the operating temperatures of the
various components of the propulsion subsystem must be controlled
within their design limits.

*L, R. Bell: "Long-Life Reaction Control System Engines and
Valves." AIAA Paper 70-603. AIAA 6th Propulsion Joint Specialist
Conference, June 15-19, 1970.
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The design of the hybrid APS has to enable proper operation
in spite of failures. It is imperative that the failure of a
critical component be eliminated if that failure could result in
the loss of a single function or induce nonstandard operating con-
ditions that would cause other components to be overstressed and
enable failures to propagate, not only throughout the propulsion
subsystem, but also throughout the Space Station. The only prac-
tical way of avoiding this problem is through the use of redun-
dancy —- either by paralleling two or more physically identical
systems, or by paralleling two or more functionally similar, but
physically different systems. Functional redundancy in the paral—
leling of physically different, but operationally identical sub-
systems offers greater protection against casual failures, and in
many cases can be designed into the system at relatively low cost
in terms of power, weight, volume, and complexity.®

Another approach to long life is to use alternative operating
methods to satisfy Space Station APS requirements. An example
might be to use the environmental life support system to provide
the oxygen.

Hardware commonality with other subsystems, when combined with
inflight maintenance, provides another means of improving APS re-
liabdility.

It has long been recognized that reliability is enhanced by
using the simplest possible design that will satisfy the required
functions. This philosophy generally leads to designs in which
the total number of parts is minimized. Obviously, for the design
of long-life components, it is even more desirable to minimize
the number of parts subjected to wear. This generally results in
reducing the number of moving parts.

Another major consideration in the design of long-life propul-
sion subsystems is a thorough analysis of failure modes and effects.
In addition, scrupulous attention must be devoted to developing
adequate quality control techniques during all phases of fabrica-
tion, assembly, and testing.

*R. Draper, T. Gavin, and E. Grogin: '"Achieving a Long-life,
Reliable Spacecraft: An Overview.'" Jet Propulsion Laboratory,
Pasadena, California, June 19, 1970.
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Finally, a long—-life propulsion system design can only be
assured through subjecting the engine to a comprehensive test
program during the development program. This program should in-
itially cover, to the greatest extent possible, the full range
of expected operational and environmental factors expected in the
actual mission. To provide assurance of achieving a successful
mission, ground tests should be structured to produce complete
evaluation of the variables of engine functions, and environments
expected during the life of the Space Station. Based on the ex-
perience of the Mariner program,* the overall test program should
include: ‘

1) Screening Tests - Before assembling type approval or
flight propulsion systems, components are screened at
extreme test levels to ensure that the components
selected will be as free of infant mortality as pos-
sible, and as reliable as possible;

2) Developmental Test - Developmental tests are performed
to confirm the analysis used to construct the selected
design approach;

3) Type Approval Tests - Type approval tests are the
formal environmental qualification tests of the engine
design;

4) Flight Acceptance Tests - These tests verify that manu-
facturing and workmanship quality are acceptable for
flight;

5) Life Tests - These tests provide information about the
operating characteristics of the engines as a function
of time, and are used to estimate the useful life of
the engines and their components.

2. Design Guidelines

The design guidelines presented in Table VI-1 are based on
general "do's" and "don't's" for long-life space components.T
These general guidelines have been updated and modified for hybrid
auxiliary propulsion subsystems. ‘

* .. .

R. Draper, T. Gavin, and E. Grogin: Achieving a Long-Life,
Reliable Spacecraft: An Overview. Jet Propulsion Laboratory,
Pasadena, California, June 19, 1970.

tHandbook of Long-Life Space Vehicle Investigations. M-68-21.
Martin Marietta Corporation, Denver, Colorado, December 1968.

VI-5
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Table VI-1 Design Guidelines for a iLong-Life Hybrid APS
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DOs
Design to meet the environment.
Build the subsystem as designed.
Test to see that the design is met.
Subject electronics to temperature cycle tests.
Use margin tests on mechanical items.
Build the subsystem clean.
Incorporate rupture diaphragms into the ordnance valve body if possible.
Use spherical (ball-poppet) seals where possible.
Restrain Teflon on three sides to reduce cold flow.
Apply switch actuation and release forces directly to the contacts.

Exercise care in selecting pressure regulators because only a few are designed for use under
the space environment.

Coat vacuum-exposed surfaces of polymer seals with an evaporation barrier.
Ensure that minimum seal stress is maintained under all environments.
Remember that some seal materials degrade in the space environment.

Use screen-type positive expulsion devices if possible.

Use nonconductive mountings for cryogenic storage tanks.

Iinsulate the spacecraft skin near the cryogenic storage tanks.

Minimize the need for controls in pressure-fed rocket propulsion systems because control
valve failure rates are high.

Test for environmental compatibility and emphasize the possible interaction of the environ-
ments. For example, radiation affects some materials differently in a vacuum than in an
oxygen atmosphere.

Evaluate the effect of mission duration on failure modes and failure mechanisms. For
longer missions, different failure modes and failure mechanisms may become the major
life-1imiting factors.

Reduce the probability of cold welding by using contact materials that are dissimilar, and/or
have hexagonal structure, and/or are mutually immiscible in the 1iguid state, and/or by main-
taining a Tubricant film between contact surfaces.

Provide adequate conductive heat removal, especially for polymer Tubricants that require
special heat-dissipation consideration.

Prevent outgassing contaminants from condensing on optical surfaces.

Use conservative opening and closing vaive force margins (a margin of 300% is suggested).
Verify these margins by test.

Use redundant seats and solenoids in valves when practical, and prove force margins with one
and both solenoids operating.

For vacuum exposures, design valves so that all moving, mating parts are on the pressure
side of the valve.

Design cryogenic storage tanks so that welded or brazed joints can be thoroughly inspected.
Hold welded or brazed joints in cryogenic storage tanks to a minimum.
DON'Ts
Don't ignore the obvious.
Don't forget that metal seals may cold weld.
Don't expect long 1ife from rubber O-rings.
Don't forget that leaks due to contamination are a major cause of valve failure.

Don't use Teflon seats at temperatures above 300°F because they are easily damaged by large
particles and vibration.

Don't forget that Teflon will cold flow.

Don't plate internal valve parts exposed to fluid.

Don‘t forget that some solders melt at relatively low temperatures.
Don't forget that some seal materials may vulcanize to the seal gland.
Don't expect convoluted metal diaphragms to recycle.

Don't forget that machining may expose subsurface inclusions in metals that have been rolled
or extruded.

Don't allow a malfunction to release toxic gases that might harm men or equipment.
Don't depend solely on redundancy to provide reliability.
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B. TCA DESIGN OPTIMIZATION

1. Motor Operating Point

Selecting the optimum motor operating conditions involves
trading off maintenance, repair, and resupply requirements. Since
fuel grain replacement is the primary maintenance function for a
hybrid TCA, minimizing maintenance means maximizing the total
impulse between grain changes. For a given thrust level based
on the parametric motor analysis performed in Chapter III, maxi-
mizing the total impulse means using higher O/F ratios and higher
chamber pressures to increase the maximum port area and expansion
ratio.

A hybrid APS will have minimal repair requirements unless the
motor operating conditions are severe enough to require frequent
replacement of the motor case and nozzle assembly. A molybdenum
disilicide-coated, radiation-cooled molybdenum motor case and
nozzle assembly has been selected as the optimum design approach.
The silicide coating on molybdenum has a long history of estab-
lished fabrication techniques, During tests* with an NTO/(85%
NoH, /15% H,0) propellant system, a MoSij~coated molybdenum throat
survived firings of over 1000 sec at 862 kN/m? (125 psia) at a
wall temperature of 1783°K (2750°F) without being damaged, In a
final test, the throat temperature exceeded the melting point of
the MoSi, ccating and failure occurred at a throat temperature
of 2033°K (3200°F). These and other tests indicate that MoSi,
coatings can provide nearly unlimited protection for molybdenum
cases as long as the temperature is held below 1922°K (3000°F)
and the boundary layer is not oxidizer-rich.

Because both the ACS and spin/despin motors operate for an
extended period of time during their required lifetimes, the maxi-
mum steady-state throat temperature must be upder 1922°K (3000°F)
and the maximum short-—term temperature for pulsed operation should
be substantially less than this. Based on current impulse require-
ments, the average 222-N <SO—lbf> ACS motor will be fired in

hundreds of pulses for a total of about 2000 sec during its 10~
yvear life, and the three baseline 1114-N (250—1bf) spin/despin

motors will be fired 10 times for a total of about 9300 sec during

*N. R. Balling and R. I. Batista: '"Rocket Engine Evaluation
of Protective Coatings." AIAA Paper 68-597.
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18 months. By holding the maximum throat temperature below 1922°K
(3000°F) and by providing a fuel-rich boundary layer, the spin/
despin motor cases can be expected to complete their mission with-
out being replaced. Similarly, by holding the ACS motor throat
temperature after a 10-sec firing to between 1367°K (2000°F) and
1478°K (2200°F), the ACS motor cases can be expected to survive

10 years without replacement.

The nozzle thermal analysis performed in Chapter LII showed
that oxidizer~rich operation was incompatible with long nozzle
life, But hybrid combustion is fuel-rich, and the flame zomne O/F
ratio is only approximately 75% of the motor O/F. The boundary-
layer cooling effect in the aft closure and nozzle is strengly
affected by the nozzle contour. The unsubmerged nozzle contour
chosen for the APS motors will maintain a cool, fuel-rich boundary
layer to protect the aft closure and nozzle. The O/F ratio in
this boundary layer should be equivalent to about 67% of the motor
O/F ratlo, or slightly cooler than the temperature in the flame
zZone.,

Oxidizer rich operation dramatically increases the boundary-
layer temperature and shortens nozzle life. A boundary layer
O/F = 1.33 and a chamber pressure of 552 kN/m? (80 psia) is re-
quired to limit the steady-state maximum throat temperature to
less than 1922°K (3000°F). This allows for time variations or
special variations in throat temperature without damaging the
MoSi, protective coating.

The regression characteristics of PMM/PBD fuel with oxygen
favor a slight shift to fuel-rich operation during motor firing.
When the oxidizer mass flux, GO is above about 7.037 kg/mz—sec

(0.0l lbm/in.zvsec>, the fuel regression rate is roughly propdr—
tional to GQ. However, at lower values of Go, radiation effects

flatten the regression rate curve and tend to make a motor with

a central part grain operate fuel~rich. Fuel-rich operation can

be corrected by shortening the grain length to maintain a constant
fuel flow. However, decreasing the grain length extends the
boundary layer distance from the end of the fuel grain to the
noggzle throat, and a longer boundary layer reduces the film cool-
ing effects at the throat. Therefore, to maintain an effective
boundary layer O/F of 1.33 at the throat, the motor must be allowed
to operate more fuel-rich as the grain length decreases., Ini-
tially, motor operation at O/F = 2.0 or slightly higher should

be sufficient to maintain an effective boundary layer O/F = 1.33

at the threoat. However, as the grain length shortens during firing,
a lower motor O/F (e.g., 1.80) would be advisable to ensure con-
tinued film cooling at the throat,
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Motor operation at an O/F = 2.0 is near peak performance and
only results in a 5 to 10% loss in total impulse. A lower O/F
ratio reduces the oxidizer flowrate and reduces the maximum motor
diameter to satisfy minimum GO constraints. In the present design,

this also limits the exit diameter and expansion ratio. Fortunate-
ly, the minimum regression rate of the PMM/PBD fuel system is so
low that the maximum expansion ratio still exceeds 100 (the maxi-
mum considered). Therefore, operation at O/F = 2.0 will not re-
sult in any loss in Isp due to a reduced expansion ratio. The

effect of a reduced c* at 552 kN/m? (80 psia) and at slightly fuel-
rich (0/F = 2.0) performance will only reduce Isp by 3 to 4 sec

over the original design conditions [p/F = 2.4, PC = 689 kN/m?2
(100 psia)|. Operation at O/F = 2.0 and PC = 552 kN/m? (80 psia)
wlll reduce the total impulse by approximately 8.17%.

Under normal operation, the ACS motors would optimize at a
higher 0/F than the spin/despin motors, but efforts to achieve
commonallty and maximum reliability led to the selection of iden-~
tical operating conditions for both motors. The 10-sec maximum
throat temperature is only 1173°K (1650°F) for motor operation
at O/F = 2.0 and PC = 552 kN/m? (80 psia). If the spin/despin

motors were not present and a 10 to l5-sec firing limitation would
not restrict the operation of the ACS motors, the ACS motors would
probably be designed to operate closer to the O/F = 2.4, PC = 689

kN/m? (100 psia) conditions originally selected. However, in de-
veloping the APS, maintaining complete ballistic similarity be-
tween the ACS and spin/despin motors allowed direct scaling and
eliminated a two-motor development program. In addition, a common
chamber pressure should simplify oxidizer feed system and instru-
mentation requirements by allowing use of common components.
Furthermore, the small savings in maintenance from increased total
impulse probably does not justify a 10 to 15-sec burntime limita-
jon on the ACS motors. Based on these considerations, the 222-N
ZSO“lbf ACS motors will also be designed to operate at a motor

0/F ratio of 2.0 and a chamber pressure of 552 kN/m? (80 psia).

VI-9
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2. Oxidizer Flow Component Optimization

Although three candidate oxidizer control valve concepts were
considered in Task I, the oxidizer flow components were not eval-
uated until the oxidizer had been selected. The chosen GOX and
LOX systems present different requirements for value, line, and
coupling selection. Therefore, these two systems were evaluated
separately, with an eye toward commonality wherever possible.

a. ACS Motor Oxidizer Flow Components — In addition to the

valve candidates presented in Task I (solenoid, ball, and spool
valves), other basic types are gate, rotary, and butterfly valves,
However, the leakage associated with these last three types pre-
cluded their consideration. The advantages and disadvantages of
the solenoid, ball, and spool valves are listed in Table VI-2,

The primary design considerations of these types of valves are

as follows for the GOX system:

1)

Scolenoid Valve - The primary seal should be made of

Teflon, KEL-F, or silicon and there should be a second-
ary metal-to-metal seal downstream. This is considered
optimum to avoid hard vacuum (10~8 torr) primary seal
exposure. The metal-to-metal seal also serves to pre~
vent continual cold flow or compression setting of

the primary shaft seal, and prevents impact deforma-
tion during turn off.

A normally closed solenoid valve has an inherent
mechanical fail--closed position due to spring force
bias. With a slight redesign (additional coil), an
additional closing force could be induced in case

the spring force was insufficient due to poppet seizure
or sticking. However, the additional value of the
second coil could only be considered marginal in af-
fecting a closure,

With an inline poppet, it is difficult to have mechani-
cal or electrical position indication. A right-angle
poppet not only enables electrical and mechanical posi=
tion indication (with one external leakage path), but
it also provides mechanical assistance for closing the
valve by hand, if necessary.

An inline valve has a lower pressure drop than a right~
angle unit and has a smaller physical envelope, De~-
signs in which pinning and/or swaging is employed
should be avoided if inflight maintenance or refurbish-=
ment is applicable.
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Table VI-2 Comparison of Solenoid, Ball, and Spool Valves for the ACS Motors

VALVE ADVANTAGES DISADVANTAGES
Solenoid | High Response (2 to 20 msec) No Easily Implemented Mechanical
Valve Low Wear or Electrical Position Indicator
on Inline Design
Zero External Leakage (to cabin) ‘
Dual Hard & Soft-Seal Integration gga?§1f-C]ean1ng of Poppet Seat
Smallest Physical Size
. Abrupt Flow Termination due to
Powered Open & Optionally Powered .
Closed, in Addition to Spring Poppet Acceleration
Force
Designed to Fail Closed via Spring
Bias
No Lubrication Required
Relatively Low Pressure Drop,
Depending on Activation Power
Level
Ball Mechanical &/or Electrical Position| Minimum of One External Leak Path
Valve Indication Easily Implemented .
Lowest Pressure Drop ggli§1ve]y Slow Response (100+
No Lubricant Primary Seal Exposed to Hard
Self-Cleaning of Seat Seals Vacuum
Capability to Fail Closed Achiev- Greatest Power Requirement
gbl?nby Addition of Torque-Return Largest Physical Envelope with
pring Actuation Mechanism & On/0ff
Mechanical Operation by Hand, if Valve
Desired
Smoother Flow Termination
Spool High Response (10 to 50 msec) Relatively High Internal Leakage
Valve

Low Wear
Zero External Leakage

No Lubrication Required Other than
Dry Film Lubrication (i.e.,
Microseal)

Low Power Requirements

Position Controllable if Staged
(Possible Application during
Ignition)

Greater Sensitivity to Thermal
Transients

Highly Sensitive to Contamination

No Easily Implemented Mechanical
or Electrical Position Indication

Adversely Affected by Hard Down-
stream Vacuum

Larger Physical Envelope than
Solenoid Valve; Also Requires
On/0ff Valve
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Physical envelope dimensions of an inline and a right-
angle solenoid valve are approximated 7.6x%5.1x5.1 ecm
{(3x2x%2 in.) and 7.6x7.6x5.1 cm (3x3x2 in.), respec-
tively. The weight can be as low as 0.453 kg (1 1b)
depending on whether the body is constructed of
aluminum or steel,

The calculated pressure drop through a 12.7-mm (1/2
in.) right-angle valve is approximately 165 kN/m?

(24 psid) at a system pressure of 689 kN/m? (100 psig),
an oxygen flowrate of 0.05 kg/sec (0.1102 1b/sec), and
a temperature of 278°K (80°F).

2) Ball Valve - The ball can be either fixed or floating.
If fixed, one seal is required; if floating, two seals
are used. The simplest and least expensive is the
full floating ball. In this design, the backup seal
is the upstream one. This seal will not, by itself,
provide zero internal leakage; rather, it is a safety
feature that allows a limited, relatively small amount
of leakage (but not enough to sustain combustion) and
allows safe replacement,

3) Spool Valve - Spool valves are typically designed for
hydraulic applications on an individual basis. Their
primary drawback is the excessive internal leakage
inherent in designing spool clearances to accommodate
temperature changes. The actuation torque force is
lower for this type of valve than for the other valves
beilng considered because of pressure balancing of the
spool and because its shutoff bias spring has a low
preload and low actuation rate. The response of a
gpool valve 1s equivalent to that of a solenoid valve.
The pressure drop is greater than in a ball valve, but
less than or equal to that in a solenoid valve.

Based on an evaluation of these kinds of oxidizer valves
for the GOX system, the inliine solenoid valve was chosen for the
ACS motors. This valve had the lowest internal/external leakage,
the fastest response time, the smallest physical envelope and
welght, the highest reliability, and was the easiest to refurbish.
The parameters of position indication, pressure drop, and seal
cleaning were traded off in favor of the advantages listed above.

For quick response, the oxidizer control valve will have
to be close coupled with the ACS motors. The valve will be mounted
on the forward closure, downstream of the motor disconmnect. Al-
though the baseline design featured a quick disconnect, an upstream
disconnect failure would vent GOX into the Space Station and make
the GOX line difficult to reconnect.
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- Since speed of coupling is not important, a double-~poppet,
screw—-together coupling is recommended for the ACS motors. Such
a coupling provides an engagement length before the poppet can
move. This engagement stroke can be vented to physically deter-
mine whether excessive leakage is present —-- before the halves of
the coupling are finally disengaged —-- without posing a safety
hazard to the operator. Standard aluminum seamless tubing, 12.7
mm (0.500 in.) 0.D. and 11.3 mm (0.444 in.) I.D., can be used to
supply GOX to the motor pad through a short length of flexible
steel/braided Teflon hose connected to each motor via a screw
disconnect.

b. Spin/Despin Motor Oxidiger Flow Components - The spin/
despin motors use LOX. Being a cryogenic liquid, LOX introduces
thermal shock and water hammer effects not present in the ACS
motors. The oxidizer flow valves will be mounted on pads up-
stream of the motor disconnect. This will automatically purge
the lines during motor shutdown. The initial flow will be boil-
ing liquid., Although this reduces the severity of the thermal
shock, the transient flow conditions prolong the ignition transient.
The duration of nucleate boiling will depend primarily on component
material and size. To reduce the rate of heat transfer in the
valve, the unit should be made of a 300-series stainless steel.

In addition, the valve should be vacuum-jacketed to avoid external
icing and to protect the crew from low-temperature burns which
could result from accidental contact.

Increased pressure caused by sudden flowrate changes can
be minimized by lowering fluid velocity or limiting control wvalve
response to less than two time constants of the fluid system.
Based on a 6~m (20-ft) line length, the time constant of the LOX
system would be 0.0074 sec. If a -8 line size is used [11.3 mm
(0,444 in.) 1.D.], the peak pressure oscillation about the system
operating pressure is theoretically +2206 kN/m (+320 psia) when
the required flowrate of LOX is stopped in 0.0148 sec or less.
The compression wave does not present a design stress problem,
but the rarefaction wave could cause partial flashing (liquid-to-
gas transformation) of the LOX in the lines. At this time, no
definite information was obtainable to determine the severity
of this problem, but it would seem good engineering practice to
avoid any rarefaction wave that would cause the static pressure
to fall below the vapor pressure of the flowing fluid.
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The options available to avoid water hammer are to increase
the line size (and thereby reduce the fluid velocity) or to damp
the closing action of the valve (thereby establishing a minimum
closing time). Assuming the LOX will be supplied at a pressure
of 1034 kN/m2 (150 psia) and at a temperature no warmer than 103°K
(-275°F) ,* a minimum closing time of 0.0947 sec would limit the
pressure oscillation to #344 kN/m? (#50 psia). This provides a
safety factor of two against flashing.

The two candidate spin/despin motor oxidizer valves are
the solenoid valve and the ball valve; the spool valve was elim-
inated due to its high internal leakage rate with LOX. The slow
relative response (100 msec) of the ball valve is an advantage
for the LOX system; however, a solenoid valve could easily be de-
signed with a closing damper to limit the minimum closing time to
0.100 sec. The other advantages and disadvantages of the solenoid
and ball valves as given for the GOX system remain as listed for
the LOX system.

When the actuator mechanism is sized for the LOX ball
valve, an extra force margin must be used because of the icing
condition at the actuating rod/valve housing interface. This im-
plies that the piston diameter becomes larger for a pneumatic
system, or that more power is required for an electric actuator.
This also implies that, because of the cold flow/preload effect
that thermal cycling has on Teflon or Kel~F, a ball seal has less
inherent reliability than the seal in a poppet valve, where a
constant preload is achieved regardless of thermal shifts. How-
ever, the reliability is associated with the seal leakage rate,
rather than with failure of the valve to operate. Therefore, the
temperature/time cycle-related leakage is what would have to be
determined to rate the acceptability of the particular ball valve.

In short, neither type of valve has a clear cut advantage
in the LOX system. However, the solenoid valve is being recom-
mended because it has inherently better sealing characteristies,,
is not subject to icing in the actuator, is smaller, and 1s more
often used in LOX systems.

Vacuum jackets are recommended for the LOX feedlines.
These will prevent excessive boiling of the LOX and facilitate
handling the lines during refurbishment. The LOX contrel valves
will be mounted to the thruster pad and connected to the two spin/
despin motors via flexible, vacuum-jacketed lines. A vacuum~
jacketed quick disconnect coupling will mount directly on the

% = 2 *
Pvapor 310 kN/m¢ (45 psia).
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forward closure., This will allow sufficient thermal soakback
during postfire nozzle cooldown to prevent the formation of ice
in the coupling during refurbishment.

3. Ignitioh Systems Optimization

Based on their vastly different operational requirements,
different ignition systems have been selected for the spin/despin
motors and the ACS motors. The spin/despin motors will use a
pyrogen igniter. This was selected because of the size of these
motors, their relatively few starts, and their use of LOX. A
sparked butane ignition system has been selected for the ACS
motors to provide the large number of starts required for atti-
tude control. Sparked butane systems have been used successfully
for years.

a. Pyrogen Ignition System for Spin/Despin Motors - Hybrid
ignition is fundamentally different from ignition in a solid pro-
pellant motor. Since solid propellant combustion is highly
pressure-sensitive, the ignition delay depends on the heat flux
on the propellant grain and the motor pressure provided by the
igniter. In a hybrid motor, a pyrogen igniter supplies warm,
fuel-rich gases that vaporize and combust with the oxidizer. The
resulting hot oxidizer vaporizes the fuel and initiates hybrid
combustion. A chemical interaction between the oxidizer and the
fuel also contributes to the ignition process. Test results have
shown that an average oxidizer temperature close to the fuel sur-
face temperature [600°K (620°F) for PMM/PBD] is adequate for ig-
nition.

Since hybrid combustion is insensitive to pressure, the
design of the igniter is more flexible in a hybrid propulsion sys-
tem than in a solid propellant motor. Also, the igniter only sup-
plies about 5% of the total flow. Therefore, the igniter can
continue burning after full pressure has been achieved, since this
will not cause overpressurization of the motor.

Figure VI-2 shows the oxidizer flame temperature vs the
ratio of the weight of igniter flow to the rate of liquid oxidizer
flow for IRFNA and LOX. Based on these curves, a 57 igniter flow
would heat the LOX to 800°K (980°F), which should be more than
sufficient for ignition, based on test experience. A 5% flowrate
will provide an igniter with a 3-sec duration. This is more than
an order of magnitude longer than the required ignition time.
Although the igniter's burntime could be substantially reduced,
durations of 1 to 2 sec are beneficial with liquid oxidizers to
help vaporize the oxidizer and promote smooth ignition. This is
more important at a high initial GO, where the possibility of
flooding is higher.
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A pyrogen igniter supplying 57 of the oxidizer flowrate
for 2 sec will provide a smooth, reliable ignition for the spin/
despin motors. For a spin/despin motor using LOX/(PMM/PBD) with
a thrust of 1112 N (250 1b) and an O/F ratio of 2.0, the required
igniter flowrate will be about 0.115 kg/sec (0.026 lbm/sec). The

total weight of the igniter propellant will be about 0.23 kg
(0.052 lbm), which corresponds to a volume of about 0.000016 m3

(1 in.3).

b. Sparked Propane Ignition System for ACS Motor - Several
versions of the sparked propane system have been used success-
fully for years. The system is safe, reliable, and simple to
operate. A measured pulse of a light hydrocarbon (butane, pro-
pane, etc) is injected into a precombustor and mixed with GOX.
The mixture is ignited with a spark and is then injected into the
motor. The hot, oxidizer-rich gases heat the fuel and initiate
hybrid combustion. Successful operation requires a dependable
spark source and a reliable injection system.

The ignition fuel depends on motor operating conditions,
The ignition fuel, which will be stored in a replaceable canister
on the forward closure (inside the cabin) should vaporize readily
at the ignition temperature to ensure thorough mixing with the
GOX. However, the vapor pressure at normal cabin temperatures
should not present a storage problem. Figure VI-3 shows the vapor
pressure of two candidate ignition fuels, propane and butane, as
a function of temperature. Propane, which has a vapor pressure
above 202.7 kN/m? (29.4 psia) at temperatures down to 248°K (-13°F),
and a vapor pressure below 2027 kN/m? (294 psia) up to a tempera-
ture of 330°K (134°F), is much more ignitable at low temperatures
than butane and presents no storage problems at cabin temperatures.
Therefore, propane was selected as the ignition fuel for the ACS
motors.

The fluidic sparked-propane ignition system is based on a
fluidic propane injection system recently designed for UTC's GOX/
PMM hybrid cutting torch., The system schematic is shown in Fig.
VI-4,
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Opening the oxidizer control valve allows GOX to flow
both into the precombustor and through an orifice to the supply
port on an OR/NOR fluidic module. This gemerates a signal at
outlet ports 5 and 6. The low-pressure signal at port 6 opens
a diaphragm amplifier, This allows the higher pressure GOX to
open a single 2-way (NC) pilot actuation valve and allows propane
to flow into the precombustor, where the propane/GOX mixture is
ignited with a spark. The signal at port 5 passes through a
second control orifice and into a reservoir that acts as a time
delay. As soon as this reservoir has become sufficiently pres-
surized, a signal is generated at inlet port 2. This signal
switches the flow to outlet port 7, where it passes through a
flow-limiting orifice and is dumped after passing through port 3.
The oxidizer bleed required to energize the fluidic logic repre-
sents about 0.1% of the main oxidizer flow. When the fluidic
output shifts to port 7, the diaphragm amplifier closes. This
closes the pilot actuation valve and shuts off the propane.

The propane spark-initiated ignition system has been used
successfully for years on a number of small hybrid motors. Typi-
cally, these ignition systems operate at a mixture ratio of about
four. Propane pulses of 0.050 to 0.100 sec can be used with a
properly timed spark. Therefore, a 222-kg (SO—lbf) motor with a

GOX flowrate of about 0.045 kg/sec {0.10 lbm/Sec) would require
0.0006 to 0.0012 kg (0.0013 to 0.0026 1bm) of propane per start.
One hundred restarts would require about 0.09 kg (0.2 lbm) of

propane, corresponding to a volume of about 0.00009 m3 (9.5 in.3).
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C. ATTITUDE CONTROL MOTOR DESIGN

1. Design Objective

Although the ACS motors supply less than 207 of the total
impulse for the APS, they were the prime focus of the present
study. These 16 motors must safely and reliably meet all ACS
requirements for the 10-year life of the Space Station and still
have minimum maintenance, repair, and resupply requirements.

The long mission time and high utilization rate of the ACS motors
required innovative approaches to motor design and to maintenance,
repair, and resupply procedures in order to produce minimum im-
pact on the operation of the Space Station. Although these re-
quirements were also very important for the spin/despin motors,
they were less critical due to the relatively short required

life (18 months) and relatively few number of firings required
for the spin/despin system.

2. Attitude Control Motor Description

The ACS motors meet all ACS performance and maintainability
requirements while maximizing safety and reliability. They de-
liver an average thrust of 225 N (50.5 lbf at an average specific

impulse of 323 sec for a duration of 386 sec before fuel replenish-
ment is required. Their total impulse is 86,630 N-sec (19,480
lbf—sec>. The ACS motor propellants -- GOX and a rubber-based

fuel grain composed of 20% PMM and 80% PBD —- were selected be-
cause of their complete safety and high performance. Similarly,
the low average chamber pressure of 558 kN/m? (81 psia) promotes
safe operation.

The attitude control motor TCA (Fig. VI~-5 and Table VI-3) was
designed for safety, minimum maintenance, and simplified repair
and resupply procedures. The TCA can be conveniently handled by
one man in either a weightless or 0.7-g condition. It has an
overall length of 939.8 mm (37.0 in.) and a motor case 0.D. of
164.64 mm (6.50 in.). The TCA has a loaded mass of 20.6 kg
(45.3 lbm) and an empty mass of 10.1 kg (22.2 lbm). The single-

plece case and nozzle assembly is constructed of molybdenum
disilicide-coated molybdenum and is designed to operate without
replacement for the 10-yr life of the Space Station. The PMM/
PBD fuel grain is cast into a tripwire-lined phenolic cartridge.
The trip wires provide a fail-safe indication of fuel depletion

. and initiate motor shutdown after the fuel has been consumed.
g
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Table VI-3 Conceptual Attitude Control Motor TCA

Propeliants
Average O/F Ratio

Average Chamber Pressure,
kN/m?2 (psia)

Nozzle Expansion Ratio
Average Specific Impulse (sec)
Average Thrust, N <1bf)

Total Impulse, N-sec (1bf—sec)

| Duration (sec)

Motor Design
Ignition

Oxidizer Flow Control
Forward Closure

Motor Case & Nozzle
Grain Design

Grain Diameter, mm (in.)

Grain Length, mm (in.)

Throat Diameter, mm (in.)

Overall Length, mm (in.)
Motor Refurbishment

PERFORMANCE SUMMARY

GOX/ (20% PMM/80% PBD)
1.815

558 (81)
100
323

225 (50.5)

86,630 (19,480)

386
DESIGN SUMMARY

Fluidic~Controlled, Sparked-Propane Ignition
System

InTine Solenoid Valve with Double-Poppet
Screw Line Disconnect

304 Stainless Steel Forward Closure Attached
to the Motor Case with Eight Shear Pins

Radiation-Cooled, MoSi,-Coated Molybdenum

Monolithic, Single-Port Fuel Grain Cast into
a Phenolic Cartridge. Trip Wires Embedded in
the Cartridge Signal Fuel Depletion

160 (6.30)

564 (22.2)

16.6 (0.653)

940 (37.0)

Movable Tube Approach




VI-24 MCR-71-11 (Vol II)

The motor case attaches to the forward closﬁre assembly at a
shear pin flange that is located outside the Space Station when
the motor is in the operating position. This unique design ap-
proach eliminates the only possible hot gas path from the motor
into the Space Station: if the motor case seal fails during a
motor firing, the chamber gases will vent to space. Another de~
sign feature is that the 304 stainless steel forward closure
assembly serves as the housing for the Space Station's redundant
O-ring pressure seal, protects the oxidizer control system, and
also provides the structural attach points for all motor refurbish-
ment operations.

As shown in Fig. VI-6, the oxidizer control system regulates
the flow of GOX and controls the ignition sequence. The GOX line
attaches to the TCA via a double-poppet screw disconnect. An
inline solenoid valve downstream of the disconnect controls the
flow of GOX to the motor. Gaseous propane is mixed with GOX in
a precombustor and sparked during the ignition sequence. The
propane line attaches to the TCA via a quick disconnect. The
flow of propane is controlled by a fluidic circuit that injects
a measured amount of propane into the precombustor whenever the
oxidizer control valve is opened. A simple solid-state circuit
sparks the GOX/propane mixture 0.075 sec after the oxidizer con-
trol valve is commanded open. The hot GOX/propane combustion
products enter the combustion chamber through a low-velocity
injector and initiate the hybrid combustion process.

3. ACS Motor Component Description

All ACS motor component designs are based on demonstrated
technology and can satisfy the 1975 technology requirement.
Wherever possible, qualified off-the-shelf components have been
selected to reduce the complexity and expense of a hybrid ACS
development program. All components were selected on the basis
of absolute safety, high reliability, and minimum maintenance, -

a. Motor Case and Nozzle Assembly - The single-piece, radia-
tion~cooled motor case and nozzle assembly is constructed of
molybdenum and coated with molybdenum disilicide to resist oxida-
tion at high temperature. The contour of the aft closure, the
fuel grain, and the operating conditions for the motor have been
selected to hold the steady-state throat temperature below 1922°K
(3000°F) by providing a cool, fuel-rich boundary layer and by
maximizing the amount of heat radiated to space from the nozzle
and aft closure. The nozzle is purposely thick in the threat
region to conduct heat away from the throat into the expansion
cone, thereby increasing radiation. Tests have shown that a
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Fig. VI-6 ACS Motor Schematic
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MoSi,-protected molybdenum throat can operate almost indefinitely
without damage to the coating as long as the surface temperature

is held below 1922°K (3000°F). Furthermore, the heat capacity of
the nozzle holds the maximum throat temperature during a nominal

10-sec firing to under 1478°K (2200°F); for shorter firings, the

maximum temperature is much lower.

The nozzle and aft closure are contoured to achieve de-
sired motor performance and ballistic characteristics. The nozzle
has a throat diameter of 16.6 mm (0.653 in.) to obtain the desired
average chamber pressure of 558 kN/m? (81 psia). Because of the
low minimum regression rate of PMM/PBD, the nozzle expansion ratio
can exceed 100 before the exit diameter exceeds the maximum motor
diameter and presents handling problems. However, a maximum ex-
pansion ratio of 100 was selected in view of the small performance
gains for larger expansion ratios. A bell-contoured nozzle was
selected to reduce nozzle length, nozzle weight, and nozzle heat
transfer. The extended aft closure contour was chosen to satisfy
the desired motor ballistic characteristics and maximize radiation.
At low values of oxidizer flux (Go , the slope of the fuel regres-

sion rate decreases, causing the motor to operate fuel-rich. The
contoured aft closure reduces the effective grain length and helps
maintain the proper O/F ratio.

b. Fuel Grain Assembly - The fuel grain is designed for rela-
tively long burntimes to minimize required maintenance. The PMM/
PBD fuel system selected for the ACS motors has a very low critical
regression rate. Therefore, a relatively large fuel grain diam-
eter can be used. This results in a small G max/E'D2 at

o 4 “port
burnout without charring or melting the fuel. Naturally, increas-
ing the allowable fuel grain diameter increases the fuel web,
which increases the motor burntime and reduces the fuel grain
replacement rate. The single-port fuel grain provides the longest
motor burntime for a given thrust, while maintaining a grain
length consistent with good handling characteristics.

The longest motor burntime does not necessarily provide
the lowest maintenance, repair, and resupply requirements. For
a short burntime, motor refurbishment will be required to re-
plenish the fuel long before other components need inspection or
replacement. Conversely, exceptionally long burntimes will in-
crease unscheduled maintenance to replace components that fail
before fuel depletion occurs. Furthermore, exceptionally high
total-impulse ACS fuel grains would increase system weight and
increase resupply requirements. The selected grain design



MCR-71-11 (Yol II) V1-27

delivers 86,630 N-sec (19,480 1bf~sec} of total impulse. Based

on the current 10-yr ACS total impulse requirements (not including
spin/despin) of 7,110,500 N-sec (1,598,890 1bf—sec), the 16 ACS

motors will need fuel replenishment every 2.16 yr, assuming a 50%
fuel reserve at the end of 10 yr. This refurbishment interval
provides high reliability along with minimum overall maintenance
(scheduled and unscheduled), repair, and resupply.

The ACS motor fuel grains have been designed to provide
film cooling for the nozzle while achieving high delivered per-
formance. The ACS motors use film cooling and a low chamber
pressure to reduce the convective heat flux to the radiatively
cooled motor case and nozzle assembly. Hybrid combustion is
primarily a turbulent-boundary-layer, convective heat transfer
phenomenon. In a.hybrid motor, at the aft end of the fuel grain
there is a thick, fuel-rich boundary layer. The gradual diffuser
section at the aft end of the ACS fuel grain allows the boundary
layer to attach to the aft closure without breaking up. This
relatively cool boundary layer significantly reduces the convec-
tive heat transfer to the nozzle while imposing only a 2 to 4%
performance penalty.

The contour of the fuel grain at the aft closure allows
the grain length to decrease during motor operation to maintain
the desired O/F ratio. The regression rate of PMM/PBD tends to
flatten out at low values of oxidizer mass flux. Therefore, for
a constant grain length, fuel flow would increase as the motor
burns, causing the motor to operate excessively fuel-rich and
degrading performance. By contouring the aft end of the fuel
grain, the grain length can decrease with web burnback to main-
tain the desired motor O/F ratio. An O/F ratio of 2.0, which
is slightly fuel-rich, was selected for the ACS motor to improve
nozzle cooling characteristics. As the grain length decreases
during firing, the distance from the end of the fuel grain to
the nozzle throat increases. To ensure adequate film cooling
for the throat, the fuel grain design allows the motor Q/F ratio
to decrease to about 1.7 at web burnout. This reduces the average
specific impulse by about 7 sec, to 323 sec.

The fuel grain is cast in a trip wire—lined phenolic
cartridge. The phenolic cartridge supports the fuel grain (es-
pecially near web burnout), protects the grain from damage dur-
ing storage, and facilitates the removal of depleted fuel grains.
The phenolic cartridge is lined with helically wound trip wires
before the fuel is cast. These trip wires provide a fail-safe
indication of fuel depletion via a continuity check and also
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signal motor shutdown. Fuel depletion will occur over a period
of several seconds, due to small nonuniformities in the regression
rate. Although rapid shutdown is not essential to protect the
motor, continued operation with a depleted fuel grain dramatically
reduces performance and could lead to overheating of the throat.
Since hybrid fuel regression requires convective heat transfer,
fuel forward of the injector normally does not burn. However,
to ensure absolute safety, the lined phenolic cartridge covers
the entire forward closure. i

¢. Forward Closure Assembly - The single-piece forward closure
assembly is constructed of 304 stainless steel to simplify fabri-
cation and reduce weight, and is designed for maximum safety and
hih reliability. The forward closure assembly is attached to the
motor case by eight equally spaced shear pins. These shear pins
provide a nearly failure-free attachment design that has proven
its reliability in UTC's 120-in. motor program. A metal strap
holds the pinsg in place. The only hot gas seal is in a motor case
flange that is outside the Space Station when the motor is in the
operating position. Therefore, failure of this seal will vent
combustion gas to space, not into the Space Station. The forward
closure has redundant seals to prevent cabin air from leaking to
space. The face seal on the forward closure flange is a thin-
walled rubber tube, filled with a hydraulic fluid and connected
to a Bell and Howell Type 4~312 pressure transducer. A normal
cabin pressure of 101.3 kN/m? (14.7 psia) produces a load of
2380 XN (534 lbf) on the motor; during operation, motor thrust

reduces this load fto 2165 N (483 lbf). The type 4-312 pressure

transducer can be calibrated to measure thrust within *4%. This
ig accurate enough for the malfunction detection system. The
forward closure gkirt protects the oxidizer control system and
provides the struectural attach points for motor refurbishment.
The motor refurbishment container attach flange is connected to
the forward clesure skirt by four shear pins that are identical
to the elght pins used for the motor case/forward closure attach-
ment. The oxidizer control assembly is mounted on the oxidizer
injector, whieh is brazed to the forward closure.

d. Oxidizer Control Assembly - The oxidizer control assembly
(Fig. VI=7) is designed for minimum maintenance and maximum re-
liability. Gaseous oxygen is supplied to the ACS thrust chamber
assembly at 1033.5 kN/m? (150 psia) via a braided Teflon flexline.
The flexline is connected to the motor with a Symetrics 58565-1
double-poppet screw disconnect for maximum safety. During re-
furbishment, the screw discopnect allows the operator to detect
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an upstream poppet failure before he disengages the last few
threads [a simple quick-disconnect would be difficult to recon-
nect with a jammed upstream poppet, and would allow GOX at 1034
kN/m? (150 psia) to vent into the Space Station]. The oxidizer
control valve (Wright Components 15027) is immediately downstream
of the screw disconnect. This inline solenoid valve was selected
for its fast response, high reliability, and near—zero leakage.
The 28-vdc signal that commands the oxidizer control valve open
also activates the fluidic propane injection system and the spark
ignition system. All the components selected were successfully
demonstrated on UTC's hybrid cutting torch.

After the oxidizer control valve opens, GOX flows through
a metering orifice and then through a Norgren 4NR-201-000 OR/NOR
fluidic module. The relatively low-pressure signal from the OR/
NOR module opens a 5DA-011-DOA diaphragm amplifier that allows
high-pressure GOX to flow to a 2C5NC pilot actuation valve. Gas~-
eous propane entering the oxidizer control assembly via a Symetric
4000 quick-disconnect flows through the pilot actuation valve and
into the precombustor. A fluidic propane injection system was
selected for its simplicity and inherent high reliability. GOX
from the control valve passes through a metering orifice and enters
the precombustor, where the propane and GOX are mixed to create
a combustible mixture.

The same 28-vdc signal that opens the oxidizer control
valve also energizes the spark ignition circuit. The start com-
mand is received by the spark generator via two feedthrough ca-
pacitors and a diode (CR;). The capacitors minimize the influence
of externally generated electromagnetic interference (EMI) on the
operation of the spark generator; the diode provides reverse volt-
age polarity protection for the timing circuit and powers all the
remaining circuit elements.

The ignition spark is generated by the inductive kick of
a high-turn-ratio, high-voltage transformer similar to an auto-
mobile ignition coil. After receiving the start command, a cur-
rent of about 1 amp is allowed to flow through the low-impedance
primary of the transformer for a nominal period of 75 msec. At
this time the current is switched off, causing the stored magnetic
energy in the transformer to generate a pulse of sufficiently high
voltage to arc across the spark gap in the ignition cavity and
ignite the GOX/propane mixture.
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The current flowing through the primary winding of the
transformer is controlled by a solid-state timing circuit. On
receipt of the start command, the input circuits of comparator
amplifier OAj force the amplifier output high, which turns on Q;.
The on state of Q; allows base current to flow through Q,, switch-
ing Q, on and allowing current to flow via a 25-ohm resistor to
the primary winding of the transformer. The timing of the switch
off point is established by the RTCT product at the input of OAj.

The increasing voltage across the timing capacitor CT is compared

against Vref by OA;. When the timing capacitor voltage exceeds

the reference voltage, OA; switches its output from high to low.
This switching action, speeded up by the 0.001-uf lead capacitor,
turns off Q; (and therefore Q,), thereby initiating the spark
transient.

While the spark timing circuit is operating, low-pressure
GOX flowing through the OR/NOR fluidic module pressurizes a 4LV-
010 fluid capacitor in 0.100 sec and switches the output to node
7. This cuts off the flow of propane by closing both the dia-
phragm amplifier and the pilot actuation valve. The burning
GOX/propane mixture flows from the precombustor through a low-
velocity injector into the motor, where it heats the fuel grain
and initiates the hybrid combustion process. The low~velocity
injector was selected primarily to ensure uniform axial regres-
gion., This type of injector is also ideally suited to a sparked-
propane ignition system.
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D. SPIN/DESPIN MOTOR DESIGN

The spin/despin motor has been designed to minimize the main-
tenance, repair and resupply requirements for the five artificial-
gravity maneuvers. Several factors favored using a separate motor
for spin/despin despite the decrease in system commonality. These
factors were:

1) The ACS and spin/despin systems have vastly different
impulse/time requirements (the spin/despin motors use
nearly half the 10-yr total impulse for the entire
attitude control system in 4 hr during each spinup or
despin maneuver);

2) The two systems have significantly different operating
lives (the spin/despin motors are only used for the
first 18 months, but the ACS motors must operate re-
liably for 10 yr);

3) The spin/despin motors operate with single burns at
predictable intervals, but the ACS motors operate for
hundreds of burns at random intervals.

The maintenance analysis performed in Task 2 revealed that
using the ACS motors to perform the spin/despin maneuvers or de-
signing a compromise motor to perform both tasks would increase
the maintenance requirements of the APS, On the other hand, the
spin/despin motor delivers 12 times the total impulse of an ACS
motor for only a 607 increase in refurbishment time (45 man-minutes
to refurbish one ACS motor vs 75 man-minutes for one spin/despin
motor).

Although the spin/despin motors have 12 times the total impulse
of the ACS motors, the two motors have nearly identical ballilstic
characteristics. The spin/despin motor is an exact scale~-up of
the ACS motor: every dimension has been increased by a factor
of 2.29. Both the chamber pressure and oxidizer mass flux vs per=
cent web are identical for the two motors. Since both moters are
in the small motor category, no scale-up problems are expected
and the two motors could be qualified in one development program.
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1. Design Objective

The spin/despin motors provide the Space Station with a ro-
tational velocity of 4 rpm to produce an internal 0.7~-g environ-
ment. An impulse of 3110 kN-sec (698,050 lbf—sec) is needed to

accomplish a spin or despin maneuver. A three-motor system will
be used in which each motor provides 1039 kN-sec (233,675 1bf-sec)

of impulse. These three motors exceed spin/despin impulse re-
quirements by 13.3 kN-sec (2975 lbf—sec> to ensure successful

completion of the spin/despin maneuvers.

The use of three motors provides a system whereby each motor
is of sufficient size and weight to allow ease of handling during
refurbishment, while providing a system requiring the least amount
of storage space. Five complete spin/despin maneuvers are planned
during the first 18 months of space station operation. Thus, each
set of three motors will be used 10 times.,

Table VI-4 summarizes the design and performance of the pro-
posed hybrid spin/despin motor.

2. Motor Description

Each spin/despin motor (Fig. VI-8) has an overall length of

2032 mm (80 in.) and has fully loaded mass of 206 kg (454 1b),
of which 117 kg (257 1b) is the useful weight of the fuel grains.
Each motor contains the following subassemblies:

1) Nozzle and motor case;

2) Segmented fuel grain assembly;

3) Forward closure and skirt assembly;

4) 1Igniter assembly;

5) Oxidizer line and injector assembly;

6) Instrumentation.

VI-33
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Table VI-4 Conceptual Spin/Despin Motor

PERFORMANCE SUMMARY

Propellants LOX/ (20% PMM-80% PBD)
Average 0/F Ratio 1.850
Average Chamber Pressure, 558 (81)
kN/m? {psia)
Nozzle Expansion Ratio 100
Average Specific Impulse (sec) 326.2
Average Thrust, N (]bf) 1170 (263)

Total Impulse, N-sec (1bf-sec) 1,039,180 (233,675)

Duration (sec) 888
DESIGN SUMMARY

Motor Design

Ignition Pyrogen igniter using UTC Propellant UTX 9423
Oxidizer Flow Control
Forward Closure 304 Stainless Steel Forward Closure Attached
to the Motor Case with 16 Shear Pins
Motor Case & Nozzle Radiation-Cooled, MoSi,-Coated Molybdenum
Grain Design Segmented Single-Port Fuel Grain Cast into

Phenolic Cartridges. Trip Wires Imbedded in
the Cartridge Signal Fuel Deplection

Grain Diameter, mm (in.) 366 (14.4)
Grain Length (7-Segments), mm

(in.) 1298 (51.1)
Throat Diameter, mm (in.) 38 (1.49)
Overall Length, mm (in.) 2032 (80.0)

Motor Refurbishment Movable Tube Approach
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a. Nozzle and Motor Case Assembly - A single-piece motor case
and nozzle eliminates an aft closure joint. The molybdenum case
is coated with MoSi, to provide a heat resistant surface and allow
radiation cooling for long nozzle life. The case has an overall
diameter of 376 mm (14.8 in.) and a wall thickness of 2.54 mm
(0.100 in.). The case and nozzle assembly has an overall length
of 1643 mm (64.7 in.) long and a mass of 54 kg (120 1b). An op-
timum expansion ratio of 100 is provided by the nozzle's 38-mm
(1.49-in.) throat diameter and the 38l-mm (15-in.) exit diameter.
The exit contour is a 70% bell, which provides a savings in over-
all length and the same efficiency as a 15-deg half-angle conical
nozzle.

b. Segmented Fuel Grain Assembly - The fuel grain is segmented
into six sections to facilitate fuel grain handling during re-
furbishment. Each segment has a mass of not more than 22.7 kg
(50 1b). The segments are as follows:

Segment Quantity Length Mass#*
Forward Head 1 254 mm (10 in.) 22.7 kg (50 1b)
Cylindrical 4 191 mm (7.5 in.)| 20 kg (45 1b)
Aft Section 1 330 mm (13 in.) 22 kg (49 1b)
*Total mass per segment includes phenolic cartridges and

residual fuel,

A total of 180 segments are required to accomplish the
five complete spin/despin maneuvers during the 10-yr flight mis-
sion. These segments are listed below:

Segment Quantity
Forward Head Segments 30
Cylindrical Segments 120
Aft Section Segments _30

Total 180

The fuel is a rubberized compound consisting of 207% PMM
and 807 PBD. This nontoxic material can be stored and handled
aboard the Space Station in complete safety. The fuel is cast
into phenolic cartridges with a 2.54~mm (0.100-in.) wall thick-
ness and a 366.8-mm (l4.4-in.) diameter. The six cartridges used
for each motor weigh a total of 5 kg (11 1b). Electrical con-
tinuity wire is cast around the 366-mm (14.4-in.) 0.D. of the
fuel grain to determine when the grain is depleted. At web
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burnout, the electrical continuity is destroyed. This condition
is indicated on the motor firing control panel, and mqtor opera-
tion is automatically shut down. Continuity between segments is
maintained through male and female jack/pin connectors (two per
segment) that are connected during motor fuel grain assembly.

The fuel grain has a constant, 58-mm (2.28-in.) port diam-
eter through five segments. In the aft segment, the port tapers
open to 94 mm (3.7 in.) to facilitate boundary layer cooling
behind the nozzle. The port-to-throat area ratio is 2.3. This
fuel grain design provides a total impulse of 1,039,180 N-sec
(233,675 lbf—sec)° The 154-mm (6.06-in.) thick web allows 888

sec of motor operation at an average chamber pressure of 558 kN/m?
(81 psia) and an average thrust of 1170 N (263 1bf).

¢. Forward Closure ~ The forward closure and attachment skirt
is a one-piece stainless steel assembly that provides for an ig-
niter assembly, oxidizer injector, and flight instrumentation.
The closure assembly is attached to the case by 16 shear pins
and has a mass of 24 kg (53 1b). The pins are held in place dur-
ing motor assembly and handling by an elastic strap (similar to
a watch band) that fits around the motor and over the head of the
pins. The pins are recessed so that the strap, when seated, is
flush with the motor surface. The skirt portion of the closure
is used to attach to the refurbishment tube assewmbly. Holes are
provided for pinning the skirt to the retracting assembly of the
refurbishment tube., During retraction and refurbishment, the
motor is supported by the forward skirt. The motor case flange
is located outside the Spage Station when the motor is in the
firing position; failure of this hot gas seal will vent the
chamber gases to space, not into the Space Station.

d. Igniter Assembly ~ The igniter assembly consists of an
electrical initiator wire, 4 gm of BKNO3 pellets, a pellet re-
tainer, a 0.14-kg (0.3-1b) solid propellant charge, and an igniter
housing.

The igniter assembly is a self-contained unit that mounts
inside the forward closure around the LOX injector (Fig. VI-8).
This eliminates the possibility of damage to the forward closure
and provides complete safety to the crew inside the Space Station
in case of an igniter malfunction. :
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, The igniter is 102 mm (4 in.) long, 51 mm (2 in.) in
diameter, and has a mass of 0.3 kg (0.7 1b). The propellant
charge weighs 0.14 kg (0.3 1b).

Ignition is initiated by providing an electric signal to
an electric match mounted inside the igniter chamber. The elec-
trical signal cable connects to the outside of the forward closure,
and the electric match is attached to the inside of the closure.
The plug connection provides for easy refurbishment. The match
ignites 4 gm of BKNOj pellets that are retained in the igniter
chamber by a phenolic ring. The phenolic ring also provides a
chamber compartment where pressure can build up to 689 kN/m?

(100 psia). The propellant charge extends into this compartment,
where it is ignited by the BKNOj; pellets. The propellant grain
is designed to burn for 2 sec.

Just before the igniter is fired, the LOX is injected
into the aft igniter chamber, where it burns with the igniter
propellant in a liquid-augmented solid mode. The hot, oxidizer-~
rich gases flow from the unchoked igniter into the fuel port,
where they initiate the hybrid combustion process. The phenolic
igniter chamber is designed to ablate away after ignition, allow-
ing full impingement of the LOX on the hybrid fuel grain,

The igniter design provides various safety features,.
Since the igniter cartridge is open at both ends, the loaded
cartridge can be stored with no possibility of explosion or ig-
nition. Once installed in the motor, the forward closure protects
the ‘Space Station from any malfunction of the igniter, Since LOX
is required to ignite the main motor, a premature firing of the
igniter would be a harmless malfunction requiring only an igniter
refurbishment.

The solid propellant used in the igniter is a UTC CIBP
type, designated UTX 9423, which is smokeless and contains no
aluminum oxidizer. Figure VI-9 shows its burn rate as a function
of chamber pressure.

e. Oxidizer Line and Injector Assembly - The oxidizer system
consists of a LOX control valve, a LOX line quick-disconneect, a
vacuum line quick-disconnect, and an injector nozzle,

During motor operation, LOX flows at a rate of 0.23 kg/sec
(0.5 1b/sec), which means that 213 kg (470 1b) of LOX are required
per motor firing. An electrically operated oxidizer control valve
stops the oxidizer flow to terminate motor operation. A quick dis~
connect consisting of a mating socket assembly and a nipple assem—
bly provides an easy, quick, and safe method of disassembling the
oxidizer line.
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After being connected, the socket assembly opens after
the nipple assembly; when disassembled, the socket assembly closes
before the nipple assembly. The socket assembly will be mounted
on the LOX line to ensure that there is no leakage of LOX during
quick-disconnect operations. The downstream side of the control
valve will be free of LOX, due to the vacuum downstream of the
control valve, after the oxidizer flow is terminated. The dis-
connect assembly described provides an important feature to pre-
vent ice formations due to the flow of LOX. The internal flow
path of the LOX is vacuum~jacketed. A vacuum line is provided
on the nipple assembly that is mounted on the motor side of the
disconnect, The vacuum line has a quick disconnect of its own,
providing for easy disassembly during refurbishment.

The oxidizer line is 10 mm (0.4 in.) in diameter up to
the injector orifice. The injector orifice is 3.89 mm (0.153 in.)
in diameter. Oxidizer injection pressure is maintained at 767
kN/m? (110 psia), providing a 0.23 kg/sec (0.5 1b/sec) flow during
motor operation. A total of 213 kg (469 1b) of LOX is required
during one motor operation.

E. OXIDIZER FEED ASSEMBLY DESIGN

1. Design Objectives

The OFA onboard the Space Station supplies oxidizer for the
attitude control motors only, and provides less than 20% of the
total oxidizer required over the 10-yr period during which APS
impulse 18 required, However, this feed assembly is of major
interest to the present study. It must operate safely and re-
ligbly and meet the ACS requirements during the 10-yr life of the
Space Statien, while minimizing repalr, maintenance, and resupply
requirements. The long life and high utilization rate of the OFA
dictate that novel design concepts and resupply, maintenance, and
repair metheds be considered to reduce its impact on the operation
of the Space Statien,

These requirements are also important for the OFA for the spin/
despin motors. Hewever, because this latter system uses LOX in-
stead of GOX, it requires such large quantities of oxidizer that
the LOX will be supplied directly from the cargo module of the
logistics vehicle. We propose that the feed assembly for the spin/
despin metors be & scaled~up version of the conceptual design de-
seribed below. The design of the feed system in the cargo module
is bevond the scope eof this study.
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2. Oxidizer Feed System Description

The OFA satisfies all the ACS performance, safety, and re-
liability requirements and minimizes crew commitments and inflight
maintenance. It also combines commonality, growth potential, and
Space Station integration potential with minimum development risk.

The OFA is basically a pressurized feed system that uses a
cold gas in a blowdown manner to force oxidizer contained by sur-
face tension out of a positive expulsion tank. Gaseous oxygen
was chosen as the oxidizer due to the desired start transients
dictated by the hybrid TCA for the ACS. However, the oxidizer
is stored in liquid form to minimize weight and volume. Helium
was selected as the pressurant. The storage capability of the
OFA is 293 kg (645 lbm) of 10X and 17.1 kg (37.68 1bm) of helium

pressurant gas.

The OFA is shown in Fig. VI-10 and described in Table VI-5.
Each of the two subassemblies fits in an aluminum cabinet 2032 mm
(80 in.) by 1219 mm (48 in.) by 610 mm (24 in.), which requires
a volume of 1.51 m3 (53.3 ft3). This cabinet is shown in Fig.
Vi-11.

The 10-yr life requirement dictates that the OFA be reparable
and contain a degree of redundancy. Thus, each propulsion module
is designed to have two interconnected oxidizer feed systems that
are virtually independent. In addition, the OFAs for each module
are interconnected, and each system has redundant components and an
assembly of '"quad" check valves to eliminate single-point failures.
A potential failure on one side of the quad valve is eliminated by
redirecting the flow through the redundant side. This also permits
replacing the ''failed" side of the quad valve without hindering
the operatlon of the propulsion system. A two-stage pressure and
flow regulation assembly is used to obtain coarse regulation, fol-
lowed by fine regulation. Use is also made of interconnections
(crossover valves) between the two systems making up a propulsion
module. These interconnections have been provided downstream of
the pressurant tank, downstream of the oxidizer tank, and just
upstream of the TCA units to enable interaction between the two
systems of the propulsion module, if required. Each system also
contains relief valves and burst discs at locations where an un-
relieved pressure buildup could result in catastrophic failure.

The components are designed for quick removal with a minimum
of physical effort. Since a group of components (one side of the
quad valve assembly, for example) or a section of the OFA may be-
come defective, modularization is used when possible to facilitate
replacement.
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Table VI-5 Conceptual Oxidizer Feed Assembly

PROPELLANT TANKAGE ASSEMBLIES
Minimum Total Oxidizer Capacity,
kg (1bm>
Total Oxidizer Volume, m3 (ft3)

Typical Size of Capillary Screen Tank
Assembly, m (in.)

Total Weight, kg (Tbm)
HIGH PRESSURE STORAGE ASSEMBLIES & PRESSURE
CONTROL ASSEMBLY

Pressurant

Total Pressurant Capacity, kg Obm)

Total Pressurant Volume, m3 (ft3)

Number of Titanium Spheres

Typical Size of Titanium Spheres, m (in.)

Pressure Control Assembly

Total Weight, kg (]bm)

RESUPPLY
Method
Transfer Efficiency (%)

Total Weight of Distribution System/
Manifolds/Umbilicals, kg (]bm)

293 (645)

0.27 (9.22)

4.19 (16.5) diameter by
0.699 (27.50) long

38.8 (85.72)

Helium at 3445 kN/m2 (500 psia)
7.4 (16.32)

0.20 (7.08)

4

0.457 (18) diameter

Regulated

17.1 (37.68)

Blowdown Fluid-Flow Transfer
98

31.7 (85)
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Finally, it is recognized that the system fluids should be
isolated during repair or replacement. This can be done by venting
all fluid storage containers and transfer lines to vacuum, using
cold traps to reclaim the fluid. This permits storing the fluid,
as well as isolating the system fluid if it becomes contaminated.

The OFA will be resupplied using a blowdown screen arrangement;
a blowdown system willl be used to resupply pressurant. The pres-
surant bottle onboard the logistics craft will be sized so that
the residual pressurant resupply gas can be used as the pressurant
for oxidizer resupply.

Self-sealing disconnects will be used to prevent spills. The
pressurant level will be determined by pressure gages on the Space
Station storage tank. The oxidizer level will be predetermined
on the logistics craft, and all the fluid will be transferred.

The interface between the logistics craft and the Space Station
is the hand~operated quick discomnnect. With additional develop-
ment, this could be converted to a "hard-dock" operation to elim-
inate crew commitment and completely automate the system.

~
The LOX lines and tanks are covered with aluminized Mylar, a
super insulation, to minimize heat transfer effects.

3. Oxidizer Feed Assembly Component Description

All components of the OFA are based on demonstrated technology
and can satisfy the 1975 technology requirement. Where possible,
qualified off-the~shelf components have been selected to reduce
the complexity and expense of the oxidizer feed development program.
All components were selected on the basis of absolute safety, high
religbility, and minimum maintenance.

a., Technical Status Description - An assessment of the tech-
nology of the components and subsystems that compose the OFA and
resupply subgystems must begin with the question '"What is the
status of the technology today?'" Today's state-of-the-art is de-
fined as that technology that has been demonstrated. The techno-
logical status of the components and methods proposed for the OFA
is presented below. :
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Capillary Screen Tank - Screen tanks have been developed
and used on propulsion systems to control liquid propellant, but
tanks for cryogenic storage are still under development. Capil-
lary screen tanks are noted for their high reliability and effi-
ciency due to their lack of moving parts.*

Pressurant Tank - Pressurant tanks are standard commercial
items in any size and material. Their generic failure rate is
given at 0.044 ppm/hr.t

The pressurant tanks are titanium spheres that have a di-
ameter of 457.2 mm (18 in.) and a wall thickness of 0.7366 mm
(0.029 in.). Each of the four spheres is connected to a burst
disc and a relief valve. The tanks are mounted to permit easy
access and replacement (Fig. VI-12).

Oxidiger Tank - Four oxidizer tanks are required. The
tanks are made of titanium and are 698.50 mm (27.5 in.) long,
419.10 mm (16.50 in.) in diameter, and have a wall thickness of
0.6731 mm (0.0265 in.) (Fig. VI-13). The distance between the
wall and the capillary screen liner is 6.35 mm (0.25 in.). The
screen material is stainless steel dutch twill. The screen weighs
0.4536 kg (1.0 lbm> and the tank weighs 1.3245 kg (2.92 1b/in.2).

The maximum tank pressure is 4135 kN/m? (600 psia).

*Handbook of Long-Life Space Vehicle Investigations. M-68-21,
Martin Marietta Corporation, Denver, Colorado, December 1968.

C. A. Armontrout: Desgign Guide for Surface-Tension Positive
Expulsion Tankage. 8500-927018 (Rev A), Bell Aerosystems Company,
Buffalo, New York, September 1970.

J. A. Stark: Study of Low-Gravity Propellant Transfer, First
Quarterly Progress Report. GDC 584-4-549, General Dynamics/Convair,
San Diego, California, September 28, 1970.

Study of Low-Gravity Propellant Transfer. P-70-~25, Martin
Marietta Corporation, Denver, Colorado, March 1970,

Capillary Screen Device Technology Summary, M-70-18, Martin
Marietta Corporation, Denver, Colorado, July 1970.

Pressurization System Design Guide. Aerojet General Corpora=
tion, Sacramento, California, September 1964.

tHandbook of Piece-Part Failure Rates. Martin Marietta Corpo-
ration, Denver, Colorado, June 22, 1970.
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Pressure Transducer - Pressure transducers are standard
commercial items available from several vendors. Their generic
failure rate is 23.2 ppm/hr.*

Requlator — The life of off-the-shelf regulators is in
excess of 100,000 cycles; this can be extended to 250,000 cycles
if required. For long missions, the compatibility of the valve
material with either the fluid medium or the environment may be
the life-limiting parameter, rather than the cyclic life. In-
ternal leakage due to contamination is the major life-limiting
failure mode. The generic failure rate is 1.2 ppm/hr of opera-
tion.*

The pressure regulators (Fig. VI-14) are made by Victor
Controls, Model BLR 10A 1/2 1/2 1/2 TTI. They are made out of
2024-T4 aluminum and have a maximum inlet pressure of 41,800
kN/m? (6000 psig) and an outlet pressure range of 384 to 41,800
kN/m? (50 to 6000 psig). They weigh 24.4948 kg (5.5 lbm), are

rated at a maximum airflow of 42.65 m3/minute (1500 scfm), and
operate between 219°K (-65°F) and 344°K (160°F). These pressure
regulators are 161.798 mm (6.37 in.) long and have a maximum
diameter of 101.6 mm (4.00 in.).

Relief Valve - Relief valves are fairly reliable. Their
generic failure rate is only 0.224 ppm/hr. If a failure does occur,
it will probably be due to premature leakage, valve chatter, inabil-
ity to cope with transient pressure surges, or poor regulation.*

Burst Disc - The response time or actual opening time is
extremely fast (2.5 msec). Based on tests of the Titan II first
stage engine, their reliability is 0.,9997.%

Check Valve - Check valves are common standard commercial
items available from several vendors. The check valve is the
simplest of all valves, which accountsg for their low generic
failure rate of 0.16 ppm/hr.*

The check valve arrangement (Fig. VI-15) is based on 303
stainless steel valves (Model K2120T~4TT-8) by James, Pond and
Clark, Inc. These valves require special assembly and LOX cleaning
for cryogenic service. They weigh 0.1701 kg (0,375 lbm) each, and

operate at pressures between 0 and 6890 kN/m? (0 and 1000 psia) and
temperatures between 78°K (-319°F) and 344°K (160°F). The valve
spring is made from 17-7PH, and the seal, from Teflon. The-crack-
ing pressure is 55 kN/m? (8 psia).

*Handbook of Piece-Part Failure Rates. Martin Marietta Corpo-
ration, Denver, Colorado, June 22, 1970.
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Solenotd Valves - A valve life of 100,000 cycles is pos-—
sible, but may be limited by compatibility with the fluid medium
and the space environment. Internal leakage caused by contamina-
tion is the major life-~limiting failure mode. Such contamination
may be either from the fluid medium or due to wearing out of the
valve material. Solenoid valves have a generic failure rate of
0.51 ppm/hr.

The selected solenoid valve (Fig. VI-16) is manufactured
by James, Pond, and Clark, Inc. (Model V4077T) and has a pressure
range of from 0 to 6890 kN/m? (0 to 1000 psia). It is made out
of 303 stainless steel and weighs 0.6804 kg (1.50 lbm)' 1t has

a voltage of 28 vdc and a nominal power rating of 18 w. Its maxi-
mum rated leakage rate is 1 cc/hr for liquids and 5 cc/hr for air.
These valves operate between 219°K (-65°F) and 344°K (160°F).

Three-Way Valves - The operational requirements for the
three-way valves, as used in the OFA, are different than those for
normal operation. This prevented locating suitable valves and may
indicate the need to design special valves for the OFA.

The three-way valve must be capable of interconnecting
any two of the three parts. Martin Marietta has a prototype
three-way valve that could be modified to perform the required
three-way functions.

A conceptual design of a three-way solenoid valve is shown
in Fig. VI-17. These valves will be made of stainless steel and
weigh 0.680 kg (1.5 lbm). They will have an operating pressure

range of 0 to 6890 kN/m? (0 to 1000 psia) and a temperature range
of 219°K (-65°F) to 344°K (l60°F). Their voltage rating will be
28 vde, and their nominal power rating will be 20 w. They will
have a leakage rate comparable to that obtained with the solenoid
valve,

Filter Assembly - A maintainable filter is currently under
development at Martin Marietta. A prototype model has been built
and Is ready for testing. Commercially available filters have a
generic failure rate of 0.045 ppm/hr.*

- #Handbook of Plece~Part Failure Rates. Martin Marietta Corpo-
ration, Denver, Colorado, June 22, 1970.
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The inflight maintenance filter, shown in Fig. VI-14, is
designed for easy replacement. The case material is 303 CRES;
the filter element is available from Aircraft Porous Media. The
filter housing is made from 7075-T6 aluminum. The filter has a
weight of 0.9526 kg (2.1 lbm), a length of 171,45 mm (6.75 in.),

and a diameter of 58.674 mm (2.31 in.).

Vaporizer - The vaporizer uses the 309,560 Btu/hr (90.6
kw) of heat rejected by the Space Station. This heat is more
than sufficient to satisfy the required heat input, 10 kw per
vaporizer or 40 kw total required for the ACS. The details of
the heat rejection approach are not adequately defined. Thus,
the design of this vaporizer and its interface with the Space
Station is not possible at this time.

Tubing and Fittings — Stainless steel and aluminum are
the most extensively used materials for tubing; 300-series stain-
less steels provide the best properties and are most readily
drawn into tubing form.*

The tubing connection most extensively used in aerospace
vehicles conform to national aerospace standards, military
standards, and Air Force/Navy aeronautical standards. For long-
term storage of fluids, brazed or welded joints are used to pre-
clude leakage. The generic failure rate for tubing and fittings
is 0.05 ppm/hr.T ,

*Handbook of Long-Iife Space Vehicle Investigations. M-68-21.
Martin Marietta Corporation, Denver (olorado, December 1968.

THondbook of Piece-Part Failure Rates. Martin Marietta Corpo-
ration, Denver, Colorado, June 22, 1970.
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b. Resupply Methods

Gas Pressurant Blowdown with Capillary Screen Feed Sys-
tem — The blowdown technique has been used for some time, and
the capillary screen is beginning to appear more often in pro-
pulsion systems. The combination of these two items assures a
successful mission. Further development is required when LOX is
used to check heat loss from adjacent hardware.®

Blewdown Pregsurant-Resupply - Pressurant is resupplied
by equalizing the pressure between a high-pressure storage bottle
onboard the logistics craft and the expended storage tank onboard
the Space Station. Although this system may be heavier, it re-
quires a minimum of new technology and is well suited for immediate
design and development,t

Oxidiger Resupply (Capillary Screen) - The same principle
to be used in the feed system is applied to resupply. Further
development 1s required to solve heat transfer problems in the
transfer line and venting problems when LOX is used.$

*J. A, Stark: Study of Low-Gravity Propellant Transfer, First
Quarterly Progress Report. GDC 584-4-549. General Dynamics/
Convair, San Diego, California, September 28, 1970.

Study of Low-Grauity Propellant Transfer. P-70-25. Martin
Marietta Corporation, Denver, Colorado, March 1970.

Capillary Screen Device Technology Summary. M-70-18. Martin
Marietta Corpeoration, Denver, Colorado, July 1970.

TV. A, DesCamp et al.: Study of Space Station Propulsion
System Resupply and Repair, Final Report. MCR-70-150, Contract
NASB-25067. Martin Marietta Corporation, Denver, Colorado, June
1970.

§C. A, Armontrout: Design Guide for Surface-Tension Positive
Expulsion Tankage., 8500~927018 (Rev A). Bell Aerosystems Company,
Buffalo, New York, September 1970.
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4. Operating Procedures

The Space Station OFA will be capable of two modes of opera-
tion, automatic and manual. For normal conditions, attitude cor-
rection will be initiated by the onboard computer operating on
the automatic mode. This system will also automatically compen-
sate for component failures by actuating proper crossover valves
to operate the standby redundant system. The condition of the
system will be indicated on the control panel (Fig. I1-9). This
panel will consist of a system schematic and have warning lights
for all major portions or modules of the system. Three lights
will be provided for each module: green for the operating path,
white for standby, and red for a failed module.

If the crew wishes to perform experiments or emergency atti-
tude corrections, they can move the toggle switch on the control
panel from automatic to manual operation. Once the control valve
is opened, engine control is accomplished with isolation switches
on the control panel. The control panel will also include a
pressure gage and selector switch to check pressure readings at
various points along the system to isolate possible future failures.
The onboard computer will be programmed to indicate component
failure and necessary compensation requirements.
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F. INTEGRATED HYBRID APS FACILITIES

The integrated APS has been designed to verify that a hybrid
propulsion system can meet high safety and maintainability stand-
ards while satisfying all APS performance requirements. The
high level of safety achieved in the OFA and the individual ACS
and spin/despin TCA motor designs has been maintained in the
overall system. The system design considered all aspects of
human engineering per MIL-STD-1472 to achieve high system main-
tainability. Auxiliary propulsion facilities and space require-
ments were minimized to minimize the impact of the APS on the
operation of the Space Station.

The APS shown in Fig. VI-18 provides all the equipment and
facilities required to satisfy performance objectives and to
perform all maintenance, repair, and spares storage functions.

As shown, the APS is located on the bottom deck of the proposed
Space Station. The Space Station has an outer diameter of 10.1 m
(33.0 ft), a central transit and utility core with an inner
diameter of 3 m (5.0 £r), and a floor-to-ceiling height of 2.03 m
(80.0 in). The APS motors are located on two raised thruster
pads on opposite sides of the Space Station. These thruster pads
are positioned inside a motor refurbishment room that has main-
tenance, repair, and storage facilities. The 0OFAs are located
next to the thruster pads.

G. APS THRUSTERS

The two APS thruster pads are shown schematically in
Fig. VI-19. Each pad has eight ACS motors and two spin/despin
motors, as well as all their required oxidizer, instrumentation,
power, ignition, and refurbishment lines. The thruster pads are
in the shape of raised pillboxes 2.03 m (80,0 in) on a side, and
extend 45.7 cm (18.0 in) above the surface of the Space Station,
The eight ACS motors each have GOX lines, propane lines, and
power/instrumentation lines. The two spin/despin motors require
only LOX lines and power/instrumentation lines. The instrumen=-
tation lines from each motor are connected to the MD§/automatic
monitoring and control system (AMCS). The MDS/AMCS interfaces
with the manual or automatic fire control system to effect moter
shutdown in the event of a serious malfunction and to alert the
operator to minor malfunctions. Along with the 10 APS motoers,
each pad contains a three-way valve and a vacuum refurbishment
line,
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A raised pad allows the eight ACS motors to be oriented in
their proper directions and still be retracted axially for sim-~
plified refurbishment., During launch, all motors would be stored
inside the Space Station and the thruster pad would be protected
with an aerodynamic shroud. The eight ACS motors are arranged
into four redundant pairs to provide a roll, pitch, and yaw capa-
bility. One pair is located on each side of the thruster pad.
Redundancy improves reliability and always keeps one motor ready
while its twin is being refurbished. Each ACS motor receives
GOX via a braided Teflon flexline (Aeroquip 666) that is attached
to a common, pad-mounted GOX hard line. The hard line is con-
structed of seamless aluminum tubing with a 127-mm (0.5-in.) 0.D.
and a 113-mm (0.444-in.) I.D. The GOX flexline attaches to the
TCA with a Symetrics 58560 double-poppet screw disconnect socket
assembly. A power and instrumentation cable is attached to each
motor. Pressure, thrust, and fuel depletion signals are fed to
the MDS/AMCS, which directs the fire control system to terminate
motor operation in the event of a serious malfunction. The fire
control system supplies 28 vdc to operate the oxidizer control
valve and the spark ignition circuit.

The propane ignition system has been designed to maximize
safety, ensure reliable motor operation, and minimize maintenance.
The light hydrocarbon gases evaluated for ACS ignition are 100 to
1000 times less toxic than typical bipropellants evaluated for
Space Station attitude control. More important, however, the
ignition gas makes up less than 0.27% of the ACS propellants
(assuming a nominal 10-sec burn). A 0.100-msec ACS motor
ignition pulse requires only 1.14 gm (0.0025 lbm) of propane.

The selected propane supply system uses a single 300-ml
[176—gm (0.39 lbm)] bottle located adjacent to each thruster pad.

Based on an average yearly total impulse of 356.188 kN-sec
(79,945 lbf—sec> per pad and an estimated average burntime of

10 sec, 300 ml of propane would provide ignition capability for
an entire thruster pad (eight motors) for 1 yr.
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- 2 .
The low-pressure propane Pvapor " 10.33 kg/em? (147 psia)

at 299°K (72°F)] will be stored in sealed replaceable tanks. A
flexline will supply propane to each TCA using a Symetrics 4000
1/4~-in. quick disconnect. A propane sniffer will be provided in
each APS room to monitor the concentration of propane and alert
the crew to any serious leak. The propane bottle has a flow-
limiting orifice that allows the crew time to shut the propane
hand valve in case a propane quick disconnect jams during re-
furbishment, Although no anticipated leakage rate of propane
could pose a safety hazard, the absolute safety requirement dic-
tates that no single accident can cause serious injury to the
crew or damage to the Space Station. Therefore, the situation

of a full propane tank rupturing was investigated. Since each
APS room occupies about 257 of the lower deck of the Space
Station (or 5% of the entire Space Station), a ruptured propane
bottle would suddenly dump 175 gm of propane into an APS room
[volume = 42.3 m3 (1490 £t3)]. This would raise the concentration
of propane to about 0.33%7Z by volume. But the lower limit of
flammability of propane in air is 2.4%, so the 300 ml in the pro-
pane ignition bottle is insufficient to pose an explosion hazard.
Furthermore, the concentration of 0.33% is within short-term
tolerance limits and would not prevent anyone in the room from
leaving. Even if the propane were inadvertently allowed to
diffuse throughout the Space Station, its concentration would
still be within the 8~hr tolerance limit and allow sufficient
time for decontamination.

Each thruster pad can handle two spin/despin motors. A spin-
up or despin maneuver requires three spin/despin motor firings
to produce the required 3.110 MN-sec (698,050 lbf—sec) of total

impulse, Therefore, a minimum of one motor replacement is re- .,
quired to complete a spin/despin maneuver. The three spin/despin
motors provided may be manipulated in various ways as discussed
in Section II-E, based on motor refurbishment scheduling require~
ments. These motors are located vertically in line and extend
perpendicularly through the outer face of the thruster pad. All
three spin/despin motors would be stored inside the Space Station
during launch and be extended after the Space Station was in
orbit.
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Each spin/despin motor requires a vacuum-jacketed LOX line
and an instrumentation line. The two vacuum-jacketed LOX control
valves (Vacco Valve Co, Model SDL-01P-403-2C) are pad-mounted to
avoid handling during motor refurbishment. The two LOX control
valves are connected to a distribution block by vacuum-jacketed
hard lines, and by a common vacuum~jacketed hard line to a
1033-kN/m? (150-psia), pressure-regulated oxidizer supply system,
The LOX lines from the valves to the spin/despin motors will be
vacuum~jacketed lines consisting of Aeroquip 666 braided Teflon
hose and beryllium copper bellows. The LOX lines will terminate
in Symetrics 47325 vacuum—~jacketed socket assembly; this mates
with a Symetrics 47320 nipple assembly that is hard-mounted to
the forward closure of the spin/despin motors. The vacuum flex-
lines from the socket assembly to the forward closure use a
Symetrics 4000~1/4-in. quick disconnect. These vacuum lines are
connected to the motor-mounted nipple assembly to prevent the
formation of ice during motor operation.

The spin/despin motors may be fed by either LOX line. This
feature provides redundancy and operational flexibility. Since
the LOX valves are located upstream of the disconnect, the LOX
line will be purged of LOX after motor shutdown. This removes
the hazard of LOX spills during refurbishment.

Bach spin/despin motor is connected to the fire control sys-
tem by a power and instrumentation cable. Outputs from the
pressure transducer, thrust transducer, and fuel depletion wires
are sent to the MDS/AMCS, Firing commands are sent to the pyrogen
igniter and the proper oxidizer control valve. The MDS/AMCS
signals the fire control system to close the oxidizer control
valve or in the event of a motor malfunction at the first indi-
cation of fuel depletion,

H. APS MASS AND PERFORMANCE

Although the hybrid APS was primarily designed for maximum
safety, high reliability, and minimum maintenance, it also
achieves a low total mass, along with excellent performance. Fuel
replenighment makes the system less sensitive to the inert mass of
the motor, Furthermore, the oxygen/(PMM/PBD) propellant system
offers outstanding performance, even allowing for a lower
efficiency to provide nozzle film cooling.
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1. APS Mass Requirements

All APS components were designed with high factors of safety
to ensure high reliability and minimum maintenance. The mass
requirements for an attitude control motor TCA are shown in
Table VI-6. With recommended maintenance, the motor case/nozzle,
forward closure, and oxidizer flow control components [total
mass = 10.6 kg (23.2 1b)] are capable of operating without re-
placement for the required 10-yr life of the Space Station. The
cartridge~loaded fuel grain [10.5 kg (23.1 1b)] provides 9.71 kg
(21.4 1b) of usable fuel. The remaining mass is divided almost
equally between residual fuel and the tripwire-lined phenolic
cartridge. The total loaded mass of spares and resupply items
is 21.0 kg (46.3 1b), which in a 0.7-g environment weighs 144 kg
(32.4 lbm), and can therefore be easily handled by one man, even

under artificial gravity. At an average O/F ratio of 1.815, the
ACS motors burn 17.6 kg <38.9 lbm) of GOX with each fuel grain.

Although the spin/despin motors are scaled-up (2.29:1)
versions of the ACS motors, their size removes some of the mini-
mum wall criteria placed on the ACS motors. This allows the
spin/despin motors (Table VI-4) to have a mass less than 12.0
(2,293) times the mass of the ACS motors contrary to what would
be expected on the basis of a direct scaleup. The motor case/
nozzle assembly, forward closure assembly, oxidizer flow control
(vacuum-jacketed LOX disconnect and injector assembly), and
instrumentation have a total mass of 79.0 kg (l74 lbm). The

cartridge-loaded fuel grain, which is divided into six segments,
has ‘a total mass of 126.4 kg (278.7 lbm . Since no single seg-

ment has a mass larger than 22.7 kg (50 lbm), whichvcorresponds
to 156 N (35 lbf) in a 0.7-g environment, the fuel segments can

be handled by one man. The igniter assembly is installed around
the injector during refurbishment and has a mass of 0.23 kg
(0.5 lbm). The loaded motor has a mass. of 205.7 kg (453.5 lbm .

The refurbishment dolly is used to transport the spin/despin
motor between the thruster pad and the work table. Each spin/
despin motor burns 213.7 kg (468.9 lbm) of LOX with 116.5 kg

(256, lbm) of useful fuel, for a total propellant mass of
329.2 kg (725,8 lbm),
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Table VI-6 Attitude Control Motor TCA Mass Summary

MASS

COMPONENT kg 1bm

Motor Case/Nozzle 5.32 | 11.72
Forward Closure 3.82 8.42
Oxidizer Flow Control * Instrumentation 1.41 3.10
Reusable TCA Mass 10.6 23.2
Phenolic Fuel Cartridge 0.38 0.83
Useful Hybrid Fuel 9.71 | 21.42
Residual Hybrid Fuel 0.37 0.81
Expended TCA Mass 10.5 23.1

Loaded Motor Mass 21.0 46.3

Useful Propellant Mass

Oxidizer 17.63 | 38.87
Useful Fuel 9.71 | 21.42
TOTAL PROPELLANT MASS 27.3 60.3

A hybrid APS can satisfy all APS mission objectives with a
low total system mass. The total mass required for the ACS
motors was combined with that required for the spin/despin
motors to show total APS mass required (Table VI-7). Since the
design of the Space Station shell was not available, there was
no way to calculate the mass increment attributable to the
raised APS thruster pads. Furthermore, these raised pads reduce
the APS space requirements, and therefore reduce the effective
mass attributable to the APS. The mass of the APS refurbishment
table, administrative work area, and storage cabinets was not
included since these facilities could be used for other Space
Station activities; the portion of their mass attributable to
the APS would be determined later.

The ACS (Table VI-7) requires a total mass (including pro-
pellant) of 2643 kg (5844 lbm) to deliver 7.12 MN-sec (1,598,890

lbf—sec) of total impulse. The primary ACS, consisting of 16

TCAs, oxygen and ignition lines, and two complete refurbishment
assemblies, has a mass of 232 kg (510 lbm>. Spares and scheduled

resupply adds another 21 kg (45 lbm), for a total ACS inert mass
of 253 kg (555 lbm). Ninety fuel grains have been provided,

allowing for a 50% fuel reserve at the end of 10 yr. The total
expended mass of the ACS, including fuel, GOX, and propane
bottles, is 2390 kg (5289 1b ).
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Table VI~7 APS Mass Summary

MASS
COMPONENT QUANTITY kg 1bm
ATTITUDE CONTRQOL SYSTEM ‘
Inert Mass
Primary System
Thrust Chamber Assemblies 16 168 371
Motor Refurbishment Tubes 2 17 38
S1iding Door Assemblies 2 13 28
Motor Reb]acement Caps (Used for Launch} 16 22 48
GOX Lines & Disconnects 16 7 15
Propane Supply Systems 2 5 10
Spares & Scheduled Resupply
Motor Case/Nozzle Assemblies 2 10 23
Forward Closure Assemb]y 1 4 8
Oxidizer Control Valves 2 1 2
Spark Ignition & Fluidic Circuits 2 1 2
Miscellaneous {Spark Plugs, Seals, Pins 5 10
: Electrical Plugs, etc)
Total.ACS Inert Mass 253 555
Expended Mass for 10-yr Requirements
Fuel Grain Assemblies* 90 943 2,080
Propane Ignition Bottles (1 Spare) 21 9 19
GOX 1,448 3,190
Total Expended Mass 2,390 5,289
» TOTAL ACS MASS 2,643 5,844
SPIN/DESPIN SYSTEM
Inert Mass )
Thrust Chamber Assemblies 3 237 - 522
Motor Refurbishment Tube & Dolly 1 118 260
Sliding Door Assemblies 4 181 400
Motor Replacement Caps (Used for Launch & after 18 Months) 4 23 50
Vacuum-Jacketed LOX Lines & Valves 4 9 20
Miscellaneous Spares (Seals, Pins, Plugs) 7 15
Total Spin/Despin Inert Mass 575 1,267
Oxidizer Feed Assembly
Propellant Tankage Assemblies 38.8 85,72
Pressure Control Assembly 17.1 37.68
Resupply 31.7 70
Total OFA Inert Mass 87.6 193.40
Expended Mass for 18-Month Spin/Despin Requirements
Fuel Grain Assemblies (1 Spare) 31 3,920 8,640
Igniter Assemblies (2 Spare) 32 7 16
LOX 6,382 14,067
Total Expended Mass 10,309 22,723
TOTAL SPIN/DESPIN SYSTEM MASS 10,884 23,990
Total APS Inert Mass 914.6 2,015
Total APS Expended Mass 12,700 28,812
Total APS Mass 14,441.6 30,827.4

*Includes allowance for 50% fuel reserve at the end of 10 years,
+Does not include inert mass of oxidizer feed system or thruster pad structure.
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The spin/despin system (Table VI-8) requires a total mass
(including propellant) of 10,884 kg (23,990 lbm) to deliver

31.1 MN-sec (6,980,000 lbf-sec) of total impulse. The spin/

despin system includes three TCAs, four door assemblies, and one
refurbishment tube and dolly assembly, along with lines, valves,
motor caps, and miscellaneous spares. Its total inert mass is
575 kg [1267 lbm). This can be returned to earth after 18 months

when the spin/despin system is no longer needed. Thirty-one fuel
grains have been provided to accomplish the 30 spin/despin motor
firings. The total expended mass of the spin/despin system, in-
cluding fuel, LOX, and igniters, is 10,309 kg (22,723 1bm).

The combined ACS-spin/despin APS has a mass of 14,442 kg
(30,827 lbm) and provides a total impulse of 38.0 MN-sec
(8,509,590 lbf—sec). As a figure of merit, the equivalent

specific impulse (total impulse/total system mass) for the system

is 278 sec. The total expended mass is 12,700 kg (28,812 lbm)
and the total inert mass is 915 kg (2015 lbm).

Table VI-8 Spin/Despin TCA Mass Summary

MASS
COMPONENT kg 1bm
Motor Case/Nozzle 45.4 100
Forward Closure 24.0 53
Oxidizer Flow Control &
Instrumentation _ 0.6 1.3
Reusable TCA Mass 79.0 174
Phenolic Fuel Cartridge 5.0 11
Igniter (Cartridge & Propellant) 0.2 0.5
Useful Hybrid Fuel 116.5 256.9
Residual Hybrid Fuel _ 4.9 _10.8
Expended TCA Mass 126.6 279.2
Loaded Motor Mass 206 454
Useful Propellant Mass
Oxidizer 212.7 468.9
FueT 116.5 256.9
TOTAL PROPELLANT MASS 329.2 725.8
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2. APS Performance

The selection of an oxygen/(PMM/PBD) propellant system
allows the hybrid APS to achieve exceptionally high performance.
The theoretical propellant performance at a chamber pressure of
551 kN/m2 (80 psia) and a nozzle expansion ratio of 100 is shown
in Fig. VI-20; the maximum theoretical specific impulse is 369
sec at an O/F ratio of 2.2. To achieve long nozzle life, an O/F
ratio of 2.0 was selected for nominal motor operation. Table VI-9
shows the computer-calculated theoretical propellant performance
at an O/F ratio of 2.0; the theoretical vacuum specific impulse
is 367,5 sec at an expansion ratio of 100. Table VI-9 also shows
the thermochemical analysis of the propellant combustion products.
The combustion products are entirely gaseous both in the chamber
and in the exhaust. The four primary exhaust species (99.9%%)
are, in moles/100 gm (0.22 1b): CO, 1.343; COy, 0.9623 Hy, 0.711;
and Hzo, 1,034,

The ACS and spin/despin motor designs used conservative
efficiencies and the results of motor tests to establish pre-
dicted performance and motor ballistic characteristics., A
specific impulse efficiency of 90% was used for both the ACS and
spin/despin motors to allow for nozzle film cooling. Performance
summaries for the ACS and spin/despin motors are shown in
Table VI-10. Since the spin/despin motor is a scaled-up version
of the ACS motor, the two systems only differ with respect to
thrust, duration, and total impulse,

The ACS motor-delivered vacuum specific impulse and oxidizer/
fuel ratio are shown as functions of time in Fig., VI-21. The
motor O/F ratio —- initially 2.08 -- is allowed to decrease dur-
ing motor operation to insure adequate film cooling as the aft
end of the fuel grain moves forward. Although this reduces the
motor O/F ratio to a minimum value of 1.68 at 350 sec, the pro-
pellant flow increases by less than 8%. The delivered specific
impulse is reduced from an initial value of 332 sec to 320 sec
near web burnout, The slight variations in propellant flow and
specific impulse tend to compensate to produce a nearly neutral
thrust trace. As shown in Fig, VI-22, the thrust increases from
220 N (49,4 lbf) to a minimum of 229 N (51.3 lbf) at 350 sec.

The chamber pressure varies slightly more than the thrust due to
an increase in the characteristic exhaust velocity at lower O/F
ratios (maximum c* occurs at an O/F ratio of 1,70); the chamber
pressure varies from an initial value of 530 kN/m2 (77 psia) to
576 kN/m? (84 psia) at 350 sec.
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Table VI-9 GOX/(PMM/PBD) Propellant Performance at O/F = 2.0, P. = 551 kN/m2 (80 psia)

VI-83

e = 60 e =80 e = 100
PARAMETER CHAMBER THROAT EXHAUST [1] EXHAUST [2] EXHAUST [3] EXHAUST [0]

Area Ratio 1.00000000@+00 | 6.00000000@+01 | 8.00000000@+01 | 1.00000000@+02 | 0.00000000@+00
Optimum Is (sec) 1.17611470@+02 | 3.44391034@+02 | 3.49970002@+02 | 3.53973127@+02 | 0.00000000€+00
Vacuum Isp (sec) 2.22004099@+02 | 3.60066775@+02 | 3.643965810+02 | 3.675179546+02 | 0.000000008+00
C* (m/sec). 1.76701809@+03

c* (ft/sec) 5.797292036+03

Velocity (m/sec) 1.15337505@+03 | 3.37732388@+03 | 3.43203488@+03 | 3.471292166+03 | 0.00000000@+00
velocity (ft/sec) 3.784031440+03 | 1.10804371@+04 | 1.12599348@+04 | 1.13887314@+04 | 0.000000008+00
Density (gm/cc) 2.706439060-04 | 1.540217730-06 | 1.13691252@-06 | 8.992437750-07 | 0.000000008+00
Density (1b/in.3) 9.77836432@-06 | 5.56480666@-08 | 4.10766493@-08 | 3.248967768-08 | 0.000000008+00
Pressure (kN/m2) 5.515760000+02 | 3.19561959@+02 | 7.99764378@-01 | 5.52024820@-01 | 4.14528086@-01 | 0.00000000@+00

Pressure {psia)
Temperature (°K)
Temperature (°F)
Heat Capacity (cal/°K/gm)

8.00000000€+01
3.37568633@+03
'5.616547390+03
4.646775650-01

4.634892876+01
3.223093818+03
5.34188086@+03
4.629605516-01

1.159969806-01
1.541986646+03
2.31588795@+03
4.173073646-01

8.006509640-02
1.441952746+03
2.13582693@+03
4.,13103508€-01

6.013721938-02
1.369325676+03
2.00509821@+03
4.100082386-01

0.000000006+00
0.0000000068+00
0.00000000@+00
0.00000000€+00

Heat Capacity {Btu/°F/1b) 2.651914860-02 | 2.64211586@-02 { 2.38157313@-02 | 2.35758172@-02 | 2.339917016-02 | 0.00000000@+00
Enthalpy (kcal/gm) -2.389654490-02 | -1.82790772@-01 | -1.386321016+00 |-1.430819786+00 | -1.463189980+00 | 0.000000006+00
Enthalpy (Btu/1b) -2.454772576+00 | -1.87771821@+01 | -1.42409826@+02 [-1.46980962@+02 | -1.503061918+02 | 0.00000000@+00
Entropy {cal/°K/gm) 2.906020936+00 | 2.90602093@+00 | 2.906020928+00 | 2.90602093@+00 | 2.906020936+00 { 0.00000000@+00
Entropy (Btu/°F/1b) 1.658466140-01 | 1.658466140-01 | 1.658466140-01 | 1.65846614@-01 { 1.65846614@-01 | 0.00000000@+00
Moles of Gas/100 gm (0.44 1b) 4.47612498@+00 | 4.40611357@+00 | 4.050150308+00 | 4.04997497@+00 | 4.04991900€+00 | 0.00000000€+00
COMBUSTION PRODUCTS [Moles/100 gm (0.22 Tb)]
C G 5.378143216-09 | 1.831565846-09 { 1.00000000@-10 | 1.00000000@-10 | 1.00000000€-10 | 0.00000000@+00
CH G 1.16406715@-09 | 3.621444646-10 | 1.00000000€-10 | 1.00000000€-10 | 1.000000006-10 { 0.00000000@+0C
CH, G 2.137381816-10 | 5.57459138@-11 ( 1.00000000€-10 | 1.00000000@-10 { 1.000000008-10 | 0.000000008+00
CH,0 G 5.74511924@8-07 | 3.25454671@-07 | 1.405943976-09 | 1.06645991@-09 | 8.637458576-10 | 0.000000000+00
CHs G 7.04177318@-10 | 2.69365435@-10  1.00000000@-10 § 1.000000008-10 ) 1.000000008-10 | 0.000000008+00
CHy, G 1.00000000€-10  1.000000006-10 | 1.00000000@-10 | 1,000000008-10 | 1.000000008-10 | 0.00000000@+00
co G 1.80980846@+00 | 1.771325786+00 | 1.414221220+00 | 1.37584567@+00 | 1.34314573@+00 | 0.000000006+00
C0, G 4.9467210568-01 | 5.33234121@-01 | B8.904746508-01 | 9.288502840-01 | 9.615502628-01 | 0.000000008+00
C, G 1.000000006-10 | 1.00000000@-10 | 1.00000000@-10 § 1.000000008-10 | 1.000000008-10 | ©.000000008+00
C,H G 1.00000000@-10 | 1.00000000@-10 | 1.00000000@-10 | 1.00000000€-10 { 1.000000008-10 { 0.00000000@+00
CoH, G 1.000000006-10 | 1.00000000@-10 | 1.000000008-10 | 1.00000000€-10 | 1.00000000@-10 | 0.000000008+00
CoHy G 1.00000000€-10 | 1.000000008-10 | 1.000000008-10 | 1.000000006-10 | 1.00000000@-10 | 0.000000008+00
C,0 G 4.415837970-10 | 1.28621760@-10 | 1.00000000@-10 { 1.00000000€-10 ) 1.00000000@-10 | 0.000000008+00
Cy G 1.00000000@-10 | 1.00000000€-10 | 1.00000000@-10 | 1.000000008-10 [ 1.00000000€-10 | 0.000000008+0Q
C30, G 1.00000000@-10 | 1.00000000@-10 | 1.000000006-10 | 1.00000000€-10 | 1.00000000@-10 | 0.00000000@€+00
Cy G 1.00000000@-10 | 1.00000000@-10 | 1.00000000€-10 | 1.00000000@-10 | 1.00000000@-10 | 0.00000000@+00
Cs G 1.00000000@-10 | 1.000000008-10} 1.00000000€-10 | 1.000000008-10 | 1.00000000@-10 | 0.000000008+00
H G 2.735992430-01 | 2.39184958@-01 | 5.192163386-04 | 1.906803296-04 | 8.34840627@-05 { 0.00000000@+00
HCO G 2.14722531@-04 | 1.356488520-04 | 1.37368887@-07 | 6.834443966-08 | 3.887460646-08 | 0.000000006+00
HO, ¢} 7.124798140-05 | 4.360753418-05 | 1.000000006-10 | 1.00000000@-10 | 1.00000000€-10 | 0.00000000@+00
H, G 4.71671705@-01 | 4.615912658-01 | 6.39963996@-01 } 6.784928200-01 | 7.11244026@-01 | 0.000000006+00
H,0 G 1.00909299¢+00 | 1.05592073@+00 | 1.104942006+00 | 1.066588556+00 { 1.03389335@+00 | 0.000000008+00
H,0, G 9.587085280-06 | 5.660046000-06 | 1.00000000€-10 | 1.,00000000€-10 | 1.000000006-10 | 0.000000008+00
0 G 8.75241491@-02 | 6.719029178-02 | 2.015209650-08 | 1.732103956-09 | 2.15604595@-10 | 0.00000000@+00
OH G 2.549254190-01 | 2.15960173@-01 | 2.90400958@-05 } 6.892537980-06 | 2.106708818-06 | 0.000000008+00
0, G 7.45347715@-02 | 6.152100510-02 | 1.612076346-08 | 1.287322986-09 | 1.43014514@-10 | 0.000000008+00
c S 0.000000008+00 | 0.00000000@+00 | 0.000000008+00 | 0.00000000€+00 | 0.00000000€+00 | 0.000000008+00
Ingredients Weight Percentage Elements gm-Atoms 1b-Atoms

0090 Polymethyl Methacrylate 6.67 c 2.30469577@+00 5.080932290-03

0096 Polybutadiene 26.66 H 3.490360338+00 7.694848380-03

0189 Oxygen, Gas 66.67 0 4.300141730+00 9.480092460-03

1.499139146-03
5.416389718-05

Propellant Density (gm/cc)
Propellant Density (1b/in.3)
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Table VI-10 APS Motor Performance Summary

PARAMETER ACS MOTORS SPIN/DESPIN MOTORS
Propellants GOX/ (20%PMM-80%PBD) |LOX/(20% PMM-80% PBD)
Average Motor O/F Ratio 1.815 1.815
Average Motor Chamber Pressure, 558 (81) 558 (81)
kN/m2 (psia)

Nozzle Expansion Ratio 100 100

Average Thrust, N (1bf) 225 (50.5) 1170 (263)
Total Impulse, kN-sec (1bf-sec) 86.63 (19,480) 1039 (233,675)
Duration (sec) 386 888
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Since the spin/despin motors use the same fuel geometry,
have the same oxidizer mass flux vs percent web, and operate at
the same pressure as the ACS motors, both motors have nearly
identical ballistic characteristics.

The spin/despin motor O/F ratio and specific impulse curves
shown in Fig. VI-23 and VI-24 follow the same pattern as those
for the ACS motors, except the burntime of the spin/despin motors
(888 sec) is 2.29 times (scaleup factor) longer than that for
the ACS motors. The spin/despin motor propellant flowrate is
5.24 times (scaleup factor squared) the flowrate of the ACS
motors; therefore, the spin/despin thrust is 5.24 times the ACS
motor thrust at the same web fraction. Since the throat area of
the spin/despin motor is 5.24 times the throat area of the ACS
motor, the values of chamber pressure for the two motors are
identical at the same percent web (Fig. VI-25).

I. APS SAFETY AND RELIABILITY

Throughout the system design phase, a concentrated effort was
directed at improving the reliability of the hybrid APS. However,
the highest reliability system is not a priori the safest system.
The failure mode analysis performed in Task II was reviewed and
primary emphasis was placed on removing any failure modes that
posed a safety hazard to the crew. Concurrently, an effort was
made to achieve the highest reliability through maintenance and
design redundancy.

1. APS Reliability

Inflight maintenance is required for a hybrid ACS teo achieve
high reliability for a 10~yr operating life. Component redundancy
and improved component reliability will not be sufficient to en-
sure successful operation without periodic maintenance. The ACS
have been sized to provide 86,790 N-sec (19,480 lbf-sec) of total

impulse between grain changes. Based on current ACS impulse re-
qulrements, the average ACS motor will be refurbished once every
2 yr. At this time both sets of redundant motor seals will be
replaced and all motor components will be thoroughly inspected
to ensure continued reliable operation. Motor operation will be
trend~analyzed to detect impending failures. Any component that
is tending toward out-of-specification performance will be
replaced.
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Redundancy and overdesign significantly improves APS relia-
bility. The spin/despin motors have redundant oxidizer valves,
oxidizer supply lines, and motor mounting locations. Further-
more, the spin/despin system uses three motors, although in an
emergency a single motor could complete the maneuvers. Due to
the low operating chamber pressure, the motor cases were designed
for several times the motor MEOP; this did not significantly
increase system weight. All motors use single-piece motor case
and nozzle assemblies with a single pinned motor case joint
having very high reliability. All fuel grains are cast in trip
wire-lined phenolic cartridges. Although the trip wires provide
a fail-safe indication of fuel depletion and will signal shut-
down, the phenolic cartridge ensures that the forward closure
and motor case flange will never be exposed to the combustion
gases, The ACS motors are arranged in two redundant sets of four
on each pad to provide redundancy for all ACS maneuvers, Each
set is connected to a redundant shutdown valve that terminates
thrust in case the TCA oxidizer valve fails to open.

Hybrid operation significantly improves the reliability of
the APS. Because the hybrid APS uses a solid fuel and a liquid
oxidizer, there are no failure modes associated with mixing pro~
pellants together at the wrong time, in the wrong places, or in
the wrong quantity. Furthermore, the selected propellants are
completely nontoxic and nonhypergolic. And because hybrid com=
bustion is a convective heat transfer process, it is insensitive
to grain imperfections and chamber pressure variations. The
selected design uses a very low chamber pressure, which increases
the reliability of the entire system. Hybrid motors can use
long~duration igniters to ensure successful ignition without
overpressurizing the motor.

A complete reliability study was conducted on the ACS motors,
the spin/despin motors, and the OFA. This study used failure
rate data from the following four sources:

1) Fatlure Rate Data Handbook. TUSN Fleet Missiles Sys~
tems Analysis Evaluation Unit;

2) Study of Space Station Propulsion System Resupply and
Repair, Final Reporit. MCR-70-150. Martin Marietta
Corporation, Denver, Colorado;

3) UIC Hybrid Experience, Test Data. United Technology
Center, West Palm Beach, Florida;

4) Average of typical aerospace components, vendor
data,
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The following basic assumptions were used:

1) The duration of the mission is 10 yr. However, all
spin/despin maneuvers will be completed in the first
18 months;

2) Multiple malfunctions are statistically improbable;

3) No single instrumentation failure can prevent either
the ACS motors or the spin/despin motors from com-
pleting a given burn;

4) No damage occurs to the motors or resupplied parts
due to ground handling or launch;

5) Infant mortality has been eliminated through pre-
launch testing and checkout;

6) Maintenance is performed at the recommended inter-
vals. All components are properly checked and
functioning correctly before reinstallation. No
failures occur as a result of improperly performed
maintenance,

The reliability analysis showed that the ACS motors, the
spin/despin motors, and the OFA achieve high reliability for
their required operating lives., The reliability of the hybrid APS
is shown in Table VI-1l. A single ACS motor operating for 10 yr
and delivering 1/16th of the total ACS impulse has a reliability
of 0.9445, TUsing pairs of motors increases the reliability of a
single pair to 0.9969, The reliability of a single thruster pad
(eight motors) is 0.9872, and the reliability of the total ACS
(16 motors) is 0.9745, Without redundancy, the reliability of
the OFA is 0.8791. Redundancy increases this to 0.9924, This
results in a total ACS reliability (motors plus OFA) of 0.97.
Note that these reliabilities are based on normal operation, and
therefore do not include additional redundancies inherent in the
present design, For example, a rollup maneuver requires firing
one motor on each thruster pad to create pure rolling motion
(no pitching or translation). However, should three of the four
rollup motors be inoperative, the remaining motor could be used
with the pitch motors to ereate rolling motion and translation.
The small translational velocity imparted to the Space Station
would have a negligible effect on the orbit. The ACS motor
ingstrumentation has a reliability of 0.9988 per pair of motors
and 0,9906 for the entire system. The use of thrust, pressure,
and fuel depletion indicators in the ACS motors provides redun~
dancy in measuring motor operating conditions.
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Table VI-11 Hybrid APS Reliability Summary

SYSTEM 10-YR RELIABILITY
Attitude Control System ‘
Single ACS Motor 0.9445
Redundant Pair of ACS Motors 0.9969
Single ACS Pad (Eight Motors) 0.9872
Complete ACS (16 Motors) 0.9745
ACS Instrumentation, One Motor 0.9655
ACS Instrumentation, One Pair 0.9988
ACS Instrumentation, 16 Motors 0.9906
Spin/Despin System
Single Spin/Despin Motor 0.9913
Three Redundant Spin/Despin Motors 0.9999
Spin/Despin Instrumentation, One 0.9947
Motor
Three Redundant Spin/Despin >0.9999
Motors
Oxidizer Feed System
Single Oxidizer Feed Module 0.8791
OFA, Two Modules 0.9924
Complete Oxidizer Feed System >0.999

Three=motor redundancy on the spin/despin system provides
exceptionally high reliability. The combination of a relatively
short migsion time (18 meonthe), coupled with relatively frequent
refurbishment (at least every 3 months), allows the spin/despin
motors to achieve an individual motor reliability of 0.9913.
However, using three spin/despin motors and providing each
thruster pad with redundant LOX lines increases the reliability
of the spin/despin system to 0.9999. The instrumentation for a
single spin/despin motor has a reliability of 0.9947 and the
religbility for three redundant motors 1s greater than 0.9999.
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2. Safety

Safety and reliability are the two leading factors in Space
Station component design because of three operational consider-
ations:

1) The Space Station is man-operated;
2) It must operate in a space environment;
3) It has a 10-yr operational life.
The selected hybrid APS provides certain inherent safety
features such as:
1) Inert fuel grain;
2) DNontoxic oxidizer (oxygen);

3) Burning is always downstream of the oxidizer
injector; '
4) Low operational chamber pressure;

5) Positive motor termination.

Throughout the baseline APS design, these and other design
features were incorporated to provide a completely safe operation,
These safety features have been discussed in various sections
throughout the study and are summarized in Table VI-12,
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An evaluation was performed to identify and assess all the
demands placed on the Space Station systems by the hybrid APS.
The hybrid propulsion operations area was designed to satisfy
all APS maintenance and operation requirements. APS equipment
requirements, including those for motor hardware, propellant,
spares, and refurbishment equipment, were determined and dis-—
cussed. Propulsion system maintenance procedures are presented.
The crew time required to operate and maintain the APS was eval~
uated. Finally, the resupply and APS storage requirements were
evaluated.

A. APS OPERATIONS AND REFURBISHMENT ROOM

The two APS rooms shown in Fig. VII-1 provide the space and
facilities required to perform all maintenance, repair, spares
storage, and administrative functions required for the APS. The
maintenance and repair facilities required for the APS can also
be used to service other systems onboard the Space Station. Due
to the safety of the hybrid APS, servicing of other equipment in
the APS rooms can be scheduled concurrently with APS operations.
Although the size of the APS rooms was minimized to reduce the
impact of the APS on the Space Station, the storage capability of
the APS room exceeds the needs of the APS, and can also be used
for other Space Station subsystems.

The two APS rooms are on the bottom deck of the Space Station.
Each room occupies about 20.9 m? (225 ft2), or approximately 1/4
of the lower deck., In addition to the APS rooms, the lower deck
contains two docking ports with 1.52-m (5.0-ft) passageways lead-
ing to a 3.00-m (10.0-ft) diaméter central transit and utility
core, There is also space for two additional rooms, each with
about 12 m? (130 ft2) of floor space; these rooms are not required
for the APS and may be used for storage, laboratories, or other
Space Station activities. Sliding pressure doors are provided to
isclate each room from the central transit and utility core.

VII-1
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The APS rooms are designed around the thruster pads and the
propulsion refurbishment work table. The large spin/despin motors
are transported on a refurbishment dolly from the thruster pad to
the refurbishment table. The dolly rides along tracks in the floor
that hold it in place during periods of weightlessness. The tracks
extend between the two APS rooms to transport the spin/despin motors
from the spinup pad on one side of the Space Station to the despin
pad on the other side. Present plans call for five spin/despin
maneuvers during the first 18 months. Following these maneuvers,
the spin/despin motors, the oxidizer feed system in the cargo
module, the refurbishment dolly, and all spares and related hard-
ware may be returned to earth. The onboard storage space may
then be allocated to other experiments. The spin/despin motors
can be carried from the thruster pad to the work table by one man
since they only weigh 14.4 kg (31.7 lbm) under 0.7-g conditions.

The refurbishment work table is the primary APS maintenance
and repair station. This island work table stands 0.91 m (36 in.)
above the floor and is accessible from all sides. The storage
space underneath the work table holds spare and replacement parts,
replacement fuel grains, and refurbishment equipment. Variable
intensity lighting over the work bench can provide up to 200 ft-c
of illumination for fine inspection tasks. The work table has
two sets of recessed cradles to support the ACS motors and the
spin/despin motors. It also has straps to hold the motors and
the oxidizer tanks in place during refurbishment. The work bench
has a compressed air source and a pressure gage for motor leak
tests. This work bench acts as the central receiving and inspec-
tion station for all APS spare and replacement parts sent from
earth. Following approval, all parts are stored for later use.
The cabinet next to the work table holds fuel grains and spare
parts that will not fit under the work bench.

The cabinets housing the OFA have shelves at the bottom to
hold spares and the fluid removal and decontamination tool.

An administrative area is located convenient to the thruster
pad, OFA, and the refurbishment work table. The administrative
area contains a standard five-drawer file, a desk, and a chair.

The desk is 76 cm (30 in.) off the floor, 56 cm (22 in.) deep,

and 120 cm (40 in.) wide. All service and repair manuals, in-
ventory records, and maintenance reports will be kept in the
administrative files. The administrative desk could serve as a
seated work bench. Therefore, it will be provided with 70 to 100-c
illumination for administrative recordkeeping and with 150 to 200-c
illumination for fine checkout or repair work,; either on APS com-
ponents or other Space Station hardware.
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B. APS EQUIPMENT REQUIREMENTS

The equipment required for a hybrid APS are presented in this
section. Motor components and spares are evaluated and divided
into equipment required at launch and replacement parts to be re-
supplied during the life of the Space Station. Refurbishment
equipment is discussed and conceptual designs are presented for
the ACS and spin/despin refurbishment containers. The instrumen-
tation system is evaluated and computer requirements are discussed.

1. Motor Component and Spares

Storage space is provided aboard the Space Station in the re-
furbishment compartment (see Section VII-A) for the storage of
spare parts and replacement equipment. With the exception of
O-rings, shear pins, and fuel grains, the motor replacement parts
will be complete modular assemblies such as igniters, fluidic as-
semblies, and sparking assemblies. Replacement support equipment,
such as valves, disconnects, electrical cable, seals, and tools,
will also be provided as spare parts.

An important feature of the proposed APS system is that each
component of hardware and each designed piece of equipment was
selected with reliability as one of the important criteria. Con-
sequently, spares have been kept to a minimum. Tables VII-1 thru
VII-3 show the equipment and spares aboard the Space Station at
launch. There will be a total of 21 Shuttle resupply flights,
which means that refurbishment and replacement parts will gen-
erally be brought to the Space Station every 6 months. At least
every 2 yr, each O-ring and seal will be discarded or replaced be-
cause of aging. The stored O-rings and seals will be replaced with
fresh stock. When an item is replaced gr refurbished, the older
stocked item will be used first; thus, the spare and reserve parts
will always be fresh.

2. OFA Components

Storage space for OFA spare parts and replacement equipment
listed in Table VII-4 is provided onboaxd the Space Station.
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Table VII-1 APS Motor Hardware Aboard Space Station at Launch

VII-5

ACS MOTORS SPIN/DESPIN MOTORS
ITEM REQUIRED | SPARES | TOTAL | REQUIRED { SPARES } TOTAL

Case & Nozzle Assembly 16 2 18 3 -- 3
Fuel Grain 36 0 36 6 7
0-Ring (Motor) 72 10 82 12 14
0-Ring (Motor-to-Pad) 72 10 82 8
Seal (Motor-to-Pad) 16 2 18 -- 3
Shear Pins 128 12 150 48 _ 6 54
Pin Safety Band 16 2 18 3 1 4
Igniter Assembly (Including
Initiator) 6 1 7
Propane Bottle 6 1 7
Injector 16 2 18 3 1 4
Fluidics Assembly 16 2 18
Closure & Skirt Assembly 16 2 18 -- 3
Pressure Transducer 32 3 35 2 8
Spark Ignition Assembly

Electronics Package 16 2 18

Induction Coil 16 2 18

Spark Plug 36 2 38
GOX Control Valve 16 2 18
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Table VII-2 Operational Support Hardware Aboard Space Station at Launch

ACS MOTORS SPIN/DESPIN MOTORS

ITEM REQUIRED | SPARES | TOTAL | REQUIRED | SPARES | TOTAL

LOX Control Valve 4 - 4
Backup GOX Shutoff Valve 4

Oxidizer Line Disconnect
Assembly 16 2 18 4 -- 4

Three-Way Pressure/Vacuum
Valve 2 1 3

Instrumentation Electric
Cable 16 2 18

Igniter Command Signal
Cable 4 - 4

Oxidizer Control Valve
Command Signal Cable 16 2 18 4 -- 4

Propane Line Disconnect
Assembly 16 2 18

Vacuum Line Disconnect
Assembly 4 -- 4
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Table VII-3 Tooling Aboard Space Station at Launch

VII-7

ACS MOTORS SPIN/DESPIN MOTORS
ITEM REQUIRED { SPARE | TOTAL | REQUIRED | SPARE | TOTAL
Door Assembly (Refurbishment) 1 1 2 4 -- 4
Container Assembly
(Refurbishment) 1 1 2 1 - 1
Dolly Assembly
(Refurbishment) 1 -- 1
Shear Pin Extractor 1 - 1 1 -- 1
Micrometer Set 1 -- 1
Magnifying Glass 1 -- 1
Portable High-Intensity Light 1 -- 1 1 -~ 1
Protective Covers
Motor Port Holes (Launch) 16 1 17 4 1 5
GOX Line 2 2 4
LOX Line 2 2 4
Propane Line 2 2 4
Vacuum LIne
ETectrical Connector 2 2 4
Seals
Door Assembly 4 4(2) 10 8 2 10
Refurbishment Container 2 2(2) 6 1 1(2) 4
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Table VII-4 OFA Hardware Aboard Space Station at Launch

ITEM REQUIRED | SPARES | TOTAL
Pressurant Tank 4 -- 4
Burst Disc 8 8
Check Valve (Relief) 12 4 16
Pressure Transducer 12 4 16
Fill Valve 8 2 10
Solenoid Three-way Valve 6 2 8
LOX Tank 4 -- 4
Solenoid Valve 4 2 6
Quad Valve 4 6
Heat Exchanger 4 -- 4
Filter 4 12
Regular 8 2 10

3. Motor Refurbishment Equipment

The ACS and spin/despin motor system and refurbishment equip-
ment used aboard the Space Station will be maintained in accord-
ance with MIL-S8TD-470, Maintainability Program Requirements. The
equipment provided aboard the Space Station is designed for use
by Space Station crews in accordance with MIL-STD-1472, Human
Engineering Design Criteria for Military Systems, Equipment, and
Faoilities.

To provide & shirtsleeve environment in the refurbishment work
area, a removable refurbishment container concept was selected and
designed for use aboard the Space Station. The concept makes use
of a door assembly, a container assembly, and for the larger spin/
despin motor, & handling dolly., Figure VII-2 shows the door assem-
bly and container for both the ACS and spin/despin motors.

a. Door Assembly - The door assembly consists of a sealed
frame that attaches to the motor pad and a sliding door that seals
the motor port hele. One door assembly is used in refurbishing
the ACS motors. The door assembly is attached and removed during
the refurbighment process. Since there are only four spin/despin
motor mounts (two on each side of the Space Station), each spin/
despin mount has 1ts own permanentaly mounted door assembly.
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The sliding door moves on rollers, eliminating a side load
on the door seal. Notches are provided on the motor pad that mate
with the door rollers when the door is in the closed position.
Space Station pressure seats the rollers in the notches, enabling
the door seal to seat against the motor pad and seal the port hole.

The ACS door is pushed into position through a push-pull
handle. The spin/despin door is positioned through a control crank
and a chain driven assembly. The design of the assembly is sim-
ilar to a clothes line: the chain is fixed to the door and passes
around the crank at one end and a pulley on the other end; as the
crank is turned, the door moves into position. The door rides in
a channel to guide it in a straight path.

The door assembly attaches to the motor pad through a
rectangular bolt pattern of latches that lock into position. The
size of the door assembly is as follows:

MOTOR WEIGHT LENGTH WIDTH THICKMESS
ACS Motor 6 kg (14 1b) 635 mm (25 in.) |375 mm (14.75 in.) | 51 mm (2 in.)

Spin/Despin | 61 kg (135 1b) | 1295 mm (51 in.) [ 724 mm (28.5 in.) |51 mm (2 in.)
Motor

b. Container Assembly - The container assembly used with the
ACS motors consists of a case, an attach ring, and a push-pull rod.
The container has two seals —— one on its surface that mates with
the door assembly, and another around the push-pull rod. The case
connects to the door assembly through a circular pattern of latches
that lock into position. The ring is attached by eight shear pins
to the forward closure skirt assembly. The push-pull rod retracts
or extends the motor about the container case. A three-rail track
inside the case ensures the proper operation of the motor during
the retraction and extension operation. A pressure/vacuum gauge
is mounted on the side of the container to indicate the pressure
within the container. The ring assembly extends 38 mm (1-1/2 in.)
past the end of the case, allowing connection to the motor forward
closure.

The spin/despin motor container is basically the same as
that for the ACS motor container, but is larger and has a more
elaborate retraction and extension mechanism. The retraction/
extension mechanism consists of three chain-driven ball screws
that drive a ring assembly attached to the motor forward closure
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by 16 shear pins. The hand crank at the bottom of the container
moves the motor in and out of the container. The size of the con-
tainer assembly is as follows:

MOTOR WEIGHT LENGTH DIAMETER

ACS Motor 8 kg (18 1b) 1118 mm (44 in.) | 222 mm (8.75 in.)

Spin/Despin | 83 kg (184 1b) | 2286 mm (90 in.) | 572 mm (22.5 in.)
Motor

c. Dolly - To facilitate the handling of the spin/despin motor
and its refurbishment container, a handling dolly is provided.
This dolly runs within a track system on the floor of the refur-
bishment compartment. Its legs are hydraulically operated, allow-
ing the dolly to be raised or lowered for positioning to the motor
pad. The container is easily latched to the dolly. The dolly
weight 34 kg (75 1b).

d. Small Hand Tools - A tool kit, consisting of small hand
tools and inspection equipment, will be provided to facilitate
disassembly, inspection, and assembly of the ACS and spin/despin
motors. Tools peculiar to the ACS and spin/despin motors are
described below.

Pin Extraction Tool - All pins used in the assembly of
the motor and the refurbishment tube are interchangeable. Each
pin has a special hole in its head for the pin extraction tool.
The end of the tool contains four spring-~loaded fingers that ex-
pand when the tool handle is pumped. Once expanded, the tool is
locked to the pin. The pin can be installed or extracted with the
tool. A release mechanism releases finger tension and the tool
disengages from the pin.

Micrometer Set - Micrometers are used to inspect the throat
and exit diameters of the nozzle. All pin attachment holes are
also checked for elongation.

Magnifying Glass - A magnifying glass is used to inspect
the motor case, nozzle, and closure for cracks and deformation.

High-Intensity Light ~ A portable high-intensity light
will be used during visual motor inspection. The light provides
an emergency light source in case of a power failure.

Vacuum-Tube Voltmeter - A vacuum-tube voltmeter will be
used to verify electrical circuits during refurbishment and to
troubleshoot an electrical circuit during a malfunction.




VII-12

MCR-71-11 (Vol II)

Protective Covers - A set of protective covers is included
in the tool, kit. These covers are used to seal the ACS and spin/
despin motor port holes during launch. Other covers are used to
protect plumbing and electrical connectors during disassembly for
refurbishment.

4. OQFA Refurbishment Equipment

The OFA will make use of the tool kit being developed as astro-
naut support equipment under Contract NAS8-26448.% The tools com-
prising the inflight maintenance tool kit are presented in Table
VII-5. A schematic of the fluid removal device is shown in Fig.
VII-3.

After careful consideration of the various methods available
for fluid removal, a method was selected that uses the mechanical
fittings on the system plus complete fluid removal by a hand suc-
tion pump. The hand pump withdrawal device is first clamped to
fitting, B, then fittings A and B are backed off, allowing
fluid to be removed (by suction) from the system at fitting B,
directed into the hand pump, and from there to the waste storage
tank. Provisions are included for refilling the system after
component removal. This method does require that the system be
shut down and depressurized before maintenance is performed.

The leak seal repair kit is used to repair and seal external
leaks in the fluid systems. It is composed of Grade T primer;
anaerobic adhesive; self-vulcanizing silicon tape; Teflon tape.
The leak seal repair kit will have to be modified to handle cryo-
gens.

5. Instrumentation and Computer

The required instrumentation and computer facilities were de-
signed to satisfy four primary objectives:
1) Promote safe APS operation;
2) Ensure mission success;
3) Minimize APS maintenance and increase APS reliability;

4) Provide minimum impact on Space Station activities.

*Mbdification of an Astronaut's Mock-Up Tool Kit. MCR-70-383
(Issues 3 and 4), Monthly Status Reports for November 1970 and
December 1970. Martin Marietta Corporation, Denver, Colorado,
December 1970 and January 1971.
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Fig. VII-3 Fluid Removal Technique

The selected instrumentation system for each TCA uses two
pressure transducers —-- one to measure chamber pressure and one
to measure thrust -- and trip wires to signal fuel depletionm.
These three measurements provide primary detection at all opera-
tional motor failures. As shown in Table VII-6, there is redun-
dant detection of most failures.

The instrumentation required. for the OFA consists of four
pressure transducers per module. These provide for detection of
all failures. These transducers are located downstream of the
pressurant tank, downstream of the LOX tank, downstream of the
regulators, and downstream of the vaporizer.

Thrust measurement is accomplished by measuring the hydraulic
pressure in a fluid-filled O-ring on the motor flange. During
standby operation, the pressure in this O-ring can be calibrated
with internal cabin pressure, which holds the motors firmly in
place. Since the motor thrust is only about 10% of the force
exerted by cabin pressure, the accuracy of the thrust measurement
is only about *57. However, this is more than sufficient to pro-
vide secondary malfunction detection of most failures, as well as
primary detection of an exit cone burnthrough, which is one of the
least probable failure modes.
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Table VII-6 Malfunction Detection

DETECTION METHOD™

CHAMBER FUEL TRIP
MOTOR OPERATIONAL FAILURE MODES PRESSURE | THRUST WIRES

Ignition Failure P S
Injector Fai]ureT p
Motor Seal P
Fuel Depletion S
Aft Closure Burnthrough p
Throat Erosion P
Exit Cone Burnthrough
OFA Failure Modes

Tank Leak

Valve Sticks

Flowrate

o o n o n o n ;v wm
v

*
P = Primary detection method; S - Secondary detection method.

+Primarﬂy on spin/despin motors.

A tripwire circuit emplanted in the phenolic fuel cartridge
‘was selected as the primary fuel depletion indicator. A second-
ary indicator is the chamber pressure and thrust. These will
fall off sharply 5 to 10 sec after the tripwire indicates fuel
depletion, this secondary indication involves some risk of damage
to the MoSi, coating, especially in the spin/despin motor.

The Bell & Howell/Consolidated Electrodynamics type 4-312-0001
strain gage pressure transducer was selected on the basis of its
small size, light weight, and rugged operating characteristics.
This transducer has a 0-1034 kN/m? (0-150 psia) pressure range
with a *0.50% combined linearity and hysteresis. It operates over
a calibrated temperature range of 220°K (-65°F) to 395°K (250°F)
with a frequency response of 17 kHz (frequency response is not
particularly important for a hybrid APS due to its stable burn-
ing characteristics).
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The conceptual hybrid APS can achieve high reliability and
safety without extensive computer facilities. Monitoring for
maximum and minimum values of chamber pressure, tank pressure,
and thrust, along with a continuity check for fuel depletion, are
the only required automatic MDS requirements during APS opera-
tion. Out-of-tolerance conditions would signal a red light if
the APS is under manual control since there are no failure modes
that require fast response automatic shutdown. If automatic fir-
ing is desired, a more elaborate logic loop with an APS shutdown
axd switching capability would be needed. Automatic trend analy-
sis is of questionable value, considering the reliability of the
present system. However, automatic strip recordings of each burn
would be useful at refurbishment time as an aid to motor inspec-
tion.

It might be wise to use a simplified form of the onboard
checkout and monitoring system being developed for the Space
Shuttle propulsion systems.®* This study is evolving an approach
for onboard checkout performance monitoring, emergency detection,
and postflight evaluation. An overview of a potential approach
is presented below.

a. Preflight Checkout - Preflight checks will be performed
only to verify that, after ground operations, all equipment is
in the correct condition for propellant servicing and for start,
and to establish an acceptable level of confidence in instrumen-
tation. Functional tests will not be conducted to verify operat-
ing performance prior to start. This approach assumes that fac-
tory acceptance tests and monitoring during ground servicing
operations have verified performance capability and that the
instrumentation has been brought to acceptable confidence levels.
The rationale for this assumption is that if equipment performed
correctly throughout its last normal operating cycle (without
evidence of failure, degradation, over—-stress, or approach of
end of normal lifetime), then no significantly greater confidence
that it will again perform correctly can be obtained by testing.
In fact, since the stresses on propulsion subsystems are pri-
marily self-induced, tests requiring actual subsystem operation
would decrease system life. Dry-system functional tests would

*Space Shuttle Propulsion Systems OnBoard Checkout and Mon-
itoring System Development Study. MCR-70-274 (Issue 2), Contract
NAS8-25619, DRL No. 187, Rev A, Line Item 2. Martin Marietta
Corporation, Denver, Colorado, December 1970.
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require considerable simulation, would not be realistic in the
absence of normal stresses, and would provide little additional
confidence over that obtained by leakage checks and by monitor-
ing ground servicing operations such as purging and propellant
loading.

Applicable condition indicators will be monitored and
evaluated by onboard equipment during ground operations to de-
tect emergencies, detect and isolate faults, analyze trends, and
indicate operating-state history.

b. Inflight Monitoring -~ Performance and condition~indicat-
ing parameters will be monitored and evaluated by onboard equip-
ment during and after engine start and during flight. No Vehicle-
to-ground interface will be used, other than voice communication.
The data acquired by monitoring will be processed during flight
to:

1) Verify that the system is ready to start;

2) Detect emergencies;

3) Detect and isolate faults;

4) Analyze trends in real-time;

5) Indicate operating~state history;

6) Record performance data.

Ready~to~Start Condition Verification - Appropriate on-
board mopnitoring and evaluation logic will be provided to verify
that all applicable equipment is in the correct condition to start
whenever an abortive start might result in equipment damage, un-
gafe conditions, or the need to offload propellants. Monitoring

parameters will include applicable valve positions, pressures,
temperatures, etc.

Emergency Detection - Appropriate onboard monitoring and
processing logic will be provided to detect and provide caution
and warning indications for the following conditions:

1) Loss or impending loss of major functions;
2) Flight safety'parameters exceeding safe limits;
3) Redundancy reduced to safe level;

4) Hazardous leakage.
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Fault Detection and Isolation - Fault detection and isola-
tion logic will be accomplished through onboard monitoring and
evaluation, to the extent that failures are identified and iso-
lated. Fault isolation will be accomplished as soon after detec-
tion as is necessary to identify lost redundancy and to initiate
corrective or safing action when applicable. In cases where no
redundancy exists and where corrective or safing action is taken
in response to failure detection only, diagnosis for fault isola-
tion may be performed on stored data at a later time.

The rationale for taking all data for isolation of in-
flight failures during or immediately after detection of the con-
dition is that in many cases the operating conditions and actual
sequence of events before, during, and after the failure must be
known in order to discriminate between cause and effect. Also,
transient or intermittent faults may not be isolatable in later
tests without resorting to a highly realistic simulation of con-
ditions and events.

Real-Time Tvend Analysis - Trend analysis will be performed
on elements known to exhibit measurable symptoms of impending mal-
function, provided they are not fail-operationally redundant and
provided failure is likely to cause significant secondary damage,
Analysis will be performed in real time if corrective action is
available in flight or if caution and warning is necessary when
a failure is probable.

This approach constrains the extent of trend analysis to
a realizable and economically reasonable level. Without these
constraints, the quantities of measurement channels, data stor-
age capacities, and processing loads became significantly more
difficult to justify on the basis of improving the probability
of mission success.

Operating-State History - Where correlation exists, or is
likely, between a line replacement unit's performance and its
operating time, stresses, number of on/off cycles, number of revo-
lutions or strokes, or combinations of these, a history of opera-
tion of the line replacement unit will be maintained in computer
storage. When the unit's operating history exceeds its opera-
tional lifetine, a postflight printout will provide notification
of required replacement.
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These operating histories will not be continuous, but
will be periodic or on-condition updated totals of the accumulated
time, cycles, etc, either at discrete states (on, standby, etc)
or at discrete stress levels (20% overtemperature, for example).

Replacement based on statistical correlation of perfor-
mance and operating history is a particularly valuable approach
in cases of identical redundant LRUs having a strong correlation
of performance with operating history. The stronger the correla-
tion, the higher the probability that all of the identical units
will fail during the same flight.

Performance Data Recording - Performance data will be
acquired and recorded only during times of possible activity of
interest. Various data compression techniques can be used to
further reduce the quantity of recorded data. However, accomplish-
ing any significant amount of compression either greatly overloads
the computers during peak processing times and requires consider-
able additional data storage capacity to temporarily hold data
until they can be processed for compression, or requires an addi-
tional computer dedicated to data compression. The selected ap-
proach is to provide enough recording capacity to store the re-
quired uncompressed data in a suitable format and to suitably
identify the data as to time and parameter to allow efficient
processing for reduction and evaluation.

c. Display - The types of information to be displayed are:

1) Operator or crew instructions, such as procedures
for manual operations or checkoffs, both on the
ground and during flight;

2) System status, such as operating modes and redun~-
dancy levels;

3) Propellant quantities and consumption rates;

4) Malfunction detection or prediction notification
and identification, both during ground operations
(when personnel are onboard) and during flight (when
corrective action by the crew is possible):

5) Caution and warning indications;

6) Postflight printouts of maintenance data.
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C. ASSEMBLY, MAINTENANCE, AND REPAIR PROCEDURES FOR THE TCA

Scheduled maintenance will be performed during motor refur-
bishment. All hardware will be designed on this philosophy. Dur-
ing refurbishment, the motors will be inspected and cleaned, the
O-ring seals will be replaced, the electrical connections and
plumbing lines will be checked, the motors will be reloaded with
new fuel grains, and pyrogen igniter will be installed on the
spin/despin motor. The components use modular designs so that
when a malfunction occurs, the complete part or unit is replaced
rather than repaired. After replacement, the part or unit can
either be discarded, returned via a Shuttle to a flight command
center for repair, or repaired aboard the Space Station. Space
Station repair will be kept to a minimum and will consist of mak-
ing adjustments or calibrations, rather than making repairs.

The ACS motors will be refurbished after 6.5 minutes of oper-
ation, and the spin/despin motors, after 15 minutes of operation.
Refurbishment deals with five main operations:

1) Disassembly; 4) Installation;
2) Removal; 5) Reassembly.
3) Refurbishment;
Table VII~7 summarizes the steps involved in performing the
the above five operations. Figure VII-4 presents a pictorial
presentation of the refurbishment task. The following discussion

will consider refurbishment both for the ACS motor and the spin/
despin motor.

1, Motor Refurbishment Task

The motor has completed 1ts operation and the firing control
console indicates the fuel grain has been consumed. Refurbish-
ment will be scheduled and performed at the crew's convenience.

a. Disassembly - Disassembly begins while the motor is cool-
ing. Before discomnecting the motor, the crew will don protective
gloves and eye shilelds, and verify that all motor systems are in-
operative and in a safety position. The GOX oxidizer line and the
propane ignition line will be disconnected at their quick discon-
nects (the LOX oxidizer line and LOX vacuum-jacketed line will be
disconnected). The electric cable will be unplugged from the
forward closure, and the motor safety latch system will be removed.
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The motor is now being held in position on the pad due to the Dif-
ference between the Space Station pressure of 70 kN/m? (10 psia)
acting against the forward closure assembly and the vacuum pressure
acting on the motor case; this creates a force of 1645 N (380 1b)
to hold the ACS motor in position. [For the spin/despin motor,
this creates a force of 7870 N (1770 1b) to hold the motor in
position.] Dust caps are installed on both the pad and motor con-
nectors after disassembly to prevent contamination of the GOX (LOX)
or propane (vacuum) 4dines and to protect the pin connectors on the
electrical cable.

b. Removal - The first step in the removal operation is to
install the door assembly. Before installing the door assembly,
the door seal is checked for any discrepancies and the door oper-
ation checked for ease and smoothness of operation. The door
assembly is positioned under the motor and bolted to the motor pad
through a pattern of quick connect latch connectors that are locked
in position.

The refurbishment container assembly is checked for seal
integrity and for smoocthness of retraction mechanism. The retrac-
tion assembly contains a ring that attaches to the motor forward
closure, a push-pull rod, and a track assembly to guide the motor
into the refurbishment container. The attachment ring extends
about 38 mm (1% in.) past the end of the container to allow pin-
ning of the ring to the forward closure. Four (eight) pins are
used to hold the ring to the closure. Using the motor for lever-
age, the refurbishment container is moved into position and bolted
to the door assembly through a pattern of quick connect latches
that are locked in position.

The removal procedure for the spin/despin motor is basi-
cally the same as that for the ACS motors, but the door assembly
and the refurbishment container for the spin/despin motors are
slightly different. For the spin/despin motor, the door assembly
is permanently mounted and tlie door operated by a chain-driven
pulley assembly. The retraction mechanism uses an attachment
ring traveling on three chain~driven ball screws. The container
assembly rides on a dolly that operates on a track system on the
floor of the refurbishment room. The legs of the dolly are hydrau-
lically operated so that the refurbishment container can be exactly
positioned to the height of the spin/despin motor during the attach-
ment procedure.
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A three-way pressure/vacuum valve is connected to the
refurbishment container via a flexline and the container is evac-
uated. Vacuum is held for one minute and the container seal is
checked for integrity (a vacuum/pressure gage on the wall of the
container indicates any leakage). If there is vacuum leakage,
the seal between the container and the door assembly and the seal
at the push-pull rod will be checked to determine which seal (or
seals) need replacement. Before replacing seals, the pressure in
the container is equalized to the ambient Space Station pressure
through the three-way pressure/vacuum line. If the container/door
seal needs replacement, the container will be disassembled from
the door assembly and the seal will be replaced. The push-pull
rod seal can be replaced while the container is attached to the
door assembly. After seal replacement and reassembly, the seal
is again wvacuum-checked.

With vacuum existing at both ends of the motor, one crew man
pulls the pull rod, which, in turn, retracts the motor into the
refurbishment container. Then the pull rod is locked in position
and the door is pushed across the motor port hole to seal it.
(The sliding door assembly has rollers that facilitate door oper-
ation and allow the door to be moved without dragging on the seal.
Notches are provided on the motor pad that mate with the rollers
on the door assembly. When the door assembly reaches the proper
position, the rollers mate with the notches and the door seal
comes in contact with the motor pad.) Pressure is allowed to
build up in the container through the three-way pressure/vacuum
valve until the pressure within the container reaches the level
within the Space Station. This prevents contamination of the LOX
or vacuum lines and protects the pin connectors on the electrical
cable.

Once the door assembly is in position and sealing, the
vacuum line is disconnected. The container holding the retracted
motor is unlatched from the door assembly, positioned on the
dolly, and transported to the refurbishment table. The pushrod
(ball/screw hand crank) is unlocked, and the motor is extended
out of the container and strapped to the refurbishment table.

The refurbishment container assembly is removed and stored dur-
ing refurbishment. For the spin/despin motors, the motor case is
fastened to the refurbishment table with the closure attached to
the refurbishment container.

c. Refurbishment - The forward closure is disassembled from
the case by removing the pin safety band and the eight pins hold-
ing the closure to the case. The closure is placed on a special
refurbishment fixture and the spark plug for igniting the ACS
motor is removed and replaced. Unused fuel grain material is re-
moved from the case and the closure-case O-ring is discarded. An
inspection is made to determine nozzle throat erosion, nczzle
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exit cone integrity, and case integrity. The forward closure is
inspected and checked for pin hole elongation, electrical con-
nector continuity, GOX (LOX) line injector integrity, and propane
(vacuum) line connector integrity. The motor pad GOX (LOX) and
propane (vacuum) flex lines are checked for discrepancies. A
continuity check is given to the electrical cable, verifying cir-
cuit operation.

During refurbishment, all discrepant, malfunctioning hard-
ware will be replaced and a fresh hybrid fuel grain will be assem-
bled into the motor case. A new closure-to-case O-ring is in-
stalled and the closure is assembled to the case. At this time,
the fuel depletion electric wire is connected to an internal plug.
The closure is attached to the case with eight shear pins and the
pin safety band is installed.

After assembling the forward closure to the case, a pres-
sure check is performed to verify the integrity of the motor O-ring
seal. An internal motor presure of 1034 kN/m?2 (150 psia) is main-
tained for 1 minute. If the O-ring fails, it is replaced and the
motor is retested.

A special seal is provided between the motor and station
motor mount. This seal is filled with a nonflammable, noncompres-
sible fluid and is used with a pressure transducer to indicate
motor thrust. This seal is located on the forward closure skirt
and is inspected at refurbishment. A special testing device is
used to verify proper operation of the thrust sensing assembly
and to verify its ability to seal. If a replacement is mnecessary,
the seal and pressure transducer are replaced as a unit and re-
tested.

d. Installation — After the motor assembly is completed and
the refurbishment container ring is attached and pinned to the for-
ward closure, the motor is unstrapped from the refurbishment table
and retracted into the refurbishment container using the container
pull rod. Then the rod is locked in the retracted position. The
refurbishment container with the retracted motor is positioned and
attached to the door assembly. The three~way pressure/vacuum line
is attached to the container assembly and the container is evacuated
and held under vacuum for 1 minute., If unacceptable pressure leak-
age is noted, either the container-to~door seal or the retraction
mechanism seal will be replaced. If the container-to-door seal
needs replacement, the container will have to be unlatched from
the door assembly. The retraction seal can be replaced with the
container attached to the door. Before seal replacement, the con-
tainer will be repressurized to the level within the Space Station.
After seal replacement, the container is again evacuated and the
seals are checked.
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With the container holding vacuum, the door is opened,
exposing the motor mount port hole. The motor is extened into
operating position. With the motor in its operating position,
the container is pressurized and maintained at Space Station pres-—
sure for 1 minute. If leakage is indicated by the container pres-
sure gage, the motor/station seal will be replaced as previously
described. After seal replacement, the container is again pres-
surized to cabin pressure and checked for leakage.

With the motor extended into its operating position the
container can be removed. First the three-way pressure/vacuum
valve is disconnected. Then the container is unlatched from the
door assembly and allowed to slide 38 mm (1% in.) down the re-
traction mechanism, exposing the pins attaching the container
ring to the closure. The pins are removed and the container
assembly is withdrawn from the motor. As a final step for the
ACS motor, the door assembly is unlatched from the motor pad and
removed.

The spin/despin motor is installed using the same pro-
cedure as described above for the ACS motor. The hydraulically
operated legs on the dolly assembly position the motor for in-
stallation to the motor pad. After motor installation, the dolly
and container assembly are removed. The door assembly is not re-
moved (because of its size and weight), but remains installed
under the motor.

e. Reassembly - The final operation in the refurbishment
task is to connect the motor pad plumbing and electrical connec—
tions. All dust and protective covers are removed and the GOX
(LOX) oxidizer line, the propane ignition (vacuum) line, and the
electrical cable are connected and locked in position. As pre-
viously mentioned, a force of 1645 N (380 1lb) holds the ACS motor
in the operating position due to the pressure difference between
the vacuum of space and the pressure within the Space Statiom.
The corresponding force for the spin/despin motor is 7870 N (1770
1b). As an added safety feature, the motor is latched to the
motor pad, providing a positive attachment if Station pressure
is lost during flight.

D. ASSEMBLY, MAINTENANCE, AND REPAIR PROCEDURES FOR THE QFA

Table VII-8 shows the order of operation for all assembly,
maintenance, and repair procedures for the selected OFA.
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E. AUXILIARY POWER AND CREW REQUIREMENTS

Auxiliary power and crew requirements have been minimized to
reduce the impact of APS operation on other Space Station activity.
APS operation will be handled remotely, eliminating any onsite
support. ACS operation could even be handled automatically by
the fire control system. Refurbishment accounts for most of the
APS manpower and electrical power requirements. Maintenance, re-
furbishment, and resupply of the ACS. motors requires roughly 3/4
man-hr per month for 10 yr. The spin/despin motors require about
4 man~-hr per spin or despin maneuver. The OFA requires approxi-
mately 4.75 hr per year, including the resupply periods.

1. Auxiliary Power Requirements

The APS has minimal auxiliary power requirements during pro-
pulsion operation, as shown in Table VII-9. The oxidizer control
valves draw between 0.5 and 1.5 amp at 28 vdc during motor opera-—
tion, while the instrumentation only draws 0.2 amp. The ignition
circuits draw power for such a short time that they make a negli-
gible contribution to power requirements. The backup GOX valves
(N.O.) would only be used if a TCA oxidizer control valve failed
to close. The backup valve would remain closed until the motor
with the defective GOX valve had been disconnected. 1In the in-
terim, the GOX supply would be shut off to four ACS motors on one
paid, but the four other motors would still be available to com-
plete any attitude control manuever.

During refurbishment, lighting accounts for almost all the
auxiliary power requirements. A three-way valve located on the
thrust pad is used for 2 to 3 minutes to draw a vacuum in the motor
refurbishment container before withdrawing or extending the motor.
However, the electrical power used for this operation is small
compared to the power required to properly illuminate the room
per MIL-STD-1472. Using standard, warm white fluorescent light
with a 507 utilization factor, 14 amp at 28 vdc will be required
to provide 4.6 lumens/in.2 (50 ft-c) of illumination in the APS
room during motor refurbishment. During the 25 to 40 minutes when
the refurbishment container is attached to the pad, an additional
10 amp will be required for pad lighting. Similarly, while the
motor is being refueled and inspected on the work table, 7 amp will
be required to light that area. Since an ACS fuel grain is con-
sumed about every 1% months, the ACS power requirements are about
0.37 kwh/month, almost entirely due to lighting during refurbish-
ment. Similarly, a spinup or despin maneuver (three motor firings
and refurbishments) will require about 2.7 kwh due to lighting re-
quirements.
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2. Crew Requirements for the TCA

The baseline APS motors can be assembled, disassembled, refur-
bished, and inspected by one crewman. The loaded APS motor in its
refurbishment container (in an 0.7-g Space Station environment)
weighs less than 23 kg (50 1b) and is not more than 1118 mm (45
in.) long and 22 mm (8 3/4 in.) in diameter. The larger and heav-
ier spin/despin motor and refurbishment assembly is handled with
the help of a dolly that rides on rails and can be easily manipu-
lated around the refurbishment compartment. The dolly has hydrau-
lically operated legs that can be used to position it to the height
of the motor pad and refurbishment table.

The spin/despin motor fuel grain is segmented. None of the
segments weigh (in an 0.7-g space station environment) more than
15 kg (35 1b).

A timeline analysis was made to determine the time required
to refurbish both an ACS and a spin/despin motor. Figure VII-5
shows a step by step analysis of the refurbishment procedure.
Time values were assigned to each step based on engineering esti-
mates and on the following assumptions:

1) One crewman is performing the refurbishment operation;

2) All motor hardware and refurbishment tooling is avail-
able in the refurbishment compartment;

3) There will be no replacement of motor parts, O-rings,
or seals;

4) The refurbishment door assembly used for the spin/
despin motor is fixed to the motor pad and need not
be installed or removed;

5) The crewman is familiar with the refurbishment pro-
cedure;

6) The refurbishment begins and ends with the motor
mounted on the pad in operating position.

The analysis showed that it requires 44 minutes to refurbish
an ACS motor and 76 minutes to refurbish the larger spin/despin
motor.
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It takes three spin/despin motors to accomplish either a spin
or despin gravity maneuver. These three motors can be mounted in
any one of four motor mounts (two per pad). Since a spin will be
followed by a despin, either of the following refurbishment ap-
proaches can be used:

1) Fire all three motors during the maneuver and refur-
bish all three motors after the maneuver has been
accomplished. (Note that one motor must be removed
and reinstalled during the maneuver);

2) Refurbish concurrently with the manuever.

Based on the selected design, if the motors are refurbished
during the firing, it would take 2.5 hr to accomplish the spin or
despin maneuver and the minimum turnaround time would be 1.5 hr.

If all three motors are refurbished after the maneuver, it will
take 1.5 hr to accomplish the maneuver and the maximum turnaround
time would be 4 hr. Since a period of 1 to 3 months exists between
a spin or despin maneuver, the refurbishment schedule would depend
on the crewman's duty requirements during a maneuver. If refur-
bishment could be accomplished in a gravity environment, it would
provide for natural working conditions without the effects of
weightlessness. For a spin maneuver, the recommended approach
would be to refurbish after the maneuver has been completed, allow-
ing the refurbishment work to be accomplished in a 0.7-g environ-
ment. During a despin maneuver, refurbishing concurrently with

the maneuver would minimize the work to be done in the zero-g con-
dition. It should be noted that a gravity environment is not a
requirement. All operations for refurbishing both the spin/despin
and ACS motors can be accomplished while in a zero-g condition.

3. Crew Requirements for the OFA

To minimize the total maintenance time, identical components/
modules requiring replacement at the same time can be replaced dur-
ing one maintenance operation, saving preparation and travel time.
We assumed half of the filters are replaced after each pressurant
and oxidizer resupply (every 6 months).

If all the components with 3-yr lives were replaced during one
maintenance period, available crew time might be exceeded. There-
fore, we suggest that only half the valves, components, and trans-
ducers be replaced at one period. The components in the half of
the system that was active immediately after orbit insertion should
be replaced first after 3, 6, and 9 yr. Components in the initially
redundant standby half of the APS should be replaced at 3-1/2 and
6-1/2 yr.
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Primary scheduled maintenance functions for the OFA consist of:

1) Checking the pressure;

2) Replacing filter elements;

3) Testing the fittings for leaks.

Pressures are checked before and after each resupply.
estimated to require 10 minutes per OFA, or a total of 20 minutes
per resupply. The total time per year is 80 minutes, assuming re-

supply every 90 days.

The crewtimes required for the remaining scheduled maintenance

functions are presented below.

Table VII-10 Estimated Crewtimes for Scheduled Maintenance

This is

CREWTIME
PER OFA

FUNCTION (minutes)
Review Procedures 4
Obtain Spares 3
Travel to Assembly 5
Remove Cover 10
Replace Filter 3
Tighten Fittings (1/2 minute each) 58
Replace Cover 10
Return from Assembly & Stow Gear 5
Perform Administrative Functions 5
TOTAL. PER ASSEMBLY 103

The total estimated scheduled maintenance time per year for

the QFAs is 286 minutes.
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F. - APS RESUPPLY AND STORAGE REQUIREMENTS

1. Resupply

Resupply for the APS system encompasses all the activities
from terrestrial storage, inventory control, and ground handling
to inflight refurbishment of the propulsion system. This section
discusses those aspects of resupply that are unique to the pro-
posed ACS and spin/despin propulsion systems.

At launch, all equipment and tooling needed to perform the
planned attitude control and spin/despin maneuvers will be aboard
the Space Station. Items that will be resupplied during the 10-yr
Station orbit will be as follows:

1) Consumables,
a) LOX,
b) Helium pressurant,
c) ACS and spin/despin motor fuel grains,
d) Propane gas for igniting ACS motors,
e) Spin/despin motor igniter assemblies;
2) TItems that Age and Cure with Time:
a) Valves,
b) Filters,
¢) O-rings,

d) Seals.

A schedule for resupply is shown in Table VII-11., Resupply
quantities of the consumable items were determined from the total
impulse required to perform the ACS and spin/despin maneuvers given
in Table II-2. The resupply schedule is based upon a Shuttle flight
every 6 months except during the artificial-g experiments, when a
cargo module is docked to supply LOX., The first Shuttle flight
would be flown 3 months after launch; the last resupply flight would
be flown 9 years and 6 months after launch. A total of 21 resupply
Shuttle flights would be made during the 10-yr Space Station orbit.

Each item aboard the Station will be identified by a serial
number for inventory control. An inventory check will be made
every 6 months prior to the Shuttle flight. At this time, un-
scheduled supply items will be determined and ordered. As new
resupply items arrive, they will be visually inspected, logged
onto an inventoxry list, and stored in the refurbishment compart-
ment.
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2. APS Storage Reguirements

Storage of all APS related hardware in the refurbishment rooms
was selected as the best approach since it simplifies motor mainte-
nance tasks and provides better inventory control. The APS rooms
(Fig. VII-1) provide storage space for all APS motor hardware and
substantial amounts of non-APS related equipment. There are three
principal component storage areas in the APS rooms -- two storage
cabinets and the space underneath the work table. The file cabi-
net in the administrative area is primarily intended for records
pertaining to the APS or other Space Station subsystems. With the
exception of the spin/despin refurbishment container and dolly
assembly, these three storage areas have sufficient capacity to
hold all APS related equipment during the 10-yr life of the Space
Station. The refurbishment container/dolly assembly rolls between
the two APS rooms on tracks and is located in the standby position
in either room when not in use.

APS equipment and spares have been stored to facilitate motor
refurbishment. During launch the 16 primary ACS TCAs and the
three spin/despin TCAs would be stored inside the Space Station,
firmly lashed to the floor. Once in orbit, all 19 TCAs would be
placed in their firing positions and only be retracted for re-
furbishment, or in the case of the spin/despin motors, for return
to earth. Therefore, APS storage facilities must hold all replace-
ment fuel grains and spare components.

About 0.84 m3 (29.6 ft3) of storage space has been provided
underneath the motor refurbishment work table (Fig. VII-5). Since
this location is the most convenient for motor maintenance, the
work table storage area has been configured to hold ACS fuel
grains and motor spares. With the exception of the ACS refur-
bishment container, all ACS equipment is stored at this location.
Figure VII-6, which shows the layout of the work table storage
area, assumes 25-mm (l-in.) shelf and partition thicknesses.

The two storage cabinets (Fig. VII-7) in the APS rooms pro-
vide room for spin/despin fuel grains and igniter assemblies,
with extra space for non-APS related storage. The cabinet near-
est the work table has been designed to hold three spin/despin
fuel grains, stored vertically with the forward segment on the
bottom. During refurbishment, the segments are removed one at a
time from the top and inserted into the motor. This cabinet also
holds seven replacement igniter cartridges. Approximately 0.3 m3
(10.5 £t3) is available in this cabinet for non-APS related stor—
age. After 18 months, when the spin/despin system has completed
its mission, the entire cabinet will be available. The far cabi-
net holds an additional two spin/despin fuel grains and the ACS
refurbishment container. During the first 18 months, this cabi-
net provides 0.81 m® (28.8 £t3) of non-APS related storage; after
18 months, an additonal 0.57 m3 (20.0 ft3) becomes available.
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A major goal of this program was to identify new technology
requirements associated with the hybrid APS being considered for
the Space Stationm.

This section compares the technology needed with the technology

status presented in Chapter VI. The OFA and the TCA are discussed
separately for ease of discussion.

A. OXIDIZER FEED ASSEMBLY

The technology required for the OFA is well in hand. There is
little need for further research, although much development is
required. The programs recommended below are development programs.

1. Development of Three-Way Valves

The three-way valves used in the hybrid APS have different
operational requirements than those normally encountered by three-
way valves., They must be capable of interconnecting any two of
three ports (the crossover port or feed port to the attitude con-
trol thrusters, plus connecting the feed to the crossover).,

We recommend that a development program be initiated to develop
and demonstrate these valves. These valves would be of use in any

propulsion system where redundancy is required.

2. Development of Electromechanical and Mechanical Bellows Systems

Initial studies indicated that both the electromechanical bel-
lows and the mechanical bellows feed systems are attractive, since
they eliminate the need to use a gas pressurant to expel the LOX
and eliminate the lines and components associated with such a sys-
tem. The mechanical bellows system uses the spring force of the
bellows and an additional spring in place of the electric¢ motor of
the electromechanical device. This provides a safe, simple system
that offers weight advantages as well as reliability. Development
and demonstration of these systems are recommended.
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3. Development of Inflight Maintenance Experiment

An inflight maintenance experiment for propulsion is required
to provide further definition and development of Space Station
operational and technology concepts, system designs, and crew
performance evaluation criteria.

None of the space flights to date have included any definitive
experiments on inflight maintenance, nor has any extensive main-
tenance been required for the operating systems. Experiment M-508,
scheduled for Skylab I, is the first experiment designed to ac-
quire basic human factors data in a zero-g environment.

The objective of the inflight maintenance experiment for pro-
pulsion shall be to demonstrate the ability to accomplish selected,
significant tasks that will be representative of the maintenance
and resupply required during long—duration manned space missions
for propulsion subsystems, The experiment shall possess commonali-
ty with the other subsystems for a Skylab-type vehicle so that
maximum data are obtained. The experiment shall be designed to
provide data for the entire area of integrated maintenance/resupply,
including equipment design for maintenance and resupply, fluid
phenomena in zero~g, human factors, astronaut performance in a
zero~g euvironment, and procedural information.

The experiment shall consist of three phases:

Phase I Experiment Definition
Phase 2 Prototype Design, Build, and Ground Development Tests
Phase 3 Flight Design, Build, and Tests

a. Phase I - Experiment Definition - This phase shall define
candidate tasks for experiments; the experimental configuration;
tests and the assoclated test equipment required for Phases 2 and
33 budget and schedule for Phases 2 and 3; detailed outline of the
experiment, including what can be accomplished with ground simula-
tion, KC=135 flights, and space flight tests. Maintenance tasks to
be considered may be either preventive (scheduled) or corrective
(unsecheduled), and can be summarized into the following functional
elements:
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Test/Check Filter
Calibrate Decontaminate
Adjust Visual Check
Remove/Install Inspect
Replace Composite Test
Repair/Overhaul Align

Protect Store

Service Handle

Clean Monitor

Purge

Resupply tasks shall consider both the transfer of liquids and the
transfer of solids.

b. Phase 2 - Prototype Design, Build, and Ground Development
Tegsts - Prototype and ground tests shall be performed for all tasks
where the flight environment does not influence the results. Vari-
ous simulation techniques will be employed.

¢, Phase 3 — Flight Design, Build, and Development Tests -
Flight tests shall be performed for all tasks where the results
can be influenced by the peculiarities of the environment, such as
in a zero-g environment, In addition, a separate test shall be
conducted to verify that the results of the ground tests are not
influenced by the flight environment.

4. Development of Zero-g Fluid Transfer Methods

The objectives of the fluid transfer tests will be to verify
predicted performance, investigate and resolve any design uncer-
tainties, and, 1f possible, establish empirical criteria where
existing data are found to be inadequate for the blowdown method.
The test plan will outline the types of tests to be performed, the
purpose for performing the tests, hardware required, test condi-
tions and procedures, number of tests, data to be collected, ex-
pected results, and the test schedule. If propellant simulants
are recommended for any portion of the experimental program, their
use will be justified by showing how their use will be beneficial
and how meaningful results will be obtained.
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The two basic types of tests to be considered are ground eval-
uation tests and orbital experiments. Ground evaluation tests
include l-g bench tests; drop-tower tests; and KC-135 aircraft
tests. Minus l-g outflow tests, where the tank is inverted and
liquid is outflowed from the outlet at the top of the tank, are
included in the 1-g bench tests.

Under a current program, Contract NAS9-10480, we are evaluating,
designing, and delivering a passive control system for the subcrit-
ical storage and outflow of cryogens in the space environment.

This effort includes the formulation of a detailed ground evalua-
tion test plan to verify system performance, which will be bene-
ficial to the proposed APS program.

An attempt will be made to devise ground tests that will con~
clusively verify the selected fluid transfer concepts. Certain
aspects of the system that are critical to satisfactory operation
and that cannot be verified or proven within the capability of the
ground test facilities will be clearly identified, and their
implications will be discussed relative to successful operation of
the transfer system. The specific requirements for conducting a
meaningful orbital experiment will be incorporated into an orbital
test plan. The data required and the manner in which the data
will be used to achieve the intended objective will be firmly
established. A goal will be to maintain simplicity while providing
a minimum volume and weight package without sacrificing the validi-
ty of the results. With these requirements in mind, the test
package design, instrumentation requirements, experimental proce-
dures, and data acquisition methods can be determined. These varia-
bles permit definition of the required operational conditions,

5. Development of Capillary Screens for Cryogens

Controlled experiments are required for screen expulsion sys-
tems. We recommend that a study program be initiated to develop
practical cleaning methods, f£filling techniques, and gaging tech-
niques.

6. Development of Maintainable Components

To date, space flight propulsion hardware has been designed
with only two main criteria: optimum performance and lightweight
design. None of the components developed to date have been de-
signed for inflight maintenance, which is a basic requirement on
the Space Station. The reliability required by a long-term space
mission cannot be achieved unless the capability exists to replace
or repair components.
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One method of reducing spares and piece parts is to have com-
mon components for like functions; that is, to design components
that function for several systems, rather than for a particular
system., Another consideration is to use a common valve body for
several functions, such as for a shutoff valve, regulator, check
valve, etc. This latter approach would standardize the valve
body, which has the largest area and weight of a valve assembly,
and could lead to a considerable savings in terms of reduced
spares.

Components designed into a single compact module would reduce
weight, leakage paths, and allow the replacement of either a single
component or the entire module, A design program similar to the
modular concept was initiated by the Navy. Although the require-
ments were not exactly the same, they did establish that components
could be efficiently combined into a subsystem module,

We recommended that a program be initiated to design and test
representative propulsion components that require minimum inflight
maintenance.

7. Development of Fluid Fittings

Today's technology for separable fluid connectors is directed
toward ultratight sealing characteristics at extreme temperatures
and pressures. Fluid fittings designed for inflight maintenance
require a different set of criteria. They must seal after repeated
assemblies and disassemblies; the threads must not gall; and the
seal must be reparable, require simple tools for assembly, and
provide reasonable sealing characteristics. A design and test
program should be initiated to provide fittings that will meet
these criteria for inflight maintenance.

8. Development of Long-Life Test Program

Accelerated testing is not an accepted method of demonstrating
the life and reliability of a component used in a long-duration
mission. Qualification data cannot be obtained when the real time
available for testing is less than the mission duration. It is a
fact that the majority of the components that will be used on the
Space Station have not demonstrated the long~term reliability that
will be required for the 10-yr mission. We recommend that long-life
demonstration tests commence as soon as possible on basic components
and materials so that long-life reliability data can be gained be-
fore the Space Station mission. This test program would also serve
to correct basic design deficiencies that only show up in an ex-
tended duration test.
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B. THRUST CHAMBER ASSEMBLY

Several advanced technology programs are recommended to fur-
ther reduce the maintenance repair and resupply requirements of
a hybrid APS. During this study, many alternative design ap-
proaches were evaluated, but only those that represented demon-
strated technology were retained for final selection. However,
several of the systems rejected on the basis of their technology
status promise significant improvements in maintenance without
extensive development. Long-term manned space missions that in-
volve inflight maintenance represent a significant departure from
conventional design approaches. Therefore, tests to demonstrate
the effectiveness of the selected maintenance approaches are very
important to the long—term success of an APS aboard a manned Space
Station., Three basic programs are recommended to demonstrate the
effectiveness of selected maintenance, repair, and resupply ap-
proaches for 10-yr aboard a manned Space Station and to extend
the state~of~-the~art for further reductions in maintenance require-
ments.

1. Demonstration of Low-Pressure, Radiation-Cooled Hybrid Motors

Hybrid motors have routinely been tested at a chamber pressure
of one atmosphere, and boundary layer characteristics have been
studied in a number of cases. S8Similarly, film cooling and radia-
tion cooling have been used in liquid engines for years. There is
no question that a hybrid ballistlcs propulsion system can be
tailored to achieve long nozzle life by combining low-pressure
operation with film and radiation cooling. However, there are
several important unknown areas that could increase or decrease
moter maintenance requirements. Some of these areas are:

1) What is the maximum motor performance that is con-
gistent with long nozzle 1life?

2) What effect does repeated temperature cycling have on
the MoSi, protective coating?

3) Would motor burnout without fuel depletion wires
damage the Mo8i, coating?

4) What effect does long-term storage in space, with
repeated vibration and oxidizer-rich ignition tran-
gients, have on the MoSi, coating?
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The answers to these questions can have an important effect on
the maintenance and resupply requirements for a hybrid APS, and
they should be properly evaluated in a test program.

2. Complete Ballistic Characterization of GOX/(PMM/PBD) in the
Selected Motor

The hybrid APS design is unusual due to the extremely long
burntime. The oxidizer mass flux (and consequently the fuel re-
gression rate) varies over a wide range during motor operation.
Although a number of tests have been conducted with the selected
propellants in small motors, many more tests will be required to
completely characterize this propellant system. Precise informa-
tion on the effects of oxidizer mass flux, chamber pressure,
injector configuration, and fuel grain design is necessary to
accurately define motor operating characteristics. Achieving
lower minimum regression rates would increase the maximum total
impulse or permit shorter/lower thrust motors with the same total
impulse. Transient response is also an important operating
characteristic and should be evaluated as a function of fuel burn-
back position.

3. Advanced, Low-Maintenance Ignition Concepts

Several advanced, low-maintenance ignition concepts were
evaluated during the study. The selected approaches use demon-
strated technology to achieve safe, reliable ignition of both the
ACS and spin/despin motors., Hybrid motors, though extremely safe,
are relatively easy to ignite once the oxidizer is introduced into
the combustion chamber. Both selected ignition approaches use
chemical energy to heat the oxygen and initiate the hybrid combus-
tion process. The ACS motors burn a small amount (v1 gm) of pro-
pane with GOX for ignition, while the spin/despin motors mix warm,
fuel-rich igniter products with LOX to achieve ignition. However,
the use of a purely electrical ignition system would eliminate the
problems of propane storage and distribution, as well as igniter
storage and handling.

One of the unique aspects of the present mission from the
standpoint of ignition is the availability (if not abundance) of
electrical power. The heated oxidizer line approach discussed in
Chapter IV is the safest, most reliable ignition system studied.
This approach was not selected because ordinary propulsion systems
do not carry the required electrical power and because the elec-
trically heated oxidizer approach has never been demonstrated.
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However, a resistance heating element or a spark discharge can be
used to heat the oxidizer to about 810°K (1000°F), and this appears
to be a straightforward extension of existing technology.

We recommend that a development program be initiated to demon-
strate a purely electrical ignition of a GOX or LOX hybrid motor.
Prime design objectives would be safety, low maintenance, high
reliability, minimum size and weight, and low power consumption.
ACS motor ignition should require heating the GOX to 810°K (1000°F)
for a period of no more than 0.100 to 0.200 sec.

The total electrical energy required for ignition [0.0007
kwh per start, or 0.026 kwh per ACS motor fuel grain (assuming
10-sec burns)] is insignificant compared to the 0.56 kwh required
to properly illuminate (per MIL-STD-1472) the APS room during the
45 minutes of ACS motor refurbishment. However, the instantaneous
power levels are relatively high. Fortunately there are several
design approaches that can reduce power requirements by an order
of magnitude and thus greatly simplify an electrical ignition sys-
tem. Candidate design approaches should be studied and the most
promising concepts should be evaluated in actual hybrid ignition
tests.



