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ABSTRACT

A test bed was fabricated under National Aeronautics and Space Administration/
Marshall Space Flight Center (NASA-MSFC) Contract NAS8-36418 to demonstrate
hydrogen/oxygen propulsion technology readiness for the initial operating con-
figuration (IOC) space station application. The test bed propulsion module
and computer control system were delivered in December 1985, but activation
was delayed until mid-1986 while the propulsion system baseline for the
station was reexamined. A new baseline was selected with hydrogen/oxygen
thruster modules supplied with gas produced by electrolysis of waste water
from the space shuttle and space station. As a result, an electrolysis module
was designed, fabricated, and added to the test bed to provide an end-to-end
simulation of the baseline system. Subsequent testing of the test bed pro-
pulsion and electrolysis modules provided an end-to-end demonstration of the
complete space station propulsion system, including thruster hot firings using
the oxygen and hydrogen generated from electrolysis of water. Complete auton-
omous control and operation of all test bed components by the microprocessor
control system designed and delivered during the program was demonstrated.

The technical readiness of the system is now firmly established.
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1.0 INTRODUCTION AND SUMMARY

The Space Station Propulsion Technology Program, NAS8-36418, was awarded to
the Rocketdyne Division of Rockwell International in May 1985.

The objectives of this program were to (1) provide a demonstration of hydro-
gen/oxygen propulsion technology readiness for the IOC space station applica-
tion, specifically gaseous hydrogen/oxygen and warm hydrogen thruster con-
cepts, and (2) establish a means for evolving from the IOC space station
propulsion system (SSPS) to that required to support and interface with ad-
vanced station functions. These objectives were met by performing analytical
studies and by furnishing a propulsion test bed to MSFC for testing.

The program was organized into six tasks. In Task I, candidate IOC SSPS con-
cept definition, a range of design concepts for the IOC SSPS were synthesized
and evaluated. The most attractive candidates were carried into a more de-
tailed conceptual design. In Task II, SSPS test bed design and fabrication,
the propuision test bed was designed, fabricated, and delivered to MSFC with
associated test plans and documentation. A contract change to modify an
existing 02/H2 thruster for test bed operation at a mixture ratio of 8:1
was added to this effort. In Task III, advanced SSPS concept definition,
evolutionary growth concepts were to be synthesized and evaluated. In Tasks
IV, V, and VI, Rocketdyne was to provide ongoing support to the test program
carried out by MSFC and conduct configuration updates as needed to demonstrate
evolutionary growth concepts. |

The program was initiated on 24 May 1985 and proceeded on the original plan

until January 1986. At that time, decisions being made on the Phase B space

station program caused a change in emphasis and a funding hiatus. By January
1986 the propulsion module and microprocessor controller had been delivered to
MSFC and preparation for fabricating the propellant storage module at super-

critical pressures was under way.
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A revised study plan was submitted in June 1986 that addressed the change in
direction from using supercritical propellant storage at IOC to gaseous pro-
pellant storage and water electrolysis. The revised plan redirected remaining
fabrication and test support tasks toward the water electrolysis approach.
Specifically, refurbishment to a subcritical configuration was replaced with
preparation, checkout, and integration of components needed to demonstrate
water electrolysis, operation of main thrusters, condition monitoring, and use
of waste gases with resistojets.

During August 1986 the design and fabrication of a thruster measurement system
was added to the effort.

The propulsion module consisted of propellant accumulators, valving, instru-

mentation, and controls configured in a 9-ft cube structure designed to fit

into the MSFC altitude chamber at Test Stand 300. This configuration was to

simulate a basic building block structural element of the space station. This
configuration permits mounting of various types of supply modules on top of

the basic propulsion/accumulator module.

The microprocessor-based control system could control the entire test sequence
autonomously. Sixty-four end devices could be controlled and monitored and 48
transducer data channels could be monitored for use as redlines or "go-nogo"
checks. A remote terminal located at the Rocketdyne Canoga Park, California
facility was connected to the system via modems so that the system software
could be modified and checked whenever reqUired. This system displayed 24
channels of reduced data updated on a one-second time basis, and data could
also be displayed on the Rocketdyne remote terminal during test operations.

An electrolysis module was designed and fabricated at Rocketdyne to fit on top
of the existing test bed propulsion module cube. Components tested on the
module included Arde steel tanks, Structural Composites Inc. (SCI) graphite
wrapped tanks, a Life Systems Inc. (LSI) electrolysis unit, and a Hamilton
Standard (HSD) electrolysis unit. The module included canisters to contain

RI/RD89-104
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each of the water electrolysis units not designed to be operable in a vacuum.
Molecular-sieve dryers designed by Boeing and fabricated at MSFC and moisture
analyzers supplied by Martin were also included on the module.

The propulsion module acceptance test blowdowns were conducted in October and
early November 1986. The sequence was designed to simulate thruster and
resistojet firing by bleeding the gas through dump valves. Since the original
design was for a 4:1 mixture ratio thruster, the acceptance tests were per-
formed at those conditions. Successful system operation was achieved includ-
ing complete autonomous operation by the stand-alone control system.

Following the acceptance test completion, the Rocketdyne 25-1bf prototype
thruster (Figure 1-1) was installed in the test bed. Minor modifications were
made to the test bed plumbing to run the thruster at the new design point of
8:1 mixture ratio. A series of tests were conducted on the system in December
1986, culminating with the thruster firing for 291 s, the oxygen tank maximum
duration at these conditions.

After completion of design, fabrication, and delivery to MSFC of the electrol-
ysis module components from January through June 1987, the electrolysis system
testing began in early July 1987. A complete LSI 350-psia electrolysis system
checkout test including operation of the dryers was performed. The LSI 350-
psig electrolysis test was begun in late July. The tests were terminated when
system pressures dropped sharply, indicating leakage in the gaseous hydrogen
system. Subsequent checks revealed a malfunction in the electrolysis unit
caused by erroneous pressures applied to purge points. The test was consid-
ered a qualified success in that gas was produced and delivered to the storage
tanks at up to 160 psig under automatic control prior to the malfunction. The
LST unit was damaged by the error and removed for repairs.

The HSD 1,000-psi electrolysis unit checkout test was successfully conducted
in late October 1987. The test series was started on November 16 and was com-
pleted successfully with a 175 s firing of the 25-1bf thruster on December 1
using the gases generated by the electrolysis unit.

RI/RD89-104
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Figure 1-1. Rocketdyne Prototype 8:1 Thruster

Prior to and following completion of the HSD electrolysis tests, tests were
conducted on flight-type thrusters representing updated versions of the proto-
type thruster. These thrusters were fabricated by Rocketdyne for NASA Lewis
Research Center (LeRC) and the program is detailed in Reference 1. Up to 14
tests per day were routinely performed simulating multiple firings of the sys-
tem. Tests of advanced system and igniter designs were also conducted.

A total of 186 tests were conducted with the space station propulsion test bed
from October 1986 through March 1988. The tests evaluated the test bed pro-
pulsion module (including the gas accumulator system), the water electrolysis
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system, the 25-1bf thruster, and the ignition system. Advanced injector and
ignition system designs were also tested. The integrated microprocessor
computer controller was used throughout to command, control and monitor all
the tests. A summary of all tests performed on the test bed is presented in
Appendix B.

Following completion of the thruster tests, the test bed was removed from the
vacuum chamber and stored.

The tests provided an evaluation of a simulated SSPS with all major hardware

components and control systems represented. Test data are directly applicable
to the future design and development of the flight propuision system. Suc-

cessful operation of the end-to-end SSPS was demonstrated.

5769K/13m
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2.0 PROPULSION CONCEPT DEFINITION

The program's initial task objective was defining the propulsion system con-
cept for the flight configuration to guide test bed design and testing. As
illustrated in Figure 2-1, this study assumed the reference power tower space
station configuration and the reference four location propulsion system. The
electrical power system was assumed to incorporate eight planar silicon photo-
voltaic arrays. A 250-nmi station assembly and resupply altitude was used
with a reference 20 density atmosphere.

The SSPS functions included velocity corrections and attitude control. The
velocity correction requirements consisted of atmospheric drag makeup (re-
boost), debris avoidance, and reserves. The attitude control requirements
included reboost at attitude control, torques exceeding control moment gyro
(CMG) capacity, CMG backup, and CMG desaturation.

‘ * ARCHITECTURE

* MASS
* SIZE
¢ SHAPE

¢ PERFORMANCE
* ATTITUDE CONTROL
¢ VELOCITY CONTROL

* OPERATIONS
* SAFETY
« MAINTENANCE ‘
e CUSTOMER ACCOMMODATIONS
* CREW ACTIVITIES

* SYSTEM INTERFACE
* GNC
* EC/LSS
e OTHERS
e EVOLUTION AND OPPORTUNITY
e CUSTOMER NEEDS
* ADDITIONAL FACILITIES
* UTILITY SERVICE (O5/Hy/H20)

Figure 2-1. Scope of Requirements Considered
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As shown in Figure 2-1, the SSPS requirements evaluated considered the station
architecture, propulsion system performance, SSPS operations, interfaces, and
SSPS evolution and opportunity. Each of the velocity correction and attitude
control requirements were evaluated to determine their impact on the SSPS, the
design basis, and the design selection sensitivity to baseline change.

The station safety requirements specify a fail-operational/fail-safe/restor-
able system with designed-in safety. The latter would include damage contain-
ment. The customer accommodation requires a micro-gravity (<10'sg) and con-
tamination-limited environment. The processing and operations requirements
include the need to access, service, and maintain the SSPS and the SSPS is to
be launched in the Space Transportation System (STS). System maintenance and
servicing requirements consist of: (1) easy replacement at lowest orbital
replacement unit (ORU), (2) condition-monitoring fault detection, and (3) pro-
pellant resupply servicing.

For this study task, two different impuise requirements were evaluated (Table
2-1). The total 90-day impulse values were similar for the two impulse re-
quirements. For the reference impulse, the reboost impulse is approximately
one-third of the total impulse (two-thirds contingency). In the reboost com-
mittee impulse, the reboost impulse is approximately three-fourths of the
total impulse.

During the conduct of this task, the dual keel station configuration (Figure
2-2) was introduced. The resulting changes in impulse values were not defined.

2.1 SYSTEM EVALUATION

The system evaluation of the oxygen/hydrogen SSPS involved: (1) the synthesis
of potential candidate systems and preliminary screening, (2) the development
of a selection methodology with the establishment of selection criteria and
their relative importance, and (3) the evaluation of the candidate systems to
define comparative data for each selection criteria.

RI/RD89-104
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Table 2-1. 1I0C Impulse Design Requirements

(2 sigma atmosphere)

90-day Impulse, 1bf-s

Proposed
Reboost
10-year Committee 10-year
Reference Average (8 July 1985) Average
Reboost and other resupplied propellants
® Reboost (drag makeup) 483,000 224,000 854,000 400,000
® Orbit makeup attitude control -— (Resistojet) 221,000 100,000
& Momentum management - 57,000
® Transients
e Orbiter berthing 26,000 26,000 26,000 150,000
e OQOther - (Thruster) 66,000
Subtotal (resupplied propellants) 509,000 250,000 1,224,000 650,000
Contingency
® (Collision avoidance (AV = 5 fps) 61,500 70,000
® Altitude transfer (20 nmi) 831,000 -
® Attitude control backup - CMGs 147,000 269,000
® CMG repair —_ 11,000
® Reserve (10% of reboost) —-— 85,000
Subtotal (stored propellants) 1.039.500 435,000
Total impulse 1,548,500 1,659,000

POSSIBLE IMPACT ON SELECTION

® ACS IMPULSE
8 GRAVITY GRADIENT STABILIZATION
= ORBITER BERTHING
s RE-BOOST REQUIREMENTS

e ACS TORQUE LEVEL

® SINGLE POINT REBOOST

e LINE LENGTHS

e NEED FOR ACTIVE CONFIGURATION
CONTROL

Figure 2-2. Dual Keel Configuration
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2.1.1 System Synthesis

The major emphasis in synthesizing candidate 02 and H2 based propulsion
systems to be evaluated was to strive for system simplicity. Candidate sys-
tems incorporating pumps, turbines, or gas generators were eliminated because
of their increased system complexity. To maintain the propellant storage
volume and meet minimum required thruster inlet temperatures (200°R for H2
and 400°R for 02), propellant thermal conditioning is required. One attrac-
tive approach to propellant tank pressurization is through heat addition.
Electrical power would supply the energy required for tank pressurization and
propellant thermal conditioning. On-line gas generation (real time during
thruster firing) would require excessive power to provide the full thruster
flow rate. To minimize power requirements, accumulators are required to
decouple the tank pressurization and thermal conditioning from the thruster
operation. Accumulators are also required for water electrolysis approaches
for the same reason.

An initial screening of the candidate systems assessed system complexity,
system volume, and energy requirements. This resulted in the eight candidate
systems presented in Table 2-2. These include 02/H2 and warm H2 systems
with and without H2 resistojets and integrated with the environmental con-
trol and life-support system (ECLSS), a 02/H2 system with dedicated water
electrolysis, and a combined warm H2 attitude control system (ACS) with an
02/H2 drag makeup system. Sample schematics of these candidate systems

are presented in Figure 2-3.

The propellants and their origin, the type of thruster, and whether the
candidate system would be used for drag makeup (low or. high thrust) and/or
attitude control (high thrust) are summarized pictorially in Figure 2-4 for
all candidate systems.

RI/RD89~104
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Table 2-2. IOC SSPS Candidate Systems

A N s W N -

Oxygen/hydrogen

Warm hydrogen

Oxygen/hydrogen + hydrogen resistojet
Warm hydrogen + hydrogen resistojet
Oxygen/hydrogen from water electrolysis
Oxygen/hydrogen integrated with ECLSS

e with CO2 resistojets

e with CH4 resistojets

Warm hydrogen integrated with ECLSS

e with CO2 resistojets

o with CH4 resistojets

Combined alternate

¢ Warm hydrogen ACS with oxygen/hydrogen drag makeup

0a/Hy WARM Hy

’5 ’gg 3@
() O
! i

O2/Hj + Ha RESISTOJET WARM Hy + Hy RESISTOJET

A A

Figure 2-3. SSPS Candidates (Sheet 1 of 2)
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0,H, + CO, OR CH, RESISTOJETS WARM H, + CO, OR CHq RESISTOJETS

(INTEGRATED WITH ECLSS) (INTEGRATED WITH ECLSS)
‘ FROM ECLSS FIOH ECLSS
'-———J
0, /H, FROM WATER ELECTROLYSIS COMBINED ALTERNATE

ELECTROLYSIS
WATER ] uNiT DRAG MAKEUP
YSTEM
SYsTE ATTITUDE CONTROL

Figure 2-3. SSPS Candidates (Sheet 2 of 2)

2.1.2 Evaluation

The eight SSPS candidates were evaluated in sufficient depth for each evalu-
ation criterion to discriminate between the different systems. Detailed
system schematics were prepared defining the component arrangement, component
type, and redundancy. The overall and resupply system weight, volume, and
energy requirements were determined. The assumptions and ground rules used in
this evaluation are shown in Table 2-3.

RI/RD89-104
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DRAG MAKEUP
PROPELLANTS Oa/Ha Ha. | CO2
PROPELLANT ORIGIN EARTH SS EARTH  EARTH sS
THRUSTER KIND CHEM. CHEM. WARM RESISTO- RESISTO-

COMB. COMB. GAS  JET JET

CANDIDATE NO. ® ® ® ©) ®
® @ @

CHy4

RESISTO-
JET

®
@

Figure 2-4. SSPS Candidate Concepts

Table 2-3. Assumptions and Ground Rules

ATTITUDE CONTROL

Oa/H2 Ha
EARTH SS EARTH
CHEM. CHEM. WARM
COMB. COMB. GAS

@O

@QOE

® & 0 ¢ &6 ¢ 0 0 o o

Supercritical storage for IOC station

Centralized propellant storage and thermal conditioning with modular accumulators
Thermal conditioning of propellant by electrical heater with larger thermal inertia
Accumulators operate in blowdown mode (no heat added during blowdown)

Nominal mixture ratio of 4:1 +1 for oxygen/hydrogen bipropellant (except electrolysis at 8:1)
System supplies propellant to four 25-1bf thrusters, possibly also resistojets
Long-duration hardware soak temperature will reach ~600°R

Minimum thruster inlet temperatures: 200°R (hydrogen), 400°R (oxygen)

Maximum tank diameter is 9 ft (cube dimension)

Specific impulse values

e Oxygen/hydrogen 440 (380 at 8:1)

® Warm hydrogen 270

® Hydrogen resistojet 500

e COp ) 130

° CH4 160

Maximum available power 10% of total station power

R1/RD89-104
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2.1.3 Selection Methodology

To ensure an objective candidate selection, a structured evaluation and selec-
tion methodology was used. The overall selection process is schematically
j1lustrated in Figure 2-5 and involves the generation and compilation of data
pertinent to specific evaluation criteria which are quantified to a numerical
rating. The steps involved in this procedure are presented in Table 2-4.

As shown in Table 2-4, the selection criteria to be used were first devel-
oped. This was accomplished through a review of the SSPS requirements identi-
fying critical areas of concern and through interaction with NASA-MSFC per-
sonnel. Table 2-5 presents the seven selection criteria defined for the SSPS

RISK OWTH PERFORMANCE SURVIVABILITY

= | Kl bl ®

MISSION ANALYSIS

OPERATIONS COSTS ‘

SLIFE

S MAINTENANCE L\

# SERVICING

¢ ACCESSIBILITY l—

¢ INSTALLATION BASE

SsRELIABILITY CONCEPT SELECTION MATRIX

O SAFETY CONCEPT

EVALUATION CANDIDATES

RELIABILITY/SAFETY CRITERIA O|D|G|@]IG|®
ePARTS COUNT PERFORMANCE ® SENSITIVITY
ORELATIVE PARTS VERSATILITY ANALYSIS OF

COMPLEXITY cosT RANKING RESULTS
®DEVELOPMENT STATUS RELIABILITY

AND EXPERIENCE

g RANK © ARGUMENTATIVE

RE-A N
USER INTERFACE E-ASSESSMENT

OFf AANKING RESULTS

S IMPACT ON SPACE
STATION SYSTEMS

CONCEPT SELECTION

o THRUST LEVEL

e CYCLE

© CONFIGURATION
® PROPELLANTS

Figure 2-5. Concept Selection Process
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Table 2-4. Concept Selection Approach

Develop selection criteria

Establish weighting factors for selection criteria

Establish normalized figures of merit for criteria ratings

Rate propulsion system concepts

Multiply ratings with weighting factors

Sum products for each propulsion system concept

Rank propulsion systems concepts according to magnitude of product sums
Determine rating sensitivities

Review and reassess ranking results

Table 2-5. SSPS Selection

® Reliability and Safety

Simplicity of Concept

Number of Components

Number/Severity of Potential Safety Hazards
Operating Procedure Complexity

Number of Life/MIBF Limiting Components

® Contamination Potential
e Exhaust Plume Impingement
e Effluent Contamination Potential
e Plume Radiation and Optical Effects

® Technical Risk
e Technology Readiness
e Technology Uncertainty
® Sensitivity to Space Station Configuration

® IOC and Life Cycle Cost
e I0C (Phase C/D) Cost
e Life Cycle Cost

® Growth Potential
e Ease of Modular Upgrading
® Cost of Scarring for Growth
e Integration with Growth Space Station

® Operational Utility
e Launch Packaging
e Ease of Deployment
e Refueling Mode )
¢ Ease of Repair/Restoration

® Potential SSPE Integration
e Propulsion System Energy Requirement
e Interaction With Other Space Station Subsystems

RI/RD89-104
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and the specific items influencing each criterion (subcriteria). The criteria
included reliability and safety, contamination potential, technical risk, IOC
and life cycle cost (LCC), growth potential, operational utility, and poten-
tial space station program element (SSPE) integration.

Relative weighting factors were determined by establishing the relative
importance of each criterion. A total of 19 technical experts were surveyed.
Through the use of Rocketdyne's Analytical Hierarchy Process (AHP) computer
code, the survey results were quantified (Figure 2-6). Reliability and safety
was the most important criterion, followed by contamination and technical
risk. IOC and LCC was the fourth highest criteria. The SSPE integration
criteria were the least important criteria.

R U000
v weamre 0
wogmres O | s esoncs - MES
n g O
S Nimaton /] |+ commonauny

100 0 10 20 30 40

Figure 2-6. Selection Criteria Weighting Factors
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Next, a preliminary point design of each candidate system was established and
data generated to enable a numerical rating for each criterion. Each cri-
terion ranking is multiplied by the corresponding weighting factor to obtain a
weighted rating. This is performed for each criterion for each candidate
system. The sum of the weighted ratings for a candidate system is the overall
rating. The candidate systems are then ranked according to the numerical
value of the overall rating. The sensitivity of the weighting factors is
determined by performing the same process with all the criteria weighting
factors equal. Finally, the ranking of the candidate systems is reviewed and
assessed and used to support the chosen candidate systems for recommendation.

A detailed schematic was prepared for each candidate system based on the
simple candidate system schematics (Figure 2-3), the fail-operational/fail-
safe requirement, and the utilization of operational maintainability. As a
representative sample, the detailed schematics of the 02/H2 and the warm
H2 candidate system are presented in Figures 2-7 and 2-8. In these figures
major components, valves, regulators, and quick disconnects are shown, as well
as the component redundancy. The propellant supply was divided into three
modules. For the reference total impulse, one module was the 90-day supply
and the other two moduies were the contingency propellant. Propellant supply
tank pressurization was provided by electrical heating. A1l propellant tanks
are pressurized to a point above their respective critical pressure (super-
critical pressure). Heat exchangers were used to condition the propeilant in
the accumulator.

To provide data for the evaluation of the different candidate systems, the
total system weight and volume were determined using the preliminary system
design computer code. This computer code can design up to 28 different
candidate systems with its variable schematic capability. Propellant flows,
pressures, temperature, and component weights and volumes are determined. The
system volume is computed and consisted of resupply and contingency propellant
tanks, and the accumulators. Also, the total system weight is calculated and
includes the propellant (90-day plus contingency) and all other components

RI/RD89-104
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Figure 2-8. Warm H2 System

(tanks, lines, valves, heat exchangers, accumulators, pressure regulators,
quick disconnects, and instrumentation). The resupply weight consisted of the
90-day resupplied propellant, tanks, instrumentation, and associated plumbing.

A study was conducted to determine the appropriate object function for system
optimization. Factors such as initial cost (volume/weight), resupply cost
(resupply weight), and a combination of these were examined. Minimization of
total weight provided a system close to minimum IOC cost and resupply cost
with reasonable volume. Each candidate system was designed for each of the two
total impulses and optimized for minimum total wet system weight. Total sys- |
tem weight will directly influence the production and initial launch cost, and
the resupply weight will impact the operational costs. Propellant tank pres-
sure, accumulator size, accumulator pressure and temperature range, and
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thruster chamber pressure were varied internal to the computer code to obtain
a minimum system wet weight.

In addition to total impulses previously presented in Table 2-1 and the over-
all assumptions in Table 2-3, the detailed assumptions used in this evaluation
are shown in Table 2-6. Preliminary designs were obtained for each of the
eight candidate systems. The general trends in the optimization included
lower chamber pressures and increases in area ratio. Lower pressures were

Table 2-6. System Evaluating Assumptions

® Supercritical Propellant Storage Except for Water

Electrolysis

® Tank and Accumulator Material
® Fuel Tank and Accumulator Aluminum 2219-T62
® Oxidizer Tank and Accumulator Inconel 718

® ECLSS Influenced Impulses
e CO, Resistojet

e Total Available Impulse 154,440 lb-sec
e Specific Impulse 130 lbf-sec/lbm
e Number of Tank Charges 3

e CH, Resistojet
® Total Available Impulse 69,120 lb-sec
® Specific Impulse 160 lbf-sec/1lbm
® Number of Tank Charges 3

® Combined Alternate System Impulse Reference Proposed
e Drag Makeup (Oxygen/Hydrogen)

e 90 Days, lb-sec 483,000 854,000
e Contingency, lb-sec 892,000 155,000
e Attitude Control (Warm Hjp)
e 90 days, lb-sec 26,0060 370,000
e Contingency, lb-sec 147,000 280,000
® Oxygen/Hydrogen System
® Mixture Ratio 4 to 1
e Minimum Thruster Inlet Temp.
e Hydrogen 200 R
e Oxygen 400 R
® Water Electrolysis System
® Mixture Ratio (Oxygen/Hydrogen) 8 to 1
e Tank Design Temperature 500 R
e Tank Design Pressure 3000 psia

RI/RD89-104
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desirable to reduce the propellant tank and accumulator weights, but pressures
were maintained above the respective fuel and oxidizer critical pressures.
The resulting normalized total system (OZIH2 system chosen as the refer-
ence) and resupply weight and volume are presented in Figures 2-9 through
2-12. The 02/H2 system resulted in the lowest total system and resupply
weight and volume. The 02/H2 system integrated with the ECLSS using CO2
resistojets resulted in a lower resupply volume because of the utilization of
on-board COZ. The OZ/HZ system with water electrolysis resulted in the
highest total system weight. Because immediately after the initial station
deployment, this candidate system cannot provide sufficient propellant for
reboost, propellant and high-pressure tanks were incorporated in the system to
provide for the initial station reboost. Subsequently, the propellants are
generated and stored. The warm H2 system has the highest total system and
resupply volume and the highest resupply weight.

The total energy required (propellant tank pressurization, propellant thermal
conditioning, resistojet power, and water electrolysis power) for each of the
candidate systems is presented in Figure 2-13. The crosshatched portion of
each bar represents the energy required to pressurize the propellant tanks for
expulsion and thermally condition the propellants. The open portion of the
bar is either the energy required for resistojets or for water electrolysis.
The 02/H2 system resulted in the lowest total energy requirement. The
water electrolysis system had the highest total energy requirement because of
the energy required for electrolysis, although the peak power was low.

In the following sections, each candidate system is evaluated and compared
with respect to each of the seven selection criteria.

2.1.3.1 Reliability/Safety. The assessment of the reliability of each candi-
date system involved the determination of the total number of components (both
active and passive), the total number of active components, and total number
of active components with limited life. In general, system complexity and
unreliability will increase with the total number of components and with the
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Figure 2-13. Total Energy Comparison

total number of active components. As shown in Table 2-7, the warm H2 Sys-
tem contained the lowest number of components and the OZ/HZ system inte-
grated with the ECLSS contained the largest number of components. Similarly,
when the number of active components were considered (Table 2-7), the warm
H2 system resulted in the lowest number. Th'e.Ole2 system with the H2
resistojet had the largest number of active components. As expected, the
systems using only hydrogen had less total components and less active compo-

nents than the 02/H2 systems.

Also, the system reliability is related to the use time divided by the mean
time between failure (MTBF). Again, as shown in Table 2-8, the warm H2
system had the lowest number of active components with limited 1ife (higher
reliability rating) and the 02/H2 system integrated with the ECLSS had the
largest number.
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Table 2-7.

Component Count

Total Number
of Components| Total Number
(Active and of Active
Candidate System Standby) Lomponents
215 128
1 Oz/H2
2 Warm Hz 119 76
3 OZ/H2 + Hz Resistojet 230 175
4 Warm H2 + Hz Resistojet 157 89
5 OZIH2 From Electrolysis 132 79
(plus (plus
electrolysis) | electrolysis)
6 02/H2 With ECLSS 272 156
H2 With ECLSS 171 97
8 Warm Hz ACS + 02/!-12 Reboost 188 114

A general overall reliability assessment was that the candidate systems con-
taining only hydrogen had a higher reliability rating than candidates incorpo-
rating oxygen and hydrogen.

The safety assessment identified potential major safety hazards and their cor-
responding inhibitors. The potential safety hazards identified were overheat-
ing of the oxygen tanks and oxygen heat exchangers and overpressurization of
the propellant tanks. The occurrence of these failures are believed to be
highly unlikely with the controls envisioned to monitor the system operation
and the hardware condition. Inhibitors to minimize the potential of these
hazards were primarily associated with design provisions (e.g., relief valves,
lTeak-before-burst criteria, and large safety factors), instrumentation, re-
dundant controls, and the hardware health-monitoring system.

Therefore, in general, the candidate systems which use only hydrogen resulted
in a higher reliability and safety rating than the systems using oxygen and
hydrogen.
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2.1.3.2 Contamination Potential. External contamination requirements stipu-
late limits on molecular column densities, background light levels, particle
releases and deposits of matter generated on the station during overall
quiescent operation of the space station. Many optical payloads on the
station are sensitive to nontransparent gases made up of molecules or par-
ticles which absorb in the visible, infrared or ultraviolet parts of the
spectrum. Telescopes and related equipment must avoid deposits of condensed
materials on their mirrors. Electromagnetic contamination in the form of
electric and magnetic fields can also affect susceptible sensors.

Figure 2-14 shows the sources contributing to the total external contamination
environment, the SSPS being just one source of many. The most significant

releases are from the docking of the Space Shuttle Orbiter on station resupply
trips. Also, the atmospheric atomic oxygen prevalent at low Earth orbit (LEO)
is quite severe on material surfaces. An important factor in minimizing con-
tamination effects caused by the propulsion system is the proper scheduling of
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Figure 2-14. Total Space Station External Environment
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drag makeup thrusting vis-a-vis observations from attached payloads and the
optimum placement of thruster modules for least plume impact on station sur-
faces. For instance, the Solar Observatory Telescope (SOT) can only see the
sun about 1 h in each 1.5-h orbit; other operations can be performed in the

dark portion of the orbit where there is no interference with the SOT.

The contamination potential of a propulsion system depends on the following

factors:
Propellants - Thruster Effluent Species - e Molecular Species
Column Densities
e IR Absorption
e Condensed Water
Propellant Flow Rate - Thruster Plume Density - e Molecular Total
Column Densities
Thrust Level and Thruster Nozzle Design - Backflow - o Impingement

For the candidate propulsion systems, a number of evaluations were conducted.
The dominant thruster effluent species and their relative amounts were deter- ‘
mined for each system. The potential of the occurrence of thrust backflow was
qualitatively assessed. Thruster backflow can cause plume impingement and
deposition and/or condensation of the effiuent on station surfaces. For this
study, it was assumed that free-molecular flow nozzles for resistojets were
feasible; therefore, no backflow would occur for a resistojet. Based on the
thruster effluent species and the properties of the individual species, the
potential of each specie for condensing on a surface was determined. Also,
the absorption spectrum was obtained for each effluent species over the
infrared wavelength range.

The comparative results of the contamination potential evaluation are pre-
sented in Table 2-9. In general, the candidate systems using only hydrogen
have a lower contamination potential than the 02/H2 systems or the systems
containing CO2 or CH4 resistojets. Although a hydrogen thruster can
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result in some thruster backflow, the hydrogen condensation temperature is so
Tow (7.2°R) at vacuum conditions that condensation will not occur. Also,
hydrogen does not appreciably absorb in the infrared spectra.

2.1.3.3 Technical Risk. Technical risk assessment conducted consisted of
identifying the technology issues associated with each candidate system and a
resolution of the critical nature of each identified issue. For the eight
candidate systems, a total of five generic technology issues were defined.
These included: (1) complex control system, (2) tank heating and gauging,
(3) resistojet 1ife, (4) water rocket life, and (5) electrolysis unit issues.

The control system issues involve the accumulator propellant mass gauging
error, transport delay in control loop caused by long propellant lines, and
the potential for compression heat contributing to accumulator overpressuriza-
tion. The assessment of these technology issues was that these issues were
not considered critical because technology exists to resolve the identified
control system issues.

The propellant tank heating and gauging issue identified for supercritical
pressure propellant storage was zero gravity propellant stratification
influencing the propellant heating and mass gauging. This issue was not
believed to be critical because a very small gravity level will avert
stratification.

The technical issues associated with resistojets were the 1ife of the thruster
with different propellants, specifically the heating element, and the fact the
resistojet free molecular flow had not been demonstrated. The longest demon-
strated resistojet 1ife has been in the 500 to 1,000-h range. These issues
have subsequently been resolved through plume testing and through long life
(10,000 h) tests.

Thrusters (water rockets) using oxygen and hydrogen from electrolyzed water
(mixture ratio of 8) have a number of technical issues which can be resolved
with current technology. The high mixture ratio of the water rocket results
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in a lower delivered specific impulse and therefore will require a higher
propellant weight (resupplied water if a dedicated water electrolysis is used)
than conventional The combustion at this stoichiometric
mixture ratio results in a higher combustion temperature than at conventional
oxygen/hydrogen mixture ratios, which requires the use of additional cool-
ing. The technical

oxygen/hydrogen.

jssues identified with a water electrolysis unit were
primarily related to system complexity and scaling current systems (350 psia)
to high-pressure systems (1,000 psia to 3,000 psia). System complexity con-
cerns included the need for a deionizer for the acceptance of all types of
water, the need for dryers to remove entrained moisture in the product gas
streams, and potential deterioration of cell electrochemical components. Long
1ife of high-pressure electrolysis units has already been demonstrated in sub-
marines and the development of units for ECLSS and electrical energy storage
is proceeding under NASA aegis.

A summary of the identified technology issues is presented in Table 2-10. The
single check (v) in the control system and the tank heating and gauging
columns indicates that only one propellant need be considered for the candi-
date systems using only hydrogen. As indicated in Table 2-10, the warm
hydrogen system resulted in the least number of technology issues and the
OZ/HZ system with resistojets and the 02/H2 system integrated with

ECLSS resulted in the most technology issues.

Table 2-10. Candidate System Technology Issues
- Tank ’
Complex | Heating Water Electrolysis

System | Control and Resistojet | Rocket Unit
Number | System | Gauging Life Life | Issues

1 vv' | vV

2 v v

3 v | YV vv

4 v v v

5 v vV

6 vv | YV eve

7 v v v

8 v | SV
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2.1.3.4 Cost. Life-cycle costs (LCCs) for the eight propulsion system candi-
dates were determined using Rocketdyne's LCC program (SSPSLCC). This LCC
model was developed specifically for the SSPS to support the ongoing require-
ment and configuration trade studies. The model was conceived to be flexible
in its structure in order to handle the large variations in propulsion con-
cepts with regard to propellants, hardware, space station characteristics and
operational support schemes.

The model categorizes LCC into four cost segments, i.e., development, produc-
tion, transportation, and operational support. The methodology also includes
cost risk. The results of the cost analysis are illustrated in Figure 2-15.
Configurations using H2 as a monopropellant have the lowest IOC cost, but
the highest LCC. On the other side, the 02/H2 system with electrolysis
‘has the highest initial cost but the lowest LCC, especially if all the water
can be supplied by the STS and the space station waste water. The high IOC
cost of this latter candidate system was caused by the inclusion of propulsion
dedicated electrolysis unit development, production, and system integration
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costs. If any or all of these costs are shared with other space station sub-
systems, or if further cost refinements reduce these costs, substantial reduc-
tions in IOC cost may be achieved. In any case, this . candidate system will
still have the lowest LCC.

A self-sufficient space station wherein all fluids are reprocessed and
recirculated, and fluid resupply from Earth is minimized, is the ultimate
stated goal and is in tune with the design-to-LCC (DTLCC) approach adopted for
the space station program decision-making process.

Table 2-11 presents the IOC (or Phase C/D) and LCC drivers for each of the
eight configurations. The control system (including health-monitoring), cryo-
genic tank development, and electrolysis are IOC cost drivers, .while fluid
resupply is in all cases (except the electrolysis configuration) the LCC
driver. A typical LCC breakdown for the OZ/HZ system of Configuration 1

is shown in Figure 2-16. Next to fluid resupply (i.e., transportation) cost,
the research development, test, and engineering (RDT&E) cost is the largest
contributor to LCC for this system.

From the cost analysis, it was concluded that (1) all warm H2 system candi-
dates have the lowest IOC costs, (2) the OZ/HZ candidates have lower LCC
if propellants are supplied from Earth, and (3) OZ/HZ with electrolysis
has the lowest LCC of all configurations and is the most attractive system
with respect to LCC when water is STS or space station waste. Candidates with

CO2 resistojets were found to have lower LCC than those with the technically
more difficult CH4 resistojets.

2.1.3.5 Growth Potential. The growth of the space station can take on dif-
ferent dimensions. Potentially the dimensions can include: (1) higher total
impulse requirement caused by a large electrical power system projected sur-
face area; (2) higher propulsion system performance to reduce system resupply
weight; (3) integration of the propulsion system with other space station
systems; (4) reduced contamination; and (5) improved operational features.
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Table 2-11.

Cost Driver Comparison

SSPS Candidate

I0C Cost Drivers

LCC Drivers

System
02/H2
Warm H2
02/H2 + H2 Resistojet

Warm H2 + H2 Resistojet

02/H2 from Water Electrolysis

02/H2 with ECLSS

Warm H2 with ECLSS

Warm H2 ACS + OZ/H Reboost

2

Tank Development
Control System

Control System
Tank Hardware

Tank Development
Control System
Tank Hardware

Control System
Tank Hardware

Control System
Electrolysis Unit
Tank Development

Control System
Tank Development
Resistojet Development

4Contro1 System
Tank Hardware

Control System
Tank Development

Fluid Supply

Fluid Resupply
Initial Placement

Fluid Resupply

Fluid Resupply

Initial Placement
Availability of Adequate Waste
Water

Fluid Resupply

Replacement Hardware Transport

Fluid Resupply
Initial Placement
Replacement Hardware Transport

Fluid Resupply

' FLIGHT HARDWARE 4%

GSE & INIT SPARES 2% \
MAINT OPERATIONS 3% _ Y
OPERATIONAL SPARES 2%
0&s
5%
Figure 2-16.

=

SPARES 4%

of Configuration 1
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Although the configuration of the growth station cannot be quantified at this
time, the direction will be to minimize resupplied propellant and utilize
waste products. This direction will lead to the full utilization of ECLSS
waste products, orbital transfer vehicle (OTV) propellant depot boil-off,
manufacturing process wastes, and water electrolysis. The potential on-board
propellant sources, the produced propellant, and the potential growth propul-
sion systems are presented in Table 2-12. A representative OZ/HZ system
growth path is illustrated in Figure 2-17. The initial system in this example
is a supercritical OZIH2 system, which transforms into a water electrol-
ysis OZ/HZ system, and then to a fully integrated OZ/HZ system with
multipropellant resistojet being supplied propellant from the on-board sources.

The growth potential criteria considered included ease of modular upgrading,
ease of integration with other station systems, and the relative cost of
scarring. As shown in Table 2-13, the candidate systems with minimal integra-
tion with other space station systems (OZIHZ, warm Hz, 02/H2 with

H2 resistojets, warm H2 with H2 resistojets, and warm H2 ACS with

02/H2 drag makeup) are the easiest to upgrade modularly. Conversely, the
candidate system with more space station system integration (02/H2 system
with dedicated water electrolysis, OZ/HZ system integrated with ECLSS, and
the warm H2 system integrated with ECLSS) would result in easier space sta-

tion integration and lower station scarring cost.

2.1.3.6 Qperational Utility. The operational utility assessment considered
launch packaging and station keel storage volume, station buildup, propellant
availability, ease of initial deployment, refueling complexity, and system
maintainability. A1l the candidate propulsion systems incorporate accumu-
lators near the thrusters and therefore can provide propulsion modules for |
early space station buildup. Also, all the candidate systems can provide
thrust on short notice (propellant availability).

In considering launch packaging and station keel storage volume, the 02/H2
candidate systems (see Figures 2-10 and 2-12) resulted in the lowest volume

requirements. For the initial deployment, the single propellant, warm H2
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Table 2-12. SSPS Growth Direction
Potential
Space Station
On-Board Potential
Propellant Growth
Sources Propellants SSPS
Water Electrolysis 02 and Hz \
OTV Propellant Depot Hz and Possibly 02 02/}!2
and EPS SAVE Haven with H
Boiloff 2
> coz, CHA, or
ECLss COZ“:ZQ:HA' Other Gas
. ’ Resistojets
Manufacturing and/or )
Processes Other Gases

A—)

QuUICK

b — e e s

(ELECTRICAL
POWER)

SUPER CRITICAL
PRESSURE
PROPELLANTS

DISCONNECTS

)

EXCHANGERS,

ELECTROLYZER

- O-OEJ
HEAT Q

FROM WATER
ELECTROLYSIS

FROM ECLSS, AND/QR OTV
MANUFACTURING PROPELLANT
PROCESS DEPOT BOIL-OFF

. :.%:.g:.;"“aa

©

ACCU"ULA"’R H ACCUMULATOR%
e e} — ——— - *-.__ _F:_']___.éj__ - — —— ] ....._.C_b_..
| [
B — = i
| - )
1 |
02/H " Ol MULTIFLUID
1AnsTER résisTosET TAAUsTER prrdiasdd ARRATS
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0 o) )
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Figure 2-17. Representative 02/H2 SSPS Growth Path
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system would be the simplest to deploy. The candidate systems which are
integrated with the ECLSS or water electrolysis have the most connections and
therefore would be the most complex to deploy. The ECLSS integrated candidate
systems utilize waste products as propellants and therefore minimize propel-
lant resupplied from Earth and simplify propellant resupply. The 02/H2
system with dedicated water electrolysis uses either inert (safe), high
density water resupplied from Earth and simplifies propellant resupply or uses
STS/station waste water, eliminating resupply.

From a system maintainability standpoint, all candidate systems would be
designed for modularity to facilitate maintenance and minimize extra-vehicular
activity (EVA). Components requiring maximum replacement times include the
oxygen tanks, oxygen heat exchangers, -and the quick disconnects. The mainte-
nance of oxygen components should be minimized for safety reasons.

In summary, the 02/H2 system with dedicated water electrolysis would be
the easiest system to maintain (repair and replace). All other 02/H2
candidate systems tend to be more complex to maintain.

2.1.3.7 Potential Space Station Program Element (SSPE) Integration. The
assessment of the potential SSPE integration considered the autonomy of the
propulsion system candidate with regard to energy needs and resupplied pro-
pellant and the potential beneficial interaction with other SSPE systems
(ECLSS, electrical power system (EPS), manufacturing processes, OTV, and plat-
forms). The assessment results are presented in Table 2-14. From a propul-
sion system autonomy standpoint, candidates with less hydrogen were more
favorable. Hydrogen requires more energy to thermally condition and requires
larger and heavier propellant tanks. Considering autonomy, the most favorable
candidate systems were the 02/H2 system and the 02/H2 system inte-
grated with the ECLSS.

The benefit of integrating the propulsion system with other station systems
can be significant. For example, integration with the ECLSS and/or manufac-
turing process can result in utilization of ECLSS or manufacturing waste
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products and excess water for propulsion propellant. This can significantly
reduce resupply costs. The 02/H2 and warm H2 systems integrated with
the ECLSS definitely derive benefits from interaction with ECLSS, EPS, manu-
facturing and the OTV. The 02/H2 and the warm H2 systems could provide
commonality with the platforms.

2.2 CONCEPT RATING CONCLUSION AND RECOMMENDATION

The rating/ranking results of the SSPS candidates are summarized in Figure
2-18 and Tables 2-15 and 2-16. As shown in Figure 20, the warm H2 system
achieved the highest overall rating, with the warm H2 system with H2
resistojets second, the OZ/HZ system third, the 02/H2 water electrol-
ysis system fourth, and the combined warm H2 ACS and 02/H2 reboost
system fifth. The order of the rankings remained unchanged with weighted or
unweighted factors (Figure 2-18). Table 2-15 presents the weighted numerical
ratings of each system with respect to all selection criteria. The detailed

o 7
S W
50 / ? 7 // . 777
J e
"
.0 Z 1
CANDIDAT:LW%M WﬁM 01 / W%H_O /Hp WARM Hy O9/Hy

FROM REBOOST
ELECTROLYSIS

@ @ ® 06 ® 0 O ©
Figure 2-18. Propulsion System Candidate Rating Results
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breakdown to the subcriteria level is presented in Table 2-16. Therefore,
these top five candidate systems were recommended to NASA-MSFC for preliminary
design evaluation.

As shown in Tables 2-15 and 2-16, Fhe two H2 systems had the highest relia-
bility and safety rating (highest weighted criteria) because these systems
were simple (one propellant) with the lowest number of components. Since only
H2 is discharged, these same two candidate systems had the lowest contamina-
tion potential and therefore the highest contamination potential rating. The
lowest technical risk (highest technical risk rating) was achieved by the
02/H2 system, the warm H2 system, and the combined H2 ACS with

02/H2 reboost. The technology for these candidate systems is well in hand.

The 02/H2 water electrolysis system resulted in the highest IOC and LCC
rating because of the greatly reduced operational costs. However, the warm
Hz system with H2 resistojets also achieved a high IOC and LCC rating
because of a combination of a low development cost and a low resupply cost
(high delivered specific impulse of resistojets). Candidate systems with
resistojets and OZ/HZ water electrolysis are attractive from a growth
potential standpoint because of lower resupply cost. Also, candidate systems
1ntegratéd with the ECLSS reduce growth station scarring and permit integra-
tion with other space station systems, and therefore, these systems had the
highest growth potential ratings. From an operational utility standpoint, the
OZ/HZ water electrolysis candidate achieved the highest rating because of
its repairability and simple water resupply. Because of their low energy
requirements and their compatibility with platform propulsion requirements,
the OZ/HZ and the warm H2 systems achieved the highest SSPE integration
rating.

This analytical task resulted in many technical conclusions regarding the

SSPS. These include the fact that accumulators enable the decoupling of the
propellant tank pressurization and propellant thermal conditioning from the
thruster operation. The lowest system and resupply weight and volume were

achieved by the 02/H2 system. The addition of H2 resistojets was
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extremely beneficial to the warm H2 system in terms of significant reduc-
tions in system weight and volume. In addition, the utilization of resisto-
jets can provide the capability of high velocity propulsive disposal (free
molecular flow) of ECLSS and on-board manufacturing processes waste products.
Although an in-depth study of contingency propellant storage was not per-
formed, ambient propellant storage would be preferred over cryogenic storage
because of its simplicity. Ambient propeliant storage would definitely be the
preferred choice if the contingency total impulse was low; however, if the
contingency total impulse requirements are high, cryogenic propellant storage
may be required to reduce storage volume.

Based on customer needs, OTV propellant depot (O2 and HZ)’ ECLSS evolu-
tion, and shuttle orbiter excess propellants, a fully integrated hydrogen,
oxygen, and water economy can be envisioned for the space station. If this is
accomplished, significant cost and operational benefits are possible. The
SSPS, ECLSS, shuttle orbiter, and the station manufacturing facilities would
be combined into a single system that would utilize common 02/H2 storage
and waste water electrolysis facilities. MWaste fluids from ECLSS and manu-
facturing facilities would be recycled to produce potable water, oxygen, and
hydrogen for use by the station customers. The SSPS would have the flexibil-
ity to use water products that might not economically be recycled for use by
station customers and balance the on-orbit supply of oxygen and hydrogen.

Overall, the results of this study clearly indicated that oxygen/hydrogen-

_based propulsion systems can provide simple, low cost, and viable systems for

the I0C space station. Furthermore, these systems can eventually provide the
basis for an oxygen, hydrogen, and water economy for a fully integrated space
station.

Subsequent to the completion of this study, the Space Station Change Control
Board baselined the water electrolysis 02/H2 concept with multifluid
resistojets. This decision was based on this study, and independent studies
by Boeing, Martin-Marietta, Jet Propulsion Laboratory, LeRC, and MSFC. Addi-
tionally, thruster test results at MSFC for the 8:1 mixture ratio life of
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1-million 1b-s were a central element. The critical deéiding factor was the
elimination of propellant logistics (both up full and down empty) and of waste
disposal (de-orbit or carry down). Based on this rebaselining, the overall

test bed effort was redirected to address issues relating to the water elec-
trolysis approach as listed in Table 2-10 and accompanying text.
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3.0 TEST BED DESIGN AND FABRICATION

The system design goal was to provide a test bed representative of a SSPS
capable of demonstrating the readiness of oxygen/hydrogen propulsion tech-
nology for the IOC space station application. In addition, the system must be
flexible enough to evaluate various supply concepts and components for use on
the IOC and the growth stations.

To accomplish these goals, the test bed was designed with two basic modules: a
propulsion module containing propellant storage and thruster modules, and a
propellant supply module. The propulsion module contained oxygen and hydrogen
accumulator tanks, a resistojet propulsion module, and a 25-1bf thrust engine
module and associated control valves all mounted in a 9-ft cube structure to
simulate the basic building block structural element of the space station
(Figures 3-1 and 3-2). The design accommodates various types of fluid supply
modules connected to the propulsion module in order to simulate a complete
system (Figure 3-3) and to study growth configuration or other applicable
approaches. A supercritical gas storage tank system was designed for the test

‘ bed, however, because of the subsequent baseline of the electrolysis system,
it was never fabricated.

With the addition of water electrolysis to the baseline space station system

for the propellant supply, the need for an electrolysis system operation on

the test bed became apparent. As a result, the program was realigned and an

electrolysis module was designed and fabricated at Rocketdyne to fit on top of
the existing test bed propulsion module cube. Components to be tested on the
module included Arde steel tanks, SCI graphite wrapped tanks; a LSI electroly-
sis unit, and a HSD electrolysis unit.

The module included canisters to contain each of the water electrolysis units
not designed to be operable in a vacuum. Molecular-sieve dryers designed by
Boeing and fabricated at MSFC, were also included on the module. Figure 3-4
shows the module assembly in the workshop before installation. In Figure 3-5,
an LSI technician is connecting the LSI 350-psig water electrolysis unit to
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Figure 3-4. MWater Electrolyte Module in MSFC Workshop

_ ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

‘ RI/RD89-104

53




D4730-7

ORIGINAL PAGE IS
OF POOR QUALITY

Zz

Figure 3-5. LSI Technician Connecting Electrolysis Unit
to Pressure Container Pass Throughs
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the container ports. Figures 3-6 and 3-7 show the installation of the module
into the test facility. Figure 3-8 displays a simplified schematic of the
electrolysis based propulsion system test bed.

The man-walk platform and safety rails ddded to the electrolysis pallet at
MSFC can be seen in Figures 3-6 and 3-7. The basic drawings that were used to
fabricate the test bed propulsion module and electrolysis module are included
in Appendix A. A complete detailed understanding of the test bed can be
obtained by detail study of the documents presented there. Included within
the body of the report are the essential details and design parameters of the
propulsion module, the cryogenic supercritical storage module, and the
electrolysis module. '

3.1 PROPULSION MODULE DESIGN SUMMARY

The test bed was designed for testing in MSFC vacuum Test Cell 302 at an
ambient pressure of 1 torr (Figure 3-9). Valve and control components were
selected from standard commercial equipment to provide simulation of flight
hardware without the expense and time required to obtain flight components and
with the belief that 1ittle was lost to the technology demonstrations. Updat-
ing to flight-type equipment was possible on a component by component basis as
truly representative hardware could be defined and made available. All line
assemblies were fabricated of welded tubing with Cajon-VCR fittings used on
all removable joints and components to accommodate the low vacuum pressures.

A schematic of the propulsion module is shown in Figure 3-10. Tables 3-1 and
3-2 summarize the components used and their design operating ranges.

The propulsion module oxygen and hydrogen valves and control components were
separated and mounted on two panels beneath the tanks on opposite sides of the
structural cube. A third panel mounted in the center of the cube contained
the resistojets and engine module components. The components and plumbing
were mounted to provide easy access (Figure 3-11) for repair or replacement
with flight-type components as available.
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Figure 3-6. Installation of Water Electrolysis Module into Stand
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Figure 3-7. MWater Electrolysis Module Installed
on Top of Accumulator Module in Stand
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Figure 3-8. Simplified Schematic of Space Station
Propulsion Test Bed
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Figure 3-9. Space Station O/Ha Propulsion Test Bed
(Test Position 302 Vacuum Chamber Vertical Installation)
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Table 3-1. Component Operating Ranges

TEST BED SUBSYSTEM OPERATING RANGES

OPERATING PRESS psig|VENT PRESS psig | TEMPERATURE deg R | FLOW Ib/s
NOM MAX MIN MAX MIN NOM MAX MIN NOM

STORAGE TANK 02| 1000 1350 200 1500 1365 160 600 160 0.188
H2| 750 1000 200 1100 1000 40 600 40 0.047
HEAT EXCHANGER 02| 1000 2200 200 2500 2275 — 600 160 0.188
H2{ 750 2200 200 2500 2275 — 600 40 0.047
ACCUMULATOR 021 1000 1600 200 1800 1635 400 600 300 0.188

H2| 750 1300 200 1500 1365 300 600 200 0.047

THRUSTERMODULE 02| 145 250 100 300 260 530 600 395 0.047

H2 190 250 100 300 260 530 600 395 0.012
GN2 VALVE ACTUATORS 125 220 100 - - 530 600 500
VACUUM SERVICE - - 1 - - 530 - —
TORR ’
GN2 REGULATORS 500 500 0 - - 5§30 - -

85-015-156-40

Table 3-2. Component Survey

VALVES
@® NUPRO “U" SERIES BELLOWS VALUE
@ PNEUMATIC OPERATOR - ELEC. HEATER
@® BODY -316 SS
® BELLOWS - 347 SS
@ SEAT INSERT — KEL-F (BATCH TESTED FOR O2)
* ALTERNATE - STELLITE

FILTERS
® VACCO INDUSTRIES
@ IN LINE FILTER
@ DISC TYPE
@ VIKING FILTER - MODIFIED FITTINGS
® ALL METAL - 304-L (Og), 316-L {Hp)

LINES
® 321 SS SEAMLESS TUBING

FITTINGS
@ CAJON-VCR
® 316 AND 316-L SS
@ GASKETS - SILVER PLATED 316

ACCUMULATOR TANKS
® ASME CODED VESSEL
® 05 - 304L
® Hjy-316L
@® GRAYLOC CLOSE OUT FLANGES

REGULATORS
@® GROVE MODEL 94
@ BATCH TESTED SOFT GOODS FOR O3

85-018-156-114
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The accumulator tanks were standard ASME coded vessels with a 4-to-1 safety
factor fabricated by Capital Westward Company for the test bed. The tank con-
tained propellants for approximately 830 s of engine firing time
(22,600 1b-s). Figure 3-12 summarizes the accumulator tank design.

The system was provided with sufficient instrumentation to ensure safe opera-
tions as well as obtain diagnostic data.

A1l soft goods (O-rings, valve seats, etc.) used in the components and system
were impact batch tested to Space Shuttle Main Engine (SSME) specification to
preclude ignition and burning during testing.

MS33649-24
PORT
LIFT LUG
_'\ 3 PLACES H2 02
MOUNT LUG, “@) TANK 1D (in) 42 26

3 PLACES
VOLUME (ft3) 22.45 5.33

WEIGHT (Ib) 3050 Ib 750 1b

MAX OPERATING 1,500 1,800
PRESSURE (psi)

IToTAL B
MR = 4

To =380 °R

T¢ =300 °R

= PNOM = 1,000 psi
| PmIN = 200 psi J
b
\INLET/OUTLET PORT

4 22,600 ib-s

85-0156-156-112

Figure 3-12. Accumulator Tanks (ASME Coded)

RI/RD89-104
62




3.2 TEST BED CONTROLLER DESIGN SUMMARY

In keeping with the concept of supplying MSFC with a complete stand-alone test
bed, an integrated control and data acquisition system was included. The
design goals specified a system that would exercise overall control of test
bed operations with a maximum amount of automation, demonstrated safety, and
high reliability. Test bed operation was similar to that required on the
space station, but with a high degree of flexibility necessary for a test
development program. Computer control systems with these characteristics have
been used at the Rocketdyne Santa Susana Field Laboratory (SSFL) for over 10
years, and it was decided to use the basic concepts and techniques developed
for them as a design basis for the test bed system.

The systems, centered around minicomputers and associated components, acquire
engineering data while controlling valves, monitoring parameter limits and

events, and completely controlling the test sequence. To perform these inte-
grated operations, specialized software was written including a high order

computer language called Rocketdyne Test Control Language (RTCL). The soft-
ware system and concepts were also implemented in the SNIA BPD test facility
in Colleferro, Italy in 1981, and at the Air Force Weapons Laboratory in 1982.

In recent years, many of the test facilities at Rocketdyne have had the RTCL
software implemented in Data General computer hardware; and this led to the

selection of a Data General Desktop Model 30 as the microprocessor utilized
for the test bed.

The control system was composed of a manual control panel, the microprocessor,
and its various ancillary components and signal conditioning equipment (Fig-
ure 3-13 and Table 3-3). All of the components were assembled into a compact
desk arrangement (Figure 3-14) which was located in’the control center about
500 ft from the test cell.
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i TRANSDUCER . YSTEM CABINETS
SIGNAL CONTROL SYSTEMC
CONDITIONING

I 48 CHANNEL AT NG 1 I
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| BARRIER CONSOLE
FAOM 442C/S STRIPS 4 |
STAND .7 CRTNO. 2 |
ANALOG MICRONOVA DATA
| INPUT INTERFACE DISPLAY I
S0 EA DIGITAL p| CHASSIS 4
20 AWGI INPUT GPINPUT | '
G;oogE%uer PRINTER
A
| BARRIER P, ol DIFFINPUT l
STes S 1 TTLINPUT 7'y l
10D IS:IE\:IG | 4——— DIGITAL I
| | ouTPUT OUTPUT
TTL |
| INPUT |
k 4 Y 9 Yy ¥ I
DATA GENERAL
. MANUAL CONTROL MODEL 30 GPU
PANEL WATCHDOG 30 A 110 Vac
" rver  [€ 368K DISKETTE  |4=|REGULATED
\ 64 g"o"wgn”ggﬂ}fs E 40 MB WINCHESTER I POWER
p—eeepp]  RELAY BOARDS 512KB MEMORY
MSFC 28 V 100 A FLOATING POINT UNIT
POWER SUPPLY \_ __]

Figure 3-13. Computer Control System Block Diagram

Table 3-3. Microprocessor Hardware Configuration

Microprocessor is a Data General Desktop
Model 30 with the following features:

e 512-KB semiconductor memory with byte
parity

e Hardware floating point unit

o 368-KB diskette unit

e 40-MB winchester hard disk

e Two 123-W power supplies

¢ Digital-to-analog converter

e Differential multiplexer

e 64 digital 28-Vdc outputs (optoisolated)
e 64 digital inputs (optoisolated)

e Printer

e CRT display for 24 channels of engineer-
ing unit data

e CRT terminal for operating interface
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Figure 3-14. Test Bed Control System

When power was initially applied, control of all devices was from the manual
panel. When automatic control was desired, a momentary switch shifts power to
the computer. Control remains with the computer until a reset circuit is
actuated either manually or from the "watchdog timer."

The "watchdog" is a Rocketdyne built device that monitors timing signals from
three of the primary programs in the control software. If any of the programs
failed to signal within a set cycle time, control automatically returned to
the manual panel. 1In this way failure of the computer system could be
detected, and by means of presetting manual switches the test bed could be
returned to a safe condition.

A block diagram of the system is shown in Figure 3-15.
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INSTRUMENTATION
- INTERFACE SERVICE
PANEL

INST
TEST * CONTROL INST DATA -{CONTROL CENTER

BED «CONTROLS | INTERFACE SERVICE DATA SYSTEM

b

e

CONTROL DATA
EVENTS

CONTROL SIGNALS

4 A

&

MANUAL

CONTROL PANEL MICROPROCESSOR

A

Y

WATCHDOG

Figure 3-15. Control System Block Diagram

The RTCL implemented in the test bed is a very flexible and powerful high
order programming language consisting of 38 basic commands with up to 4 vari-
ables associated with each. Table 3-4 describes the primary features.

The event data were recorded on the hard disk every 20 msec and the parameter
data were recorded every 100 msec. Off-line programs were available to
reduce the data to engineering units and to produce a time line of all of the
events that occurred.

The mass flow rate of the main propellants was calculated by using pressure
and temperature upstream of the sonic venturi and could be controlled by com-
paring the calculated values to desired values and making necessary pressure
corrections. The pressure upstream of the venturis was controlled by simple
regulators. The reference pressures of the regulators were controlled by the
computer to maintain the flow rate between upper and lower Timits.
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Table 3-4. RTCL Features

e Monitors 64 valve positions every 100
msec

e Controls sequence of 64 output signals on
1 msec basis

® Monitors 128 limits on raw or calculated
data each 100 msec

® Performs corrective action or terminates
for limits

® Uses flags, counters, and other branch
statements for flexible sequence

® Emulates "expert systems”

To connect the control system to the test bed, an interface box was used. All
control transducers and valves on the bed were wired to this interface box.
Because MSFC maintains strict separation of control and data acquisition func-
tions, a second interface box was provided for the diagnostic data.

MSFC personnel wired from terminals strips in the two boxes, through bulkhead
connectors in the cell wall, and from there to the control center and record-
ing center (Figure 3-16). The diagnostic data signals were conditioned and
digitized in the test cell area prior to being transmitted approximately
1,000 ft to the recording center. Digital displays of engineering unit data
were provided in the control center during a test and printouts of engineering
unit data and plots of data were produced shortly after completion of a test.

3.3 CRYOGENIC SUPERCRITICAL STORAGE MODULE DESIGN SUMMARY

The initial design of the test bed included cyrogenic oxygen and hydrogen
storage tanks operating at supercritical pressures. These tanks were to simu-
late the station central propellant storage modules. In operation, the cen-
tral propellant storage tanks would be maintained at or just below the tank
vent pressures by heat supplied from internal tank heaters. The accumulators
would be slowly charged to their operating level from the central supply
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B4583
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TRANSDUCER 5] l
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AD o 20 EA 2 C/S 20 AWG |
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[ CONTROL
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Figure 3-16. Design Overview Interfaces

source. The propellants would be passed through in-line heaters between the
storage module and accumulators raising the now gaseous propellant tempera-
ture. Upon command from the space station .guidance, navigation and control
system, the thrusters would be commanded to fire using propellants supplied
from the accumulators. After completion of the thruster operation, the
accumulators would be replenished slowly from the central propellant storage
system. ‘

The design of the O2 and H2 storage vessels was performed under contract

by Beechcraft. This effort consisted of the thermal analysis, heater analy-
sis, structural analysis, and development of the design drawings of the oxygen
and hydrogen storage vessels for the test bed.

The oxygen storage vessel was a 26 in. ID 304L stainless steel sphere designed
for a maximum operating pressure of 1,500 psia. The hydrogen storage tank was
a 42 in. ID 316L stainless steel sphere designed for a maximum pressure of
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1,100 psia. These pressure vessels were each encased in a 6061 Al vacuum
jacket. The tanks contained a quantity gaging system and an electrical
heater. The specifications for these vessels are presented in Table 3-5 and
Figure 3-17 displays the final design concept as prepared for the test bed
program.

The thermal analysis considered heat leakage, the cool down and fill opera-
tion, Dewar performance after fill, Dewar performance during test, and vent
line sizing to minimize radiation heat losses. The oxygen tank utilized 9
layers of double Al-mylar/nylon blankets and the hydrogen tank utilized 30
layers. The maximum heat leakage, considering both radiation and conduction,
was determined to be 33 Btu/h for the oxygen tank and 21 Btu/h for the hydro-
gen tank. A detailed heat leakage summary is presented in Table 3-6.

Table 3-5. Propulsion Test Bed Cryo System Specifications

REQUIREMENT OXYGEN HYDROGEN
SYSTEM
MAX NORMAL OPERATING PRESSURE (PSIA) 1300 1000
MAX DESIGN PRESSURE (PSIA) 1500 1100
MIN OPERATING PRESSURE (PSIA) 750 200
MIN FLOW RATE (LBM/HR) 45.2 15.2
HANDLING LOADS VERT/HORIZ (G's) 3/1.5 ns
HEAT LEAK BTU/HR) 3 21
HOLD TIME, 10% ULLAGE (HRS) 232 219
FILL TIME (HRS) 0.9 08
PRESSURE VESSEL
PRESSURE VESSEL 1D (IN) 26 42
VOLUME (FT“) 5.33 22.45
CAPACITY (LBM) 3718 104
PV MATERIAL 304L 6l
PV WEIGHT DRY (LBM) 450 1350
OUTER SHELL
VACUUM JACKET ID (IN} 3 50
MAX ENVEL OPE (IN) 35 54
YACUUM JACKET MATERIAL 6061 AL 6061 AL
HEATERS
EFFECTIVE SURFACE AREA EACH (IN?) 270 457
TOTAL WATTAGE (WATTS) 2000 4000
OPERATING VOLTAGE (VAC) 65 H
LIMIT TEMPERATURE (°F) 350 200
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Table 3-6. Heat Leak Summary

OXYGEN DEWAR @ 1300 PSI HYDROGEN DEWAR @ 1000 PSIA
MAXIMUM  AVERAGE MAXIMUM AVERAGE
BTUMHR)  BTU/HR) BTU/MR) (BTU/MR)
I CONDUCTION
SUPPORT STRUTS 7 5 8 7
PLUMBING (FILL, VENT) 9 7 4 5
INST, AND HEATER WIRE CONDUIT 5 4 4 4
HEATER WIRE (20 AWG) 2 [ 2 |
TOTAL ~4 ~3 ~4 ~3
Il. RADIATION
O LAYERS 0y, 30 LAYERS H,
DOUBLE AL-MYLAR/NYLONBLANKET) ~ 29 ~22 ~17 ~15
TOTAL HEAT LEAK ~3 ~25 ~ 2l ~18

The cool down and the fill time was determined to be 0.9 h for the oxygen tank
and 0.8 h for the hydrogen tank. The calculations for the hydrogen tank were
made using a fill rate of 125 1b/h and loading for fill at a temperature of
34°R and a pressure of 14.7 psia. The calculations for the oxygen tank were
made using é fill rate of 250 1b/h and loading for fill at a temperature of
160°R and a pressure of 14.7 psia. The fill and cool down characteristics of
the two tanks are shown graphically in Figures 3-18 and 3-19.

The postfill performance for the Dewars was determined for the case where the
tanks were loaded with 1% and 10% ullage volume. In the case of the 1%
ullage, it was found that the hydrogen could be held for 142 h before the vent
pressure of 1,100 psia was reached and 65 h before the oxygen reached the vent
pressure of 1,500 psia. When the ullage was increased to 10%, the holding
time for the hydrogen was extended to 232 h and to 219 h for the oxygen tank.
Graphic presentations of postfill performance are presented in Figure 3-20.
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Figure 3-18. 02 Dewar Cool Down and Fill Time
for Fill at T = 160°R; P = 14.7 psia
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Figure 3-19. Hp Dewar Cool Down and Fill Time
for Fill at T = 34°R; P = 14.7 psia
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The vent line OD of 0.625 in. was determined by considering that the 1line
diameter must be sufficient to prevent pressure increase in case of annulus
vacuum loss. The analysis is based on the thermally worst case, where the
heat transfer to the fully loaded hydrogen Dewar was by air condensing on the
pressure vessel and vent line. It was determined that the hydrogen was the
worst case. The same diameter tubing was used for the oxygen vent system for
commonality.

The Dewars were to supply propellants to the accumulators. After the tanks
had been cooled down and filled, they are brought up to the operating pressure
by isolating the Dewars and heating the propellants with the electric heaters
installed inside the pressure vessels. After the accumulators have been
charged, the accumulators are again isolated and the pressure increased to the
vent pressure level by heating the propellants with the heaters. As the pro-
pellants in the Dewars are depleted, more power is required to achieve the
vent pressure level. In the case of hydrogen, the energy to achieve the pres-
surization level of 1,100 psia after the first accumutlator fill is 3,010 Btu,
and after the fifth fill had increased to 11,300 Btu. For oxygen, the energy
required to raise the vent pressure to 1,500 psia after the first accumulator
fill was 1,150 Btu. This increased to 5,760 Btu after the fifth fill. The
Dewar performance during testing is presented graphically in Figure 3-21.

The heaters were designed for use in a 2-g environment. The calculated heater
surface area was increased by 50% to provide adequate safety margin. The
worst case condition for the heat absorption capability of the propellants
(i.e., low density, high temperature fluids and maximum allowable heater
temperature) was used for the heater design. The summation of the radiation
heat transfer from the heater to the propellant was determined using the same
correlation used in the shuttle PRSA heater analysis.

The convection heat transfer from the heater to the fluid occurs both inside
and outside of the heater tube. This is shown pictorially with the relation-

ships for determining the internal and external free convection heat transfer
in Figure 3-22.
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o FREE CONVECTION _
EXTERNAL SURFACE: Q=R A(TH-Ty

WHERE: Q@ = FREE CONVECTION HEAT TRANSFER (BTU/Hr)
/}EES\ A = HTRELEMENT SURFACE AREA EXTERNAL (F12)
(X Ty = HEATER TEMPERATURE (R)
A eT J TM = MEANFLUID TEMP OUTSIDE (R) = (T + TFLuiDN2
ol fof] e = AVGUNIT CONVECTIVE CONDUCTANCE BTU/MF12R)
ik R = 0.548 K/L (GR @ PR) 025
Cl 1 WHERE: K = THERMAL CONDUCTIVITY OF FLUID BTU/MF1IR)
4 1y L = CYLINDERLENGTH (F1)
ol o GR = GRASHOF NUMBER (-)
! ('# f PR = PRANDTL NUMBER (-)
O I GR=€2g 8(Tyy - Ty L3/u2
i o] 1 WHERE: € = FLUID DENSITY (Lbm/F13)
oo gc = GRAVITATIONAL CONSTANT = 32.174 (F1/sec?)
B8 = TEMP COEFFICIENT OF VOLUME EXPANSION (1/R)
M

= ABSOLUTE FLUID VISCOSITY (Lbm/Ft-sec)

o FREE CONVECTION

INTERNAL SURFACE: R = 1,962 (< 2R28Cg, (T - Ty/u)%-333
WHERE: C, = FLUID SPECIFIC HEAT BTU/LbmR)
Tm = MEANFLUID TEMP INSIDE (R) = (75Tjy + .25
TrLuD

Figure 3-22. Heat Transfer Mechanisms in a 1-g Environment

Using the above referenced relationships, it was determined that the hydrogen
heater required an external surface area of 914 1n2 with 4,000 W power and
that the oxygen heater required an external area of 540 inz with 2,000 W
power. A summary of the components of the heater is presented in Table 3-7.

These heater configurations give a hydrogen heater tempefature of 200°F and a
fluid temperature of 160°F at 1,100 psia pressure and an oxygen heater temper-
ature of 3500°F at 1,300 psia pressure.

Of concern from the standpoint of safety is the maintenance of the oxygen
heater sheath temperature below the autoignition temperature of the sheath
material. The maximum temperature occurred in the splice of the power lead to
the heater conductor. The temperature profile in this critical area was well
below the autoignition temperature for the 300 series corrosion-resistant
steel.

RI/RD89-104
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Table 3-7. Heater Surface Area Summary

PARAMETER 02 Hz
CYLINDER LENGTH (1N) 2 38
CYLINDER DIAMETER  (IN) 3.5 3.5
NUMBER OF HOLES 60 9%
HOLE DIAMETER N 0.5 0.5
HEATER WIRE LENGTH  (IN) 137 197
HEATER WIRE DIAMETER(IN) .187 .187
CYLINDER AREA -EXT (IN?) 2419 417.8
HOLE AREA (IN2) -ns -188
WIRE SRFC AREA (1/2)  (iNd) 40.2 519
EXTERNAL HTR AREA  (IN2) 270 457
NUMBER OF HEATERS 2 . 2
TOTAL EXTERNAL AREA (IN2) 540 914

As the propellant is depleted from the Dewars, their lesser density results in
a change in their specific heat. In order to maintain constant storage condi-
tions with a constant heater input a varying mass flow rate results. The
effect of fluid density is depicted graphically in Figure 3-23. Using these
data for a constant hydrogen heater of 4000 Watts, the time required to
deplete the usable mass of hydrogen of 83.1 1bm was determined to be 2.3 h;
and with a constant oxygen heater input of 2000 W, depletion of the usable
fluid mass of 324.9 1bm was accomplished in 3.7 h. The influence of various
heater power levels is shown in Figure 3-24. A summary of the heater require-
ments resulting from the above analyses is presented in Table 3-8.

Structural analysis was performed on the oxygen and hydrogen pressure vessels,
outer shells, support struts, strut fixtures, fill and vent lines, neck plug,

and the pressure vessels to ensure compliance with transportation and in use
loadings.
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Figure 3-24. Time Required to Deplete Usable Mass

Table 3-8. Summary of Heater Requirements

0; Hy
1300 PSIA 1000 PSIA

DEWAR VOLUME FT3) 5.3 25
LOADED.FLUID DENSITY
LBM/FTI) 63.5 4.3
FLUID TEMP LIMIT (°R) 490 300
INITIAL FLUID MASS
(LBM) . 370.4 9.5
RESIDUAL MASS (LBM)
AT TEMP LIMIT 45.5 13.4
USABLE FLUID MASS (LBM) 3269 83.1
LBM/ACCUMULATOR FILL 8 12
NO. OF FILLS/DEWAR 68 69
ENERGY REQUIRED
TO DEPLETE USABLE _
MASS (W-HRS) 7456 9008
HEATER POWER (W) 2000 4000
TIME TO DEPLETE
USABLE MASS (HRS) 37 2.3
INTEGRATED AVERAGE
FLOWRATE (LBM/HR) 873 36.1
MINIMUM HEATER SkiRFACE

) 505 _ 490

AREA REQUIRED (IN
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3.4 ELECTROLYSIS MODULE DESIGN SUMMARY

The electrolysis module was designed as an integrated package of electrolysis ‘
units, gas dryers, propellant storage tanks, and associated valves and con-

trols. The water, nitrogen purges, and pressurization were facility sup-

plied. Drawing 7R032825, included as part of the design drawing package in

Appendix A, displays a complete schematic of the test bed including the
electrolysis system. Drawing 7R032840, Appendix A, depicts the electrolysis

module assembly.

The pallet assembly was simply a structural base providing mounting 1lugs,
cradles and support for the module components. Fabricated from channel, it
provided a rigid base for transport and handling and a means of attachment to
the top of the propulsion module.

The propellant storage tanks were three filament wrapped vessels provided by
SCI and two metallic tanks supplied by Arde Inc. The three SCI tanks used
were cylindrical with hemispherical ends and were fabricated using a spun
seamless 6061 aluminum liner overwrapped with a high strength graphite fiber
filament-wound/resin structure. The tanks were 20.2 in. in diameter and
78 in. in length.

The two Arde steel tanks were 23 in. diameter spheres fabricated from 301
cryoformed stainless steel. The tanks used were considered representative of
composite and metal tanks that could be used for the space station application.

The canisters contained the electrolysis units. The electrolysis prototype
units were not designed for operation in the vacuum test environment used for
the test bed. The canister for the HSD unit (7R032829 Appendix A) was
designed to permit operation of the electrolysis components at standard atmo-
spheric pressure. The LSI electrolysis compohents were designed to operate at
a maximum output pressure of 350 psi at standard atmospheric conditions. The
LSI containment canister was designed to contain pressures up to 1,250 psig.
This approach permitted the output supply pressure of the electrolysis
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products to be increased to 1,000 psi or more by simply increasing the ambient
pressure environment of the electrolysis unit to maintain required pressure
differentials across electrolysis components.

Molecular-sieve dryers designed by Boeing and fabricated at MSFC were included
in the module. Each dryer was furnished with electrical resistance heaters to
expel moisture collected from the electrolysis effluent during a vacuum dry-
ing/heating cycle. Dual dryer/heater assemblies were used in both the hydro-
gen and oxygen supply systems. By alternating between the two dryers, contin-
uous electrolysis system operation was possible. After operation for a time
sufficient to saturate a dryer with water, a control system would switch
operation to the second dryer, turn on the heater for the first dryer and vent
it to vacuum for drying.

Moisture sensors were used to monitor the effluent water content to determine
the point of dryer saturation and the need for switching to operation with the
second dryer and to initiate vacuum drying of the first.

There were two basic types of electrolysis units considered for test on the
test bed as applicable for future space station use. A system using an alka-
line (KOH) electrolyte is being developed by LSI. A system using a solid
polymer acidic electrolyte is being developed by United Technologies HSD.

LSI's static feed electrolyzer (SFE) concept uses a vapor-fed cell with a
fibrous matrix separator and a system that promises operation without active
cooling. The SFE cell concept tested is shown in Figure 3-25. It evaporates
water from an internal water-fed cavity and feeds the vapor to the cell elec-
trodes. The potassium hydroxide electrolyte is held in a fibrous matrix
between the electrodes. The cooling was done by pumping the fluid in the
water feed cavity through a coolant loop.

The SFE cell has shown to be capable of operating at optimized current densi-
ties without coolant and present developments are investigating the elimina-
tion of the coolant loop entirely in favor of direct passive conduction
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e (a)

Reactions

/—Anode(+): AOH" === Oy + 2H0 + e~
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Figure 3-25. SFE with Coolant Circulation (a) Electrolysis Process
(b) Subsystem Functional Block Diagram

radiation cooling. The SFE concept without cooling has only four components;

the electrolyzer cell stack, a pressure controller, a fluid controller, and a
water tank.

The HSD unit tested during the program was a conductively cooled module with
static vapor water feed to the electrolysis cell. This design eliminates the
need for any water pumps or phase separators. An alternative is the anode

feed concept used for submarine electrolysis units. This approach circulates
the reaction (and cooling) water through the anode chamber of the cells (anode
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feed) using pumps. The effluent oxygen and hydrogen have to be separated from
the liquid water at the outlet of the module by the use of phase separators.
The anode feed design will provide higher efficiencies, lower weight, and
smaller volume than the solid polymer static feed system. Excess heat from
the module would be rejected through -heat exchanger rather than a cold plate
as used for the static-feed system.

A comparison of the characteristics of the alkaline (LSI) and solid polymer
acid (HSD) systems is given in Table 3-9. The high efficiency of the alkaline
system would result in a space station system with low power consumptions and
probably no active cooling requirements. Critical control of operating para-
meters would be required to prevent contamination of the system with the KOH
electrolyte. The acid solid polymer electrolyte (SPE) system electrolysis

Table 3-9. Technical Comparison of Electrolysis Options

Option Advantages Disadvantages
Alkaline High Efficiency Limited stack data base
Electrolysis Low power required Limited high pressure

Extensive single cell data data
base KOH contamination pos-
Alkaline fuel cells on sible

Apollo, Shuttle
Depressed dewpoint output gas

Acid Electrolysis

SPE anode-feed Extensive data base High power required
High pressure in field, Low efficiency
submarine service Saturated output gas
Pump/separation re-
quired

Deionizer required
Heat rejection system

SPE static No pump/separators required Lowest efficiency
cathode-feed No deionizer required Highest power required
Saturated output gas
Limited data base, high
pressure
Heat rejection
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cell would be very rugged and durable but would require an active cooling sys-
tem; additional components in the form of pumps, separators, and dryers; and
would have high power supply needs.

A comparison of the power needs of the systems described is shown in
Table 3-10.

Table 3-10. Power Requirements and Heat Rejection
Characteristics of Electrolysis Systems
Gas Production Rate = 1.8 1b/h

Static Feed Anode Feed Static Feed

Unit HSD HSD LSI
Power Consumption (kW) 8.37 6.54 4.08
Heat Rejection (kW) 4.32 2.50 0.12

3.4.1 LSI Test Hardware Description

A schematic of LSI's SFE is provided in Figure 3-26, while Figure 3-27 is a
photograph of the unit. The products 02 and H2 are generated in the
static feed water electrolysis module (SFWEM). From the module, the product
gases pass through the pressure control assembly (PCA) which monitors and
adjusts SFE pressures to maintain proper differential pressures between the
02, H2, and water feed cavities of the SFWEM. A coolant control assembly
(CCA) circulates water feed cavity fluid through the SFWEM for water feed and
thermal control. The water is supplied to the SFWEM by a pressurized, cyclic-
ally filled water supply tank. The fill cycle of the water tank and the capa-
bility for N2 purging of both the 02 and Hz-containing cavities of the
SFWEM are controlled by the fluids control assembly (FCA). A Control/Monitor
Instrumentation (C/M I) Model 360 was used to provide automatic mode and mode
transition control and self-protection.
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Figure 3-27. Life Systems Static Feed Electrolyzer

3.4.2 HSD Test Hardware Description

A schematic of the HSD SPE static water feed electrolysis subsystem is shown
in Figure 3-28. Figure 3-29 is a photo of the five cell electrolysis unit.

The SPE oxygen/hydrogen generating subsystem electrolyzes water to produce
oxygen and hydrogen gases at a maximum pressure of 1,000 and 960 psia,
respectively. It consisted of a process package that included the SPE SFREM,
a dc power supply that provided the power necessary for electrolysis, a metal
bellows accumulator with two 3-way valves to pressurize the feedwater, a
driver box which provides electrical power and signal conditioning for various
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Figure 3-29.




components in the process package and permitted mode monitor and control via
the test bed Data General computer, and a controller which communicated with a
Radio Shack TRS-80 Model 4D personal computer (see Figure 3-30). The process
package, driver box, and controller were all mounted on an aluminum frame,
while the metal bellows accumulator and valves were included as a separate
package. The components were enclosed in a canister to isolate them from
vacuum conditions.

The SPE subsystem interfaced with a Radio Shack TRS-80 personal computer as
shown in Figure 3-30. The TRS-80 provided:

1. command signals to activate the SPE system,
2. caution and warning alarms enunciation and display, and
3. status monitoring.

The SPE driver box to Data General interface allowed the test bed Data General
controller to have complete capability to monitor and control the SPE subsys-
tem in the propulsion test facility. If the SPE subsystem or any one of the
other subsystems change their operating status, the Data General could con-
figure the other subsystems to the proper corresponding mode for proper opera-
tion or safety.

3.5 THRUST MEASURING SYSTEM DESIGN SUMMARY

A thrust measuring system (Figure 3-31) for use on the test bed was added to
the contract. This was designed and fabricated at Rocketdyne for either hori-
zontal or vertical use and was to be calibrated remotely at vacuum conditions
with thruster propellant lines pressurized to remove all external load effects.

The thrust system was delivered to MSFC and on the test bed installed in
February 1987. The first thruster firings to obtain data from it were per-
formed in March. Figure 3-32 shows the thruster mounted with thrust system on
the test bed. Appendix A includes the detail drawings of the thrust measuring
system.
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Initial test data results indicated a discrepancy of about 3 1b between the

‘ calculated and measured values. A series of calibration checks were made
which revealed that the mount on the stand was flexing, thereby allowing the
entire thrust system to move. The movement introduced additional load paths
through the propellant plumbing which reduced the load cell readings. Addi-
tional braces were added to the test bed mounting, and the movement was
reduced to acceptably low levels. The thrust calibration and measuring sys-
tems were shown to be working within 0.1% and the data was expected to be
within 1% including any residual movement.

5770K/tab
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4.0 25-1bf THRUSTER MODIFICATIONS AND TESTING

In early 1986 the availability of thrusters for use with the test bed at the
high mixture ratio (8:1) needed for water electrolysis became a critical
jssue. To demonstrate the feasibility of operation at this level, funding was
added to modify a thruster that Rocketdyne had supplied to NASA-MSFC for test-
ing at mixture ratio 4:1. A redesigned injector was fabricated and the exist-
ing thrust chamber (Figure 4-1), which had already been fired for over 12 h,
was modified. Figure 4-2 shows the overall arrangement of the redesign (pro-
totype) and indicates the instrumentation locations.

The prototype thruster was supplied to MSFC in April 1986 and a test series
was carried out in test stand A-300 by MSFC personnel with Rocketdyne support
present. A summary of the testing is presented in Tables 4-1 and 4-2. The
prototype thruster assembly was fired at a nominal chamber pressure of 100
psia, a propellant mixture ratio of 8:1 and at vacuum conditions. A total of
11.1 h firing time was accumulated in 11 tests with one 6.1 h continuous run
performed. The posttest hardware condition was excellent.

The test results section displays prototype thruster test bed testing results
and Reference 1 has a complete discussion of all 25 1bf thruster operations.

To illustrate the capability of the prototype thruster to work with the test
bed or flight system, a mixture ratio excursion was conducted (Figure 4-3).

Pressure response during this test is shown in Fiqgure 4-4 and thermal perfor-
mance in Figure 4-5.

Based on the results of these tests, the prototype thruster, with slight addi-
tional preparation, was ready for integration into the test bed and testing
with the electrolysis system which operated at a mixture ratio of 8:1.

5770K/tab PRECEDING PAGE BLANK NOT FILMED
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Figure 4-1. Rocketdyne Prototype 8:1 Thruster
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Figure 4-2. Prototype 25-1bf G02/GH2 Thruster

Table 4-1. Prototype 25-1bf GOZIGH2 Thruster Test Summary (MR = 8)

TEST FACILITY
THRUSTER CONFIGURATION

ACCUMULATED RUN DURATION (h)

TOTAL IMPUSE AT MR = 8 (Ib-s)

MAXIMUM RUN DURATION AT MR = 8 (h)
TOTAL RUN DURATION AT MR =8 (h)
MIXTURE RATIO RANGE

C* EFFICIENCY AT MR = 8(%)
ESTIMATED VACUUM Igp AT MR = 8 (£ = 30) (s)
THRUST (CALC) AT MR =8 (¢ = 30) (Ibf)

CONDITION OF HARDWARE FOLLOWING TESTS

NASA MSFC TEST STAND 300 VACUUM TEST CELL

COAXIAL INJECTOR WITH COPPER FACE, DOWN-
PASS COOLING OF THRUST CHAMBER, 40% BLC

1.5

1.0 MILLION

6.1

11.1

TRAVERSED FROM 7.9 TO 5.1 DURING 1500 s TEST
91

360

27

EXCELLENT 86D-9-732
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MIXTURE RATIO

86D-9-734

Table 4-2. High Mixture Ratio Test Summary

TEST
TEST MIXTURE DURATION

NUMBER TEST DATE RATIO (s)

P102-155 4-21-86 8 2

156 8 10

157 8 22

158 4-22-86 7.8 10

159 8.1 30

161 7.9 60

162 8.1 600

163 8.0 12,640

164 4-23-86 7.9-5.1 1,500

165 8.2 4,500

166 8.0 22,000

TOTAL 41,374

86D-9-733

TEST NO.P102 0164 %*x 4 /23 /BB 113: 10: 7:23.164

A MRooOO2 MIXTURE RATIO EXCURSION

10

!

LT

rf

0.0  150.0  300.0 450.0 B00.0 _ 750.0 _ B800.0 1050.0 1200.0 43%0.0 1500.0
TIME - SECONDS

Figure 4-3. Mixture Ratio Excursion
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TEST NO.P102 0164 #% 4 /23 /66 . 113:10: 7: 23. 164

S S PB044 PSIA GOX INJECTOR PRESSURE R PB01B8 PSIA GH2 INJECTOR PRESSURE
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Figure 4-4. Thruster Pressure Response
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Figure 4-5. Thruster Thermal Performance (Sheet 1 of 4)
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Figure 4-5. Thruster Thermal Performance (Sheet 2 of 4)
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Figure 4-5. Thruster Thermal Performance (Sheet 3 of 4)
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5.0 TEST RESULTS

Acceptance tests of the propulsion module were conducted in October and early
November 1986 (tests 001 through 003). The sequence was designed to simulate
thruster and resistojet firing by bleeding the gas through dump valves. Since
the original design was for a 4:1 mixture ratio thruster, the acceptance tests
were performed at those conditions.

Following the acceptance tests the Rocketdyne 25-1bf prototype thruster was
installed in the test bed. A series of tests (tests 004 through 024) were
performed starting in December 1986 culminating with a 291 s thruster firing.

The electrolysis system testing (tests 025 through 028) began in early July
1987 with a complete LSI 350-psig electrolysis system checkout test including
operation of the dryers. The LSI 350-psig electrolysis test was begun in late
July. The test proceeded for three days until system pressures dropped
sharply, indicating leakage in the gaseous hydrogen system. Subsequent checks
revealed KOH in the lines upstream of the dryer because of a malfunction in
the electrolysis unit, apparently caused by pressures erroneously applied to
purge points. The KOH had attacked components in the system plumbing, causing
leakage. The test was considered a qualified success in that gas was produced
and delivered to the storage tanks at up to 160 psig under automatic control
prior to the malfunction.

The HSD 1,000-psi unit was installed in late October 1987. The test series
(tests 075 through 092) was started on October 22 and completed successful

operation on December 1 with a 175 s firing of the 25-1bf thruster using the
gases generated at 1,000 psia by the electrolysis unit.

Prior to and following completion of the HSD electrolysis tests, tests 029
through 074 and tests 093 through 188 were conducted on flight-type thrusters
designed for NASA-LeRC contract NAS3-25142 representing an updated version of
the prototype thruster. These thrusters were fabricated by Rocketdyne for
NASA-LeRC and are described in Reference 1. Up to 14 tests per day were
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performed simulating multiple firings of the system. Experimental low-heat-
flux injectors and advanced ignition systems for the 25-1bf thruster were also
evaluated.

A summary of all tests performed on the test bed is presented in Appendix B.
A detailed discussion of thruster test results is included in Reference 1.

Following completion of the thruster tests, the test bed was removed from the
vacuum chamber and stored.

With the activation and operation of the WEUs on the test bed, the first sim-
ulation of the space station baseline propulsion system provides assurance and
data for the flight design, and demonstrates the technical readiness of this

cost-effective, safe, high-performance system. All major hardware components
and control systems were represented, producing data directly applicable to

the future design and development of the flight propulsion system. Successful
operation of the end-to-end propulsion system was demonstrated.

5.1 PROPULSION MODULE TESTING

Prior to actual testing several checkout operations were performed. The con-
trol system was tested in several ways to verify satisfactory operation. The
system software and hardware were verified by running a checkout test program
which cycled all the system software commands and input/output channels. The
transducer channels were all verified by comparing the resultant data to that
from similarly located channels on the test facility data acquisition system.

A series of preacceptance, acceptance, and system evaluation tests were con-
ducted on the space station propulsion test bed. Redundant instrumentation
systems were provided for the data recording function and the control function.

The initial acceptance test (P103-2) was conducted using gaseous nitrogen
(GNZ) to simulate oxygen and gaseous helium (GHe) to simulate hydrogen. The
test was conducted using the sequence of Table 5-1. The sequence description
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Table 5-1. Initial Acceptance Test Sequence

. Time Valve

(Relative) Identification
(s) Event . (Figure 3-10)
0.25 Hydrogen and oxygen accumulator outlet valves 31
open
1.20 Initiate hydrogen line pressurization 33
15.80 Hydrogen line pressurization complete 33
15.88 Initiate oxygen line pressurization 33
29.18 Oxygen line pressurization complete 33
29.26 Initiate resistojet line pressurization 42
48.82 Resistojet Tine pressurization complete 42
71.16 Initijate resistojet C
121.18 Complete resistojet firing ' C
126.16 Initiate thruster firing A&B
688.02 Complete thruster firing A&B

688.02 Initiate test bed safing -
728.00 Facility test bed safing -

was initiated after the hydrogen and oxygen accumulators were charged from a
facility supply. Representative typical data from this test are given in Fig-
ures 5-1 and 5-2. Figure 5-1 shows the accumulator pressure and temperature
and the venturi and thruster inlet pressures for the oxidizer system. The
same data are given in Figure 5-2 for the hydrogen system. The test was
terminated when the oxidizer tank pressure decayed to 300 psia. A comparison
between the measured and calculated tank pressures are given in Figure 5-3.

The calculated values were based on an 80% isothermal condition.

GO2 and GH2 were used as the test fluids on the final acceptance test.
These data are presented in Figures 5-4 through 5-9. Figure 5-4 shows the
GO2 accumulator pressure. Figure 5-5 gives the same pressure data for the
GH2 system. Temperature data are given in Figures 5-6 and 5-7 for the oxi-
dizer system and in Figures 5-8 and 5-9 for the hydrogen system. The oxidizer
system characteristics were the same for both the nitrogen and oxygen use
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Figure 5-6. Oxidizer Accumulator Outlet
Temperature During Acceptance Test
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During Acceptance Test

fluids, as expected. However, the hydrogen and helium tests exhibit different
thermal characteristics. This was also expected and the observed thermal and
hydraulic differences were predictable.

Following the acceptance tests, the Rocketdyne 25-1bf prototype thruster (Fig-
ure 5-10) was installed in the test bed. To turn the exhaust gas away from
the cell floor, a facility water-cooled exhaust duct was placed beneath the
engine shown in Figure 5-11. Minor modifications were made to the test bed
plumbing to run the thruster at the new design point of 8:1 mixture ratio. A
series of tests were conducted on the system in December 1986, culminating
with the thruster firing for 291 s, the oxygen tank maximum duration at these
conditions.

To demonstrate the totally automated capability of the system, one of the fir-
ings during the thruster series was performed from California. After setup
was completed, control of the system was switched to the Rocketdyne remote
terminal and a 5 s thruster firing was satisfactorily conducted from a
2,000-mi distance.
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Figure 5-10. Rocketdyne Prototype 8:1 Thruster

5.2 THRUSTER PERFORMANCE RESULTS

The prototype thruster data summarized in the thruster modifications portion

(Section 4.0) of this report were used as a baseline for combustion perfor-

mance (C*) to predict the performance of the LeRC thruster. The JANNAF per-

formance prediction codes and a Rocketdyne boundary layer loss model were used
to complete the performance modeling.
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Figure 5-11. Rocketdyne Prototype Thruster
in Test Bed for Initial Testing
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The results of the specific impulse modeling predictions, based on the proto-
type measured C* performance, are shown in Figure 5-12. The JANNAF prediction
indicates a specific impulse of 406 s and 346 s at mixture ratios of 3 and 8,
respectively. The Rocketdyne boundary layer loss model predicts a 7 s loss
over the mixture ratio range. The predicted curve intersecting 345 s at MR =
8 (minimum requirement) has been used in performance graphs as a reference
(Figure 5-13). The corresponding thrust coefficient and theoretical C* pre-
diction are shown in Figure 5-14.

Specific impulse calculated from the test bed thrust data, corrected for
thrust data scatter using procedures described in Reference 1, are presented
in Figure 5-15 for the prototype injector installed in the LeRC 2 thrust
chamber. The thruster corrected specific impulse data are presented at a time
slice of approximately 20 s. The data follow the predicted curve quite well.

Figure 5-16 displays a typical start and shutdown sequence that can be ex-
pected from the 25-1bf thruster. The test data verified that a specific
impulse of 380 s at an operating mixture ratio of 8 can reasonably be expected
form a flight-type thruster design. Reference 1 contains a complete discus-
sion of thruster performance parameters and characteristics.

5.3 ELECTROLYSIS MODULE TESTING

With the addition of water electrolysis to the baseline space station system

as the propellant supply, the need for an electrolysis-system operation on the
test bed became apparent. An electrolysis module was designed and fabricated
at Rocketdyne to fit on top of the existing test bed propulsion module cube.

Major components tested on the module include Arde steel tanks, SCI graphite

wrapped tanks, a LSI electrolysis unit, and a HSD electrolysis unit.

The module also included canisters to contain each of the available WEUs
because they were not operable in a vacuum. Molecular-sieve dryers designed
by Boeing and fabricated at MSFC and moisture analyzers supplied by Martin
were also included on the module.
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Figure 5-16. Typical Thruster Firing Profile

During electrolysis module tests, electrolysis operation was initiated by a
test bed controller system command to the electrolysis unit controller. Fol-
lowing an electrolysis transition period, oxygen and hydrogen gas were gen-
erated. Table 5-2 shows the steady-state flow rates for the LSI 350-psia and
HSD 1,000-psia systems. The hydrogen dryer saturates approximately twice as
fast as the oxygen dryer (5.58 h versus 11.17 h). As a result of their higher
saturation rate, the hydrogen dryers paced the primary and secondary dryer
switching sequence. For example, during the LSI 350-psia test, the secondary
dryer alternated into the system with the primary dryers in 6-h increments.
During the 6 h that the secondary dryers were being saturated, the primary
dryers were exposed to 450°F and vacuum. The primary and secondary dryers
alternated into the system throughout test until the accumulators reached the
electrolysis operating pressure, either 350 psia or 1,000 psia. At this
point, the electrolysis units were powered down, the accumulators locked off,
and the manifolds vented. A thruster test was subsequently performed utiliz-
ing the electrolysis-generated oxygen and hydrogen.

Data acquisition during test was totally automated. A1l control parameters
except the electrolysis units were recorded on the control system. The elec-
trolysis units were controlled via their own controllers which also monitored
their parameters. The control system recorded data on hard disk for periodic
dump to floppy disks during test or at the end of test. The LSI controller
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Table 5-2. Summary of Dryer Saturation Performance as a Function of

' Product Gas Water Vapor Flow Rate
‘ LSI Unit HSD Unit
Minimum Design Maximum Maximum
Product Flow Time Flow Time Flow Time Flow Time
Gas (pph)  (h)  (pph) (h) (pph)  (h) (pph) Ch/d)

Oxygen 0.0001 20.1 0.0018 11.17 0.0029 6.93 0.00015 160.8/6.7
Hydrogen 0.0019 10.6 0.0036 5.58 0.0057 3.53 0.00031 77.8/3.24

Note: 1. LSI unit operating at 350 psia and 130°F.
2. HSD unit operating at 1,000 psia and 120°F.
3. Dryer saturation time = 1b of absorbed water/100-1b MOL SIEVE +
quantity of MOL SIEVE/moisture flow rate where 1b of absorbed
water/100-1b MOL SIEVE = 0.15 (LSI), 0.018 (HSD)

Quantity of MOL SIEVE = 1.34 1b

Moisture flow rate = function of operating point and product
gas output.

recorded on a PC floppy disk, which was converted to an IBM fc-mat via a sec-
ondary disk. The frequency of disk changes is governed primarily by the con-

‘ troller sample rates. The HSD controller could line print and record on
floppy disk via an IBM AT.

5.3.1 LSI Electrolysis Test Results

The test program resulted in the LSI unit operating for 70 h at the baseline
operating conditions. Hydrogen production during the test was at a rate of
2.98 x ]0'2 1b/h and with a total of 2.09 1b H2 generated, while 16.54 1b
O2 were generated at an average production rate of 0.236 1b/h. The H2
storage tank reached a pressure of 160.4 psia while the 02 storage tank
pressure reached 150.9 psia.

During the LSI testing, the longest continuous run was 60 h from 4:30 a.m. on
07/28/87 to 4 p.m. on 07/30/87. A series of plots are provided to depict SFE
test data. '
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a. Figure 5-17 depicts the module voltage (E13) versus time in the
test. Total average voltage for the twelve cell module remained
stable at 19.7 V.

b. Figure 5-18 depicts the feedwater circulation loop temperature (T1)
and module temperature (T2) versus time in the test. Average feed-
water loop temperature was 136°F.

c. Figure 5-19 depicts the feedwater pressure (P3) and system pressure
(P1) versus time in the test.

d. Figure 5-20 depicts the O
versus time in the test. The graph shows that two large swings in
delta P occurred between 12 a.m. and 6 a.m. on 07/29/87. These
large delta Ps correspond to water tank fills. It is suspected that
the facility N2 supply pressure regulator may have begun to mal-
function at this time.

2 to H2 differential pressure (P2)

After completion of the test, the unit was removed from the test chamber and
shipped back to LSI for thorough posttest evaluation. The unit was checkout
tested at LSI from 11 September 1987 through 16 September 1987 for a total of
140 h of continuous operation. Module performance was normal.

The SFE performed as designed producing H2 and 02 at its design rate of
2.98 and 10'21b/h of H2 and 0.236 1b/h of 02 while operating at 315
psia. The tests were successful in demonstrating the unit as applied to the
production of the 02/H2 propellant gases for space station propulsion.

5.3.2 HSD Electrolysis Test Results

The testing of the HSD electrolysis system was a demonstration of the end-to-
end SSPS. All elements of the system functioned including firing of the

thruster using the electrolysis products stored in the tankage provided. The
structural composite graphite filament-wound tanks were used to accumulate the
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gases. Figure 5-21 displays the tank pressures for the oxygen and hydrogen as
a function of time. The events listed refer to Table 5-3. Testing began on
17 November 1987 and continued around the clock until 25 November 1987, at
which time the tests were terminated for the Thanksgiving holidays. The
hydrogen and oxygen tank pressure had risen to 721 psia and 661 psia
respectively.

At the time of test termination 13,125 min had elapsed since test start.
During this period 11 shutdown or standby periods, for a total of 1,898 min,
had occurred as summarized in Table 5-3. A total run time of 11,227 min or
7 d, 19 h, 7 min of successful system operation had been logged for the elec-
trolysis system.

The accumulated tank pressures decayed slightly to 676 psia for the hydrogen
and 610 psia for the oxygen from 25 November till 1 December 1987. To con-
tinue operation with the electrolysis unit with leakage occurring was not con-
sidered feasible. The leakage would have precluded the system from reaching
the 1,000 psia objective. To verify thruster operations with the electrolysis-
generated gases, a thruster test was performed. Test 103-091 was successfully
carried out at a mixture ratio of 8 and a chamber pressure of 100 psia for
175 s. No performance or operation deviations were noted.

Subsequent to the thruster firing, the plumbing leaks were repaired and the
accumulators were recharged. Electrolysis operation was resumed on 2 December
1987 at 9:15 p.m. with an objective of completing the high-pressure (nominal
1,000 psia) electrolysis system operation demonstration. The testing was
terminated on 3 December 1987 at 11:48 a.m. with 925 psia in the hydrogen tank
(the targeted valve) and 865 psia in the oxygen tank. A total of 873 min had
elapsed with no shutdown or standby time accrued.
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Table 5-3. HSD Electrolysis Test Shutdown/Standby Summary

(P103-084)
DOWN TIME | DOWN TIME T
EY\ENT 5::5 To'isYT (REALTIME) | (TEST TIME) COMMENTS DOﬂM“E” DOMN
. R e e o TIME
1 | TUES |~1.5 |6:22p [11:43a| 2162 | 2483 | SHUTDOWN - TRS 80 321 | 321
1117 ACCIDENTLY TURNED OFF
2 | wep | ~2 |2:20p | 2:47p | 3360 | 3387 | STANDBY - HSD WATER FiLL 27 | 348
11/18 (NOT RESET CORRECTLY FROM
PREVIOUS SHUTDOWN)
3 | THU |~3.5 [1:45p | 2:45p | 4765 | 4825 | STANDBY - HSD CELL 60 | 408
11/19 VOLTAGE NEAR RIL (V4)
a | FRI | ~4 |2:50a | 1:00p | 5550 | 6160 | SHUTDOWN - DG DELTA TIME 610 | 1018
11720 REACHED MAX LEAK CHECKS,
H30 REPLACED
5 | FRI | ~4 |1:15p | 2:17p | 6175 | 6237 | STANDBY - LEAK CHECKS 62 | 1080
11/20
6 | SN | ~4 !2:00a |6:28a|8380 | 8648 | STANDBY - DG DATA 268 | 1348
11/22 , || TRansFeR
7 | MN | ~6.5 |4:00a | 5:58a | 9940 [10058| STANDBY - HSD CELL 118 | 1466
11/23 VOLTAGE NEAR RIL (V4)

8 MON | ~7 17:15p |11:12pj10855 [ 11092} SHUTDOWN - DG, ANOTHER DATA | 237 1703

11/23 FILE STARTED, HSD SHUTDOWN
RESTART REQUIRED PURGE -

9 TUE |~8.5 |3:57p | 4:48p {12097 {12148| STANDBY - HSD CELL 51 1754
11/24 VOLTAGE NEAR RIL (V4)

10 | TUE |~8.5 [10:05p|11:15p{12465 [12535| STANDBY - HSD CELL 70 | 1824
11/24 VOLTAGE NEAR RIL (V4)

11 | WED | ~9 |5:01a | 6:15a {12881 {12955 STANDBY - HSD CELL 74 | 1898
11/25 VOLTAGE NEAR RIL (V4)

12 | WED | ~9 |9:05a| - [13125| - | SHUTDOWN - HOLIDAY . -
11/25

4TOTAL TEST TIME ...
3TOTAL DOWN TIME ...
4TOTAL RUN TIME ...
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A total of 8 d, 9 h, 40 min of electrolysis unit and system operation had been
accrued on the HSD electrolysis system. The hydrogen and oxygen gases were
accumulated to 925 psia and 865 psia respectively. A 175 s thruster firing
was performed using the products of electrolysis with no performance or opera-
tional deviations observable. The electrolysis testing was considered suc-
cessful and to have met the objectives of demonstrating operation up to 1,000
psia.
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APPENDIX A

The major component and assembly drawings cfeated for fabrication and assembly
of the test bed are included in this appendix. The appendix is divided into

three sections, the propulsion module, the electrolysis module, and the thrust
measurement system. The drawings are arranged in numerical order.
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Section A-1. This section contains all the drawings necessary for the assem-
bly of the propulsion module. The drawings are listed in Table
A-1. J‘.‘

Table A-1. Propulsion Module Drawings

7R030295 Accumulator Module Assembly

7R030294  Schematic

45454 Oxygen Accumulator

45455 Hydrogen Accumulator

7R030291  Control Assembly - H2/02
7R030289 Control Panel - H2/02

7R030292 Control Panel Assembly - Resistojet
7R030290 Control Panel - Resistojet

7R032252 Installation Test Bed Computer Control System Assembly

7R032251 Instrumentation/Control Assembly

7R032250 Instrumentation Cabling

7R032248 Instrumentation Box Assembly

7R032249 Control Box Assembly

7R030283 Module Structure Assembly
7R030293 Thruster/Resistojet Support Assembly
7R030296 Component Panel Support Assembly
7R030297 Resistojet Component Panel Support Assembly
7R032247 RCS Support Bracket Assembly
7R030284 Front/Rear Structure Assembly
7R030285 Side Structure Assembly
7R030286 Diagonal Support Assembly
7R030287 Tank Support Structure Assembly
7R030288 Lower Platform Assembly
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Section A-2. This section contains all the drawings necessary for the assem-
bly of the electrolysis module. The drawings are listed in
Table A-2.

Table A-2. Electrolysis Module Drawings

ET16-4302-7H MSFC Baseline Drawing for SSPTB Water Electrolysis System in
Cell Test Article Flow Schematic

7R032840 Electrolysis Module Assembly
7R032825 Schematic Space Station Test Bed Electrolysis
7R032833  Schematic Space Station Test Bed Electrolysis/Resistojet
7R032836 Electrolysis Control Panel Assembly
7R032835 Propellant Control Panel Assembly
7R032832 Clamp Accumulator Mount Assembly
7R032831  Accumulator Mount Assembly
7R032830 Pallet, Assembly of Space Station Test Bed
7R032829  HSD Canister Assembly
7R032828 Electrolysis Unit Canister Assembly
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APPENDIX B
Space Station Propulsion Test Bed Test Summary

A total of 186 tests were conducted with the space station propulsion test bed
from October 1986 through March 1988. The tests evaluated the test bed pro-

pulsion module (including the gas accumulator system), the water electrolysis
system, the 25-1bf thruster, and ignition system. Advanced injector and igni-
tion system designs were also tested. The integrated microprocessor computer
controller was used throughout to command, control, and monitor all the tests.

A series of preacceptance, acceptance, and system evaluation tests were con-
ducted on the test bed. The preacceptance tests consisted of checkouts and
verifications of the system hardware and software elements. Upon completion
of these tests, the system level acceptance tests were performed. Tests 001
through 003, conducted in October 1986, were the acceptance tests of the test
bed propulsion module and consisted of blowdowns through the engine inlet
lines to simulate firing a thruster and resistojet.

Tests 004 through 008 in December 1986 were the first tests of the prototype
thruster on the system. These included blowdowns, ignition, and transition

tests, and culminated with a 291 s system duration test. Tests 009 through

024 continued through March 1987 and explored the thruster operational char-
acteristics and igniter variables. This also included a 5 s thruster firing
(test 023) controlled from a remote terminal in California to demonstrate the
flexibility and automation of the computer controlled system.

Tests 025 through 028 in July 1987 demonstrated the ability of the system to
automatically produce the propellants using the LSI low-pressure WEU.

During August through October 1987 tests 029 through 074 were conducted in
support of development of a 25-1bf thruster for NASA-LeRC at a mixture ratio
of 8.

RI/RD89-104
B-1



Tests 075 throdgh 092 in October through December 1987 demonstrated the capa-
bility of the HSD 1,000 psi WEU system to produce propellants and fire the
thruster on the propellants produced.

Beginning in December 1987 and continuing through March 1988, tests 093
through 188 were conducted in continued support of development of the

25-1bf thruster for NASA-LeRC and for advanced ignition and injector systems.
A summary of the testing is contained in the following table.

5770K/sjv
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% Section A-3. This section contains the thrust measurement system assembly

l. drawing 7R034303.

' RI/RD89-104

A-47
A-91
PRECEDING PAGE BLANK NOT FILMED



