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FOOEWORD 

This report documents the work performed by Rockwell International's Rocketdyne 

Division on NASA Contract No. NAS3-2S808 (Task Order No. 16) entitled "Mars Power System 

Definition Study." This work was performed for NASA's Lewis Research Center (LeRC). The 

NASA LeRC Task Order Contract Technical Manager was Mr. William A. Poley and the Specific 

Task Manager was Mr. Robert Cataldo. The Rocketdyne project engineer was Mr. James M. 

Shoji. 

The report is divided into two volumes as follows: 

Volume 1 - Study Results 

• Volume 2 - Appendices 

The results of the power system characterization studies, operations studies. and technology 

evaluations are summarized in Volume 1. The appendices include complete. standalone 

technology development plans for each candidate power system that was investigated. 
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AMTEC Alkali metal thermoelectric converter 
BIPS Brayton Isotope Power System 
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C-C = Carbon-carbon 
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CIS copper indium selenide 
D day 
DIPS dynamic isotope power system 
EO... = end-of-life 
EPS = electrical power system 
FlO = First Lunar Outpost 
FU = Flight Unit 
GaAsIGe = gallium arsenide on germanium base photovoltaic cell 
GB Ground Engineering System 
GJI-B = General Purpose Heat Source 
HP = high pressure 
HSU heat source unit 
ISTU = Integrated System Test Unit 
LMCR liquid metal cooled reactor 
MEV = Mars excursion vehicle 
MFI = multifoil insulation 
N = night 
NaS sodium sulfur 
em = optical solar reflector 
P peak 
PCU power conversion unit 
PEM = proton exchange membrane 
FWJ = power conditioning and control unit 
PMG permanent magnet generator 
PP&C = power processing and control 
PV = photovoltaic 
OJ = Qualification Unit 
FR) = regenerative fuel cell 
RHRS = reversible heat rejection system 
RIG = radioisotope thermoelectric generator 
~ = Stirling cycle 
SEI = Space Exploration Initiative 
SSF = Space Station Freedom 
TIC = turboalternator compressor 
TE = thermoelectric 
TFE = thermionic fuel element 
TPTL = two pole toothless 
TRL = technical readiness level 
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APPENDIX A 

INTRODUCTION 

The following technology development plan discusses the reference power system design 

for the U.S. Department of Energy Dynamic Isotope Power System program and describes the 

development program needed to deploy this system as a primary source of power for lunar and 

Mars surface exploration missions. It specifically addresses the development tasks required to 

deploy a modular 2.5 kWe DIPS for the First Lunar Outpost mission (FLO), in 1999 and to 

design the DIPS module to be compatible with the Martian surface environment. 

DIPS technology is suitable for use in both fixed and mobile power applications for the 

lunar or Martian surface as well as a reliable power source for space satellites. For fixed bases 

and mobile surface power system applications, the current DIPS program has focused on a 

standard power module design of 2.5 kWe. Surface power systems in the range of 1 kWe to 20 

kWe can be developed from this standard module design. 

A variety of potential DIPS remote or mobile applications have been identified by the 

National Aeronautics and Space Administration (NASA). These applications include remote 

power to science packages, surface rovers for both short and extended duration missions, and 

backup to central base power (Ref. A-1). For the scenarios and applications associated with the 

Space Exploration Initiative (SEI). a trade study was conducted which resulted in the selection 

of a standard power module design as the preferred approach (Ref. A-2). A 2.5 kWe power 

level was identified as the optimum module size. This trade study evaluated various cycle design 

options. turbine inlet temperature effects, technology readiness levels, development time, as 

well as overall power system costs, including delivery and support on the Moon and Mars. The 

2.5 kWe power module approach had overall cost, schedule and technical advantages over 

application specific designs. 

The use of multiple modular power units to supply power needs has many advantages. 

Modular units permit the development of a single-size module reducing development costs and it 

improving the power availability factor for most applications. These modular units are 
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replaceable if a unit failure occurs. The fuel is simply removed from the failed unit and reused 

in a replacement unit providing a 100% fuel utilization factor with the use of non-fueled 

spares. For mobile units, sufficient capacity would be installed such that if one power module 

were to fail, the mobile unit could return to base. 

The modular DIPS design requirements include a 15 year continuous lifetime. The fuel 

handling canister is designed for a 45 year life thereby allowing for the reuse of the fuel in 

future unfueled DIPS replacement modules. The fuel is transported only once to the destination 

and unfuel spare modules are sent as needed for the mission. After the initial 15 year lifetime, 

the output power level would decrease at the rate of 0.8% per year down to 2.2 kWe at 30 years 

if no improvements were included in the future unfueled DIPS modules. 

The 01 PS system is required to operate in the rigors of the Martian environment as well 

as the lunar surface environment. This design challenge was accomplished by confining the use 

of refractory alloy materials to components located within the sealed heat source unit and 

utilizing protective coatings and vacuum jackets where refractory alloy materials mig ht be 

exposed to the Martian environment even for short times during fuel canister transfer. The 

turbine inlet temperature for the working fluid was limited to 1133 oK (1579 OF) to insure 

that the gas containment boundary is totally constructed of nonrefractory alloy materials. Early 

in the trade studies, it was determined that higher temperature systems did not provide a 

significant improvement in system performance. This design change eliminated the need for 

high temperature dissimilar metal joints in the gas containment boundary and resulted in an all 

welded joint construction for the DIPS with a significant lowering of development costs and a 

faster development schedule. In addition, simplification of the system design was achieved by 

using a gas cooled permanent magnet alternator design which reduced the number of moving 

parts to one and simplified the method of voltage control. This design change resulted in a 

significant improvement in the overall system reliability, and provided additional 

improvements in unit cost, system efficiency and specific mass. 
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CONCEPT DESCRIPTION 

The DIPS uses the decay of radioactive plutonium 238 as the source of heat and a closed 

Brayton cycle (CBC) power conversion cycle to convert this heat to electrical power. The CBC 

DIPS cycle diagram is illustrated in Figure A-1. The CBC uses an inert gas working fluid 

(helium-xenon mixture) which is heated by the radioactive heat source and then expanded 

through a turbine to convert heat energy to mechanical energy. From the turbine, the working 

fluid passes through a recuperator to recover heat and improve cycle efficiency. The waste heat 

from the cycle is then rejected through a gas tube and fin radiator assembly. From the radiator, 

the working fluid is compressed to the peak cycle pressure and then used to cool the alternator. 

The working fluid again passes through the recuperator for preheat before returning to the heat 

source. 

The 01 PS working fluid is contained within a loop that is hermetically sealed containing 

all full penetration inspectable welds. There are no valves or contacting mechanical parts that 

could cause wear and limit lifetime. The turboalternator permanent magnet rotor is suspended 

on noncontacting working fluid gas foil bearings, and there are no contacting seals or brushes. 

Figure A-2 shows a conceptual layout of the system associated with a cart to provide 

mobility. The heat source units (HSUs) are located under the radiators and include fuel 

handling canisters that contain multiple General Purpose Heat Source (GPHS) modules. Figure 

A-3 shows an example of a typical HSU. The HSUs contain a reversible heat removal system 

(RHRS) that allows the radioisotope heat to be dissipated to space in the event the power 

conversion cycle is not operating. 
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(!) 
Compressor 
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HSA ~~ Memator 
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® <.9J 4@ 
... - --- -... 

15\ Ifi\ 
\::;J Recuperator '-/ 

Stream 
Temperature Pressure Flow 

No. (K) (kPa) (kg/s) 

1 Compressor inlet 360.83 321.50 0.2007 

2 Compressor discharge 469.23 538.55 0.2007 

3 Alternator discharge 475.39 538.55 0.1987 

4 HP recuperator inlet 475.39 536.69 0.1987 

5 HP recuperator outlet 929.87 534.97 0.1987 
6 HSA inlet 926.52 533.86 0.1987 

7 HSA outlet 1136.67 531.59 0.1987 

8 Turbine inlet 1133.31 530.49 0.1987 
9 Turbine outlet 960.97 327.78 0.1987 

10 LP recuperator inlet 953.79 327.16 0.2008 
11 LP recuperator outlet 503.90 325.57 0.2008 
12 Radiator inlet 503.90 324.88 0.2008 
13 Radiator outlet 360.83 322.81 0.2008 

Figure A-1. - CBC DIPS cycle diagram. 
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Figure A-2. Conceptual design of 2.5 kWe modular CBC DIPS power cart. 

Figure A-3. 2.5 kWe DIPS HSU. 
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Typically, the DIPS heat source assembly consists of three heat source units (HSUs) 

plumbed together in parallel. This parallel piping connection provides a low pressure drop heat 

exchanger design. Each HSU fuel handling canister contains multiple GPHS modules and is 

removable from the HSU housing. The fuel handling canister is fabricated of Nb-1 Zr which is 

coated with titanium diboride for emissivity control and oxidation protection from the Martian 

atmosphere. This coating must provide protection only while the canisters are being 

transferred from their transport and storage rack units to each HSU housing which would 

require less than one hour. The oxidation environment within the canister is minimized by 

providing a niobium wire wool getter to absorb the CO2 diffusing through the helium release 

membrane and a niobium wire wrap at the slip joint end to "getter" any oxidizing atmosphere 

within the vacuum liner to canister annulus. A perfluoroelastomer O-ring seals the annulus to 

minimize CO2 ingress. The canister materials and design were chosen to provide a viable 

concept able to meet the lifetime goal for either lunar or Martian missions. The getters would 

not be required for lunar surface operations. 

The HSU is composed of a multiple coil, helical pitch heat exchanger, multifoil insulation 

(MFI), MFI vacuum liner, reversible heat removal system (RHRS), and an outer shell. The 

heat exchanger will be fabricated from Inconel 617 with its outer surface coated with titanium 

diboride for emissivity control. Since the heat exchanger will be in a vacuum container, the 

emissive coating must only be able to accommodate the time-temperature intermetallic 

diffusion. 

Backup cooling for the HSU is provided in the event the gas cooling loop is inactive. 

Variable conductance heat pipes provide a RHRS which can safely reject all the isotope heat at 

slightly above normal operating temperatures after the turbine gas flow stops. 

The RHRS variable conductance heat pipes are provided to insure that the HSU component 

temperatures remain at acceptable levels before system start-up or during a temporary 

shutdown. They reject very little heat during normal operation of the DIPS. The heat pipes 

selected for this application use lithium as the working fluid. Neon is added as a noncondensible 
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gas to limit heat loss at operating temperatures. The heat pipe containment boundary and wick 

will be made of Nb-1 %Zr. As in the other internal HSU components, TiB2 is used as an 

emissivity coating. For compatibility with the Martian environment, the condenser and gas 

reservoir sections are covered with a pre-oxidized Inconel 617 vacuum liner which protects 

the refractory metal from attack by the CO2 rich Martian atmosphere. The vacuum enclosure is 

not necessary for use on the lunar surface and can be removed. In either application the entire 

heat pipe sees only vacuum conditions. 

In the unlikely event that the gas loop and all the RHRS heat pipes are inoperative, the 

isotope fuel clad temperature is still maintained in a safe level due to the HSU meltable MFI 

insulation package. The MFI consists of 130 layers of foil which are designed to melt and 

provide a direct COOling path to space before damage to the fuel cladding occurs after loss of all 

other cooling. There are 80 layers of 0.0005 cm thick niobium surrounded by 50 layers of 

0.00086 cm thick nickel, all separated by yttria particles. To assure integrity in the Martian 

environment, the insulation is contained within an evacuated chamber enveloped by the shell, 

liner, and end caps. Although not essential for lunar applications, the MFI vacuum liner 

provides for lunar/Mars compatibility with a mass penalty of less than 1.5 kg. 

The GPHS module developed by the U.S. Department of Energy serves as the isotopic heat 

source in DIPS. The deSign of the GPHS module is shown in Figure A-4. There are 17 GPHS 

modules per HSU in the current 2.5 kWe modular DIPS design. 
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Thermal Insulation (CBCFe e 

Impact Shell (FWPF e) 

Clad (Ir) 

• Fine-Weave Pierced Fabric, a 90-t ... dense 3D carbon-carbon composite 
•• Carbon-Bonded Carbon Fibers, a la-I.-dense hlgh-temperalure Insulator 

••• 62.S-W 23. PU02 pellet (4 required) 

Figure A-4. GPHS Module (250 W) Sectioned at Mid-Plane. 

In . 

The DIPS Power Conversion Unit (PCU) is shown in Figure A-5. The PCU consists of a 

turboalternator compressor (TAC), recuperator, and interconnecting ducting. The high 

temperature interconnect ducting is made of Inconel and the low temperature ducting of 

aluminum or stainless steel. The TAC consists of a turbine, alternator and compressor mounted 

on a single common shaft supported by radial and axial foil gas bearings. A typical cross section 

of the TAC is shown in Figure A-S. The 1133 OK turbine inlet temperature is within 

demonstrated CBC technology for long-duration mission requirements using conventional super 

alloys. The top half of the figure shows a TAC cross-section for the reference turbine inlet 

temperature. The bottom half shows a advanced double wall scroll design for a 1300 OK turbine 

inlet temperature system. Significant design features of the TAC are called out on the figure. 

The turbine, alternator, and compressor are all located on a single solid shaft. The shaft, or 
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rotating unit, is supported on hydrodynamic gas foil bearings so there are no rubbing parts to 

wear out. The TAC and its entire gas containment boundary are hermetically sealed with all 

joints fully inspectable per visual, dye penetrant, magnetic particle, and x-ray methods. 

The TAC employs a two pole toothless (TPTL) permanent magnet generator (PMG). The 

TPTL PMG design consists of a permanent (Samarium-Cobalt) magnet encased in a sleeved 

rotor, as shown in the figure. The permanent magnet field eliminates the need for field coils and 

their associated losses. The high strength field results in the elimination of the stator teeth and 

their resultant weight and pole face loss penalties. The TAC design provides improved 

efficiency, lower cooling requirements, and lower unit weight when compared to the Rice 

alternator machine in this power range. 

, TURBOAlTERNATOR 
, COMPRESSOR (rAe) 

TURBINE INLET UNE 
ro.flfESsOO 
INlET LINE 

Figure A-5. Modular CSC DIPS PCU components. 
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Figure A-6. CBC DIPS TPTL gas cooled TAC design. 

A counterflow heat exchanger called a recuperator is used to increase PCU cycle 

efficiency. The recuperator consists of a compact. brazed, plate-fin heat exchanger core, and 

inlet and outlet fluid manifolds. The core matrix consists of a brazed assembly of rectangular 

offset fin counterflow sections These sections are composed of alternate layers of high pressure 

(HP) He-Xe side and low pressure He-Xe side fins separated by metal plates. Figure A-7 

illustrates the favored recuperator structure that uses the plate-fin sandwiches stacked to form 

the heat exchanger core with integral manifolds. This concept of construction proved very 

successful in the BI PS program. When stacked and brazed the tube-sheet forms (1) the flow 

separation plate in the offset fin matrix, (2) the first flow boundary of the end sections and 

sidewalls, and (3) the inlet and discharge flow plena. This type of construction has the benefit 

of totally eliminating thick-to-thin stress risers and weld·over-braze assembly requirements. 
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This design has proven to be both rugged and predictable as demonstrated in highly accelerated 

cyclic life testing conducted in support of the BIPS program . 

High-Pressure 
Sandwich 

\ 

Low-Pressure 
Sandwich 

Plain FlO 
Transition 
Section 

• Stacked to form the heat 
exchanger core with integral 
manifolds 

• Recuperator cores are 
built from plate-fin 
sandWiches 

Hot Gas In 

Figure A-7. CBC DIPS recuperator. 

The main heat rejection radiator uses a conventional aluminum tube and fin assembly as 

shown in Figure A-B. The low pressure gas leaving the recuperator is cooled by passing 

through multiple parallel cooling tubes connected between inlet and outlet gas headers. The 

cooling tubes use highly efficient fins to develop radiating surface area. In combination with 

tube armor, these fins also serve as bumper armor to protect the gas tubes from meteoroid 

punctures. The gas tubes, headers. and fins are all constructed from aluminum alloys and all 

welds are fully inspectable. The finned radiating surface is covered with optical solar reflector 

(OSR) tiles to enhance the emissivity while limiting the absorption of solar energy (e=O.8, 

as=O.OB). These OSR tiles provide an effective sink temperature of 220K under lunar noon 

conditions for the DIPS radiators. Radiator surface coatings. such as Z93 (es=O.9, ns=O.3) 
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were rejected for the DIPS application due to their higher solar energy absorption coefficient. 

The use of paint on the DIPS radiator surface would raise the effective sink temperature for the 

DIPS by 56 OK requiring a larger radiator surface area even with its improved thermal 

emissivity value of 0.9. Since the radiator surface must always be exposed to the environment, 

degradation of this coating with exposure time which appears as primarily an increase in solar 

energy absorptivity, would further raise the effective sink temperature and degrade the DIPS 

cycle efficiency. The effects of lunar and Martian dust particles on radiating surface properties 

will be established during DIPS radiator tests. 

Gu Tube-and-Fin Radiator 

WorI<ing Gas Out 

Standoff 

~ Radiator Lenc;ttl ~ Wor1<ing 
1 1..,.-. Gas 

( Out 

Gas Tubes ~ I 
Radiator 

...... 
~ ....... 
~ 

Widltl 

J t"" Inlet WorKing Header 
Gas In 

Outlet 
Header 

Figure A-S. Gas tube-and-fin radiator assembly. 

In the current design, the DIPS power processing and control (PP&C) assembly consists 

of fully redundant power conditioning and control unit (PCCU) channels, a startup battery and 

battery control assembly, and the DIPS controller. The PCCU rectifies the ac power provided by 

the alternator and regulates the resulting 120 Vdc power output. This voltage was selected to 
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match the SSF electrical power subsystem architecture since it is anticipated that any future 

lunar outpost would share some features from the SSF EPS as a means of providing cost savings 

on future NASA missions (if it is determined that for some applications, that ac power is 

preferable, the PCCU can be designed to deliver three phase ac power to the user bus). The 

PCCU also supplies DIPS power needs during alternator start up. The DIPS controller monitors 

and controls the PCCU operation and provides a communications bus for external data transfer 

and control of the system. The PP&C architecture is illustrated in Figure A-9. 

Each PCCU channel includes a switching rectifier, inverter, speed regulator, filter, 

battery control assembly, battery, and switching assembly. During normal operation, power 

conditioning is accomplished in three steps utilizing the switching rectifier, speed regulator, 

and filter. The active PCCU channel and operating configuration are designated by using the 

switches comprising the switch assembly. 

Energy storage requirements are met by the battery assembly. It performs two 

functions: (1) it furnishes instrumentation and control power prior to the DIPS alternator 

startup. and (2) it provides the power needed to motor the alternator up to its self-sustaining 

speed. The battery assembly contains a battery control assembly and a battery consisting of 

eighty 2 amp-hour cells. The battery control assembly contains a voltage converter and a 

battery monitoring unit. The converter uses a boost regulator to control the battery charging 

rate. The battery monitoring unit controls the battery temperature and monitors its operating 

status. 
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r---

To Parasitic Load Radiator 

---l 
CHANNEL 1 

Figure A-9. DIPS PP&C architecture diagram. 
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TECHNOLOGY ISSUES 

The key issues for development of the baseline 1133 oK (1579 OF) DIPS concept and 

their system impacts are summarized in Table A-1. 

TABLE A-1. DIPS TECHNOLOGY ISSUES, IMPACTS, AND DEVELOPMENT AREAS 

Issue Impact Potential Development Areas 

Isotope Coolingl -Active cooling during launch and -High emissivity coatings 
Nuclear Safety flight -RHRS heat pipes 

-Passive emerQencv coolinq -Meltable MFI packaae 
Lunar/Mars -Refractory metal lifetime -Coatings, getters, semi-permeable 
Environment -HSA mass increase seals, dustprotection, OSRs 
Shock Loading -Bearing lifetime -Gas-foil bearings performance 

-Recon fig u ration of RHRS & -Heat pipe design and verification 
electronics cooling radiator heat testing 
pipes 

Alternator -Alternator mass and radiator area -High temperature alternator 
Temperature -Cooling system complexity insulation 

Isotope Handling & -Added mass for biolog ical -Fuel handling canister and tools 
Disposal shielding 

-Added cost for non· recoverable -Launch and transport containers 
isotope 

Recuperator Heat -System efficiency, mass, and -High performance laminar flow 
Transfer radiator area recuperator designs 
Performance 
Gas Leakage -Ufe and reliability -Full-penetration inspectable 

welded boundaries 
-Low-temperature dissimilar metal 

transition joints 
-Meteoroid grotection 

TECHNOLOGY ASSESSMENT 

The DIPS Demonstration Program is focused on advanced technology development of 

dynamic space power systems to support the early needs of the SEI and other space exploration 

endeavors. By advancing the existing technology, the DIPS program provides a highly 

innovative and leveraged technology for the cost effective use of radioisotopes in space. The 

Rocketdyne Division of Rockwell International is the DIPS program leader with Allied Signal 

Aerospace Company's Garrett Fluid Systems Division, Teledyne Energy Systems, 
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Thermoelectron Technologies Corporation, Physics International, and SCI Government Systems 

making up the other members of the DIPS team. 

The DIPS is based on and utilizes the flight qualified, plutonium fueled GPHS modules 

currently being flown in the Galileo and Ulysses radioisotope thermoelectric generators (RTGs). 

The CBC power conversion technology has been demonstrated in prior programs such as DOE's 

Brayton Isotope Power System (BIPS) program and NASA's Brayton Rotating Unit (BRU) 

demonstration program, and is based on extensive experience with similar hardware in aircraft 

applications. 

Current and nearterm component technology was chosen for DIPS to provide an 

opportunity for early deployment of this system with minimal development risk. As part of this 

technology evaluation, the technology bases were assessed for the following major DIPS 

assemblies: 

• GPHS modules; 

• HSU; 

TAC assembly; 

recuperator; 

radiator; 

• ducting and bellows; and 

• PP&C. 

These evaluations are summarized in Table A-2 which shows that the 1133 OK (1579 OF) CBC 

DIPS has technology readiness levels ranging from 4 to 9, depending on the particular assembly. 

The technology base for each assembly is briefly discussed in the following sections. 

GpHS Module State-of-the-Art 

The technology base for the GPHS module is extensive and consists of the following items: 

• materials, properties, and module performance characteristics have been well 
established in the government sponsored development program; 
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• manufacturing and quality control programs have been demonstrated with 
production of flight qualified modules for the Galileo and Ulysses programs; 

• safety issues have been resolved in conjunction with the Galileo and Ulysses 
flights (both used RTGs witl GPHSs as the heat source); and 

• both the Galileo and Ulysses spacecraft have been launched and are operational. 

TABLE A-2. 1133 oK (1579 OF) CBC DIPS TECHNOLOGY ASSESSMENT 

Technology 
Subsystem Readiness Comments 

Level 

GPHS modules 9 Successfully flown on Galileo and Ulysses missions 

HSU; RHRS 4 Laboratory demonstration 
HSU; MFI Subscale tests complete 
HSU; Gas Containment Inconel 617 boundary; well established data base 
T AC assembly 5 Similar to SIPS and BRU turboalternator-compressor 

designs but with high temperature alternator 
electrical insulation and an all welded, fully 
inspectable gas containment boundary 

Recuperator 6 Successful closed· loop experience - SRU and BIPS 
system tests 

Radiator 6 Aluminum tube and fin radiator design similar to STS 
radiator technoloqy and SSF radiators 

Interconnect ducting 5 Conventional high-temperature materials; low-
temperature dissimilar materials joint; conventional 
materials bellows design with fully inspectable welds 

PP&C 5 Space Station Freedom Electrical Power Subsystem 
component (SSF-EPS) technology 

HSU State-of-the-Art 

The fuel handling canister, the RHRS heat pipes, and internal HSU vacuum liners are 

fabricated from Nb-1%Zr. Materials properties for Nb-1%Zr are well known and have been 

qualified in the SP-100 program. Silicide or titanium diboride emissivity/oxidation protective 

coatings are proposed for the canister and liner surfaces. These coatings are known to resist 

oxygen attack at temperatures exceeding the design temperatures for extended periods of time 

(years). The coating protection is only required in the Martian environment during transfer of 

A-17 



CLOSED BRAYTON CYCLE DYNAMIC ISOTOPE POWER SYSTEM TECHNOLOGY ROADMAP 

a fuel handling canister between HSUs and storage rack units «1 hour per transfer). However, 

accelerated testing would be needed to establish the variables involved and confirm their 

application over the equivalent fifteen year lifetime. Long term stability of the coating in this 

application remains to be established. 

Explosively bonded transition joints are used between the Nb-1%Zr and Inconel 

components for several joints within the HSU. Specifically, these jOints are located in the HSU 

vacuum containment used for Mars applications and are not part of the HeXe pressure boundary. 

This is a well established fabrication technique. The joints are located in low temperature areas 

where intergranular effects are not expected to be an issue over the 15 year operational life. 

However, joint leak tightness and intergranular effects will need to be verified. 

Lithium heat pipes, like those to be used for the RHRS, have a substantial data base as 

shown in Table A-3 (Ref. A-3), but the specific DIPS design is different than those comprising 

the data base. For this reason, a demonstration model was fabricated and tested at LANL, with 

successful results (Ref. A-4). At 1150 oK (1610 OF), the test heat pipe removed 

approximately 750 W of heat, which is in excess of the 710W target for the variable 

conductance heat pipe design. For the present DIPS RHRS design, the VCHP "on" temperature 

will be set at 1194 oK (1690 OF) by adjusting the neon gas inventory in the heat pipe. 

The HSU uses multifoil insulation, not only to control heat losses from the HSU, but also 

to provide emergency cooling by melting and providing a direct heat path to space at a slightly 

higher than normal fuel cladding temperature. On the BIPS program, various combinations of 

multifoil insulation were subjected to subscale testing. The general conclusion that can be 

drawn from these tests is that the principle of progressive eutectic melting is valid. The tests 

also provide confidence that the meltdown characteristics of particular foil combinations can be 

accurately predicted. 
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TAC Assembly State-of-the-Art 

The TAC design is similar to the 10 kWe BRU and 1.3 kWe mini-BRU units designed and 

tested by the Garrett Corporation in the 1970s. 

The NASA BRU series of four units, with a flight configured recuperator, cooler, and 

ducling were tested for a total of 52,573 hours, most of which was at a turbine inlet 

temperature of 1144 OK (1599 OF). One of these units accumulated 41,000 hours, including a 

13,600 hour continuous run. The BRU used pivoted pad bearings instead of foil bearings 

because foil bearing technology was not well developed at that time. Since then, the foil bearing 

has been used extensively in commercial aircraft auxiliary power units (APUs) for millions of 

hours and continuous improvements have been made to the bearing design. A summary of the 

APU foil gas bearing experience is given in Table A-4. 

TABLE A-3. LITHIUM HEAT PIPE OPERATING EXPERIENCE 

No. Wall Material Test Hours of Remarks 
Temperature Operation 

(OK/oF) 

1 CVD-W 1000/1340 1000 
2 W-26Re 1000/1340 10000 
3 TZM 1500/2240 4600 Evaporator leak 
4 TZM 1500/2240 10526 Weld leak 
5 TZM 1500/2240 10400 Weld failure in end cap 
6 TZM 1500/2240 9800 Weld failure in end cao 
7 Nb-1 Zr 1000/1340 132 
8 Nb-1 Zr 1500/2240 9000 
9 Nb-1 Zr 1500/2240 1000 Grain growth, Zr loss, swelling 

deoxidized 
1 0 Nb-1 Zr 1350/1970 2300 
1 1 Nb-1 Zr 1100/1520 4300 
1 2 Nb-1 Zr 1000/1340 3870 
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TABLE A-4. APU FOIL GAS BEARING EXPERIENCE 

7671757 DC10 F -18 General C5B 
Aviation 

Systems in service 470 1 660 570 1 269 35 
Total hours operatinQ 6 735,800 59,073,400 406,180 3,200,500 42,000 
Mean time between 57,100 61,700 45,135 35,170 N/A 
failures (MTBF), 
hours 
Average number of 2,200 2,100 1,400 2,500 110 
starVstop cycles per 
unit 
Annual bearing 200 100 200 500 300 
production rate 

The mini-BRU was the turboalternator-compressor incorporated in the SIPS. After 

some initial problems with one of the foil bearings, deSign modifications were made and the unit 

was operated for 1000 hours in a relevant environment at a turbine inlet temperature of 1025 

OK (1385 OF) with no further problems (Le., TRL 6). The SRU and mini-SRU engines all used 

a Rice alternator. The DIPS TAC employs a two pole toothless (TPTL) permanent magnet 

generator (PMG). The use of Samarium-Cobalt permanent magnets for field excitation is a well 

established technology. Allied-Signal Samarium-Cobalt PMGs used in aircraft applications have 

in excess of 100,000 operating hours experience. 

Becuperator State-of-the-Art 

The applicable experience base for CSC recuperalors includes the recuperators for the 

SRU series of power conversion units, and for SIPS. This experience base is summarized in 

Table A-5. As noted in the table, one of .the SBU recuperators experienced a failure at 18,000 

hours of operation. The nature of the failure was a leak between the core and the manifold 

ducting. Analysis of the cause of the failure attributed it to low-cycle fatigue due to deep 

thermal cycling. The problem was corrected by redesigning the internal support structure and 

shell, and using a welded and fully inspectable containment boundary for the recuperator shell. 

The SIPS recuperator used these improvements and was operated without incident. This 
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recuperator is now being refurbished for use on the 2 kWe Solar Dynamic Space Power System 

Ground Test Demonstration Project being performed by the Allied SignallRocketdyne team for 

NASA LeRC. These tests will include 1000 hours of steady-state operation plus 

startup/shutdown, and system thermal cycling tests. 

The DIPS recuperator design is based not only on the five successfully recuperated CBC 

systems, but is also founded on heat transfer equipment developed by Allied Signal and used in 

thousands of commercial, refinery, and aircraft applications. 

Radiator State-of-the-Art 

The tube and fin radiator concept is a well established technology. Fabrication of the 

radiator assembly is accomplished using standard materials and fabrication practices. Tube and 

fin radiators are used in many commercial applications. The space shuttle uses a redundant 

pumped loop tube and fin radiator which has been in use for more than 10 years. On the Space 

Station Freedom (SSF) program, the main thermal bus uses a pumped loop tube and fin radiator 

concept. For the DIPS application, the fluid within the tube is the He/Xe working gas which is 

different from the preceding applications where the pumped fluid is a liquid. The radiator tube 

and fin design concept is the same, however, with the thermal hydraulic characteristics being 

slightly different. Thermal hydraulic tests will be required to verify heat transfer coefficients. 

Optical Solar Reflectors (OSRs) have been used for thermal management of solar arrays 

and spacecraft on a variety of satellites such as Explorer, Intelsat, Solar Maximum Mission and 

Satcom. The OSRs are attached to the radiator fins with a silicone bond. Prototypic tests of 

bonding OSRs to aluminum fins were recently carried out at Rockwell. employing several 

different types of silicone bonding agents to demonstrate bond integrity and develop optimum 

application methods. Test results indicated that the bond is stable and shows no degradation in 

thermal cycling tests. The tests used a lap configuration and in all tests for bond strength, the 

bond was stronger than the tiles themselves. 
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TABLE A-5. APPLICABLE CBC RECUPERATOR EXPERIENCE 

Unit Name of Power Design Feature Operating Test! Key Test Results 
Designation Level Parameters Operational 

(kWe) Hours 

BHXU (BRU) 1 0 Plate-fin plate-bar Tin =1230 OF 51,000 One failure at 
construction 347 SS Pin =27 psia 18,000 h; unit 

W=7.5 IbIs repaired and test 
resumed 

BHXUA (BRU) 1 0 Plate-fin double Tin =1230 OF N/A Not tested - 2 
containment side Pin =27 psia units delivered 
plate Hastelloy-X W=7.5 IbIs 

He-Xe MW = 
83 

BIPS 1.3 Plate-fin double Tin =950 OF 1,200 No failures 
containment side Pin =66.7 psia 
plate Hastelloy-X W=0.25 Ibis 

He-Xe MW = 
83 

Ducting & Bellows State-of-the-Art 

The DIPS system uses gas ducting components similar to those used and successfully 

demonstrated on the BRU and BIPS CBC systems. The ducting assembly consists of the metal 

dueling, bellows, and its multifoil insulation package. The BRU was tested in an environment 

simulating the pressures and temperatures of space. The BIPS was tested in space-vacuum 

conditions during a workhorse loop 1000 hour demonstration. In conjunction with the BIPS 

program, ORNL conducted a series of tests on BIPS bellows extending over several years at 

simulated space temperatures and pressures. The BIPS employed multifoil insulation which 

proved most effective for controlling thermal losses. For the DIPS ducling, Inconel 617 will be 

used for the hot leg ducting and aluminum' or stainless steel will be used for the cold leg ducling. 

Dissimilar joint compatibility will be assessed for aluminum or stainless steel and Inconel 

617. 
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PP&C State-of-the-Art 

The DIPS PP&C system design is based on a reasonable electronics component evolution, 

from SSF component technologies and there are no significant technology issues associated with 

its development. However, PP&C mass will be critical item in the flight hardware design. It 

will be necessary to fabricate brassboard hardware for testing and evaluation purposes, but 

there is no need to initiate any advanced component development. Even though no space-based 

rotary alternator PP&C systems have been fabricated, most of the hardware elements have been 

or shortly will be operating in a relevant environment on other spacecraft or the SSF electrical 

power subsystem ground tests. The only new environmental factor is the radiation emitted by 

the DIPS HSUs. The DIPS radiation levels of 104 Rad (Si) are considered to be relatively low 

for electronic components. These radiation levels can be easily handled through proper 

component selection. 

The electronics cooling radiator uses aluminum/ammonia heat pipes in an aluminum 

honeycomb/face sheet structure to reject the electronics waste heat (260 W thermal) to space. 

This technology has already been space qualified as indicated in Table A-6. 
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TABLE A-6. WATER AND AMMONIA HEAT PIPE EXPERIENCE 

a)Ground and Ship_board Applications 
Heat Pipe Working Application No. Units Units Years in Estimated Reported 
Material Fluid Per Built Service Hours x Failures 

Systeml 106 

Module 

Cu/Cu Water Trident SEM 108/3 7,000 1 4 458.65 0 
MonellCu Water Mis. Spec. 1 I 1 300 1 0 8.74 0 
SSiSS Ammonia Nassar Array 1000/1 1,200 1 6 467.39 0 
Cu/Cu Water ALCM 12/3 12,000 8 0 
SS-Cul Methanol MARMI 1 11 450 9 0 
SS-Cu Missile 
Cu/Cu Water Element G 111 397 2 2 0 

b)lntended Applications - Shipboard, Avionics, and Space 
(life Test Comp_leted) 

Heat Pipe Wick Working No. Units Operating Total No. of . 
Material Material Fluid Temperature Hours Failures 

( F ) 
Qj Qj Water 2 60 to 75 77,376 0 
Qj Monel Water 1 70 48,406 0 
Monel Monel Water 2 100 to 102 69,264 0 
$ ffi Ammonia 3 40 to 60 102,110 0 
AI AI Ammonia 1 50 59,832 0 
AI Grooves Ammonia 1 50 29,664 0 
ffi Grooves Ammonia 1 50 34,632 0 

c)Space AppUcations 
Heat Pipe Working Applications No. Units Units Built Years in Reported 
Material Fluid Per Service Failures 

System/ 
Module 

SS/SS Ammonia DSD, TWT 3/3 700 10.0 0 
baseplate 

AIIAI Ammonia MSIII 1 9 22 0.5 0 
AIIAI Ammonia Spare 3 3 0.5 0 
(Grooves) telescope 
AIIAI Ammonia Space sensor' 1 2 0.2 0 
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MAJOR DEVELOPMENT TASKS 

A 2.5 kWe CSC isotope power module is currently under development as part of the DIPS 

Demonstration Program which is sponsored by the U.S. Department of Energy (DOE) with 

support funding from NASA (Refs. A-1 to A-2). The development program defined in this 

roadmap is a continuation of the DIPS program. This development plan includes an initial 

component development and integrated ground system demonstration, a qualification program, 

and a flight program. 

With the exception of the GPHS modules, the technology level of the DIPS components 

ranges from 4 to 6, and therefore development and demonstration testing is required. The 

development and testing tasks which are envisioned are briefly described in the following 

sections. 

Task 1. Heat Source Unit Heat Exchanger (HSUHXl Development 

Objectjyes: Develop a full scale flight HSUHX. Demonstrate adequate performance 

characteristics, means of protecting the unit from the effects of the Martian environment, long 

life at high temperatures, and structural integrity during a loss of coolant event. 

Statement of Work: The work is divided into the following subtasks: 

Subtask 1.1 Emissiyity Coating Tests - Evaluate the emissivity and integrity of 

candidate coatings/surface treatments under the required thermal vacuum environments 

(including application techniques, surface preparations, and adherence) using subscale coupons. 

Select reference coatings (different coatings or surface treatments may be required due to the 

differing substrate materials) and apply to simulated canister, heat exchanger, and heat pipe 

wall surfaces. Conduct elevated temperature performance and thermal cycle tests to validate 

coupon emittance test results, and demonstrate adherence using prototypic configuration 

specimens. 

Subtask 1.2 Multifoil Insulatjon Tests - Perform additional tests to verify the 

compatibility of candidate foil and oxide spacer materials under accelerated temperature 
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conditions. Clad foils which require bonding of two foil materials, are expected to yield a better 

defined melting point and a more rapid melt down, but they require development. Conduct 

subscale tests on bonded foil specimens to determine if they are practical to fabricate, perform 

as predicted, retain adequate bond strength, survive thermal cycling, and do not diffuse 

excessively. Results of the clad foil tests will determine whether clad or conventional layered 

foils will be selected as the reference DIPS configuration. 

Perform subscale meltdown tests similar to those performed on the multifoil system 

developed for the BIPS program. These assemblies will have the same combination of foil, oxide 

spacer, number of foils, foil thickness, layer spacing, ratio of length to diameter, and hot side 

material as candidate HSU designs. Test assemblies by equilibrating at the design temperature 

and then heat at a rate corresponding to that seen if all cooling were lost. Verify by experiment 

and analysis safe fuel cladding temperatures following the loss of cooling event 

Conduct thermal performance testing on prototypic sections of multifoil insulation to 

verify that the calculated losses from high heat loss components are within acceptable limits. 

Measure the heat input versus heat source temperature relationship of a full scale HSU in an 

inert gas environment to define storage and handling parameters. 

Conduct stability tests on prototypic sections of MFI to verify stability under long term 

(up to one year), elevated temperature conditions in simulated environments. 

Subtask 1.3 Heat Exchanoer Coil Test - Fabricate a hydraulic model of one complete 

helical coil heat exchanger. Measure the pressure drop across the heat exchanger and compare 

to calculated values. Based on lhese experimental results, incorporate any necessary 

refinements required into the design. 

Subtask 1.4 Oyerall Heat Exchanger Tests - Test one complete HSUHX powered by an 

electric heater for performance using an inert gas loop with the HSU under internal vacuum. 

Establish prototypic thermal and flow conditions, and conduct a performance test including 

thermal mapping under varying flow conditions. Vibration test the assembly and repeat the 

performance test to identify any degradation. Establish the condition of the HSU and verify that 
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the internals are undamaged. Run a final test in a vacuum chamber to verify that the meltable 

MFI performs as designed in the event of a loss of cooling. This test will render the HSUHX 

unsuitable for further testing. 

Subtask 1.5 Electrical Heater Subassembly Tests - Test a complete set of electrical 

heater assemblies and their controls for performance, transient effects. operating 

environment, vibration, and shock effects. Perform endurance testing of the heaters to identify 

mean time between failure (MTBF) values for these major electrical components. Evaluate 

heater degradation, control functions, and monitoring functions during the endurance tests to 

establish instrument error bands to be used during the Integrated System Test Unit (ISTU) life 

test. 

Task 2 - TAC Development 

Objectives: Develop a full scale flight TAC. Demonstrate adequate steady state and transient 

performance characteristics. means of protecting the unit from the effects of the Martian 

environment. and long turbine life at high temperatures. 

Statement of Work: The work is divided into the following subtasks: 

Subtask 2.1 Compressor Tests - Operate a compressor stator/scroll assembly over its 

full range of mass flow to verify performance and map performance factors. In a separate test 

in a whirl pit, measure impeller growth at various speeds. Verify blade vibration mode shapes 

and frequencies by holographic testing. 

Subtask 2.2 Turbine Tests - Operate a turbine/nozzle scroll assembly at a single 

design point speed and pressure ratio using air as the working gas to verify design performance. 

Evaluate test data and extend the results analytically to ensure a good match to the compressor at 

off design conditions. In a separate test, verify turbine wheel stress margins by measuring 

wheel growth at various speeds. Conduct performance testing in the modified compressor test 

rig and measure wheel growth in the whirl pit. Verify blade mode shapes and frequencies by 

holographic testing. 
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Subtask 2.3 Dynamic Simulator Tests - Determine turboalternator dynamic 

characteristics, critical speeds, and bearing losses using a rotor simulator with foil-gas 

bearings. Repeat these tests later using a functional alternator in an open-cycle TAC test. 

Determine alternator performance and dynamic characteristics. Conduct start-up and extended 

life tests. 

Subtask 2.4 Alternator Tests - Conduct alternator stator and rotor tests with the rotor 

supported on conventional bearings. Measure the performance as an alternator and as a motor 

over a range of speeds, loads, and excitations. Conduct tests to determine generated power, 

electrical losses, thermal losses, wave shapes, starting torque and cooling required to maintain 

component temperatures. 

Task 2.5 Alternator Insulation Tests - Develop a high temperature electrical 

insulation for the alternator stator. Perform voltage breakdown and lifetime tests of the 

electrical insulation to identify degradation mechanisms and lifetime limits as a function of 

component temperatures. Use these results to establish the cooling gas supply temperature 

limits in Subtask 2.4. 

Task 2.6 Foil Bearing Tests - Design, fabricate and performance test the TAC foil 

bearing assemblies using a bearing rig test fixture to performance map each bearing 

configuration. Measurements should include torque versus speed, spring rate, load deflection, 

damping coefficient and starting torque versus load and acceleration. Perform shock and 

vibration testing for each bearing assembly. 

Task 3. Recuperator Deyelopment 

Objectjves: Develop a prototype flight recuperator. Demonstrate adequate performance 

characteristics, means of protecting the unit from the effects of the Martian environment, and 

long life at high temperatures. 

Statement of Work: The work is divided into the following subtasks: 
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Subtask 3.1 Recuperator Leakage Pressurize the recuperator core assembly with hot gas and 

thermally cycle it to verify its structural integrity. Measure leakage across the core and 

critical dimensions at temperature extremes. 

Subtask 3.2 Heat Transfer Performance Conduct hot-gas heat transfer tests on a recuperator 

core section to verify performance. Measure pressure drops through the recuperator core 

section versus flow rate and inlet temperatures for He-Xe gas mixtures. 

Task 4. Radiator Assembly Development 

Objectives: Develop a prototypic gas tube and fin radiator assembly. Demonstrate adequate 

structural and thermal performance characteristics. and a means of protecting the unit from 

the effects of the Lunar and Martian environments, over its 15 year design lifetime. 

Statement of Work: Performance test a module consisting of an aluminum gas tube and fin 

radiator assembly and associated headers. Verify performance of the radiator section under 

design point and extremes of temperature and radiating surface contamination conditions. 

Measure pressure drop. flow distribution, and heat transfer to determine radiator performance. 

Conduct baseline performance tests in a vacuum chamber. with the assembly at 

temperature and radiating to a chamber cold wall. Perform random vibration tests of the 

assembly to determine its response and identify potential structural integrity problems. Repeat 

the performance testing to verify structural integrity. 

Develop the OSR tile application process and establish the required bond strength. 

Demonstrate the OSR lifetime performance. Perform dust tests of the radiating surface 

effectiveness to simulate the lunar and Martian environmental effects on radiator performance. 

Task 5. Ducting and Be"ows Development 

Objectives: Develop prototypic hardware for the interconnect gas ducling and bellows. 

Demonstrate adequate performance of the ducling. 

Statement of Work: Design and fabricate prototypic interconnect ducting and bellows. As 

required, conduct static and dynamic structural verification testing on elbow ducting. branch 
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connections, straight sections, bellows, all joints, and heat exchanger inlet/outlet components 

at room temperature and elevated temperatures. Perform deep thermal cycling tests on all 

joints and bellows to establish thermal cyclic life. Verify performance using pressure drop and 

flow distribution tests. 

Task 6, PP&C Development 

Objectives: Develop the necessary PP&C hardware and software to control the DIPS operation 

and process alternator output power. Demonstrate adequate steady state and transient voltage 

control at rated load conditions. Demonstrate lifetime, reliability and compatibility with the 

environment (including launch and operating environments). Develop and demonstrate the 

software capable of providing power system control under nominal, transient operations and 

during simulated failure modes. 

Statement of Work: The work is divided into the following subtasks: 

Subtask 6,1 Electrical Component Development - Build brassboard units to 

demonstrate and check functional performance of the individual component circuit designs. 

Incorporate design modifications and improvements. as necessary. into the brassboard units. 

Verify functional performance within the constraints of the actual component configuration. 

Fabricate prototype units and conduct a series of performance tests using simulated input and 

output loads. Conduct controller tests and validate the operating system software. Conduct the 

following other tests: 

start up, steady state and transient control simulation; 

• failure simulation for dete.ction and automatic switching to redundant control 
channel; 

effects of temperature extremes and thermal shock; 

• effects of atmosphere; 

• current limit protection demonstration; 

• cold plate heat loads; 
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Master/slave controller architecture demonstration (for integrated multiple 
unit power supplies); and 

EMI generation and susceptibility. 

The prototype cable harnesses and parasitic load radiator will be checked out with the PP&C 

components during the ISTU calibration and set-up tests. 

Subtask 6.2 Software Development - Develop the DIPS controller software. Check out 

the software in conjunction with tests of the controller, using simulated inputs and outputs. 

Integrate and checkout the software as part of the controller tests in Subtask 6.1. 

Task 7. InleQrated System Test Unit (ISTU) Development and Test 

Objectives: Develop and test a full scale ISTU. Demonstrate adequate steady state and transient 

performance characteristics, long life at high temperatures, and suitable performance during 

failure modes. The ISTU shall be instrumented and calibrated during initial tests to validate the 

performance of the individual component designs. 

Statement of Work: Assemble a complete power conversion unit consisting of two simulated HSU 

heat exchanges and one prototypic HSU, TAC, recuperator, interconnecting dueling, controls and 

instrumentation. Conduct tests in air using fibrous insulation on the ISTU loop with an 

electrical heat source, simulated user loads, and parasitic load resistors. Install a vacuum 

system to maintain the prototypic HSU containment vessel under internal vacuum. Demonstrate 

start-up, shutdown, and alternator design speed control under nominal operating conditions. 

Verify proper interface with the DIPS controller under conditions of varying power demand and 

simulated faulted conditions. Perform the following tests: 

• 

• 

• 

• 

• 

• 

time to start up from cold condition and motor KVA, invertor ramp rate; 

startup and battery recharge time; 

thermal balance; 

electrical power generating capability; 

steady state and dynamic stability; 

shutdown and start-up under simulated faulted conditions; and 
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• life test. 

The work is divided into the following subtasks: 

Task 7.1 ISTU Calibration and Set-up Tests - Pressure and leak test the ISTU. Fill 

the gas system with the He-Xe working fluid. Perform a complete electrical check-out of the 

unit including TAC shim and calibration tests and adjustments. Verify performance of thermal 

insulation. 

Conduct a preliminary performance test sequence to demonstrate technical capabilities 

and measure critical unit performance parameters. Integrate acceptance level and design 

margin tests, up to qualification levels, into the initial test sequence to validate the individual 

component designs. Disassemble and inspect the individual components in the ISTU for wear and 

degradation effect and update component deSigns for the qualification and flight units as 

necessary . 

..... T_as""k"-'-7 ...... 2'---_--'I-"'S'-'-T .... U'--I:.L"",ife"---'T ...... e~st - Refurbish the ISTU components after completion of the 

performance, acceptance, and margin tests and place the unit on a multiyear life test. 

Refurbishment of the unit should include: 

replace or repair components to provide a prototypic hermetically-sealed gas 
containment boundary for the ISTU; and 

• add special instrumentation required for the life test phase 

Install prototypic instrumentation to provide a comprehensive diagnosis of the "health" 

of the ISTU and to monitor for degradation of major assemblies and individual components. 

Operate the ISTU at its nominal operating point, with expected ISTU variations in power output 

and environment. 

Disassemble and inspect the ISTU at the end of the life test. Determine specific areas to 

be examined by an analYSis of the health monitoring data and from the reliability analysis 

predictions. Typical characteristics to be determined by the examination should include, but 

are not limited to, bearing wear, welds and bellows wall metallurgical examinations, 

electrically controller setpoint drift, HSU MFI condition, and turbine blade erosion. 
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Task 8. Qualification Program Testing 

Objectives: Design, fabricate, and test the flight system. Develop a low risk qualification 

program. Verify adequate performance and life for the entire system under flight qualification 

conditions. 

Statement of Work: Perform a comprehensive performance and dynamic testing program of 

assemblies and the complete system to provide a formal demonstration that the DIPS will 

perform as designed after being subjected to simulated launch conditions. 

Start with qualification of assemblies, as seen in Figure A-10. Fabricate qualified 

production items and assemble these parts into the QU. Qualify the QU by the rules for space 

vehicle qualification. 

The work is divided into the following subtasks: 

Subtask 8.1 Component Qualification Testing - Conduct performance testing at the 

component and assembly level to verify that each item performs as designed. Perform dynamic 

testing per MIL-STD-1540B to verify capability of the DIPS system to withstand launch loads, 

including acoustic, pyroshock and vibrational. The performance and dynamic qualification test 

sequence for components and assemblies is shown in the matrix of Figure A-11. 

Subtask 8.2 Qualification Unit Testing. Fabricate, assemble, checkout, and test the QU. 

Use the same test facilities for component and assembly qualification testing as were used for 

the assembly level testing of the ISTU. The corresponding qualification test sequence for the QU 

is shown if Figure A-12. 

Subtask 8.3 Qualification Life Testing (Optional) - Partially disassemble, examine, 

and refurbish the QU as required and mOdify for endurance testing as described for the ISTU. 

Life test the unit for 1.5 years (optional). 
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Figure A-10. DIPS qualification program. 
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Figure A-11. Assembly qualification test matrix. 
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Task 9. Flight Unit (FU) System program 

Objectives: Fabricate two flight systems, perform a flight safety program, and acceptance test 

the FUs to demonstrate required performance. Deliver the flight systems and provide 

integration support for the FU with the payload and the launch vehicle. 

Statement of Work: Fabricate, acceptance test, and assemble parts to produce two DIPS flight 

systems. Subject both systems to acceptance testing per MI L-STD-1S408 guidelines before 

shipment to the launch site. Use the same test facilities (vacuum chamber, vibration, acoustic) 

that were used for the qualification program for flight system acceptance testing. Perform 

safety studies and complete safety reports necessary to obtain launch approval. Provide launch 

support for the DIPS flight unit for integration with the payload and launch systems. 

The work is divided into the following subtasks: 

Subtask 9.1 Flight Component Fabrication. - Design, fabricate, inspect, and assemble 

the components and subassemblies required for the au and FUs, including all spare parts and 

GSE as required. 

Subtask 9.2 FU Assembly, Test. and Payload Integration - Assemble and inspect the 

two FUs. Acceptance test both FUs and ship to the launch site. Provide technical support for FU 

integration with the payload, launch vehicle, and launch support facilities. 

Subtask 9.3 Flight Safety Program - Develop a flight safety program plan to support 

the safety studies and tests required to obtain launch approval. Prepare the safety analysis 

reports (SARs), and all supporting analyses and documents to assure launch approval. 

Subtask 9.4 FU Launch Support - Provide launch support for the integrated 

FU/payload and launch vehicle systems. This includes FU monitoring during ascent, payload 

deployment, and FU startup on station. 
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DEVELOPMENT SCHEDULE 

Figure A-13 presents the 2.5 kWe DIPS development schedule. The DIPS program has 

completed a 1 year conceptual design task. The preliminary design would be completed in the 

next two years. Concurrent component development of the heat source unit, power conversion 

unit (TAC, recuperator, and ducting), radiator assembly and PPCA is completed in 2.75 years. 

Detail design work is subsequently completed after 3.5 years. 

Fabrication of components for ground testing for the ISTU starts with procurement of 

long lead materials and equipment in the second year of the program. This leads to assembly of 

the ISTU in the first half of the third year. 

The ISTU will simulate the performance of a flight system but will have features such as 

additional instrumentation and readily accessible components to expedite gathering of 

engineering data and to permit modification of components. It will be performance tested in air 

under normal and off-normal design conditions. After this phase of testing, it will be partially 

disassembled, examined, refurbished as necessary, and put on life test, nominally for 1.5 yrs. 

The qualification phase includes design, fabrication, assembly, and qualification testing 

of individual components for three units, and a complete DIPS system qualification test. The 

redesign effort will be limited to minor modifications to the preliminary DIPS design. 

The flight phase of the program includes assembly. and acceptance testing of two flight 

units and the associated safety analysis support for launch approval. Launch support activities 

would include the flight unit-payload and launch vehicle integration tasks as well as post launch 

support activities. 
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Figure A-13. 2.5 kWe DIPS development schedule. 
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APPENDIX 8 - PEM RFC TECHNOLOGY ROADMAP 

INTRODUCTION 

This is a family of power systems based on common technology for use with portable or 

mobile power systems. Mobile RFC power systems are either incorporated into vehicles or are 

attached to vehicles as part of a separate power cart. These systems range in nominal power 

level from 3 to 22 kWe. These vehicles include the payload unloader (3 kWe normal [n]/10 

kWe peak [p]), pressurized manned rover (7 kWe onboard, 12 kWe with power cart), regolith 

hauler (3 [n]/15 [pI kWe). and mining excavator (22 [n]/40 [pI kWe). Mobile Mars power 

systems will be similar to lunar systems except for the radiator size. 

CONCEPT DESCRIPTION 

The RFC system converts electrical energy into chemical energy and stores the energy 

for future use. An RFC is an energy storage device similar to a battery. The RFC system can be 

divided into six major subsystems for development purposes: (1}a fuel cell stack, which 

electrochemically converts hydrogen and oxygen into electricity; (2}an electrolyzer cell stack, 

which electrolyzes the fuel cell product water into gaseous hydrogen and oxygen reactants using 

externally provided power; (3)water management which removes moisture from the 

electrolysis cell product gases and humidifies fuel cell reactants to maintain proper cell 

membrane moisture content; (4)thermal management, which removes waste heat from the 

system, maintains the proper membrane temperature, prevents boiling or freezing in critical 

flow paths; (5)reactant storage (hydrogen, oxygen, and water); and (6)power processing and 

control (PP&C). The PP&C must be qesigned to allow for recharging from the base power 

system (either photovoltaic arrays or nuclear reactor) or from a portable Dynamic Isotope 

System (DIPS) cart. 

A simplified schematic of a potential RFC system is shown in Figure 8-1 (Ref. 8-13). 

Figure 8-1 does not show the details of the design such as electrical controls, fluid controls, 

trace heating, phase separation, gas humidification, gas drying, or redundant components. These 
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items will be discussed in detail in the following sections. 

- Power input for recharging 

I .. f 2.03x107N/m2 1 ....... 
....... I 339 oK \. (2950 pSia) H2 ) 356'K ~ I t J 2.07x107 N/m2 6.9x105 N/m2 I 

Reactant storage tanks 
"~TO ....... User 

....... 

,. Power Control and Conditioning 

l (3000 psia) (100 psia) , 

Electrolyze Tl=76% max • f 2.07x1 07 N/m2 Tl=52% max r"Fuel Cell 
Cell Module \ (3000 psia) O2 Module 

" " I ( - ~O I I .J 
pump 

water .. Heat water 

- l Rejection ~ .. J L 
I I Subsystem ~ 

pump i Reject 
pump 

Heat 
Note: Necessary electrical and fluid controls. and redundant components not 
shown. Typical operating conditions and performance shown. 

Figure B-1. PEM RFC power system schematic. 

j 

In the baseline RFC concept, high pressure oxygen and hydrogen gas were assumed for 

gaseous reactant storage tanks of relatively low volume. High pressure gas storage reduces the 

size and mass of the storage tanks. Cryogenic storage of oxygen and hydrogen may be desirable 

for large fixed systems. but will not be addressed in this roadmap. The complexity and power 

required for a liquefier is probably not w~rranted for a mobile system. 

Two types of fuel and electrolysis cell technologies are available: alkaline and PEM. 

Proton Exchanger Membrane (PEM) fuel cells and electrolysis cells were selected for this study 

since these technologies were shown to be the preferred RFC approach for long life SEI 

applications in a recent LANL study done for NASA (Bef. B-1). The basic design and operation of 

the PEM RFC system are described in the following paragraphs. 
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Fuel Cell Description 

Fuel cells operate by separation of two electrocatalytic conversion reactions with an 

ionic conductor, as seen in Figure B-2 (Ref. B-2). Charge moves through electron conductors 

connecting the two electrocatalytic zones, where electron transfer results in chemical 

reactions. Ionic transport through the separator completes the process. 

The PEM fuel cell incorporates an ion exchange membrane, typically a 

polyperfluorosulfonic (PFSA) acid sheet, as the ionic conductor. This component sustains 

transport of hydrated hydrogen ions, protons (H+). associated with water. Protons are 

generated at the porous anode electrocatalytic layer and transport through the ionic conductor to 

the cathode electrocatalytic layer. At the cathode, protons react with oxygen to form water. 

Product water exhausts from the cathode compartment. 

Hydrogen and oxygen gases are stored at 2.07x107 N/m2 (3,000 psia) (Ref. B-3) for 

use in the fuel cell. The gases are regulated down to fuel cell operating conditions (4.14x105 to 

6. 9x 105 N/m2 or 60 to 100 psia). Oxygen is regulated to a few psi higher than hydrogen (for 

safety reasons) to insure that only oxygen is entrained in the product water. The reactant gases 

must be humidified prior to reacting in the stack. Humidification will be discussed in the water 

management section. 

The hydrogen and oxygen gases are combined in the fuel cell to generate electricity and 

water. The product water is discharged into the cooling water loop. As the cooling water 

accumulator approaches the filled condition, the product water drain valve opens to allow water 

to flow to the storage subsystem. 

The product water which leaves the fuel cell stack will be saturated with oxygen. This 

oxygen must be removed prior to entering the water storage tank. An approach for doing this 

has been demonstrated (external to the fuel cell) by Hamilton Standard, as seen in Figure B-3 

(Ref. B-3). Water passes through an ion exchange membrane from the product water stream to 

humidify the dry hydrogen gas. Hydrogen diffuses from the hydrogen stream through the 

membrane to the water stream and combine with the oxygen to form water. Excess hydrogen is 
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Figure 8-2. Acid PEM electrochemical cell reactions. 
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Figure 8-3. Fuel cell product water deoxygenator. 
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returned to the hydrogen stream using an electrochemical hydrogen pump. Thus, only gas free 

water returns to the storage tank. 

The fuel cell design options have to do with the type of membrane. Table 8-1 (Ref. 8-3) 

compares the fuel cell design options on a power density basis. The values in this table assume a 

system with 25 kWe net output continuously, 55% fuel cell thermal efficiency (based on 

1.48 VDC) for 20,000 hours, and a design that is thermal vacuum compatible. 

TA8LE 8-1. FUEL CELL DESIGN OPTION POWER DENSITY COMPARISON 

Fuel Cell Subsystem Description Nafion 120 Nation 125/117 Dow 
Membrane Membrane Membrane 
(current) (advanced} (advanced) 

W/kg W/kg W/kg 

"SOA Design" with Porous Hydrophillic 103 184 307 
Phase Separators (Space Station 
design) 

Electrolyzer Cell Stack Description 

The PEM electrolyzer has the same type of ion exchange membrane as the PEM fuel cell 

to transfer H+ protons from the anode to cathode as was shown on the left of Figure 8-2. Liquid 

water is pumped from the water storage tank by the water feed pump into the water 

recirculation loop, as was seen in Figure 8-1. The water recirculation loop feeds the water into 

the cell stack on the anode side of each cell. Some water passes across the proton exchange 

membrane (PEM) forming a second water loop. Excess anode water loop flow is used to remove 

waste heat from the stack. Separators in ~he cell stack separate the hydrogen and oxygen gases 

from the liquid water streams, as seen in Figure 8-4 (Ref. 8-3). The separated gases 

(saturated with water vapor) are fed into regenerative dryers or are fed directly to the reactant 

storage tanks. 
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Figure 8-4. Oxygen and hydrogen phase separators in electrolyzer stack. 
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Various electrolyzer options were identified involving different cell spacings and 

different membranes. The estimated power densities for each design is shown in Table B-2 

(Ref. B-3). Table B-2 values assume a system with 70% electrolyzer thermal efficiency for 

20,000 hours, 2.07x107 N/m2 (3,000 psia) gas generation pressure, thermal vacuum 

compatible design, and 13 kg/h of water electrolyzed. Only the Nafion 120 membrane has been 

life tested at 2.07x107 N/m2 (3,000 psia). 

TABLE B-2. ELECTROL YlER DESIGN OPTION POWER DENSITY COMPARISON 

Electrolyzer Subsystem Description Nafion 120 Nafion 125/117 Dow 
Membrane Membrane Membrane 
(current) (advanced) (advanced) 

W/kg W/kg W/ka 
"SOA Design" with Static Separators 258 327 377 
"Advanced Design" with Static 347 392 414 
Separators 

The state-of-the-art (SOA) electrolyzer design utilizes the cell design which is used for 

U.S. and Royal Navy submarines. This cell design allows for 2.75 cells per centimeter (0.36 

cm thick). The U.S. Navy utilizes a 2.07x107 N/m2 (3,000 psi) stack while the Royal Navy 

uses a 1.03x106 N/m2 (150 psi) stack design. 

The "advanced" (Ref. B-3) electrolyzer design utilized a cell design of 12 cells per 

centimeter (0.083 cm thick). This cell was incorporated into a 120 cell stack for testing by 

the U.S. Navy as a low mass oxygen generator prototype. The advanced cell stack was designed 

for a maximum pressure of 2.76x106 N/m2 (400 psi) without a housing. SOA cell stacks use a 

cell size of about 214 cm2 (16.5 cm circular cell). This appears to be the optimum efficiency 

cell size for several 2.07x107 N/m2 (3,000 psia) electrolyzer applications (Ref. B-4). 

Thermal Management Subsystem Description 

The thermal management subsystem provides temperature control, heat transport, and 

heat rejection functions. Pumped water and coolant loops provide the heat transport function, 
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as seen in Figure 8-5. A radiator is required to remove waste heat from the RFC system. There 

are inefficiencies in both the fuel cell stack and electrolysis cell stack which create waste heat. 

Membrane temperature must be controlled to prevent failures and meet life requirements. 

Water cools the stacks by collecting the waste heat and then transports the heat to one or more 

heat exchangers (one for electrolyzer and one for the fuel cell, or possibly a combined heat 

exchanger). These heat exchangers then transfer heat to the radiator coolant loop. Waste heat 

from the fuel cell may also be utilized to keep the electrolyzer from getting too cold. 

j Radiator 

DRYER REGENERATION FUNCTION .. To oxygen dryer 
gas! 

coolant .. Dry oxygen from tank 
heat 

exchanger Dry hydrogen from tank 

To hydrogen dryer 

• Water 
Water from from 
electrolysis fuel cell HEAT REJECTION 
cell j FUNCTION 

, , 

water/coolant heat exchanger 
~ 

TEMPERATURE CONTROL FUNCTION 

Figure 8-5. Thermal management subsystem. 

The heat rejection assembly provides a means for rejection of waste heat to the 

environment. Radiators for heat rejection are in some cases a major component of the power 

system mass. Radiators can also be quite large due to the low operating temperature. 

Various options are available for the radiator design. Pumped loop radiators have been 
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used successfully for the space shuttle and will be used for Space Station Freedom (SSF). This 

type of radiator is best applied to missions with limited duration or to systems which are 

serviceable. Pumped loop radiators are less massive than state-of-the-art heat pipe radiator 

designs. Heat pipes offer the advantage of improved reliability and a graceful failure mode. A 

recent Rocketdyne study has shown that advanced carbon-carbon (C-C) heat pipe radiators can 

be designed which are competitive in mass to pumped loop radiators. Thus, a heat pipe radiator 

was tentatively selected as the baseline design. 

The baseline heat rejection assemblies for RFCs utilize lightweight, passive, reliable, 

heat pipe radiators that are sufficiently versatile to allow integration into a variety of 

configurations. The individual heat pipes operate independent from one another and thus the 

failure of a heat pipe will not result in failure of the complete radiator. The rectangular 

radiator heat pipe panel is attached to the coolant manifold. The cooling loop transfers heat to 

the heat pipes in the manifold heat exchanger. The heat pipe working fluid evaporates and 

travels to the top end of the heat pipes. The evaporated fluid is then condensed in the cooler 

section of the heat pipe. Both gravity and a small wick or grooves allow the liquid to return to 

the evaporator. A wick or groove is not absolutely necessary for vertically oriented radiators 

(due to gravity return) but is recommended to insure good control of the fluid transport. The 

heat pipes may be either carbon-carbon tubes with metal liners (Monel for water or aluminum 

for ammonia working fluids) or metal heat pipes. 

Condensation and freezing of the water in critical locations must be prevented by 

maintaining fluid temperatures within limits. Thermal control of the lines and tanks may be 

accomplished by insulation, trace heating, insulation and trace heating, or convective 

heating/cooling using the radiator coolant. Composite tanks need to be kept above 219 OK to 

prevent tank failure. The composite tank liner will begin to separate from the overwrap at this 

temperature and buckling will occur. It may also be desirable to prevent the water vapor in the 

gases from freezing in the tanks. Fluid lines may also require thermal control to prevent water 

freezing and clogging of lines (especially in the pressure regulators). 
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Water Management Subsystem Description 

Water management includes moisture control of the fuel cell membrane and the removal 

of moisture from electrolysis module product gases. 

The moisture content of the fuel cell stack membranes must be carefully controlled to 

prevent dehydration and reduced life. The reactant gases must be humidified to maintain the 

proper membrane moisture content. 

The traditional humidification approach for PEM fuel cells is shown in Figure B-6 

(Ref. B-4). The humidifier automatically presaturates the incoming hydrogen and oxygen 

reactants to a dew point equal to the cell operating temperature. This latter approach was used 

in the Hamilton Standard SPE® fuel cell. The problem with this approach is that the product 

water going to the storage tank is saturated with oxygen. If the oxygen is not removed from the 

water, then the gas will accumulate in the water tank and have to be vented off (undesirable loss 

of reactant). 

Another gas humidification approach. which is more appropriate for space systems, was 

shown in Figure B-4 (Ref. B-3). This approach also removes the oxygen gas from the product 

water and there is no gas buildup in the tank. This concept converts the oxygen to water by 

diffusion of hydrogen across the membrane. A hydrogen electrochemical pump keeps hydrogen 

from evolving in the water. Excess hydrogen is pumped back to the hydrogen side of the device. 

Although not shown if Figure 4. the oxygen reactant is also humidified in this same device. 

If regenerative gas dryers are used in the system. then the gas from the tanks will be 

partially rehumidified during regeneration of the dryers as is seen in Figure B-7 (Ref. B-5; 

only the oxygen humidification is shown).' Heat must be added to the cool dry gases in order to 

vaporize the water in the dryers. The purpose of this process is primarily to r~cover water 

from the gas dryers. Most of the gas humidification will be done using a humidifier such as was 

shown in Figure B-4. 

B-10 



REGENERATIVE FUEL CELL POWER SYSTEM TECHNOLOGY ROADMAP 

Humidified O2 out 

Coolant water in 

Humidified H2 out 

~.,..-- End plate 

Scavenger catalysts 

Heat 
----- conducting 

screen 

Membrane 
::::::~~~J4±:::::t~-- separator 

H2 in 

~--II~ Coolant water out 

O2 in 

Figure 8-6. SPE® fuel cell reactant prehumidification approach. 
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Figure 8-7. Water recovery from the oxygen regenerative dryer. 
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Several approaches have been suggested for recovering moisture from the electrolyzer 

gases. The key concerns are preventing freezing of water in the lines and the mass loss from the 

system if the water is not fully recovered each operating cycle. The LANL study (Ref. 8-1) 

proposes letting the water condense and freeze in the tank while keeping the feed lines heated. 

Some of the water is removed from the tank as a liquid by using a trap. The remainder of the 

water in the tank freezes. The residual water is recovered by heat input to the tank during the 

day as additional warm gas from the electrolyzer is introduced. 

Another water recovery approach suggested by Hamilton Standard (Ref. B-5) is to dry 

the gases with regenerative desiccant dryers leaving only a trace of moisture in the gases. This 

would significantly lower the dew point for the remaining gases to a temperature which is below 

ambient or would not require much insulation or heat input to prevent condensation. A 

sacrificial dryer might also remove the remaining trace water. Moisture would be removed 

from the dryers during fuel cell operation by passing the dry gas from the tanks back through 

the dryers at the lower fuel cell pressure (need large driving force to recover the water). 

Potential desiccants include silica gel and molecular sieve (Ref. 8-6). Silica gel is used at 

lower temperatures (below 363 OK) due to its high moisture recycling capacity compared with 

other industrial desiccants (about 0.35 kg water/kg gel at 303 OK and 80% humidity per 

Ref. B-7). Molecular sieve is used at higher temperatures (>393 OK) due to its high moisture 

recycling capacity and physical stability at higher temperatures. Potential configurations for 

desiccant dehumidifiers include a packed bed. Teflon fiber plates. a corrugated structure. and 

coated parallel-passages. A coated parallel-passage concept appears to have a great potential to 

provide an effective dehumidifier. This design consists of parallel-walled passages (laminar 

flow channels) with fine silica gel particles (80-250 mm) glued to the walls. 

Storage Tank Description 

For this study. it was assumed that oxygen and hydrogen would be stored at high 

pressure. The storage tanks will be made of composite materials. A metal liner is overwrapped 
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with carbon or graphite fibers. The liner will probably be aluminum for the hydrogen tank and 

a corrosion resistant material such as Inconel, niobium, or tantalum for the oxygen and water 

tanks. 

Reliability and life are the key areas of interest for tank design. Thus, materials must 

be selected which are stable against corrosion and hydrogen embrittlement for the system life. 

Current composite tank designs may exhibit high stress when driven through large temperature 

variations, so the liner materials must be carefully matched to the wrap material in terms of 

the coefficient of thermal expansion. Otherwise, tanks must be thermally controlled to limit 

temperature changes (may be difficult when going from non-operating to operating status). 

Tank linings must exhibit very limited corrosion even with pressurized oxygen storage and 

perhaps even with wet gas storage. Tanks must be rugged enough to survive the transportation 

phase of deployment. The use of multiple tanks may be required to meet system reliability 

requirements. Some elementary cladding may be required to provide an element of shielding 

from meteorites (the system housing may also be used for this purpose). 

PP&C Subsystem Description 

The PP&C subsystem has not as yet been defined for this concept. Two basic approaches 

can be taken. In the first approach, which is the same as for the DIPS, the system is designed to 

provide a constant power and voltage output. This approach requires a dc voltage regulator to 

process the fuel cell output. In the other approach, the power conditioning is done at the user 

loads. In this second approach, the fuel cell output can vary with time (Le., voltage is 

unregulated). This approach allows the power processing to be optimized for each load. The 

power input to the electrolyzer module can also be regulated within the RFC power system or as 

part of the recharging power system. 

8-13 



REGENERATIVE FUEL CELL POWER SYSTEM TECHNOLOGY ROADMAP 

TECHf\OLOGY ISSUES 

The key issues for development of a PEM RFC system and their impacts are summarized 

in Table B-3. Many of the remaining development issues for this concept are related to system 

integration. Limited work has been done in this area. Major issues of life and reliability can be 

resolved with simplified system concepts which utilize fewer components and fewer active 

components. Earlier PEM cells have already proven themselves in space applications (Gemini 

fuel cells and SSF RFC prototype) and naval applications (electrolysis cells). Thus, it appears 

that the remaining technical issues can be resolved and a space qualified system developed which 

has a reasonable life (20,000 hours or more with a 50% duty cycle). The technical issues and 

potential solutions will be discussed in more detail in the following paragraphs. 

TABLE B-3. PEM RFC DEVELOPMENT ISSUES, IMPACTS, AND DEVELOPMENT AREAS 

Issues Impacts Potential Development Areas 
#1- Limited life 10 Increased frequency of Development of passive system 
components and replacement, maintenance, Long life pumps, drives,valves, 
reliability of many transportation cost and controls 
parts Mass and complexity of 

redundant components 
#2 - Material Rei iabi I ityll ife Materials for use with high 
compatibility pressure O2 

I-Materials for wet gases 
I-Materials immune to hydrogen 

embrittlement 
#3 - Cell temperature Life I-Thermal control loops 
and moisture control of ioPassive internal fuel cell gas 
fuel cell membrane humidifiers 

ioRegenerativegas dryers 
#4 - Oxygen in fuel ·Mass/energy loss from the Internal deoxygenator in fuel cell 
cell water system due to venting of oxygen 

from water tank 
#5 - Water in Tank corrosion if wet gas stored Low mass desiccating regenerative 
etectrolyzer gases (life and reliability) dryers 

-Tank insulation mass Tank liner materials 
Complexity of gas dryer Tank and/or line thermal control 
systems 

Clogging of lines due to ice 
Energy and mass loss due to 
unrecovered water 
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TABLE B-3. PEM RFC DEVELOPMENT ISSUES, IMPACTS, AND DEVELOPMENT AREAS 
(CONTINUED) 

Issues Impacts Potential Development Areas 

#6 - Large, massive ~Increased transportation cost, ~Higher temperature cells (higher 
radiator due to low heat complicated vehicle design reject temperature) 
rejection temperature ( orientation for stability and Low mass carbon-carbon radiator 

mobility) ~Heat pump 
#7 - Long duration Transportation cost -Low mass storage tanks 
portable applications Range limits or need to carry Advanced membrane 

PV array ·Low mass PV arrays 
#8 - Reactant storage Mass/number of trips Low mass high pressure tanks 
system mass and (transportation cost) 
volume 
#9 - High pressure gas Increased system mass due to Advanced composite tanks and stack 
storage tank failure hiQher factor of safe~ pressure vessel 
#10 - Efficiency of 10 Transportation cost Low mass tanks. PV arrays, and 
electrolysis cell ~Increased waste heat; larger radiators 
reduced at higher radiator Tank pressure following 
pressure 
#11 - High Water 10 Life Use materials that won't 
Purity Requirement contaminate water 

• Deionizer 

Issue #1 - Limited Life and Reliability 

The life of an RFC system for SEI applications is presently unknown. The life of a system 

depends on the duty cycle for the application among other things. Fixed applications will 

generally have a 50% duty cycle (half of the time in the fuel cell mode and half of the time in 

the electrolysis mode). Degradation of the cell membranes is reduced when in a non-operating 

mode, especially if the temperature is reduced (Ref. B-5). Mobile equipment may have reduced 

duty cycles (Le., short operating time and long recharging time). Only equipment common to 

both the fuel cell and electrolysis modes of operation such as the heat rejection system will be 

on continuously. A life goal of 20,000 hours for RFC systems (50% duty cycle) was assumed 

based on current technology and a desire to meet an IOC of 2001 for a lunar landing (Refs. B-1 

and B-8). This life goal also corresponded to the life requirement for a lunar mission for 

earlier Pathfinder studies (Ref. B-8). Long life has been demonstrated (Ref. B-5) in the 

laboratory on a subscale level for PEM fuel cells (60,000 hours) and electrolysis cells 

(115.000 hours over 15 years). These have been primarily cell tests with state of the art 
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membranes (Nafion). Advanced cell membranes made by Dow have not undergone long duration 

lite tests. The major area of concern for life is the moving parts (pumps, valves, regulators, 

etc.) which have not demonstrated long life for space applications. In the LANL study 

(Ref. 8-1). it is stated that this is a major concern based on the design of current space type 

hardware. However, pump life can be prolonged if the pumps are operated continuously rather 

than in a cyclic mode (this is probably required anyway for thermal control of the stacks while 

in a non-operating condition). Long life RFC systems will be obtained by development of 

advanced designs or with redundancy for less reliable components. 

Passive component design is desirable in an RFC where possible to improve system 

reliability and life. Passive phase separation (Le .. separation of the water. oxygen, and 

hydrogen) is desirable and should be easy to accomplish based on terrestrial systems which use 

a gravity feed approach. Microgravity static phase separators developed for Space Station might 

also be used for SEI applications. 

Issue #2 - Material Compatibility 

The electrolysis gas products are saturated with water vapor. The presence of water in 

the oxygen tank may cause corrosion unless proper precautions are taken. The tank liner should 

be compatible with a corrosive environment or have a protective coating. Inconel 617, 

niobium. or tantalum will provide corrosion resistance. However, these materials have not 

been used as liners for composite tanks (at least not by Structural Composites Industries; 

Ref. 8-9). Current composite tanKs are made from aluminum or stainless steel. Plastic 

coatings could be used as long as the gas temperatures were less than about 370 OK. Aluminum 

could be utilized as the hydrogen tank liner to prevent hydrogen embrittlement. 

Issue #3 - Temperature and Mojsture Control 

Thermal control and membrane moisture control are required elements for stable, high 

performance of PEM cells. Temperature control is important because the system produces 
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liquid water. Freezing of the water in the lines or cell would result in system failure. 

Excessive temperatures, on the other hand, can cause separator (electrolyte) alterations. 

Severe membrane dehydration often can result in irreversible failure, due in part to shrinkage 

and rupture of the separator sheet. Consequently, the system design must include reliable 

temperature and relative humidity controls. Moisture must also be removed from electrolysis 

stack gases. Water and thermal control approaches were previously discussed. 

Issue #4 - Oxygen in Fuel Cell Product Water 

Oxygen gas will accumulate in the water tank if not removed from the product water 

stream. Eventually, the gas must be vented to prevent vapor lock. The gas which is vented must 

be replaced and this increases the system mass. A concept developed by Hamilton Standard (Fig. 

8-4) removes the oxygen from the water while humidifying the fuel cell reactant gases. 

However, this concept has not been incorporated into a fuel cell design. 

Issue #5 - Water in Electrolyzer Gases 

The phase separator will only remove the liquid water from the electrolysis cell product 

gases. A limited amount of water vapor will remain in a high pressure system due to the low 

operating temperature (water will condense until the partial pressure of the water gives a 

saturation temperature which matches the bulk gas temperature). The water vapor remaining 

in the gases can create problems if left in the system. Storage of wet gases in the tanks would 

require corrosion resistant materials. If not properly insulated or provided with waste heat, 

then the water may condense on the tank walls and freeze. Water could also freeze in the feed 

lines from the tanks and prevent gas flow. Several approaches are possible for dealing with 

these problems as were previously mentioned. 

Major issues for desiccant gas dryers include repeatability (Le., ability to regenerate 

the deSiccant), efficiency (Le., the percentage of the water which can be removed from the gas 

and the amount which can be recovered from the desiccant), parasitiC power losses (Le., 
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pumping power required), performance degradation, heat input and temperature of gas stream 

required to regenerate the bed, and preventing freezing of the moisture during regeneration. 

Work by Hamilton Standard with a molecular sieve dryer has shown the ability to 

remove over 99% of the water from a gas stream (Ref. 8-5). Pressure drop through the bed 

can be minimized by proper bed design. A parallel flow path design developed by SERI is one 

option for a compact, low pressure drop dryer (Ref. 8-6). Degradation in dryer performance 

is mainly due to contamination of the bed. Degradation can be controlled by eliminating 

contaminants in the system and by use of a closed system. Sufficient heat input must be 

available to the bed for regeneration to prevent freezing of the water. This is because the 

regeneration (desorption) is endothermic. Heat transfer enhancement through the use of fins or 

a high conductivity foam material matrix may be required. The bed must be designed such that 

regeneration can occur at the low temperatures (about 339 OK) which will be available due to 

heating of the dry gases by the fuel cell product water. In the past, silica desiccant dryers have 

been regenerated with air at 394 to 478 OK. 

Issue #6 - Large Radiator Due to Low Heat Rejection Temperature 

The RFC systems require large radiators due to the low reject temperature (333 OK) 

and high heat sink temperature (256 OK for vertical radiators and no ground cover). For this 

study, it was assumed that the radiator would be designed for nominal power levels. It was also 

assumed that peaking power waste heat loads can be handled by the thermal inertia of the 

system. This assumption needs to be verified analytically and empirically. Particularly, the 

effect of higher operating temperature and thermal cycling on cell degradation should be 

examined. 

The large radiation area required for RFC systems results in massive radiators which 

are a significant portion of the total mass of portable RFC systems. The Martian winds have 

little effect on cooling of the radiators. It is possible that a forced convection cooling system 

using a fan might reduce the size of the radiators although at the cost of additional power to run 
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the fan and reduced system reliability. This opens up other options in radiator placement which 

would be of benefit on mobile equipment on Mars. Development of low mass radiators is needed 

to minimize system mass. Development of higher temperature fuel and electrolysis cells would 

help to reduce radiator size by increasing the radiator heat rejection temperature. However, a 

higher operating temperature would reduce cell life (see Table B-4) and require the use of a 

porous metal support for the electrolyzer cell. 

TABLE B-4. PROJECTED ELECTROLYSIS CELL MEMBRANE LIFE 

Inlet Water Temperature Exit Water Temperature Projected Membrane Life 
(0 K) (0 K) lh rsl 
322 339 262 800 
356 378 87,600 
422 444 8,760 

Issue #7 - Long Duration Systems 

Long duration applications such as the rover vehicles would require a large amount of 

reactants. Requirements for these vehicles would require heavy tanks (both due to the tank 

mass and reactant mass). Most of the power system mass for these applications is due to the 

reactant storage. It is not practical for mobile system to carry the large PV arrays required to 

run the electrolysis stack for Mars applications (due to low insolation rate). However, some 

cells may be placed on the vehicle exterior surfaces to provide part of the day power and reduce 

RFC power requirements. Reduced night time power requirements (Le., for a manned or 

telerobotic controlled vehicle; assuming no travel during sleep period) for these applications 

would reduce the power system size anq reactant storage required. The mass of the power 

system could be reduced by reducing tankage mass (Le., using composite materials), improving 

cell efficiency (use of new membranes such as that made by Dow), and reducing parasitic power 

losses (use of passive thermal control, passive product water collection, etc.). 
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Issue #8 - Reactant Storage System Mass and Yolume 

The choice of the on-board reactant storage approach also impacts power system mass. 

Reactants can be stored either as low pressure gases, high pressure gases, or as low pressure 

cryogenic liquids. A tradeoff must be made between the mass/volume of gas storage tanks versus 

the mass/power of the liquefier for cryogenic liquid storage in order to select the best approach. 

High pressure storage offers smaller tanks but reduced safety over low pressure gas. Liquid 

cryogenic storage offers smaller, more costly tanks and more complex systems (Le., thermal 

management). Cryogenic storage systems might have reduced reliability due to increased 

numbers of moving parts (refrigeration and liquefaction hardware) and complexity. Additional 

work would be needed to improve liquefier efficiency and reliability to make this approach 

viable (Le., to carry along a liquefier as part of an RFC system). 

Issue #9 - High Pressure Tank Safety 

The safety issues involved with storing oxygen and hydrogen will be more severe a 

problem than current usage on the Shuttle. Fuel cell reactants on the Shuttle are stored as low 

pressure cryogens. However, high pressure (2.07x107 N/m2 or 3,000 psia) PEM 

electrolyzers are used in submarine applications and the oxygen generated by these cells is 

stored at high pressure. The space application may require storage of reactants as high 

pressure gases. Design safety factors for burst pressure will be higher for man-rated systems. 

The higher pressure requirement will mean heavier tanks and pressure vessels for the 

electrolysis cells products. CompOSite gas storage tanks have the advantages of low mass and 

leakage before burst. Alternatively I reactants may be stored at low pressure as cryogenic 

liquids. Tank weight will be more of an issue for lunar systems than for Mars systems due to 

the longer storage time. 
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Issue #10 - Reduced Efficiency of Electrolysis Cells al Higher Pressure 

There is a diffusional inefficiency in PEM electrolysis cells which increases as the 

operating pressure increases. High pressure operation of an electrolysis cell requires that part 

of the current input be used to compensate for this back diffusion. For the 2.07xl07 N/m2 

(3,000 psia) NASA JSC unit, which operates at a nominal current from 180 to 350 amps, it 

takes 15 amps just for back diffusion compensation (up to 8% of the total input). This results 

in a larger charging power system to drive the electrolysis unit. Thus, one must tradeoff 

between the size and mass of a photovoltaic array (or other power system) and the size and mass 

of storage tanks required for lower pressure systems. For the short operating times required 

on Mars it is probably better to operate at a lower pressure than for a lunar system. However, 

this tradeoff needs to be quantified. 

Issue #11 - High Water Purity ReQuirement 

PEM separators are susceptible to ionic contamination in the electrolysis mode. The 

presence of metallic cations must be controlled. Thus, the use of high purity water is required 

for the PEM electrolysis cell to maintain performance (preserving high activity of the 

electrocatalysts and maintaining high ion exchange capability of the membranes). In addition, 

the impact of dust contamination in the system must be studied to determine potential system 

impacts. Potential development of new membranes which are more tolerant of impurities is a 

possibility. Alternatively, the system should be completely clean when assembled and be made 

of materials which will not contaminate the water. A closed system where reactants are never 

replaced would eliminate external contamination. These latter two approaches would eliminate 

the need for maintenance of a water purifier such as a deionizer and any particulate filters. 

However, a closed system would eliminate the option of replacing reactants from a centralized 

electrolyzer (Le., primary fuel cell approach). 
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TECI-NOlOGY ASSESSMENT 

The technology bases were assessed for the following major RFC subsystems: 

fuel cell stack; 

• electrolysis cell stack; 

• thermal management; 

• water management; 

• reactant storage tanks; and 

PP&C. 

The technology readiness of each assembly was evaluated using the NASA technology 

readiness levels. These evaluations are summarized in Table B-5 which shows that the RFC has 

technology readiness levels ranging from 3 to 5, depending on the particular subsystem. The 

technology base for each assembly is briefly discussed in the following sections. 

TABLE B·S. RFC TECHNOLOGY ASSESSMENT 

Subsystem Technology Comments 
Readiness 

Level 
Fuel cell stack 3.5 Early design flown on Gemini; prototype developed 

for space station RFC based on earlier Hamilton 
Standard design; new International Fuel Cell design 
not flown (engineering qualified in 2.5 yrs for 
DARPA prooram) 

Electrolysis cell stack 4 Large database for naval applications; prototype 
develop_ed for space station applications 

Active thermal 3 Advanced CIC heat pipe radiator development 
management currently underway; long life active components not 

developed for space applications; some sealed water 
pumps and drives for terrestrial applications have 
demonstrated lono life 

Water management 4 Passive phase separation designed for Space Station 
Freedom (SSF) prototype; silica gel dryers widely 
used for gas drying in terrestrial applications; 
limited experience with regenerative gas dryer 
systems 

Reactant storage tanks 5 Small tanks successfully flown; need corrosion 
resistant liner development 

PP&C 5 SSF 
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BFC System State-of-the-Art 

Hamilton Standard designed, developed, tested, and delivered a 1.5 kW PEM breadboard 

BFC system to JSC in January 1983 (Ref. 8-5). The RFC breadboard system was tested for 

2,000 total ninety minute orbital cycles (1,630 by NASA). The fuel cell module of the BFC was 

later replaced by an advanced module and tested for about 500 hours. This breadboard was not 

tested in a relevant envirol'1ment (Le., vacuum or low pressure carbon dioxide, low gravity, 

day/night thermal cycles, etc.). In addition, the breadboard did not include key components such 

as composite tanks, radiators, and long life active thermal control components. 

Although the fuel cell technology is fairly well developed in PEM systems, the system 

integration of the accessory components and cell stack is not as mature as that of the alkaline 

fuel cells. The technology readiness of the PEM RFC is estimated to be 3.5 for the current 

application. 

Fuel Cell State-of-the-Art 

A PEM fuel cell developed by Hamilton Standard (United Technologies) was used on the 

Gemini missions from 1962-66 (Ref. 8-10). After the Gemini space flights, Hamilton 

Standard pursued further development of PEM fuel cell technology. The major breakthrough 

was the replacement of polystyrene sulfonic acid ion exchange membrane by perfluorinated 

sulfonic acid polymer, Nafion, produced by DuPont, as the electrolyte. PEM fuel cell technology 

has since advanced with the introduction of the Dow experimental membrane. The Dow 

membrane has greatly increased the current density of PEM systems over the current densities 

available from DuPont's former state-of-the-art membrane, Nafion 117. Dow has not yet 

started production of their membrane , but is supplying it to fuel cell manufacturers for testing 

and evaluation. 

Cell lives of 60,000 hours (6.85 years) in the laboratory have been achieved by 

Hamilton Standard with PEM fuel cells (Refs. 8-4 and 8-5) because there are no corrosive 

electrolytes to cause contamination. PEM fuel cells can operate with high concentrations of 
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gases like CO2 , whereas the KOH electrolyte of alkaline fuel cells would react with the CO2 and 

cause precipitation. 

A PEM fuel cell subsystem was developed by Hamilton Standard in the 1980s for a RFC 

demonstrator for the Space Station Freedom (Ref. 8-2). The fuel cell had a 1 to 2 kWe rating. 

The RFC demonstrator underwent parametric testing at the factory prior to its delivery to 

NASNJSC. 

Treadwell Corporation has designed and built a PEM fuel cell stack and associated test 

stand (Ref. 8-11). The stack was designed for an output power of 10 - 30 kW. Various stacks 

have been tested. This fuel cell system was designed for autonomous underwater vehicles. 

8allard Technologies Corporation in Canada has built small demonstrator stacks with the 

Dow membrane and was the first to achieve high power densities in a solid polymer electrolyte 

fuel cell (Ref. 8-10). The 8allard design appears to be similar to the Hamilton Standard fuel 

cell design. 

Siemens in Germany (under a license from Hamilton Standard) is also using the PEM 

technology to develop fuel cell systems for submarine power systems (Refs. 8-10 and 8-12). 

LANL has two of the Dow PEM fuel cells on test, achieving 0.92 V at 2153 Alm2 

(Ref B-10). Dow has made a commitment to provide membranes to a product specification; 

whereas, they were previously in process development and membrane quality/consistency were 

not up to par for commercial use. 

PEM fuel cells are well suited to passive water removal. The absence of a liquid 

electrolyte that has narrow concentration limits makes water management less of a problem. 

Ergenics Power Systems, Inc., is developing a flight-qualified 200 W fuel cell with passive 

water and heat removal for a Space Station extravehicular mobility unit (Ref. 8-10). 

International Fuel Cells (IFC) has tested a 16 cell, 5 kW stack using Nafion membranes 

and is now evaluating the Dow membranes. This is a new PEM design which is different from the 

fuel cell which flew on Gemini. IFC also worked on a "static" PEM fuel cell (Ref. 8-13). This 

concept eliminated the power consuming pumps associated with the management of the product 

8·24 



REGENERATIVE FUEL CELL POWER SYSTEM TECHNOLOGY ROADMAP 

water. The design also incorporated heat pipes into the system to create a "static" waste heat 

management subsystem which eliminated the cooling subsystem parasitic power loss. This 

approach offered significantly improved reliability and higher system efficiency. IFC completed 

breadboard experiments and validated this system concept. IFC has since changed their design 

(Ref. 8-14). The latest design has no heat pipes and requires a cooling loop with a pump. 

However, the water removal still utilizes a static approach. This concept is proprietary and 

. few details were available from IFC. However, this concept uses graphite plates and either Dow 

or Nafion 117 membranes (Nafion is the baseline). IFC has tested both single cells and short 

stacks with its latest design. IFC has a DARPA contract to produce a 7.5 kWe fuel cell for 

unmanned underwater applications. This power plant will be available (engineering qualified) 

in 2.5 years. The life of this fuel cell is expected to be a few thousand hours. The DARPA fuel 

cell technology should be suitable for space since it is not affected by a zero gravity 

environment. 

ElectrolYSiS Cell Stack State-of-the-Art 

Hamilton Standard has an extensive data base in high·pressure electrolysis. The 

2.07x107 N/m2 (3,000 psi) cell design is currently used in the oxygen generation plant (OGP) 

developed for the U.S. Navy and in the production units for the 8ritish Navy nuclear 

submarines. Hamilton Standard has over 20 years experience building PEM electrolyzers for 

the Navy (Ref. 8-10). They have demonstrated 13 years of continuous usage of a PEM 

electrolyzer cell in the laboratory. U.K. Navy electrolyzer cells have accumulated a total of 

69,000 system hours of usage as of January 1992 without any failures. One Navy electrolyzer 

cell stack has accumulated over 13,000 hours of usage at sea over a 5 year period (Ref. 8-5). 

During the 1980s, three demonstrators were developed by Hamilton Standard 

(Ref. 8-2). These electrolyzers were fabricated and then tested by NASA. Each of these 

systems made use of the identical 213 cm2 SPE® water electrolyzer design used for naval 

applications. 
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The first of these systems was a PEM RFC demonstrator for Space Station Freedom. Over 

2,000 simulated orbital cycles were accumulated on this hardware. This program demonstrated 

a closed system fluid cycle balance, direct solar array/electrolyzer voltage/current control 

compatibility (no power conditioning required), and an energy storage efficiency of 48% with 

the electrolyzer at ambient temperature. Later in the program the PEM fuel cell was replaced 

by an alkaline fuel cell and the system was operated for 100 cycles with no problems. This test 

showed the compatibility between a PEM electrolyzer and an alkaline fuel cell (Le., no KOH ions 

went to the PEM electrolyzer through the product water and no sulfonic acid groups passed 

through the PEM electrolyzer gases to the fuel cell; some people had thought that the acid and 

base in each unit would mix and neutralize each other). Recently, some of the electrolyzer cells 

were replaced by high performance cells using the Dow membrane. The electrolyzer module 

underwent additional testing and showed significant performance improvement, especially at 

higher current densities. 

The second Hamilton Standard demonstrator was an oxygen generator assembly developed 

under contract to Boeing Aerospace and Electronics Company (Ref. B-2). The operating 

pressure, temperature and current density of this demonstrator are within the experience of 

naval applications. However this demonstrator differed from the Navy data base because of the 

need to operate in a microgravity environment and use processed hygiene water as the feedstock. 

Two membrane static phase separators are used to replace the pressure vessel phase separators 

used previously. The demonstrator was activated at NASNMSFC in November 1990 and 

operated for 529 hours which exceeded the test objective of 450 hours. This program 

successfully demonstrated the operation of microgravity phase separators. There are 

continuing tests of this unit to improve the cell voltage performance. 

The third Hamilton Standard demonstrator system was developed to show the feasibility 

of producing 2.07x107 N/m2 (3,000 psi) hydrogen and oxygen on orbit for periodic rocket 

motor firing to maintain Space Station Freedom orbital altitude (Ref. B-2). Under NASA 

sponsorship, initial work was performed to convert the heavy 2.07x107 N/m2 (3,000 psia) 
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naval SPE® electrolyzer design into a space flight configuration (Ref. 8-4). This required 

development of a lighter and smaller package. Changes were made to the supporting pressure 

vessel and fluid manifold. The use of two torispherical domes opposed on either side of a central 

fluid plate allowed for a wall thickness of as low as one quarter of an inch when using Inconel or 

other high strength materials. The fluid plate manifold is pressure balanced between the two 

pneumatic domes which eliminates the need for a thick plate to resist the gas pressure load, as 

used in the Navy hardware. This work produced a prototype cell stack for space applications 

that weighs less than 91 kg total (down from 454 kg for the 100-cell naval cell stack and 

pressure vessel). This unit was delivered in 1990. This demonstrator has been set up and 

operated intermittently at NASA/JSC during the last year. This cell was recently tested by JSC 

for 500 hours (Ref. 8-2). This unit operates at 322 vK at a thermal efficiency greater than 

70% (defined as the ratio of the power input minus the heat rejected to the power input). 

Thermal Management Subsystem State-of-the-Art 

NASA LeRC is currently carrying out an integrated multi-element project for the 

development of space heat rejection subsystems with special emphaSis on low mass radiators in 

support of SEI power system technology (Ref. 8-15). This effort involves both in-house and 

contracted efforts. Contracted efforts involving Rockwell International (RI) and Space Power 

Incorporated (SPI) are aimed at the development of advanced radiator concepts (ARC). NASA 

LeRC is also involved in a joint program with DOE to demonstrate a flexible fabric heat pipe 

radiator concept being developed by Pacific Northwest Laboratories (PNL). In-house work at 

NASA LeRC is deSigned to guide and support the overall program by system integration studies, 

heat pipe testing and analytical code development, radiator surface morphology alteration for 

emissivity enhancement, and composite materials research focused on the development of low 

mass, high conductivity fins. This program is concentrating on technologies capable of 

development before the end of the decade for both surface power and nuclear electric propulsion 

(NEP) applications. 
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Specific objectives of the ARC contracts are to achieve specific mass values <5 kg/m2 

with radiator surface emissivities of 0.85 or higher at typical radiator operating 

tempera1ures, and reliability values of at least 0.99 for the heat rejection subsystem over a ten 

year life. These figures represent a factor of two improvement over the currently considered 

heat rejection subsystem for SP-100, and even greater improvement factors for state-of-the­

art heat rejection systems used in current spacecraft applications. 

Presently, Rocketdyne division of Rockwell International is involved in the development 

of a carbon-carbon (C-C) or graphite heat pipe radiator panel. Rocketdyne has a NASA contract 

entitled "SP-100 Advanced Radiator Concepts" which started in 1987 and is part of the CSTI 

(Civilian Space Technology Initiative) program. This program will be completed in January of 

1993. This program involves development of a C-C heat pipe suitable for use in an SP-100 

radiator. However, this technology will be suitable for other radiator applications as well 

including RFC power systems (using other working fluids such as water and/or ammonia). The 

hope is that this program will develop generic technology which can be used for all future space 

radiators because of its reduced mass compared to metal heat pipe radiators. Carbon-carbon is 

a new structural material which requires different fabrication techniques than for metals or 

composites. A key objective of this program is to demonstrate the ability to fabricate C-C heat 

pipes with a thin metal liner, wicks, caps, and fill tube. The brazing technique required to 

attach liners is the same as would be required to attach manifolds to the heat pipes. Heat pipes 

filled with potassium will be designed, fabricated, and tested during this program. Thermal 

cycle testing will be done in a vacuum to demonstrate the integrity of the heat pipes. 

Beginning in 1989, small samples of heat pipe panels were fabricated by Rocketdyne as 

part of the CSTI program. The next phase of the program will involve fabrication and testing of 

complete heat pipes about a meter long. 

The working fluids and temperatures for the SP-100 system would be different than for 

lower temperature RFC systems. Thus, Rocketdyne has an on-going IR&D effort which involves 

development of a high pressure water C-C heat pipe for lower temperature applications such as 
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RFCs. This effort will eventually include fabrication and testing of a heat pipe. Rocketdyne is 

also looking at a higher thermal conductivity C-C heat pipe design. 

Recent Rocketdyne studies have shown that a C-C heat pipe with water or ammonia is 

competitive on a mass basis with early metal heat pipe radiator technology developed in the late 

1960s and early 1970s as well as pumped loop radiators. Rocketdyne studies have estimated 

the C-C radiator specific mass to be about 3 kg/m2 . 

The objective of the joint NASA LeRC/Air Force program with PNL (light Weight 

Advanced Ceramic Fiber [ACF] Heat Pipe Radiators) is to demonstrate the feasibility of a low 

mass ceramic fabric/metal liner heat pipe for a wide range of operating temperatures and 

working fluids (Ref. 8-15). Specifically, the NASA LeRC objectives are to develop this concept 

for application to space radiators with operating temperatures below 500 OK using water as the 

working fluid. The specific mass goal for these heat pipes is 3 kg/m2 or less at a surface 

emissivity of greater than 0.85. 

Several heat pipes were built for the ACF program using titanium and copper foil 

material for containment of the water working fluid. A heat pipe with an eight mil Ti liner was 

demonstrated in early January 1991. An innovative "Uniskan Roller Extrusion" process has 

also been developed at PNL and used to draw 30 mil wall tubing to a 2 mil foil liner in one pass. 

The water heat pipes fabricated for LeRC have been subjected to a test program to evaluate 

performance and reliability at demanding operating conditions. 

Future thrusts of the ACF program will be to perfect the heat pipe fabrication procedure 

using very thin (0.025 to 0.05 mm) foil liners which are internally texturized by exposure to 

high pressures (Ref. 8-15). Plans will also be developed to perform hyper-velocity and 

ballistic velocity impact tests in order to determine if secondary fragments from a penetrated 

heat pipe will result in failures of neighboring heat pipes. Another major challenge will be to 

design a heat pipe with high conductivity, low mass fins as a first step toward the fabrication of 

low mass radiator panels. 

The NASA LeRC in-house materials program includes radiator surface morphology 
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alteration by arc texturing for emissivity enhancement purposes (Ref. B-15). Emissivity 

enhancement has been demonstrated for graphite-copper samples. 

Another important part of the thermal management subsystem is the active controls for 

controlling fluid flowrates and pressures. This involves the development of long life pumps, 

valves, and regulators. Hamilton Standard has used 2.07x107 N/m2 (3,000 psia) water pumps 

for its U.S. Navy electrolysis units (made by J.C. Carter Company per Ref. B-5). These pumps 

have lasted over 10,000 hours. Hamilton Standard also has used a small 0.91 m3 /h (4 GPM) 

pump for recirculating water to a fuel cell which lasted over 10,000 hours. Existing active 

convective transport hardware (pumps, centrifugal water separators, fans) have also been 

developed for space systems by GE and Hamilton Standard, but not for long life (Ref. B-1). 

Experts in the field believe that these components will have lifetimes of less than 2,000 hours 

in a space environment. 

Water Management Subsystem State-of-the-Art 

Water management involves both gas humidification to maintain proper cell membrane 

moisture content as well as gas dehumidification to prevent water condensation and freezing. 

Work has been done in both of these as areas, but not for space qualified hardware. 

Gas humidification for production PEM fuel cells has been successfully done by Hamilton 

Standard using the approach shown in Figure B-6. An improved approach which removes 

oxygen from the product water was shown in Figure B-4. This approach was demonstrated in 

the laboratory in 1989, outside of a fuel cell (Ref. B-5). This approach has not yet been 

integrated into a PEM fuel cell design. 

Water vapor can be removed from gases using condensation, absorption, adsorption, or a 

combination of these techniques. Gas drying is a well-known technical process. General 

Dynamics proposed (Ref. B-16) a system which utilizes condensation for removing 99.9% of 

the moisture from oxygen and hydrogen gases. The removal of the remaining moisture was 

assumed to be accomplished using absorption-adsorption techniques in existing ground 
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liquefaction systems. General Dynamics adapted a system developed by Atlas Copco called MD 

sorption drying for propellant processing. This process recovers all of the water during the 

electrolysis portion of the cycle. However this is a very complex system with many moving 

parts (pumps, valves, and rotor in sorption dryer). In addition, this system increases the 

radiator size by reducing the heat rejection temperature. 

Work was done with regenerative gas dryers for Hamilton Standard by the UTC Research 

Center in 1987 (Ref. B-5). These dryers use a molecular sieve to remove water. In tests, a 

humidified gas stream was run through a dryer bed for 36 hours without breakthrough. A 10% 

bed loading (amount of bed volume which was water) was achieved. An outlet dew point of less 

than 183 OK was obtained with a 100 to 1 gas volume ratio. Such a dryer removes about 99.9% 

of the water vapor from a gas. Based on this work, a 21 kg desiccant could be made regenerable 

and deliver 2,939 kg of dry gas (about twice that required for a 12.5 kW lunar base system). A 

much smaller unit would be required for a Mars system. Hamilton Standard has also looked at 

methods to reduce dew point temperature down to liquid hydrogen temperatures. 

Reactant Storage Tank State-of-the-Art 

Gas storage tanks have had considerable engineering advancement, both in earlier NASA 

programs and throughout the commercial sector. Gas tanks have become safe, reliable 

commodities, widely used in science and technology. Composite tanks with a metallic liner and a 

polymer wrap are generally considered for advanced space applications. 

Composite tanks have had considerable recent development for a wide range of sizes 

(Ref. B-9). Structural Composite Industries (SCI) has built many tanks for both terrestrial 

and space applications. These cylindrical tanks have either aluminum or stainless steel liners. 

These liners are seamless and are made from plate stock without welding. SCI has developed 

tanks for Space Station, Brilliant Pebbles, HEDI, propellant tanks for launch vehicles, 

communications satellites, and Pegasus projects among others. Eleven of these tanks have been 

launched into space. Tank sizes have ranged from 754 cm3 to 0.66 m3 {Space Station}. A 
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recent effort involved a tank which is 4.06 m long and has a 0.53 m outer diameter. A current 

effort involves the development of a 1.42 m diameter tank. Tank pressures have gone as high as 

1 .034x1 08 N/m2 (15,000 psia) for operation and 2.068x108 N/m2 (30,000 psia) for burst. 

Tanks for SOl missions are designed for 5 year lite. Additional liner development may be 

required for storage of wet oxygen. 

PP&C Subsystem State-of-the-Art 

The PP&C system design is based on a reasonable electronics component evolution, and 

there are no significant technology issues associated with its development. It will be necessary 

to fabricate breadboard hardware for testing and evaluation purposes, but there is no need to 

initiate any advanced component development. Most of the hardware elements have been or 

shortly will be operating in a relevant environment on other spacecraft or the SSF electrical 

power subsystem. 

MAJOR DEVELOPMENT TASKS 

The development program was divided into 9 major tasks. The first six tasks are 

component development tasks. The remaining tasks involve the system design, fabrication, 

integration, safety assurance, and testing. 

Testing will be done on the component, subsystem (fuel cell stack, electrolysis cell 

stack, thermal management, gas dryers, storage tanks). and system level (qualification 

testing). The system level tests will show any possible negative interactions between 

subsystems. 

The RFC development tasks are described in the following sections. Each task will 

include a section on objectives and a statement of work. The task descriptions are only 

approximate and depend on the RFC design chosen. 

A 3 kWe nominal power (peaking power of 10 to 15 kWe) module with an energy storage 

capability of 32 kW h (net output) will be selected for the ground engineering system (GES) to 
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take the RFC technology through Technology Maturity Level 6 (system validation model 

demonstrated in a simulated environment). Other power module sizes may be built and qualified 

for flight systems. 

Task 1. PEM Fuel Cell Module Development 

Objectiyes: Develop a full scale, long life (10,000 hours continuous) flight weight fuel cell 

module which can be integrated into a mobile RFC power system. Demonstrate materials 

compatibility, safety, and performance margins. 

Statement of Work: This effort was divided into the following subtasks: 

$ubtask 1.1 Preliminary Fuel Cell Module Development. Demonstrate the feasibility 

of the selected fuel cell design for planetary surface applications. Investigate stack sealing 

materials, plates, membranes, humidifier, and diluent control. Test a prototype fuel cell stack 

to demonstrate materials compatibility, and safety. 

$ubtask 1.2 Final Fuel Cell Module Design. Design a full scale flight weight fuel cell 

modules (one or more different sizes). 

Subtask 1.3 Fuel Cell Module Fabrication. Assembly. and Testing. Build and test 

(performance, mechanical, and thermal cycling) the fuel cell module. After initial breadboard 

validation testing is complete, perform additional module testing in a relevant environment. 

Task 2, PEM Electrolysis Cell Module Deyelopment 

Objectives: Develop a full scale, long life (10,000 hours continuous) flight weight electrolysis 

module which can be integrated into a mobile RFC power system. Demonstrate materials 

compatibility, safety, and performance margins. 

Statement of Work: This effort was divided into the following subtasks: 

Subtask 2.1 preliminary Electrolysis Cell Module Development Design. Demonstrate 

feasibility of the selected concept for space applications. Investigate options for the cell 

membranes, pressure vessel, central fluid plate, and electrical connections. Demonstrate 

8-33 



REGENERATIVE FUEL CELL POWER SYSTEM TECHNOLOGY ROADMAP 

materials compatibility. performance. and safety using a prototype cell stack. 

Subtask 2.2 Final Electrolysis Module Design - Design a full scale flight weight 

electrolysis cell module. 

Subtask 2.3 Electrolysis Module Fabrication. Assembly. and Testing. Build and test 

(performance. mechanical. and thermal cycling) the full scale electrolysis cell module. After 

initial breadboard validation testing is complete. perform additional module testing in a 

relevant environment. 

Task 3. Thermal Management Subsystem Development 

Objectives: Develop and demonstrate a low mass, reliable heat pipe radiator. Develop and 

demonstrate long-life (20.000 hours continuous) active thermal control components (pumps. 

valves. regulators. etc.). as needed. Develop and demonstrate thermal control concepts for all 

components in the RFC system. 

Statement of Work: This effort was divided into the following subtasks: 

Subtask 3.1 Heat Pipe Demonstration. Fabricate and test representative length heat 

pipes to fully characterize heat pipe performance. Compare test results with predicted 

performance over the anticipated range of operating conditions including startup. shutdown. and 

restart. 

Perform limited life testing of the heat pipes. Identify deterioration mechanisms. 

measure deterioration rates. and assess the adequacy of assembly and cleaning procedures. 

Withdraw heat pipe samples sequentially throughout the test period. Drain. section. and analyze 

the samples for corrosion. carbon diffusion. braze stability. and any other signs of 

deterioration. 

In conjunction with the heat pipe performance and life testing. develop and demonstrate 

techniques for nondestructive examination (NDE) of the heat pipe elements and assembly. 

Assess the adequacy of liner bonding and weld joints. Determine if the correct fit-ups and 

interfaces were obtained in the assembled piece. 
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Subtask 3.2 Radiator Enhancement. Increase the applicability of the radiator concept 

by performing various enhancement tasks. Examine survivability options and extended length 

heat pipes. 

Perform analytical assessment, testing, and enhancement design development to insure 

long life for both lunar and Mars missions. Consider natural threats such as micrometeoroids 

and dust erosion (Mars). 

Fabricate a long heat pipe. Develop alternate techniques for fitting the liner into the 

tube. Investigate alternative tube fabrication. liner fabrication, and coating processes. 

Subtask 3.3 Heat Pipe Integration and Testing. Develop and demonstrate techniques for 

thermal and mechanical bonding of the heat pipe to the radiator manifold. Subsequently, 

demonstrate heat pipe integration into a representative radiator section. Test the radiator 

section to provide an accurate overall heat transfer coefficient. Verify radiator dynamics and 

performance. Include a surrogate manifold section and a limited number of heat pipes in the 

demonstrator. Test the assembled unit in a cold wall, vacuum chamber, simulated space 

environment. Validate temperature drop predictions. verify manifold deSign, and assess 

component interactions. 

$ubtask 3,4 Radiator Module Design, Assembly, Fabrication, and Testing. Develop the 

detailed design of the radiator subsystem. Resolve specific design issues such as the effects of 

differential thermal expansion, deployment features. monitoring instrumentation and control 

equipment, local insulation, and trace heating of the manifold and piping. 

Design, fabricate, and test a representative full scale heat pipe radiator and interface 

heat exchanger. Complete performance, mechanical (stress, shock, and vibration). and thermal 

cycling tests. 

$ubtask 3.5 Preliminary Actiye Component Deyelopment. Perform preliminary 

development of water circulation pumps and other active fluid components. Identify life 

limiting components and failure mechanisms of current designs. Develop design approaches 

with improved life capabilities. Design and build prototype components. Demonstrate materials 
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compatibility, safety, and performance margins. 

Subtask 3.6 Fjnal Active Component Design. Design the full scale components and 

develop the active control subsystem concept. 

Subtask 3.7 Active Control Subsystem Fabrication, Assembly. and Testing. The final 

components will be designed and integrated into a fluid subsystem test bed with simulated 

thermal loads and pressure drops for other RFC components. Testing shall include performance, 

shock, pressure, and safety tests. After initial breadboard validation testing is complete, 

perform additional testing in a relevant environment. 

Task 4, Water Management Subsystem Development 

Objectjyes: Develop reliable, long life (20,000 hours continuous) regenerative dryers 

for removing water vapor from the electrolyzer product gases. Develop an approach for 

recovering water from dryers. Develop a reactant gas humidification device for the fuel cell for 

maintaining a proper membrane moisture content. 

Statement of Work: This effort was divided into the following subtasks: 

Subtask 4.1 Gas Dryer Development. Develop regenerative gas dryers for use with 

wet hydrogen and oxygen gas streams. Design the dryers to remove the majority of the water 

vapor from the gas streams with reasonable size and mass hardware. Build prototype dryers. 

Test the dryers in the adsorption and desorption modes. Determine materials compatibility, 

regenerability, cyclic performance degradation, and efficiency. 

Perform studies to determine the effect on system performance of any remaining 

moisture after leaving the regenerative dryers. Design an approach for recovery of the 

remaining moisture from the gas system. Develop additional components as necessary to handle 

this remaining moisture. Demonstrate analytically and empirically the performance of this 

additional hardware. 

Subtask 4.2 Gas Humidifer Development. Complete the development of reactant 

humidifers which are integral to the fuel cell. This will include modification of existing 
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humidifier concepts which currrently work external to the fuel cell. In addition, this task will 

be done in parallel with fuel cell development to allow for proper integration with the fuel cell 

stack design. 

Task 5. Reactant Storage Tanks 

Objectives: Develop reactant tanks for storage of wet hydrogen gas, wet oxygen gas, and water. 

Develop tank and tank feed line thermal management (insulation and/or heat recovery from fuel 

cell stack) approaches to prevent composite tank failure, and prevent ice blockage of gas lines 

and regulators. 

Statement of Work: Design, fabricate, and test the reactant storage tanks. Develop corrosion 

resistant liners and fabrication techniques for the oxygen and water tanks. Consider the 

requirements for micrometeoride protection in the tankage design. 

Develop insulated and/or heated tank concepts which prevent water condensation and 

freezing in the gas storage tanks and exit lines. Demonstrate proper transient performance of 

the tanks using analysis techniques. Build and test prototype tanks. Demonstrate materials 

compatibility and safety. Perform proof testing, pressure cycling (at different temperatures), 

thermal cycling (while under pressure), puncture resistance, and mechanical shock tests. 

Measure tank permeability to estimate leakage losses, especially for hydrogen. 

Task 6. PP&C Subsystem Development 

Objectives: Develop electronic devices for regulating output voltage and for controlling RFC 

operation. Demonstrate adequate steady state and transient performance, and immunity to the 

environment (including launch and operating). Demonstrate the software capability to handle 

power system nominal operation and failure modes. 

Statement of Work: This effort was divided into the following subtasks: 
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Subtask 6.1 Electrical Components. Build breadboard units to demonstrate and check 

functional performance of the individual component circuit designs. Incorporate any necessary 

design modifications and improvements into brassboard units. Verify functional performance 

within the constraints of the actual component configuration. Fabricate prototype units and 

perform a series of tests using simulated input and output loads. Test the controller to validate 

the operating system software. Include the following testing: 

• start up, steady state and transient control; 

• failure simulation and detection and switching; 

• effects of temperature extremes and thermal shock; 

effects of environment; 

shock and vibration; 

• cold plate heat loads; and 

EMI generation and susceptibility. 

Subtask 6.2 Software. Check out the controller software using simulated inputs and 

outputs. 

Task 7. Ground Engineering System (GES) Testing 

Objectives: Design a system concept which will meet both lunar and Mars mobile power 

applications. Show the concept feasibility. Verify adequate performance and life for an 

integrated system. 

Statement of Work: This etfort was divided into the following subtasks: 

Task 7.1 GES Desjgn. Identify and characterize specific power system applications. 

Determine power system requirements. Define optimum power system module size based on 

trade studies which minimize the overall life cycle cost of the power system for all applications 

(trade between development cost and mass). 

Identity concepts which can meet early lunar base applications. Power system 

enhancements. if any. required for Mars applications will be identified. Perform tradeoff 
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studies (performance, reliability, risk, safety, and life cycle cost) to select the optimum 

system design. Complete feasibility studies for the selected concept including off-design and 

transient analysis. Definitize the remaining hardware development tasks based on the system 

concept chosen. 

Design a complete RFC system to at least meet the minimum life requirement of 20,000 

hours (10,000 hours for the fuel cell and electrolysis cell stacks). Integrate the entire 

thermal and water control system including pumps, controls, lines, valves, heat exchangers, 

tanks. and radiator. Perform both design point and transient analyses to verify the design. 

Perform this task in parallel with the component development tasks to insure proper system 

characteristics 

Task 7.2 GES Performance Tests. Manufacture the GES components and assemble. 

Pressure and leak check the assembly, fill the water storage tank, complete a electrical check-

out, and check out all active devices to the extent possible. 

Design the test program for the GES to verify all performance characteristics of the unit 

in conjunction with subjecting the GES to acceptance level tests. Conduct performance and 

thermal vacuum tests during a single thermal vacuum test sequence to demonstrate technical 

capabilities while minimizing program cost. Complete the following performance testing 

activities: 

• 

• 

• 

• 

• 

• 

• 

checkout and refine subsystem assembly procedures; 

verify operation of ground support equipment (GSE) and interfaces with the GES; 

verify start up capability; 

verify steady state performance characteristics; 

establish effective operating range of the system; 

check out software and verify autonomy (include all operational modes and 
simulate failure modes); 

simulate normal switchover from one module to another; 

simulate failures to trigger module switchover; and 
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• establish system sensitivity to off-normal conditions such as: (1) partial loss of 
radiator cooling, (2) varying radiator heat removal profile, (3) partial loss of 
electronic cooling. and (4) temporary losses of heat sink with varying duration. 

Task 7.3 GES life Test. Refurbish the GES after completion of performance, 

acceptance. and margin tests. Refurbishment will include the following: 

• replacing or repairing components as necessary to ensure that the GES is 
returned to its as-built condition; 

• addition of special instrumentation required for the life test phase; and 

modification of the main radiator heat removal system or replacement of the 
main radiator with a dump heat exchanger. 

Install instrumentation to provide a comprehensive diagnosis of the "health" of the GES and to 

monitor for degradation of major assemblies and individual components. Place the GES on a 

20.000 hour life test (50% duty cycle for the fuel cell and electrolysis cell stacks). Operate 

the GES at its nominal operating point. with expected GES variations in power output and 

environment. 

Disassemble the GES for diagnosis at the end of the life test. Determine areas to be 

examined by an analysis of the health monitoring data and from the reliability analysis 

predictions. 

Task 8. Qualification Program Testing 

Objectives: Fabricate the qualification units (QUs) Verify adequate performance and life for 

the QUs. 

Statement of Work: Develop a comprehensive performance and dynamic testing program which 

will provide a formal demonstration that the RFC system will perform as designed after being 

subjected to simulated launch conditions. Select launch environmental conditions which 

envelope the probable intensities developed by various launch scenarios. 

Begin the qualification effort (a typical approach is shown in Figure B-8) by qualifying 

the assemblies. Fabricate and assemble the qualified production items into the QU. Qualify the 

QU by the rules for space vehicle qualification. 
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This effort was divided into the following subtasks: 

f 
Establish launch and 

f-
staging environments 

Formutate Assembly 
and Qualification Unit 

~ 
Design 

Qualification Program Qualification 
- Unit 

~ 
Establish assembly and 

system performance -
requirements 

Subject 
Qualification 

Fabricate 
Conduct 

Unit to 
Perform 

assembly 
Assemble Qualification 

~ qualification ... 
~ Qualification f---+ ~ 

~ acceptance 
acceptance Unit life 

hardware Unit ... and 
~ 

tests !-- testing 
qualification 

Prepare! test sequence 

identify Prepare 
~ qualification 

~ ~ flight f- jl 

test facilities software 

Prepare 
Subject each 

4 qualification .... assembly to 
~ 

Evaluate test 
- ~ qualification results 

software 
test sequence 

Figure B·8. RFC power system qualification program. 

Subtask 8.1 Qualification Performance Testing. Conduct performance testing at each 

level to verify that each item performs as designed. Perform dynamic testing to verify the 

capability of the RFC system to withstand launch loads, including acoustic. pyroshock and 

vibrational. A possible performance and dynamic qualification test sequence for components and 

assemblies is shown in the matrix of Figure B·9. The corresponding qualification test sequence 

for the QU is shown in Figure B·l0. 

B·41 



REGENERATIVE FUEL CELL POWER SYSTEM TECHNOLOGY ROADMAP 

Subtask 8.2 Qualification Life Testing (Optional). After completion of the 

qualification performance testing, partially disassemble the QU and examine the unit. 

Refurbish the QU as required and modify for endurance testing in air, as described for the GES. 

Life test the QU for 8,800 hours or more. 

c:: 
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~ ,~ => - g - g => 
~ -Component or - c:: - ~ '"" ...-- ..><: :;:: ,Q ctS -

Subassembly ~ 8 ~ ~ ~ 
u - :> ~ ~ E (ij 

j 
~ 

~ 
e 

0 ~ 0 .~ Ci; ,Q ,Q ,,8 ~ .2 
''0 ~ '= -8 ..><: g ..><: ~ U g Ci; g ..><: U g 
c:: ctS ~ c:: c:: ro c:: e re ::::i: ~ ::::J <l> ::::J ro ::::J <l> ~ ::::J ::::J ~ 

=> ::::J 
u... -oJ a.... u... a: u... -oJ u... I- u... u... a.... -oJ L.U -oJ u.. 

Fuel Cell Stack X X X X X X X X X X X X X X X X 

Electrolysis Cell Stack X X X X X X X X X X X X X X X X 

Reactant Storage X X X X X X X X X X X X X X X 

Thermal Management X X X X X X X X X X X X X 

Water Management X X X X X X X X X X X X X X X 

PMAD X X X X X X X X X X X X 

Structure X X X X X X X X X X X 

Figure 8-9. RFC power system assembly qualification test matrix. 

Functional Check ~ 
Electromagnetic -. Pressure Test 

Compatibility Test 

Acoustic Loading 
~ Functional Check ~ Pyroshock Test ..... 

Test 

--- Functional Check -+ Thermal Balance 
~ Functional Check :---+ Thermal-Vacuum 

Test Test 

Figure 8-10. RFC power system QU test sequence. 
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Task 9. Flight Unit lFU) System Program 

Objectjyes: Fabricate the flight systems and acceptance test the FUs to demonstrate required 

performance. Deliver the flight systems and provide integration support for the FU with the 

payload and the launch vehicle. 

Statement of Work: Fabricate, acceptance test, and assemble parts to produce the flight 

systems. Subject the systems to acceptance testing before shipment to the launch site. Use the 

same test facilities (vacuum chamber, vibration, acoustic) that were used for the qualification 

program for flight system acceptance testing. Finally, provide launch support activities to 

insure that the RFC FU meets its design and performance goals associated with integrated payload 

and launch systems. 

The work is divided into the following subtasks: 

Subtask 9.1 Flight Component Fabrication. Design, fabricate, inspect, and assemble 

the components and subassemblies required for the FUs, including all spare parts as required to 

support the flight system activities. 

Subtask 9.2 FU Assembly. Test. and Payload Integration. Assemble and inspect the 

FUs. Acceptance test the FUs and ship to the launch site. Provide technical support for FU 

integration with the payload, launch vehicle, and launch support facilities. 

Subtask 9.3 FU Launch Support. Provide FU launch support activities to insure that 

the FU meets its design and performance goals associated with the integrated payload and launch 

systems. 

DEVELOPMENT SCHEDULE 

The program starts with a conceptual system design task followed by preliminary 

system design. Development of the fuel cell stack, electrolysis cell stack, thermal management 

subsystem, water control subsystem, storage tanks, and PP&C proceed concurrently with the 

system design. The system design is subsequently completed by the middle of the fourth year. 

Fabrication of components for the GES starts with procurement of long lead materials 
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and equipment in the first part of the third year. This leads to assembly of the system by the end 

of the fourth year. 

The GES will be similar to a flight system but will have features such as additional 

instrumentation and readily removable components to expedite gathering of engineering data and 

to permit modification of components. It will be tested in a vacuum chamber under normal and 

off-normal design conditions. After this phase of testing. it will be partially disassembled. 

examined. refurbished as necessary. and put on life test for 20.000 hours (50% duty cycle). 

The qualification phase includes design. fabrication, assembly. and qualification testing 

of individual components, and a complete system. The design effort will be minimal since it 

would involve only minor modifications to the GES design. An optional life testing of the au may 

be done. This may be unnecessary after the component and GES life testing. 

The flight phase of the program includes fabrication, assembly. and acceptance testing of 

the flight units and the associated safety analysis to obtain launch approval. 

Component development was estimated to require 2-4 years of effort (Ref. 9-14) 

without any life testing depending on the current technology readiness levels. Five years were 

required to develop and qualify the non-regenerative Shuttle alkaline fuel cells. It is felt that 

the required development effort for a PEM RFC will be longer due to the integration effort 

involved. the considerable amount of life testing required both on the component/subsystem 

level and system level. and the number of different applications (more than one module size may 

be required). The estimated DDT&E and production schedule for the PEM fuel cell and RFC is 

shown in Figure 9-11. Development time was estimated to be 7 years. 
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; 

QUI V I I i 
! I 

Right Component Fabrication 
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I r;( lil' Tesling 
Component Qualification 

System Assembly and Qualification ~8 
I Latrdl 

FU PROGRAM - Task 9 ! I Ship VV 
Assembly and Acceptance Test 
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'Note: Numbers indicate Technology Readiness Levels using NASA scale. 

Figure 8-11. PEM RFC power system development schedule. 
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APPENDIX C - NaS BATTERY TECHNOLOGY ROAD MAP 

INTRODUCTION 

This is a family of power systems based on common technology for use with portable or 

mobile power systems. Mobile battery power systems are either incorporated into vehicles or 

are attached to vehicles as part of a separate power cart. These systems range in nominal power 

level from 3 to 22 kWe. These vehicles include the payload unloader (3 kWe normal [n]/10 

kWe peak [p]), pressurized manned rover (7 kWe onboard, 12 kWe with power cart), regolith 

hauler (3 [n]/15 [p] kWe). and mining excavator (22 [n]!40 [p] kWe). Mobile Mars power 

systems will be similar to lunar systems except for the radiator size. 

CONCEPT DESCRIPTION 

A typical power system schematic is shown in Figu re C-1. The overall power system 

may be divided into the following subsystems for development purposes: 

Batteries; 

• Thermal Management; and 

Power Processing and Control (PP&C). 

The energy to the user is supplied by the batteries. The batteries are recharged on the 

next sun cycle by the base power system or by a Dynamic Isotope System (DIPS) power cart. 

The flow of energy from the array and to and from the batteries is controlled by the PP&C 

subsystem. 

Since the batteries must operate at high temperature, thermal management is required 

to maintain the proper cell temperature and reject waste heat. In addition, the batteries need to 

be heated prior to startup. The electronic components in the PP&C also require cooling to 

remove waste heat. 

The battery subsystem includes the cells and related structure to tie the cells together. 

The thermal management subsystem includes battery insulation, battery isolation 

plates, battery radiator/interface heat exchanger, PP&C cold plates. and the PP&C radiator. 
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Power conditioning is included to process power for charging the batteries (down 

regulator) and processing output power (boost regulator). A shunt regular dissipates excess 

power from the array. 

The system evaluated in this article uses sodium sulfur (NaS) batteries, DC-DC 

converters/regulators, and a heat pipe radiator. Each subsystem will be described in more 

detail in the following sections. 

Input 
Power 

for 
Recharging Down 

Regulator 

Cold Plate 

Boost 
Regulator 

Battery 
Thermal 

Management 
Subsystem 

Figure C-1. Battery system schematic. 

Battery Subsystem Description 

User Loads 
or 

Distribution 
System 

Regulated 
DC Bus 

Sodium sulfur batteries are high temperature (598 oK) secondary batteries which have 

been under development for a number of years. Due to the high theoretical specific energy, 

these batteries are being considered for electric vehicles, utility load leveling, satellite systems 

(Ref. C-1), and planetary surface power systems (Refs. C-2 and C-3). 

A fully charged sodium sulfur cell consists of elemental sulfur and sodium separated by a 

beta alumina electrolyte as seen in Figure C-2. Beta alumina is a solid, ceramic electrolyte 

separator which is conductive only to sodium ions. The molten sodium serves as the negative 

electrode. During discharge, each sodium atom, entering into the discharge reaction, provides 
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an electron to the external circuit and migrates through the electrolyte. The molten sulfur 

serves as the positive electrode. The sodium ions receive an electron, from the external circuit, 

on the sulfur side of the cell and combine with the sulfur to form sodium pentasulfide, Na2S5' 

After all the free sulfur is combined, a second conversion takes place in which the Na2S5 is 

converted to sodium trisulfide, Na2S3' The open circuit voltage of the cell during the first 59% 

of discharge, which corresponds to the sodium pentasulfide reaction, is nominally 2.08 volts 

per cell. During the sodium trisulfide part of the discharge, the corresponding voltage is 1.75 

volts per cell. Thus, the sodium sulfur cell discharge voltage has a two level characteristic with 

the step change at about 59 percent. Experimental investigation has indicated that for best cycle 

life, the depth of discharge should be limited to 59 percent. 

Sodium ~ or W' 
Alumina 

Sulfur 

Figure C-2. NaS battery cell operation during discharge. 

Load 

A tubular type NaS cell is illustrated in Figure C-3. This concept is most suitable for 

base load power systems (15 minutes to 12 hours of operation). These type of NaS cells have 

been 
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Figure C-3. Typical tubular NaS battery cell design. 

undergoing evaluation testing by the Air Force for many years and have gone through several 

design iterations. As shown in the figure, the liquid sodium is contained in a closed steel tube 

with a metering orifice connecting to an annular chamber also containing sodium. The closed 

beta alumina electrolyte encloses the sodium and separates it from the liquid sulfur cathode. 

Liquid sulfur cathode material is held in a carbon felt matrix to provide electrical conductivity 
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during charge and discharge. The steel tube is coated with a metal chosen for its resistance to the 

corrosive sodium sulfides. 

Thermal Management Subsystem Description 

The thermal management subsystem provides temperature control, heat transport, and 

heat rejection functions. Solid conduction paths and heat pipes provide the heat transport 

function. A radiator is required to remove waste heat from the battery and from the PP&C 

components. 

An active thermal control system is required to maintain the battery at the proper 

operating temperature. Three different techniques are possible for controlling battery 

temperature (Ref. C-4): (1 )Iouvers; (2)pumped loop radiator; and (3)heat pipe radiator. 

The use of louvers allows the battery to radiate directly to space as needed to reduce its 

temperature. Louvers offer the greatest weight advantage (Ref. C-4). However, louvers 

require the greatest mechanical complexity and potentially the lowest reliability. Louvers also 

allow for a nonhomongeneous thermal distribution in the battery which may be detrimental. 

Pumped loop (or tube-sheet) radiators offer the next best approach from a mass 

standpoint if no redundancy is built into them. Pumped loop radiators have been used 

successfully for the space shuttle and will be used for Space Station Freedom (SSF). This type 

of radiator is best applied to missions with limited duration or to systems which are 

serviceable. Potential working fluids include water, potassium, NaK, and Dowtherm A. NaK is 

the preferred working fluid for this application due to its low freezing point, low operating 

pressure, and stability in a thermal environment. The use of NaK as a reactor primary coolant 

indicate that it can be used with good reliability for prolonged periods of time. The development 

of highly reliable, long life, low flow rate, low mass pumping systems to accomodate the use of 

fluid loops in space would require considerable effort (Ref. C-4). Furthermore, the pump 

represents the source of a single point failure mode, thus requiring duplication within the 

system and thereby nullifying the slight mass advantage over heat pipes. 
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Thermal homogeneity could be accomplished with heat pipe systems for transport and 

heat rejection due to their isothermal heat transport characteristics. Heat pipes also offer the 

advantage of improved reliability and a graceful failure mode. A recent Rocketdyne study has 

shown that advanced carbon-carbon (C-C) heat pipe radiators can be designed which are 

competitive in mass to pumped loop radiators (estimated specific mass of 3 kg/m2 for heat 

pipes with water or ammonia). Thus, a heat pipe radiator was tentatively selected as the 

baseline design. 

The baseline heat rejection assemblies utilize lightweight, passive, reliable, heat pipe 

radiators that are sufficiently versatile to allow integration into a variety of configurations. 

The individual heat pipes operate independent from one another and thus the failure of a heat 

pipe will not result in failure of the complete radiator. The rectangular radiator heat pipe 

panel is attached to the battery assembly. Variable conductance heat pipes transfer heat to the 

radiator. The heat pipe working fluid evaporates and travels to the top end of the heat pipes. 

The evaporated fluid is then condensed in the cooler section of the heat pipe. A small wick or 

grooves allow the liquid to return to the evaporator (unless the heat pipe is vertical and gravity 

can be used for fluid return). A wick or groove is not absolutely necessary for vertically 

oriented radiators (due to gravity return) but is recommended to insure good control of the 

fluid transport. The heat pipes may be either carbon-carbon tubes with metal liners (titanium 

or nickel based alloy for biphenyl) or metal heat pipes. Carbon-carbon heat pipes are a factor 

of 2-3 times lower in mass than conventional all-metal heat pipes. 

The problem with using a heat pipe for battery cooling is that no common heat pipe 

working fluid is suitable for operation at about 600 oK (Ref. C-5). Only three of the common 

heat pipe working fluids including water, cesium, and mercury show any promise for operation 

at this temperature. However, these fluids have several disadvantages. Both mercury and 

cesium are highly toxic and would have handling problems. Mercury has a poor contact angle 

and does not wet the wick surface, which causes heat pipe priming problems. Mercury also has 

a high density which results in a heavy heat pipe. Cesium has a very low vapor pressure which 
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favors leakage into the pipe. Leakage is a severe problem since atmospheric water will react 

with the cesium to form hydrogen. Water develops a high pressure at the required operating 

pressure which requires a heavier heat pipe and may result in potential safety issues. A recent 

study (Ref. C-S) found that biphenyl is a suitable heat pipe working fluid for this application. 

Biphenyl is compatible with likely materials of construction and its liquid transport factor is 

suitable for use in a heat pipe. Also, its vapor pressure is in the desired range at the operating 

temperature of the battery. Thermal studies have shown that biphenyl should be stable for 

long-term operation at high temperature and non-condensable gas generation will not be a 

problem. Thus, biphenyl was selected as the working fluid for the battery heat pipes. 

PP&C Subsystem Description 

The PP&C subsystem is a collective term for the power system control electronics. This 

system includes items such as voltage regulators and battery charge controllers. Their function 

is to control the flow of energy though the power system to the payload. 

Boost Regulator Description. The boost regulator increases the voltage from the batteries up to 

the nominal bus voltage. There are two basic types of boost regulators. The basic boost 

regulator handles all of the processed power and the efficiency of the circuit applies to all the 

power. This regulator places a "buck" inductor and switch in alternate positions such that the 

opening switch allows the inductor to force the current it had before the switch opened into the 

load impedence. The output voltage depends on the load impedence and current. The basic 

booster has a relatively low efficiency and may have loop stability problems. 

The add-on booster only processes the boost voltage (usually only 10 volts). The boost 

power (voltage added times output current) is parallel to the load at the input. Most of the 

power is not processed and thus the overall efficiency is much higher than for the basic boost 

regulator. A failure of the add-on booster results in a lower DC bus voltage, but the system is 

still functional with degraded performance. 
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The boost regulator requires monitoring equipment to determine operating parameters 

and heat sinking to remove waste heat. EMI filters are required to prevent interference from 

the switching. 

Down Regulator Descrjption. The charging power system (especially in the case of a PV array) 

will be designed to provide a higher voltage than the nominal battery voltage. The down or 

"buck" regulator provides a constant output DC voltage for charging the battery subsystem from 

the array. The regulator output voltage is always lower than the input voltage. The voltage 

conversion is accomplished by switching the input on and oft. The filter removes the AC 

component produced by switching, but allows the DC voltage throught. 

The down regulator is reliable and very efficient (85-90% for nearterm hardware). 

The efficiency of the regulator depends on the internal operating frequency and the input-output 

voltage difference. As the frequency goes up the size goes down and so does the efficiency. This 

regulator does not isolate the input from the output loads. If the regulator is not properly used, 

then it can cause radio interference since it uses switching to interrupt the current. Proper 

EMI filters are required to eliminate this interference. Monitoring equipment is required to 

determine the proper operating conditions. Heat sinking is required to remove waste heat. 

TECHNOLOGY ISSUES 

The key issues for development of a NaS battery subsystem are summarized in Table 

C-1. The key issue with sodium sulfur batteries is achieving cycle life to permit operation as a 

satellite battery. While the specific energy, of the sodium sulfur system, is much higher than 

the curre'nt baseline nickel hydrogen batteries, the cycle life is much lower. Primary failure 

mechanisms are related to corrosion of the seals and cell components by the chemically active 

sulfides and the fragility of the beta alumina electrolyte. Design features have been developed to 

mitigate the effect of these failure mechanisms so that a failure is not catastrophic. Cracking of 

the electrolyte or loss of cell case integrity does however, result in loss of the cell however. 
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Continuing cell development is aimed at resolving these issues. 

TABLE C-1. NaS BA TIERY SUBSYSTEM ISSUES, IMPACTS, AND DEVELOPMENT AREAS 

Issues Impacts Potential Develo~ment Areas 

Cycle life -Increased life cycle cost ·Physical and chemical stability of 
alpha alumina seal 

·Physical and chemical stability of 
electrolyte 

·Sealing technology for tubesheet to 
cell case 

High operating -Heavy heat pipes, poor ·Low mass C/C heat pipe radiator 
temperature performance, toxic working • Heat pipe working fluids 

fluids (cesium or mercury) or (biphenyl) 
high pressure. (water) 

Safety (explosion, fire, -Increased manufacturing cost ·Battery casing design 
toxic fumes, formation 
of sulfuric acid) 

TECI-NOLOOY ASSESSMENT 

The technology bases were assessed for the following major battery subsystems: 

Batteries; 

- Thermal management; and 

- PP&C. 

The technology readiness of each assembly was evaluated using the NASA technology readiness 

levels. These evaluations are summarized in Table C-2 which shows that the power system has 

technology readiness levels ranging from 3 to 5, depending on the particular subsystem. The 

technology base for subsystems is discussed in the following sections. 

TABLE C-2 NaS BATIERY TECHNOLOGY ASSESSMENT 
Subsystem Technology Comments 

Readiness 
Level 

NaS batteries 4 Breadboard cells tested by Air Force and prototype battery is 
under development 

Battery 3 Radiator component development currently underway; biphenyl 
thermal investigated as heat pipe fluid 
manaqement 
PP&C 5 Similar components under development for Space Station 

Freedom (SSF) 
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System State-of-the-Art 

The NaS battery system has a NASA Level of about 3.5. The concept of this type of a 

system has been formulated but the details of the system have not been worked out. Specifically. 

this includes the integration of the NaS battery storage into the system. Though NaS batteries 

are a basic secondary type battery they require special thermal control to work. The batteries 

require an operating temperature of 598 OK. The PP&C subsystem will have to work in 

conjunction with thermal control system to maintain this temperature. In addition. to overcome 

the fragility problems of NaS batteries. it has been proposed to launch the batteries in a frozen 

state «573 OK). Once on the planetary surface. the batteries will have to be brought up to 

temperature through some type of external source. For a flight test experiment. the power 

source will be the Shuttle payload power bus. Another issue is that prior to the time the NaS 

batteries are brought on line the spacecraft will need power for basic operations such as ground 

telemetry and array deployment. Some other source of energy. such as a primary battery. will 

be necessary and will increase the complexity of the PP&C subsystem. In this system the 

operational characteristics of the NaS battery are the key issues. Due to the low readiness level 

of the NaS battery and the thermal management subsystem. the overall system readiness level is 

relatively low compared to current battery systems. 

Battery Subsystem State-of-the-Art 

Development of sodium sulfur batteries was initiated in the 1960s for electric vehicle 

applications (Ref. C-6). Since then. development has progressed to the point that prototypes and 

breadboards are now being fabricated or are in test. Advancement of the technology has been 

limited by the low level of funding and the concern over the safety and operating temperature of 

the battery. Several manufacturers are engaged in ceramics development on the electrolytes 

and. in the United States, Hughes and Eagle-Picher are actively engaged in the development of 

space type batteries (Ref. C-7). 

Eagle-Picher, in conjunction with Hughes Aircraft. had an Air Force contract 
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(administered by WPAFB) which ran from 9/86 to 1/91 to develop a NaS cell for Low Earth 

Orbit (LEO). The major goals of this program were the following: 

• specific energy of 50 W-hr/lb; 

• 30,000 charge-discharge cycles; 

• 2C discharge rate; 

• 5 year calendar life; and 

• withstand LEO environment. 

A Mars surface environment would be much more benign for a battery subsystem than a LEO 

application due to a reduced charging rate. a reduced number of cycles (only 1825 for 5 years), 

and a gravity environment (poor distribution of reactants in microgravity environment can 

cause current blockage due to formation of a non-conductive layer). In addition. the battery can 

be qualified using only ground testing. 

For space applications, NASA Level 4 would apply. That is, breadboard cells have been in 

test for some time by the Air Force and a prototype of a satellite battery is in development under 

Air Force contract and is to be demonstrated in 1993 or 1994 (Ref. C-1). Further 

development is required to accelerate the fabrication and testing of cells and batteries in order 

to identify currently unknown problem areas. Specifically, testing will include space 

environmental testing, materials compatibility testing. and cycle testing. Under current 

funding levels, flight test of the battery is projected for the 1996 to 1997 timeframe. 

Availability for space applications is projected for the year 2000. 

Thermal Management Subsystem State-of-the-Art 

NASA LeRC is currently carrying out an integrated multi-element project for the 

development of space heat rejection subsystems with special emphasis on low mass radiators in 

support of SEI power system technology (Ref. C-8). This effort involves both in-house and 

contracted efforts. Contracted efforts involving Rockwell International (RI) and Space Power 

Incorporated (SPI) are aimed at the development of advanced radiator concepts (ARC). NASA 
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LeRC is also involved in a joint program with DOE to demonstrate a flexible fabric heat pipe 

radiator concept being developed by Pacific Northwest Laboratories {PNL}. In-house work at 

NASA LeRC is designed to guide and support the overall program by system integration studies, 

heat pipe testing and analytical code development, radiator surface morphology alteration for 

emissivity enhancement, and composite materials research focused on the development of low 

mass, high conductivity fins. This program is concentrating on technologies capable of 

development before the end of the decade for both surface power and nuclear electric propulsion 

(NEP) applications. 

Specific objectives of the ARC contracts are to achieve specific mass values <5 kg/m2 

with radiator surface emissivities of 0.85 or higher at typical radiator operating 

temperatures, and reliability values of at least 0.99 for the heat rejection subsystem over a ten 

year life. These figures represent a factor of two improvement over the currently considered 

heat rejection subsystem for SP-100, and even greater improvement factors for state-of-the­

art heat rejection systems used in current spacecraft applications. 

Presently, Rocketdyne division of Rockwell International is involved in the development 

of a carbon-carbon (C-C) or graphite heat pipe radiator panel. Rocketdyne has a NASA contract 

entitled ·SP-100 Advanced Radiator Concepts" which started in 1987 and is part of the CSTI 

(Civilian Space Technology Initiative) program. This program will be completed in January of 

1993. This program involves development of a C-C heat pipe suitable for use in an SP-100 

radiator. However, this technology will be suitable for other radiator applications as well 

including battery power systems (using other working fluids). The hope is that this program 

will develop generic technology which can be used for all future space radiators because of its 

reduced mass compared to metal heat pipe radiators. Carbon-carbon is a new structural 

material which requires different fabrication techniques than for metals or composites. A key 

objective of this program is to demonstrate the ability to fabricate C-C heat pipes with a thin 

metal liner, wicks, caps, and fill tube. The brazing technique required to attach liners is the 

same as would be required to attach manifolds to the heat pipes. Heat pipes filled with potassium 
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will be designed, fabricated, and tested during this program. Thermal cycle testing will be done 

in a vacuum to demonstrate the integrity of the heat pipes. 

Beginning in 1989, small samples of heat pipe panels were fabricated by Rocketdyne as 

part of the CSTI program. The next phase of the program will involve fabrication and testing of 

complete heat pipes several feet long. 

The working fluids and temperatures for the SP-100 system would be different than for 

lower temperature battery systems. Thus, Rocketdyne has an on-going IR&D effort which 

involves development of a C-C heat pipe for lower temperature applications. This effort will 

eventually include fabrication and testing of a heat pipe. Rocketdyne is also looking at a higher 

thermal conductivity C-C heat pipe design. 

The objective of the joint NASA LeRC/Air Force program with PNL (Light Weight 

Advanced Ceramic Fiber [ACF] Heat Pipe Radiators) is to demonstrate the feasibility of a low 

mass ceramic fabric/metal liner heat pipe for a wide range of operating temperatures and 

working fluids (Ref. C-8). Specifically, the NASA LeRC objectives are to develop this concept 

for application to space radiators with operating temperatures below 500 OK using water as the 

working fluid. The specific mass goal for these heat pipes is 3 kg/m2 or less at a surface 

emissivity of greater than 0.85. 

Several heat pipes were built for the ACF program using titanium and copper foil 

material for containment of the water working fluid. A heat pipe with an 0.2 mm Ti liner was 

demonstrated in early January 1991. An innovative "Uniskan Roller Extrusion" process has 

also been developed at PNL and used to draw 0.76 mm wall tubing to a 0.05 mm foil liner in one 

pass. The water heat pipes fabricated for LeRC have been subjected to a test program to evaluate 

performance and reliability at demanding operating conditions. 

Future thrusts of the ACF program will be to perfect the heat pipe fabrication procedure 

using very thin (0.025 to 0.05 mm) foil liners which are internally texturized by exposure to 

high pressures (Ref. C-8). Plans will also be developed to perform hyper-velocity and 

ballistic velocity impact tests in order to determine if secondary fragments from a penetrated 
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heat pipe will result in failures of neighboring heat pipes. Another major challenge will be to 

deSign a heat pipe with high conductivity, low mass fins as a first step toward the fabrication of 

low mass radiator panels. 

The NASA LeRC in-house materials program includes radiator surface morphology 

alteration by arc texturing for emissivity enhancement purposes (Ref. C-8). Emissivity 

enhancement has been demonstrated for graphite-copper samples. 

PP&C State-of-the-Art 

Assigning a NASA Readiness Level to PP&C is difficult. There are many systems that 

have flown which would make parts of the PP&C subsystem Level 9, but each PP&C system was 

custom design for each spacecraft design. Only until recently has the array and battery PP&C 

become standardized into packaged systems. In the Space Station Freedom program, standard 

PP&C components are undergoing qualification. Recent military programs have ended with 

qualified packaged PP&C component designs. 

The PP&C system design is based on a reasonable electronics component evolution, and 

there are no significant technology issues associated with its development. It will be necessary 

to fabricate breadboard hardware for testing and evaluation purposes, but there is no need to 

initiate any advanced component development. Most of the hardware elements have been or 

shortly will be operating in a relevant environmenl on other spacecraft or the SSF electrical 

power subsystem. 

DEVELOPMENT PLANS 

The development program was divided into six major tasks. The first three tasks are 

component development tasks. The last three tasks includes the system design, fabrication, 

integration, and testing for the Ground Engineering System (GES), Qualification Unit (QU), and 

Flight Unit (FU). 

Testing will be done on the component, subsystem, and system level (qualification 
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testing). The system level tests will show any possible negative interactions between 

subsystems. 

The battery development tasks are described in the following sections. Each task will 

include a section on objectives and the statement of work. 

Task 1. Battery Subsystem Development 

Objectjves: Develop a full scale flight weight battery module. Demonstrate materials 

compatibility, safety and performance margins. 

Statement of Work: This effort was divided into the following subtasks: 

Subtask 1.1 Preliminary Battery Development. Demonstrate the feasibility of the 

selected battery deSign for planetary surface applications. Test a prototype battery to 

demonstrate materials compatibility, safety, and component life. 

Subtask 1.2 Final Battery Module Design. Design a full scale flight weight battery 

module. 

Subtask 1.3 Battery Module Fabrication. Assembly, and Testing. Build and test 

(performance, mechanical, and thermal cycling) the battery module. After initial breadboard 

validation testing is complete, perform additional module testing in a relevant environment. 

Task 2, Thermal Management Subsystem Development 

Objectives: Develop and demonstrate a low mass, reliable heat pipe radiator which will operate 

at about 600 OK. Develop and demonstrate components for thermally isolating the battery from 

the rest of the system and the environment. Develop a thermal management approach for the 

PP&C components. 

Statement of Work: This effort was divided into the following subtasks: 

Subtask 2.1 Heat Pipe Demonstration. Fabricate and test representative length heat 

pipes to fully characterize heat pipe performance. Compare test results with predicted 

performance over the anticipated range of operating conditions including startup, shutdown, and 
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restart. 

Perform limited life testing of the heat pipes. Identify deterioration mechanisms, 

measure deterioration rates, and assess the adequacy of assembly and cleaning procedures. 

Withdraw heat pipe samples sequentially throughout the test period. Drain, section, and analyze 

the samples for corrosion, carbon diffusion, braze stability, and any other signs of 

deterioration. 

In conjunction with the heat pipe performance and life testing, develop and demonstrate 

techniques for nondestructive examination (NDE) of the heat pipe elements and assembly. 

Assess the adequacy of liner bonding and weld joints. Determine if the correct fit-ups and 

interfaces were obtained in the assembled piece. 

Subtask 2.2 Radiator Enhancement. Increase the applicability of the radiator concept 

by performing various enhancement tasks. Examine survivability options and extended length 

heat pipes. 

Perform analytical assessment, testing, and enhancement design development to insure 

long life for Mars missions. Consider natural threats such as micrometeoroids and dust erosion. 

Fabricate a long heat pipe. Develop alternate techniques for fitting the liner into the 

tube. Investigate alternative tube fabrication, liner fabrication, and coating processes. 

Subtask 2.3 Heat pipe Integration and Testing. Develop and demonstrate techniques for 

attaching the heat pipes to the battery assembly. Subsequently, demonstrate heat pipe 

integration into a representative radiator section. Test the radiator section to provide an 

accurate overall heat transfer coefficient. Verify radiator dynamics and performance. Test the 

assembled unit in a cold wall, vacuum chamber, simulated space environment. Validate 

temperature drop predictions and assess component interactions. 

Subtask 2.4 Thermal Management Subsystem Design. Assembly. Fabrication. and 

Testing. Develop the detailed design of the thermal management subsystem. Resolve specific 

design issues such as the effects of differential thermal expansion, deployment features, 

monitoring instrumentation and control equipment, local insulation, and trace heating of the 
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battery for thawing. 

Design, fabricate, and test a representative full scale thermal management subsystem. 

Complete performance, mechanical (stress, shock, and vibration), and thermal cycling. 

Task 3. PP&C Subsystem Development 

Objectives: Demonstrate adequate steady state and transient performance, and immunity to the 

environment (including launch and operating). Demonstrate the software capability to handle 

power system nominal operation and failure modes. 

Statement of Work: This effort was divided into the following subtasks: 

Subtask 3.1 Electrical Components. Build breadboard units to demonstrate and check 

functional performance of the individual component circuit designs. Incorporate any necessary 

design modifications and improvements into brassboard units. Verify functional performance 

within the constraints of the actual component configuration. Fabricate prototype units and 

perform a series of tests using simulated input and output loads. Test the controller to validate 

the operating system software. Include the following testing: 

• start up, steady state and transient control; 

failure simulation and detection and switching; 

• effects of temperature extremes and thermal shock; 

• effects of environment; 

• shock and vibration; 

• cold plate heat loads; and 

• EMI generation and susceptibility. 

Subtask 3.2 Software - Check out the controller software using simulated inputs and 

outputs. 

Task 4, Ground Engineering System (GES) Testing 

Objectives: Design a system concept which will meet Mars power system applications. Show 
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the concept feasibility. Verify adequate performance and life for an integrated system. 

Statement of Work: This effort was divided into the following subtasks: 

Task 4.1 GES Design. Identify and characterize specific power system applications. 

Determine power system requirements. Define optimum power system module size based on 

trade studies which minimize the overall life cycle cost of the power system for all applications 

(trade between development cost and mass). 

Identify concepts and perform tradeoff studies (performance, reliability, risk, safety, 

and life cycle cost) to select the optimum system design. Complete feasibility studies for the 

selected concept. Definitize the remaining hardware development tasks based on the system 

concept chosen. 

Design a complete power system to at least meet the minimum life requirement (10 

years for arrays and 5 years for batteries). Perform both design point and transient analyses 

to verify the design. Perform this task in parallel with the component development tasks to 

insure proper system characteristics 

Task 4.2 GES Performance Tests. Manufacture the GES components and assemble. 

Pressure and leak check the assembly, fill the batteries and heat pipes, complete a electrical 

check-out, and check out all active devices to the extent possible. 

Design the test program for the GES to verify all performance characteristics of the unit 

in conjunction with subjecting the GES to acceptance level tests. Conduct performance and 

thermal vacuum tests during a single thermal vacuum test sequence to demonstrate technical 

capabilities while minimizing program cost. Complete the following performance testing 

activities: 

• 

• 

• 

• 

• 

checkout and refine subsystem assembly procedures; 

verify operation of ground support equipment (GSE) and interfaces with the GES; 

verify start up capability; 

verify steady state performance characteristics; 

establish effective operating range of the system; 
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check out software and verify autonomy (include all operational modes and 
simulate failure modes); 

simulate normal switchover from one module to another; 

• simulate failures to trigger module switchover; and 

• establish system sensitivity to off-normal conditions such as: (1) partial loss of 
radiator cooling, (2) varying radiator heat removal profile, (3) partial loss of 
electronic cooling, and (4) temporary losses of heat sink with varying duration. 

Task 4.3 GES Life Test. Refurbish the GES after completion of performance, 

acceptance, and margin tests. Refurbishment will include the following: 

replacing or repairing components as necessary to ensure that the GES is 
returned to its as-built condition; 

• addition of special instrumentation required for the life test phase; and 

• modification of the main radiator heat removal system or replacement of the 
main radiator with a dump heat exchanger. 

Install instrumentation to provide a comprehensive diagnosis of the "health" of the GES and to 

monitor for degradation of major assemblies and individual components. Place the GES on a 

multiyear life test in air. Operate the GES at its nominal operating point, with expected GES 

variations in power output and environment. 

Disassemble the GES for diagnosis at the end of the life test. Determine areas to be 

examined by an analysis of the health monitoring data and from the reliability analysis 

predictions. 

Task 5. Qualification program Testing 

Objectives: Fabricate the qualification units (QUs). Verify adequate performance and life for 

the QUs. 

Statement of Work: Develop a comprehensive performance and dynamic testing program which 

will provide a formal demonstration that the power system will perform as designed after being 

subjected to simulated launch conditions. Select launch environmental conditions which 

envelope the probable intensities developed by various launch scenarios. 
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Begin the qualification effort (a typical approach is shown in Figure C-4) by qualifying 

the assemblies. Fabricate and assemble the qualified production items into the QU. Qualify the 

QU by the rules for space vehicle qualification. 

This effort was divided into the following subtasks: 

Subtask 6.1 Qualification Performance Testing. Conduct performance testing at each 

level to verify that each item performs as designed. Perform dynamic testing to verify the 

capability of the power system to withstand launch loads, including acoustic, pyroshock and 

vibrational. A possible performance and dynamic qualification test sequence for components and 

assemblies is shown in the matrix of Figure CoS. The corresponding qualification test sequence 

for the QU is shown in Figure C-6. 

Subtask 6,2 Qualification Life Testing (Optional), After completion of the 

qualification performance testing, partially disassemble the QU and examine the unit. 

Refurbish the QU as required and modify for endurance testing in air, as described for the GES. 

Life test the QU. 

Task 6 Flight Unit lFU) System Program 

Objectives: Fabricate the flight systems, develop a flight safety program, and acceptance test 

the FUs to demonstrate required performance. Deliver the flight systems and provide 

integration support for the FU with the payload and the launch vehicle. 

Statement of Work: Fabricate, acceptance test, and assemble parts to produce the flight 

systems. Subject the systems to acceptance testing before shipment to the launch site. Use the 

same test facilities (vacuum chamber, vibration, acoustic) that were used for the qualification 

program for flight system acceptance testing. Finally, provide launch support activities to 

insure that the FU meets its design and performance goals associated with integrated payload and 

launch systems. 

The work is divided into the following subtasks: 

Subtask 6.1 Flight Component Fabrication. Design, fabricate, inspect, and assemble 
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the components and subassemblies required for the FUs, including all spare parts as required to 

support the flight system activities. 

Subtask 6.2 FU Assembly. Test. and Payload Integration. Assemble and inspect the 

FUs. Acceptance test the FUs and ship to the launch site. Provide technical support for FU 

integration with the payload, launch vehicle, and launch support facilities. 

Subtask 6.3 FU Launch Support. Provide FU launch support activities to insure that 

the FU meets its design and performance goals associated with the integrated payload and launch 

systems. 
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Figure C-4. NaS battery power system qualification program. 
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DEVELOPMENT SCHEDULE 

The program starts with a conceptual design task followed by preliminary design and 

concurrent component development or production of the battery, thermal management, and 

PP&C. The detailed design is subsequently completed by the middle of the third year. 

Fabrication of components for ground testing for the Ground Engineering System (GES) 

starts with procurement of long lead materials and equipment in the first part of the fourth 

year. This leads to assembly of the system by the end of the fifth year. 

The GES will be similar to a flight system but will have features such as additional 

instrumentation and readily removable components to expedite gathering of engineering data and 

to permit modification of components. It will be tested in a vacuum chamber under normal and 

off-normal design conditions. After this phase of testing, it will be partially disassembled, 

examined, refurbished as necessary, and put on life test, nominally for 1 year. 

The qualification phase includes design, fabrication, assembly, and qualification testing 

of individual components, and a complete system. The design effort will be minimal since it 

would involve only minor modifications to the GES design. 

The flight phase of the program includes fabrication, assembly, and acceptance testing of 

the flight units and the associated safety analysis to obtain launch approval. 

The estimated development and production schedule for the power system is shown in 

Figure C-7. A minimum development time is about 8 years. 
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APPENDIX D 

INTRODUCTION 

This is a family of fixed power systems for both lunar and Mars applications. Mission 

applications require power levels from 0.9 kWe to 25 kWe (up to 100 kWe for lunar 

applications). Power system applications include communications (0.9 kWe). the excursion 

vehicle servicer (10 kWe). emergency power (12 kWe). and exploration site main power 

(25 kWe for habitat and associated external equipment). Solar powered systems such as these 

will require energy storage for operation at night. 

CONCEPT DESCRIPTION 

A typical power system schematic is shown in Figure D-1. The overall power system 

may be divided into the following subsystems for development purposes: 

Photovoltaic (PV) Array; 

• Regenerative Fuel Cell (RFC); 

• Radiator; and 

• Power Processing and Control (PP&C). 

The solar array converts sun light directly into DC electricity. The energy from the 

array flows to the electrolysis cells to electrolyze water and to the user. When the system 

enters a period of darkness. the energy to the user is supplied by the fuel cells. The electrolysis 

process is repeated on the next sun cycle. The flow of energy from the array and to and from the 

RFC is controlled by the PP&C subsystem. 

The PV subsystem includes the array panels. support structure. and wiring harness. 

For development purposes. specific subtasks will include cell development. array development. 

deployment development. and integration/ system testing. This power system concept utilizes 

high efficiency multijunction tandem photovoltaic cells to minimize array area. A large array 

area is required for Mars applications due to the low insolation rate (due to dust from local and 

D -1 



PHOTOVOLTAICIREGENERA TIVE FUEL CEU. POWER SYSTEM TECHNOLOGY ROADMAP 

global dust storms). Since the PV subsystem is the largest component of system mass for Mars 

systems, it is important to minimize array area and specific mass (kg/sq m). 

Transmission Line (11=97%) Voltage & Power 
Regulator (11=95%) 

26.42 kWe 

Reactant Storage Tanks Diode Trans-

r-----~--... * 2.03x107N/m2 
339 oK (2950 pSia) H2 
2.07x107 N/m2 Gas Cooling Heat 

(61.69,)~;.--L---"-.l3000 psia) oss - 1.43 kW· 
kWe ..... ___ .... ~ 2.07x107 N/m2 

Pump 
Water 

Pump 

(3000 psi a) O2 

~o 

Reject 
Heat 

mission 
Line 

356 oK (T1-99.5%) 
6.9x105 N/m2 27.03 kWe 
(1 00 psia)~+---..,-,--.., 

Fuel Cell 

Pump 

Module 
(11=57.95%)· 

Note: Necessary electrical and fluid controls, and redundant components not 
shown. Typical operating conditions and performance shown. Powers in 0 are 
for daytime operation. Heavy lines indicate fluid flow. Light lines indicate 
electrical flow. 
·Values are variable depending on application (Le., efficiencies vary). 

Figure 0-1. 25 kWe PV/RFC power system schematic. 

The RFC subsystem includes fuel cells, electrolysis cells, water thermal control 

(humidifers, dehumidifiers, fluid controls), storage tanks (hydrogen, oxygen, water), thermal 

control (radiator, thermal control loops), and support structure. 

Power conditioning is included to process power for running the electrolysis unit and to 

process the fuel cell output power. A shunt regular dissipates excess power from the array. 

The current power system life goal is 15 years for SEI missions. A minimum life 

requirement of 10 years was assumed for the PYA subsystem. This appears to be a reasonable 
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goal based on the demonstrated cell performance and low degradation rate. A 20,000 hr life (at 

50% duty cycle) was assumed for the RFC subsystem. The RFC life requirement appears to be a 

realistic, though challenging, goal based on previously demonstrated cell performance and 

allowing for partial redundancy in the design of critical components (Le., valves, pumps). 

Preliminary studies have also shown that 3 RFC units (exclusive of the radiator and tanks), 

each rated at 50% of the total power, can provide enough redundancy to meet a 5 year life with a 

50% duty cycle (Ref. 0-1). 

Photoyoltajc Array Subsystem Oescrjption 

The baseline PV cell is one being developed by Boeing Defense and Space Group in Seattle 

(Refs 0-2 through 0-4). The multi-bandgap or tandem cell consists of a double­

heterostructure GaAs or AIGaAs thin film top cell and a polycrystalline CdZnS/CulnSe2 

heterojunction thin film lower cell as seen in Figure 0-2 (Ref. 0-2). The leading technology 

for thin film photovoltaic cells is CulnSe2 (CIS) (Ref. 0-5). In the cascade structure shown, 

short wavelength (high energy) photons are absorbed in a high bandgap material on top of the 

solar cell. The high bandgap material is transparent to longer wavelength (low energy) photons 

which pass through and are absorbed by a second layer consisting of a photovoltaic material with 

low bandgap. 

Coverglass (2 mil) 

Top Adhesive (2 mil) 

(- ) 

GaAs (or AIGaAs) Cell (- 5 mil) 

Bottom Adhesive (2 mn) 

(. ) 

CdZnS/CulnSe2 Cell (- 6 j.Lm) 

Glass Substrate (2-'8 mil) 

Vertical dimensions not to scale 

Figure 0-2. Tandem cell schematic. 
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Cascades can be configured as a monolithic cell in which the top cell is integrally 

deposited on the bottom cell (or vice versa). or mechanically stacked. in which the two sets of 

cells are formed separately. A mechanically stacked tandem configuration was chosen by Boeing 

in order to provide wiring flexibility and to minimize fabrication constraints. Since both cells 

are deposited as thin films. a very high specific power is possible. 

The current Boeing design is based on a 2 cm x 4 cm cell area (Ref. 0-2). The cell has 

an improved two-terminal configuration with voltage-matched monolithic subcell units. 

Voltage-matching is achieved by stacking one GaAs CLEFT (Cleavage of Lateral Epitaxial Film for 

Transfer) cell on top of four CulnSe2 subcells monolithically interconnected in series to form a 

single cell unit. 

An improved cell design could be achieved by using AIGaAs rather than GaAs as the top 

cell. The bandgap of CulnSe2 is better matched to the bandgap of AIGaAs than GaAs. A 26% 

Beginning-of-Life (BOL) cell efficiency at AMO is projected without structural change for this 

advanced cell. 

The upper thin film cell is fabricated by the CLEFT technique using MOCVD for cell 

structure growth. The CIS cell fabrication includes sequential depositions of the Mo back 

electrode. CIS absorber layer. and CdZnS window layer. This is followed by photolithographic 

patterning and etching to form a solar cell device. Deposition of grid metal and addition of an 

anti-reflection coating complete the cell fabrication process. 

The individual PV panels are either small enough to be transported to Mars as designed 

or are hinged for easy deployment. The panels lie horizontal and do not track the sun. Trade 

studies done by Rocketdyne showed that there was no advantage to tracking arrays since much of 

the cell input is from diffuse light. 

Planar arrays can be subdivided into two broad categories: rigid and flexible (Ref. 0-6). 

Rigid arrays are PV arrays that are mechanically stiffened with a honeycomb structure. usually 

made of aluminum. sandwiched between two facesheets thatprovide back side shielding for the PV 

cells and provide enhanced mechanical support to the structure. Rigid arrays are used in high 
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risk, unknown environments, where weight and cost are a secondary concern. Rigid arrays 

provide the most mechanical support and the most survivability. However, the rigid array is 

not suitable for planetary surface applications due to the mass penalty. 

Flexible arrays are typically a Kapton substrate/superstrate which sandwich the PV 

cells and electrical circuitry, and are very attractive due to the significant mass savings over 

rigid panel arrays. Within the flexible arrays, there are three types: the roll-out type, the 

fold-out type, and the inflatable type. A flexible array is recommended for SEI surface power 

applications. 

The Advanced Photovoltaic Solar Array (APSA) is an example of future flexible fold-out 

arrays (Ref. D-7). There are three elements to the APSA array: the flexible plastic and solar 

cell blanket (contributes about 50% of the mass), the deployment mast and mast housing 

(accounts for approximately 34% of the mass), and the blanket stowage compartment (16% of 

the mass) (Ref. 0-6). The APSA wing consists of a flatfold, multiple panel, flexible blanket on 

which solar cell modules are installed and connected to printed circuit electrical harnesses that 

run along the outside longitudinal edges of the blanket assembly. Any type of solar cell can be 

utilized with the APSA approach. For launCh, the accordion-folded blanket is stowed in a 

graphite/epoxy blanket during launch. The blanket is deployed (unfolded) by extending a 

motor-actuated, fiberglass, continuous longeron lattice mast that uncoils from an aluminum 

cylindrical canister structure. APSA is designed for zero g operation. Additional support 

structure would be required for planetary surface applications. 

Inflatable arrays offer promise for missions which are driven by mass and/or the 

radiation environment. Inflatable arrays require the use of thin film PV solar cells. For a 

100 W array (EOl) the mass breakdown is as follows: inflatable torus contributes 0.793 kg, 

the thin film solar array blanket 0.793 kg, and the support equipment 1.36 kg, resulting in a 

small satellite array specific power of about 34 W/kg (Ref. 0-6). 

An array deployment mechanism is required for automatic or robotic deployment. Array 

deployment alternatives include spring stored "one time deployment" and motor-driven 
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deployment systems. The deployment mechanism is critical from a reliability standpoint and 

may also contribute significantly to the system mass. The deployment mechanism for Mars 

systems must also maintain array rigidity during wind storms and must be designed to prevent 

resonating of the structural due to the natural frequency. 

Some form of structure may be used to keep the arrays off the surface or to prevent the 

arrays from being disturbed by Martian winds. This system would have increased mass over 

one which is simply rolled out onto the planetary surface. 

R FC Description 

The RFC converts electrical energy into chemical energy and stores the energy for future 

use. An RFC is an energy storage device similar to a secondary battery. The RFC can be divided 

into six major subsystems for development purposes: (1}a fuel cell stack, which 

electrochemically converts hydrogen and oxygen into electricity; (2)an electrolyzer cell stack, 

which electrolyzes the fuel cell product water into gaseous hydrogen and oxygen reactants using 

externally provided power; (3}water management which removes moisture from the 

electrolysis cell product gases and humidifies fuel cell reactants to maintain proper cell 

membrane moisture content; (4)thermal management, which removes waste heat from the 

system, maintains the proper membrane temperature, and prevents boiling or freezing in 

critical flow paths; and (5)reactant storage (hydrogen, oxygen, and water). 

An RFC operates as a fuel cell during its discharge energy production phase and as an 

electrolyzer during its charge phase. An external power source must be used to provide power 

to the electrolyzer. The electrolyzer can produce high pressure oxygen and hydrogen gas for a 

gaseous reactant storage of relatively low volume. 

Two types of fuel and electrolysis cell technologies are available: alkaline and Proton 

Exchanger Membrane (PEM). PEM fuel cells and electrolysis cells were selected for this study 

since these technologies were shown to be the preferred RFC approach in a recent LANL study 

done for NASA (Ref. D-8). PEM cells were recommended since they are the only technology 
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which can meet the efficiency, life, cycle life, and turndown required for lunar and Mars 

applications. In addition, PEM electrolysis cells are superior to alkaline cells in ruggedness and 

reliability. The basic design and operation of the PEM RFC system are described in the following 

paragraphs. 

Fuel Cell Description. Fuel cells operate by separation of two electrocatalytic conversion 

reactions with an ionic conductor, as seen in Figure 0-3 (Ref. 0-1). Charge moves through 

electron conductors connecting the two electrocatalytic zones, where electron transfer results 

in chemical reactions. Ionic transport through the separator completes the process. 

The PEM fuel cell incorporates an ion exchange membrane, typically a 

polyperfluorosulfonic (PFSA) acid sheet, as the ionic conductor. This component sustains 

transport of hydrated hydrogen ions, protons (H+), associated with water. Protons are 

generated at the porous anode electrocatalytic layer and transport through the ionic conductor to 

the cathode electrocatalytic layer. At the cathode, protons react with oxygen to form water. 

Product water exhausts from the cathode compartment. 

Hydrogen and oxygen gases are stored at 2.07x107 N/m2 (3,000 psia) (Ref. 0-9) for 

use in the fuel cell. The gases are regulated down to fuel cell operating conditions (4.14x1 05 to 

6.9x105 N/m2 or 60 to 100 pSia). Oxygen is regulated to a few psi higher than hydrogen (for 

safety reasons) to insure that only oxygen is entrained in the product water. The reactant gases 

must be humidified prior to reacting in the stack. Humidification will be discussed in the water 

management section. 

The hydrogen and oxygen gases are combined in the fuel cell to generate electricity and 

water. The product water is discharged into the cooling water loop. As the cooling water 

accumulator approaches the filled condition, the product water drain valve opens to allow water 

to flow to the storage subsystem. 
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Figure 0-3. Acid PEM electrochemical cell reactions. 

The product water which leaves the fuel cell stack will be saturated with oxygen. This 

oxygen must be removed prior to entering the water storage tank. An approach for doing this 

has been demonstrated (external to the fuel cell) by Hamilton Standard. as seen in Figure 0-4 

(Ref. 0-9). Water passes through an ion exchange membrane from the product water stream 

to humidify the dry hydrogen gas. Hydrogen diffuses from the hydrogen stream through the 

membrane to the water stream and combine with the oxygen to form water. Excess hydrogen is 

returned to the hydrogen stream using an electrochemical hydrogen pump. Thus. only gas free 

water returns to the storage tank. 
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Figure 0-4. Fuel cel1 product water deoxygenator. 

The fuel cell design options have to do with the type of membrane. Table 0-1 (Ref. 0-9) 

compares the fuel cel1 design options on a power density basis. The values in this table assume a 

system with 25 kWe net output continuously, 55% fuel cell thermal efficiency (based on 

1.48 VDC) for 20,000 hours, and a design that is thermal vacuum compatible. 

TABLE 0-1. FUEL CELL DESIGN OPTION POWER DENSITY COMPARISON 

Fuel Cell Subsystem Description Nation 120 Nation 125/117 Dow 
Membrane Membrane Membrane 
lcurrentl --'advanced} (advanced) 

W/kg W/kg W/ka 
"SOA DeSign" with Porous Hydrophillic 103 184 307 
Phase Separators (Space Station 
design) 
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Electrolyzer Cell Stack Description. The acid PEM electrolyzer has the same type of ion 

exchange membrane as the PEM fuel cell to transfer H+ protons from the anode to cathode as was 

shown on the left of Figure 0-3. Liquid water is pumped from the water storage tank by the 

water feed pump to the electrolyzer, as was seen in Figure 0-1. The water feeds into the cell 

stack on the anode side of each cell. Some water passes across the proton exchange membrane 

(PEM) forming a second water loop. Excess anode water loop flow is used to remove waste heat 

from the stack. Separators in the cell stack separate the hydrogen and oxygen gases from the 

liquid water streams. as seen in Figure 0-5 (Ret. 0-9). The separated gases (saturated with 

water vapor) are ted into regenerative dryers or are fed directly to the reactant storage tanks. 

Various electrolyzer options were identified involving different cell spacings and 

different membranes. The estimated power densities tor each design is shown in Table 0-2 

(Ret. 0-9). Table 0-2 values assume a system with 70% electrolyzer thermal efficiency for 

20,000 hours. 2.07x107 N/m2 (3.000 psia) gas generation pressure. thermal vacuum 

compatible design. and 13 kg per hour at water electrOlyzed. Only the Nation 120 membrane 

has been life tested at 2.07x107 N/m2 (3.000 psia). 

TABLE 0-2. ELECTROL VZER DESIGN OPTION POWER DENSITY COMPARISOO 

Electrolyzer Subsystem Description Nation 120 Nafion 125/117 Dow 
Membrane Membrane Membrane 
(current) (advanced) (advancedj 

W/ko W/ko W/kg 

"SOA Desion" with Static Separators 258 327 377 
"Advanced Design" with Static 347 392 414 
Separators 

The state-of-the-art (SOA) electrolyzer design utilizes the cell design which is used for 

U.S. and Royal Navy submarines. This cell design allows for 2.75 cells per cm (0.32 cm thiCk). 

The U.S. Navy utilizes a 2.07x107 N/m2 (3.000 psia) stack while the Royal Navy uses a 

1.03x10' N/m2 (150 psi) stack design. 
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a)HYDROPHOBIC OXYGEN PHASE SEPARATOR 
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Figure D-5. Oxygen and hydrogen phase separators in electrolyzer stack. 
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The "advanced" (Ref. 0-9) electrolyzer design utilized a cell design of 12 cells per cm 

(0.083 cm thick). This cell was incorporated into a 120 cell stack for testing by the U.S. Navy 

as a low mass oxygen generator prototype. The advanced cell stack was designed for a maximum 

pressure of 2.76x106 N/m2 (400 psi) without a housing. SOA cell stacks use a cell size of 

about 214 cm2 (16.5 cm circular cell). This appears to be the optimum efficiency cell size for 

several 2.07x107 N/m2 (3,000 psia) electrolyzer applications (Ref. 0-10). 

RFC Thermal Management Subsystem Description. The thermal management subsystem 

provides temperature control, heat transport, and heat rejection functions. Pumped water and 

coolant loops provide the heat transport function, as seen in Figure 0-6. A radiator is required 

to remove waste heat from the RFC system. There are inefficiencies in both the fuel cell stack 

and electrolysis cell stack which create waste heat. Membrane temperature must be controlled 

to prevent failures and meet life requirements. Water cools the stacks by collecting the waste 

heat and then transports the heat to one or more heat exchangers (one for electrolyzer and one 

for the fuel cell, or possibly a combined heat exchanger). These heat exchangers then transfer 

heat to the radiator coolant loop. Waste heat from the fuel cell may also be utilized to keep the 

electrolyzer from getting too cold. 

The heat rejection assembly provides a means for rejection of waste heat to the 

environment. Radiators for heat rejection are in some cases a major component of the power 

system mass. Radiators can also be quite large due to the low operating temperature. 

Various options are available for the radiator design. Pumped loop radiators have been 

used successfully for the space shuttle and will be used for Space Station Freedom (SSF). This 

type of radiator is best applied to missions with limited duration or to systems which are 

serviceable. Pumped loop radiators are less massive than state-of-the-art heat pipe radiator 

designs. Heat pipes offer the advantage of improved reliability and a graceful failure mode. A 

recent Rocketdyne study has shown that advanced carbon-carbon (C-C) heat pipe radiators can 
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be designed which are competitive in mass to pumped loop radiators. Thus, a heat pipe radiator 

was tentatively selected as the baseline design. , Radiator 

DRYER REGENERATION FUNCTION 
.... To oxygen dryer 

gas! 
coolant - Dry oxygen from tank 
heat 

exchanger - Dry hydrogen from tank 

To hydrogen dryer 

J Water 
Water from from 
electrolysis fuel cell HEAT REJECTION 
cell J FUNCTION 

1 , 

water/coolant heat exchanger f4-

TEMPERATURE CONTROL FUNCTION 

Figure 0-6. Thermal management subsystem. 

The baseline heat rejection assemblies for RFCs utilize lightweight, passive, reliable, 

heat pipe radiators that are sufficiently versatile to allow integration into a variety of 

configurations. The individual heat pipes operate independent from one another and thus the 

failure of a heat pipe will not result in failure of the complete radiator. The rectangular 

radiator heat pipe panel is attached to the coolant manifold. The cooling loop transfers heat to 

the heat pipes in the manifold heat exchanger. The heat pipe working fluid evaporates and 

travels to the top end of the heat pipes. The evaporated fluid is then condensed in the cooler 

section of the heat pipe. Both gravity and a small wick or grooves allow the liquid to return to 

the evaporator. A wick or groove is not absolutely necessary for vertically oriented radiators 
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(due to gravity return) but is recommended to insure good control of the fluid transport. The 

heat pipes may be either carbon-carbon tubes with metal liners (Monel for water or aluminum 

for ammonia working fluids) or metal heat pipes. 

Condensation and freezing of the water in critical locations must be prevented by 

maintaining fluid temperatures within limits. Thermal control of the lines and tanks may be 

accomplished by insulation, trace heating, insulation and trace heating, or convective 

heating/cooling using the radiator coolant. Composite tanks need to be kept above -65 OF to 

prevent tank failure. The composite tank liner will begin to separate from the overwrap at this 

temperature and buckling will occur. It may also be desirable to prevent the water vapor in the 

gases from freezing in the tanks. Fluid lines may also require thermal control to prevent water 

freezing and clogging of lines (especially in the pressure regulators). 

RFC Water Management Subsystem Description. Water management includes moisture control 

of the fuel cell membrane and the removal of moisture from electrolysis module product gases. 

The moisture content of the fuel cell stack membranes must be carefully controlled to 

prevent dehydration and reduced life. The reactant gases must be humidified to maintain the 

proper membrane moisture content. 

The traditional humidification approach for PEM fuel cells is shown in Figure 0-7 

(Ref. 0-10). The humidifier automatically presaturates the incoming hydrogen and oxygen 

reactants to a dew point equal to the cell operating temperature. This latter approach was used 

in the Hamilton Standard SPE fuel cell. The problem with this approach is that the product 

water going to the storage tank is saturated with oxygen. If the oxygen is not removed from the 

water, then the gas will accumulate in the water tank and have to be vented off (undesirable loss 

of reactant). 
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Humidified O2 out 
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H2 in 

'---...... ~ Coolant water out 

Figure 0-7. SPE fuel cell reactant prehumidification approach. 

Another gas humidification approach, which is more appropriate for space systems, was 

shown in Figure 0-4 (Ref. 0-9). This approach also removes the oxygen gas from the product 

water and there is no gas buildup in the tank. This concept converts the oxygen to water by 

diffusion of hydrogen across the membrane. A hydrogen electrochemical pump keeps hydrogen 

from evolving in the water. Excess hydrogen is pumped back to the hydrogen side of the device. 

If regenerative gas dryers are used in the system, then the gas from the tanks will be 

partially rehumidified during regeneration of the dryers as is seen in Figure 0-8 (Ref. 0-11; 

only the oxygen humidification is shown). Heat must be added to the cool dry gases in order to 

vaporize the water in the dryers. The purpose of this process is primarily to recover water 
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from the gas dryers. Most of the gas humidification will be done using a humidifier such as was 

shown in Figure 0-4. 

Oxygen 
tank 

Dry 
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Oxygen 
heat 

exchanger 

To 
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Coolant 
/ heat exchanger 

~~..-roI1--i 

recircu lation 
loop 

Oxygen gas 
d er 

Fuel 
Cell 

Oxygen 
and 

water 
vapor 

Figure 0-8. Water recovery from the oxygen regenerative dryer. 

Several approaches have been suggested for recovering moisture from the electrolyzer 

gases. The key concerns are preventing freezing of water in the lines and the mass loss from the 

system if the water is not fully recovered each operating cycle. The LANL study (Ref. 0-8) 

proposes letting the water condense and freeze in the tank while keeping the feed lines heated. 

Some of the water is removed from the tank as a liquid by using a trap. The remainder of the 

water in the tank freezes. The residual water is recovered by heat input to the tank during the 

day as additional warm gas from the electrolyzer is introduced. 

Another water recovery approach suggested by Hamilton Standard (Ref. 0-11) is to dry 

the gases with regenerative desiccant dryers leaving only a trace of moisture in the gases. This 

would significantly lower the dew point for the remaining gases to a temperature which is below 

ambient or would not require much insulation or heat input to prevent condensation. A 

sacrificial dryer might also remove the remaining trace water. Moisture would be removed 

from the dryers during fuel cell operation by passing the dry gas from the tanks back through 
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the dryers at the lower fuel cell pressure (need large driving force to recover the water). 

Potential desiccants include silica gel and molecular sieve (Ref. 0-12). Silica gel is used at 

lower temperatures (below 363 OK) due to its high moisture recycling capacity compared with 

other industrial desiccants (about 0.35 kg water/kg gel at 303 OK and 80% humidity per 

Ref. 0-13). Molecular sieve is used at higher temperatures (>393 OK) due to its high 

moisture recycling capacity and physical stability at higher temperatures. Potential 

configurations for desiccant dehumidifiers include a packed bed, Teflon fiber plates, a 

corrugated structure, and coated parallel-passages. A coated parallel-passage concept appears 

to have a great potential to provide an effective dehumidifier. This design consists of parallel­

walled passages (laminar flow channels) with fine silica gel particles (80-250 mm) glued to 

the walls. 

REC Storage Tank Description. Eor this study, it was assumed that oxygen and hydrogen would 

be stored at high pressure. The storage tanks will be made of composite materials. A metal 

liner is overwrapped with carbon or graphite fibers. The liner will probably be aluminum for 

the hydrogen tank and a corrosion resistant material such as Inconel, niobium, or tantalum for 

the oxygen and water tanks. 

Reliability and life are the key areas of interest for tank design. Thus, materials must 

be selected which are stable against corrosion and hydrogen embrittlement for the system life. 

Current composite tank designs may exhibit high stress when driven through large temperature 

variations, so the liner materials must be carefully matched to the wrap material in terms of 

the coefficient of thermal expansion. Otherwise, tanks must be thermally controlled to limit 

temperature changes (may be difficult when going from non-operating to operating status). 

Tank linings must exhibit very limited corrosion even with pressurized oxygen storage and 

perhaps even with wet gas storage. Tanks must be rugged enough to survive the transportation 

phase of deployment. The use of multiple tanks may be required to meet system reliability 
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requirements. Some elementary cladding may be required to provide an element of shielding 

from meteorites (the system housing may also be used for this purpose). 

PP&C Subsystem Description 

The PP&C subsystem has not as yet been defined for this concept. Two basic approaches 

can be taken. In the first approach. which is the same as for the DIPS. the system is designed to 

provide a constant power and voltage output. This approach requires a dc voltage regulator to 

process the fuel cell output. In the other approach. the power conditioning is done at the user 

loads. In this second approach. the fuel cell output can vary with time (i.e., voltage is 

unregulated). This approach allows the power processing to be optimized for each load. The 

power input to the electrolyzer module can also be regulated within the RFC power system or as 

part of the recharging power system. 

TECHNOLOGY ISSUES 

Key issues for the PV subsystem are summarized in Table 0-3. The key issues for 

development of a PEM RFC and their impacts are summarized in Table D-4. 
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TABLE 0-3. PV SUBSYSTEM ISSUES, IMPACTS, AND DEVELOPMENT AREAS 

Issues Impacts Potential Development Areas 

Large array area due ·Increased life cycle cost (LCC) ·Higher efficiency top cell 
to low Martian ·Increased deployment time • Robotic or automatic 
insolation ·Increased number of cells with deployment system 

reduced system efficiency and ·Thin film arrays 
reliability ·Roll-out arrays 

Small cell size ·Increased number of cells with reducec ·Higher efficiency top cell 
system efficiency and reliability ·Larger size cells 

Cell efficiency ·Increased array size and LCC ·Higher efficiency top cell 
JAIGaAs) 

Cell cost ·Increased LCC ·Low cost production 
techniques 

Deployment system ·Increased LCC ·Flexible roll-out array 
and support ·Robotic deployment 
structure wek)ht 
Operating ·Reduced cell life due to thermal ·Design and test fo r 
temperature stress/increased LCC appropriate environment 
fluctuation and • Test for thermal extremes 
extremes 
Martian wind ·Increased structure mass and LCC ·Lightweight structure and 

tie-downs 
Dust accumulation ·Increased array area and LCC ·Robotic dust removal system 

·Maintainence cost 
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TABLE D-4. PEM RFC DEVELOPMENT ISSUES 

Issues Impacts Potential Development Areas 

Limited life components ~ Increased frequency of Development of passive system 
and system reliability replacement, maintenance ~Long life pumps, drives,valves, 

Mass and complexity of and controls 
redundant components 

Material compatibility R e liabilityllife Materials for use with high 
pressure O2 

Materials for wet gases 
I-Materials immune to H2 

embrittlement 
Cell temperature and Life I-Thermal control loops 
moisture control of fuel I-Passive internal fuel cell gas 
cell membrane humidifiers 

~Regenerative gas dryers 
Oxygen in fuel cell ~Mass/energy loss from the I-Internal deoxygenator in fuel cell 
water system due to venting of oxygen 

from water tank 
Water in electrolyzer ~Tank corrosion if wet gas stored ~Low mass desiccating regenerative 
gases (life and reliability) dryers 

I-Tank insulation mass I-Tank liner materials 
~Complexity of gas dryer ~ Tank and/or line thermal control 

systems 
~Clogging of lines due to ice 
~Energy and mass loss 

Large, massive radiator Increased transportation cost, ~Higher temperature cells (higher 
due to low heat complicated vehicle design reject temperature) 
rejection temperature IoLow mass carbon-carbon radiator 

I"Heat pump 
Reactant storage system Transportation cost ~Cryogenic or supercritical storage 
mass and volume 
Efficiency of Transportation cost ·Low mass tanks, PV arrays, and 
electrolysis ce II ·Increased waste heat; larger radiators 
reduced at higher radiator ~Tank pressure following 
pressure 
High Water Purity ·Performance Use materials that won't 
Requirement -Life contaminate water 

Deionizer 
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TECH>JOL.OOY ASSESSMENT 

The technology bases were assessed for the following major PV/RFC subsystems: 

• PV array; 

fuel cell stack; 

• electrolysis cell stack; 

• RFC thermal control subsystem; 

• RFC water control subsystem; 

• RFC reactant storage subsystem; and 

PP&C. 

The technology readiness of each assembly was evaluated using the NASA technology readiness 

levels. These evaluations are summarized in Table 0-5 which shows that the RFC has 

technology readiness levels ranging from 3 to 5, depending on the particular subsystem. The 

technology base for the PV and RFC subsystems is discussed in the following sections. 

TABLE 0-5. PV/RFC TECHNOLOGY ASSESSMENT 

Subsystem Technology Comments 
Readiness 

Level 
GaAs/CIS PV cells 5 Pilot development phase for cells; APSA program 
Fuel cell stack 3.5 Early design flown on Gemini; prototype developed 

for space station RFC based on earlier Hamilton 
Standard design; new International Fuel Cell design 
not flown (engineering Qualified in 2.5 years) 

Electrolysis cell stack 4 Large database for naval applications; prototype 
developed for space station apQlications 

RFC thermal management 3 Radiator component development currently 
underway; long life active thermal control 
components not developed for space applications; 
some sealed water pumps and drives for terrestrial 
applications have demonstrated long life 

RFC water management 3 Silica gel dryers widely used for gas drying in 
te rrestrial applications; limited experience with 
regenerative systems 

RFC reactant storage 5 Small tanks success fu lIy flown; need corrosion 
tanks resistant liner development 
PP&C 5 Similar components under development for Space 

Shuttle Freedom 
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PY Array State-of-the-Art 

The current cell technology level is between 5 and 6 on the NASA scale. The Boeing cell 

development is in the pilot line phase now (Ref. 0-14). Production volume is expected by 

1996. The GaAs top cell is currently made by Kopin company while the bottom CIS cell is made 

by Boeing. An advanced cell design (AIGaAs/CIS) could be available before 2008. Cell testing 

has progressed through the preliminary qualification stage. Testing has included thermal 

cycling, UV illumination, off-angle, vacuum stability, and humidity tests. Small coupon panels 

have been tested for mechanical shock, pyro shock, acoustics, vibration, and thermal cycling. 

Current cell size is 2 x 4 cm (1991). Boeing is also working on a thin plastic substrate to 

replace the current glass substrate. 

Array development has been done for both rigid and flexible arrays. Various array 

technologies are summarized in Table 0-6 (Ref. 0-6). The roll-out type array approach was 

developed in the early 70's at Wright-Patterson Air Force Base during the Flexible Roll-Up 

Solar Array (FRUSA) program. The same basic tgechnology is used today for power generation 

on the Hubble Telescope. Some of the arrays in the flexible fold-out category are the SAFE 

array, Mil-Star, Space Station and the APSA array developed by TRW for JPL. The APSA array 

is designed for GEO orbit. The APSA program has been ongoing for several years and has 

significantly reduced the mass of arrays using a flexible array design. APSA has a goal of 

demonstrating a producible array system having a specific power greater than 130 Wlkg (BOL) 

at 10 kW (BOL). A research and development array that should be seen as both "fold" and "roll" 

out is the inflatable array. The inflatable array approach is funded by DARPA and is being 

developed and build by L'Garde Inc. The DARPA program is called Inflatable Torus Solar Array 

Technology (ITSAT) and is scheduled to conduct a space flight experiment in the 4th quarter of 

1993. The inflatable array is considered a high risk - high payoff approach. 
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TABLE D-S. DESCRIPTION OF VARIOUS ARMY TECHNOLOGIES AND APPROXIMATE 
PERFORMANCE FIGURES OF MERIT (IN EARTH ORBIT) 

Name Description PVCELS Base Life Area Specific 
(BOl) Power (years) Density Power 

{EOl (W/m2) (W / kg) 
kWe) 

Rigid Aluminum honeycomb Si: BSF 8 3.4 7 128.3 32 
Honeycomb mil 
(TYoicall 
HUBBLE Roll-out flexible blanket Si: 2x4 cm:.! 4.4 2 11 7 1 9 

BSFR 
Spa:e Flexible Kapton fold-out Si: wrap 75 4 90 66 
Station blanket through 

contacts 
8x8 cm2 

M'SA Flexible Kapton fold-out Si: 2x4 cm2 3.7 1 0 95 93 
blanket BSF 13.8% 

SUPER Flexible fold-out with GaAs'Ge 5.3 5 121.7 26.5 
(Planar) Beryllium 6x6 cm 2 

18% 
AHA. Ti honeycomb with 1.4 x GaAs'Ge 5 1 0 95.5 28.8 

concentrating shutters 2 junction 
24% 

ESSA AI honeycomb with GaAs'Ge 5 1 0 137 23.2 
protective sh ields single 

junction 
18% 

The current application cell design could utilize either an inflatable array, an APSA type 

array (with additional support structure), or roll-out array. 

BFC State-of-the-Art 

Hamilton Standard designed, developed, tested, and delivered a 1.5 kW PEM breadboard 

RFC system to Johnson Space Center (JSC) in January 1983 (Ref. 0-11). The RFC breadboard 

system was tested for 2,000 ninety minute orbital cycles (1,630 at JSC). The fuel cell module 

of the RFC was later replaced by an advanced module and tested for about 500 hours. This 

breadboard was not tested in a relevant environment (Le., vacuum or low pressure carbon 

dioxide, low gravity, day/night thermal cycles, etc.). In addition, the breadboard did not include· 
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, key components such as composite tanks. radialors. and long lile active thermal conlrol 

components. 

Although the fuel cell technology is fairly well developed in acid systems, the system 

integration of the accessory components and cell stack is not as mature as that of the alkaline 

fuel cells. The technology readiness of Ihe PEM AFC power system is estimated to be 3.5 for the 

current application. 

fuel Qell StaJe-or-the-Art 

A PEM fuel ceJl developed by Hamilton Standard (United Technologies) was used on- the 

Gemini misSions frOm '962-66 (Ref. D·' 5). After the Gemini space flights. Hamilton 

Standard pursued further development of PEM fuel cell technology. The major breakthrough 

was the replacement of polystyrene sulfonic acid ion exchange membrane by perfluorinated 

sulfonic acid polymer, Nafion, produced by DuPont, as the- electrolyte. PEM fuel cell technology 

has since advanced wIth the introduction of the Dow experimental membrane. The Dow 

membrane has greatly increased the current denSity of PEM systems over the current densities 

available from DuPont's former state-of-the-art membrane, Nation 117. Dow has not yet 

started production of their membrane • but is supplying it to fuel cell manufacturers for testing 

and evaluation. 

Cell lives of 60,000 hours (6.85 years) in the laboratory have been achieved by 

Hamilton Standard with PEM fuel cells (Refs. 10 and 11) because there are no corrosive 

electrolytes to cause contamination. PEM fuel cells can operate with high concentrations of 

gases like CO2 , whereas the KOH electrolyte of alkaline fuel cells would react with the CO2 and 

cause precipitation. 

A PEM fuel cell subsystem was developed by Hamilton Standard in the 19805 for a RFC 

demonstrator for the Space Station FreedOm (Ref. 0-1). The fuel cell had a , to 2 kWe rating. 

The RFC demonstrator underwent parametric testing at the factory prior to its delivery to 

NASNJSC. 
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Treadwell Corporation has designed and built a PEM fuel cell stack and associated test 

stand (Ref. 0-16). The stack was designed for an output power of 10 - 30 kW. Various stacks 

have been tested. This fuel cell system was designed for autonomous underwater vehicles. 

Ballard Technologies Corporation in Canada has built small demonstrator stacks with the 

Dow membrane and was the first to achieve high power densities in a solid polymer electrolyte 

fuel cell (Ref. 0-15). The Ballard design appears to be similar to the Hamilton Standard fuel 

cell design. 

Siemens in Germany (under a license from Hamilton Standard) is also using the PEM 

technology to develop fuel cell systems for submarine power systems (Ref. 0-15). 

LANL has two of the Dow PEM fuel cells on test, achieving 0.92 V at 2,153 Nm2 (Ref. 

0-15). Dow has made a commitment to provide membranes to a product specification; whereas, 

they were previously in process development and membrane quality/consistency were not up to 

par for commercial use. 

Acid (PEM) fuel cells are well suited to passive water removal. The absence of a liquid 

electrolyte that has narrow concentration limits makes water management less of a problem. 

Ergenics Power Systems, Inc., is developing a flight-qualified 200 W fuel cell with passive 

water and heat removal for a Space Station extravehicular mobility unit (Ref. 0-15). 

International Fuel Cells (IFC) has tested a 16 cell, 5 kW stack using Nafion membranes 

and is now evaluating the Dow membranes. This is a new PEM design which is different from the 

fuel cell which flew on Gemini. IFC also worked on a "static" PEM fuel cell (Ref. 0-17). This 

concept eliminated the power consuming pumps associated with the management of the product 

water. The design also incorporated heat pipes into the system to create a "static" waste heat 

management subsystem which eliminated the cooling subsystem parasitiC power loss. This 

approach offered significantly improved reliability and higher system efficiency. IFC completed 

breadboard experiments and validated this system concept. IFC has since changed their design 

(Ref. 0-17). The latest design has no heat pipes and requires a cooling loop with a pump. 

However, the water removal still utilizes a static approach. This concept is proprietary and 
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few details were available from IFC. However. this concept uses graphite plates and either Dow 

or Nafion 117 membranes (Nafion is the baseline). IFC has tested both single cells and short 

stacks with its latest design. IFC has a DARPA contract to produce a 7.5 kWe fuel cell for 

unmanned underwater applications. This power plant will be available (engineering qualified) 

in 2.5 years. The life of this fuel cell is expected to be a few thousand hours. The DARPA fuel 

cell technology should be suitable for space since it is not affected by a zero gravity 

environment. 

Electrolysis Cell Stack State-of-the-Art 

Hamilton Standard has an extensive data base in high-pressure electrolysis. The 

2.07x107 N/m2 (3.000 psi) cell design is currently used in the oxygen generation plant (OGP) 

developed for the U.S. Navy and in the production units for the British Navy nuclear 

submarines. Hamilton Standard has over 20 years experience building PEM electrolyzers for 

the Navy (Ref. 0-15). They have demonstrated 13 years of continuous usage of a PEM 

electrolyzer cell in the laboratory. U.K. Navy electrolyzer cells have accumulated a total of 

69.000 system hours of usage as of 1/92 without any failures. One Navy electrolyzer cell 

stack has accumulated over 13.000 hours of usage at sea over a 5 year period (Ref. 0-11). 

During the 19805. three demonstrators were developed by Hamilton Standard (Ref. D-

1). These electrolyzers were fabricated and then tested by NASA. Each of these systems made 

use of the identical 213 cm2 SPE water electrolyzer design used for naval applications. 

The first of these systems was a PEM RFC demonstrator for Space Station Freedom. Over 

2,000 simulated orbital cycles were accumulated on this hardware. This program demonstrated 

a closed system fluid cycle balance, direct solar arraylelectrolyzer voltage/current control 

compatibility (no power conditioning required), and an energy storage efficiency of 48% with 

the electrolyzer at ambient temperature. Later in the program the PEM fuel cell was replaced 

by an alkaline fuel cell and the system was operated for 100 cycles with no problems. This test 

showed the compatibility between a PEM electrolyzer and an alkaline fuel cell (Le., no KOH ions 
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went to the PEM electrolyzer through the product water and no sulfonic acid groups passed 

through the PEM electrolyzer gases to the fuel cell; some people had thought that the acid and 

base in each unit would mix and neutralize each other). Recently, some of the electrolyzer cells 

were replaced by high performance cells using the Dow membrane. The electrolyzer module 

underwent additional testing and showed significant performance improvement, especially at 

higher current densities. 

The second Hamilton Standard demonstrator was an oxygen generator assembly developed 

under contract to Boeing Aerospace and Electronics Company (Ref. 0-1). The operating 

pressure, temperature and current density of this demonstrator are within the experience of 

naval applications. However this demonstrator differed from the Navy data base because of the 

need to operate in a microgravity environment and use processed hygiene water as the feedstock. 

Two membrane static phase separators are used to replace the pressure vessel phase separators 

used previously. The demonstrator was activated at NASAlMSFC in November 1990 and 

operated for 529 hours which exceeded the test objective of 450 hours. This program 

successfully demonstrated the operation of microgravity phase separators. There are 

continuing tests of this unit to improve the cell voltage performance. 

The third Hamilton Standard demonstrator system was developed to show the feasibility 

of producing 2.07x107 N/m2 (3,000 psi) hydrogen and oxygen on orbit for periodic rocket 

motor firing to maintain Space Station Freedom orbital altitude (Ref. 0-1). Under NASA 

sponsorship, initial work was performed to convert the heavy 2.07x107 N/m2 (3,OOO psi) 

naval SPE electrolyzer design into a space flight configuration (Ref. 0-10). This required 

development of a lighter and smaller package. Changes were made to the supporting pressure 

vessel and fluid manifold. The use .of two torispherical domes opposed on either side of a central 

fluid plate allowed for a wall thickness of as low as 0.64 cm when using Inconel or other high 

strength materials. The fluid plate manifold is pressure balanced between the two pneumatic 

domes which eliminates the need for a thick plate to resist the gas pressure load, as used in the 

Navy hardware. This work produced a prototype cell stack for space applications that weighs 
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less than 91 kg total (down from 454 kg for the 100-cell naval cell stack and pressure vessel). 

This unit was delivered in 1990. This demonstrator has been set up and operated intermittently 

at NASAlJSC during the last year. This cell was recently tested by JSC for 500 hours (Ref. 0-

1). This unit operates at 322 oK at a thermal efficiency greater than 70% (defined as the ratio 

of the power input minus the heat rejected to the power input). 

REC Thermal Management Subsystem State-of-the-Art 

NASA LeRC is currently carrying out an integrated multi-element project for the 

development of space heat rejection subsystems with special emphasis on low mass radiators in 

support of SEI power system technology (Ref. 0-19). This effort involves both in-house and 

contracted efforts. Contracted efforts involving Rockwell International (RI) and Space Power 

Incorporated (SPI) are aimed at the development of advanced radiator concepts (ARC). NASA 

LeRC is also involved in a joint program with DOE to demonstrate a flexible fabric heat pipe 

radiator concept being developed by Pacific Northwest Laboratories (PNL). In-house work at 

NASA LeRC is designed to guide and support the overall program by system integration studies, 

heat pipe testing and analytical code development, radiator surface morphology alteration for 

emissivity enhancement, and composite materials research focused on the development of low 

mass, high conductivity fins. This program is concentrating on technologies capable of 

development before the end of the decade for both surface power and nuclear electric propulsion 

(NEP) applications. 

Specific objectives of the ARC contracts are to achieve specific mass values <5 kg/m2 

with radiator surface emissivities of 0.85 or higher at typical radiator operating 

temperatures, and reliability values of at least 0.99 for the heat rejection subsystem over a ~en 

year life. These figures represent a factor of two improvement over the currently considered 

heat rejection subsystem for SP-100, and even greater improvement factors for state-of-the­

art heat rejection systems used in current spacecraft applications. 
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Presently, Rocketdyne division of Rockwell International is involved in the development 

of a carbon-carbon (C-C) or graphite heat pipe radiator panel. Rocketdyne has a NASA contract 

entitled "SP-100 Advanced Radiator Concepts" which started in 1987 and is part of the CSTI 

(Civilian Space Technology Initiative) program. This program will be completed in January of 

1993. This program involves development of a C-C heat pipe suitable for use in an SP-100 

radiator. However, this technology will be suitable for other radiator applications as well 

including RFC power systems (using other working fluids such as water and/or ammonia). The 

hope is that this program will develop generic technology which can be used for all future space 

radiators because of its reduced mass compared to metal heat pipe radiators. Carbon-carbon is 

a new structural material which requires different fabrication techniques than for metals or 

composites. A key objective of this program is to demonstrate the ability to fabricate C-C heat 

pipes with a thin metal liner, wicks, caps, and fill tube. The brazing technique required to 

attach liners is the same as would be required to attach manifolds to the heat pipes. Heat pipes 

filled with potassium will be designed, fabricated, and tested during this program. Thermal 

cycle testing will be done in a vacuum to demonstrate the integrity of the heat pipes. 

Beginning in 1989, small samples of heat pipe panels were fabricated by Rocketdyne as 

part of the CSTI program. The next phase of the program will involve fabrication and testing of 

complete heat pipes about a meter long. 

The working fluids and temperatures for the SP-100 system would be different than for 

lower temperature RFC systems. Thus, Rocketdyne has an on-going IR&D effort which involves 

development of a high pressure water C-C heat pipe for lower temperature applications such as 

RFCs. This effort will eventually include fabrication and testing of a heat pipe. Rocketdyne is 

also looking at a higher thermal conductivity C-C heat pipe design. 

Recent Rocketdyne studies have shown that a C-C heat pipe with water or ammonia is 

competitive on a mass basis with early metal heat pipe radiator technology developed in the late 

1960s and early 1970s as well as pumped loop radiators. Rocketdyne studies have estimated 

the C-C radiator specific mass to be about 3 kg/m2 . 
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The objective of the joint NASA LeRC/Air Force program with PNL (Light Weight 

Advanced Ceramic Fiber [ACF] Heat Pipe Radiators) is to demonstrate the feasibility of a low 

mass ceramic fabric/metal liner heat pipe for a wide range of operating temperatures and 

working fluids (Ref. 0-19). Specifically, the NASA LeRC objectives are to develop this concept 

for application to space radiators with operating temperatures below 500 oK using water as the 

working fluid. The specific mass goal for these heat pipes is 3 kg/m2 or less at a surface 

emissivity of greater than 0.85. 

Several heat pipes were built for the ACF program using titanium and copper foil 

material for containment of the water working fluid. A heat pipe with a 0.2 mm Ti liner was 

demonstrated in early January 1991. An innovative "Uniskan Roller Extrusion" process has 

also been developed at PNL and used to draw 0.76 mm wall tubing to a 0.2 mm foil liner in one 

pass. The water heat pipes fabricated for LeRC have been subjected to a test program to evaluate 

performance and reliability at demanding operating conditions. 

Future thrusts of the ACF program will be to perfect the heat pipe fabrication procedure 

using very thin (0.025 to 0.05 mm) foil liners which are internally texturized by exposure to 

high pressures (Ref. 0-19). Plans will also be developed to perform hyper-velocity and 

ballistic velocity impact tests in order to determine if secondary fragments from a penetrated 

heat pipe will result in failures of neighboring heat pipes. Another major challenge will be to 

design a heat pipe with high conductivity, low mass fins as a first step toward the fabrication of 

low mass radiator panels. 

The NASA LeRC in-house materials program includes radiator surface morphology 

alteration by arc texturing for emissivity enhancement purposes (Ref. 0-19). Emissivity 

enhancement has been demonstrated for graphite-copper samples. 

Another important part of the thermal management subsystem is the active controls for 

controlling fluid flowrates and pressures. This involves the development of long life pumps, 

valves, and regulators. Hamilton Standard has used 2.07x107 N/m2 (3,000 psi) water pumps 

for its U.S. Navy electrolysis units (made by J.C. Carter Company per Ref. 0-11). These 
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pumps have lasted over 10,000 hours. Hamilton Standard also has used a small 0.91 m3 /h (4 

GPM) pump for recirculating water to a fuel cell which lasted over 10,000 hours. Existing 

active convective transport hardware (pumps, centrifugal water separators, fans) have also 

been developed for space systems by GE and Hamilton Standard, but not for long life (Ref. 0-8). 

Experts in the field believe that these components will have lifetimes of less than 2,000 hours 

in a space environment. 

BEC Water Management Subsystem State-of-the-Art 

Water management involves both gas humidification to maintain proper cell membrane 

moisture content as well as gas dehumidification to prevent water condensation and freezing. 

Work has been done in both of these as areas, but not for space qualified hardware. 

Gas humidification for production PEM fuel cells has been successfully done by Hamilton 

Standard using the approach shown in Figure 0-6. An improved approach which removes 

oxygen from the product water was shown in Figure 0-4. This approach was demonstrated in 

the laboratory in 1989, outside of a fuel cell (Ref. 0-11). This approach has not yet been 

integrated into a PEM fuel cell design. 

Water vapor can be removed from gases using condensation, absorption, adsorption, or a 

combination of these techniques. Gas drying is a well-known technical process. General 

Dynamics proposed (Ref. 0-20) a system which utilizes condensation for removing 99.9% of 

the moisture from oxygen and hydrogen gases. The removal of the remaining moisture was 

assumed to be accomplished using absorption-adsorption techniques in existing ground 

liquefaction systems. General Dynamics adapted a system developed by Atlas Copco called MO 

sorption drying for propellant processing. This process recovers all of the water during the 

electrolysis portion of the cycle. However this is a very complex system with many moving 

parts (pumps, valves, and rotor in sorption dryer). In addition, this system increases the 

radiator size by reducing the heat rejection temperature. 
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Work was done with regenerative gas dryers for Hamilton Standard by the UTC Research 

Center in 1987 (Ref. 0-11). These dryers use a molecular sieve to remove water. In tests, a 

humidified gas stream was run through a dryer bed for 36 hours without breakthrough. A 10% 

bed loading (amount of bed volume which was water) was achieved. An outlet dew point of less 

than minus 183 OK was obtained with a 100 to 1 gas volume ratio. Such a dryer removes about 

99.9% of the water vapor from a gas. Based on this work, a 21 kg desiccant could be made 

regenerable and deliver 2,939 kg of dry gas (about twice that required for a 12.5 kW lunar 

base system). A much smaller unit would be required for a Mars system. Hamilton Standard 

has also looked at methods to reduce dew point temperature down to liquid hydrogen 

temperatures. 

BFC Reactant Storage Tank State-of-the-Art 

Gas storage tanks have had considerable engineering advancement, both in earlier NASA 

programs and throughout the commercial sector. Gas tanks have become safe, reliable 

commodities, widely used in science and technology. Composite tanks with a metallic liner and a 

polymer wrap are generally considered for advanced space applications. 

Composite tanks have had considerable recent development for a wide range of sizes (Ref. 

0-21). Structural Composite Industries (SCI) has built many tanks for both terrestrial and 

space applications. These cylindrical tanks have either aluminum or stainless steel liners. 

These liners are seamless and are made from plate stock without welding. SCI has developed 

tanks for Space Station, Brilliant Pebbles, HEOI, propellant tanks for launch vehicles, 

communications satellites, and Pegasus projects among others. Eleven of these tanks have been 

launched into space. Tank sizes have ranged from 754 cm3 to 0.66 m3 (Space Station). A 

recent effort involved a tank which is 4.06 m long and has a 0.53 m outer diameter. A current 

effort involves the development of a 1.42 m diameter tank. Tank pressures have gone as high as 

1.034x108 N/m2 (15,000 psia) for operation and 2.068X108 N/m2 (30,000 psi a) for burst. 
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Tanks for SOl missions are designed for 5 year life. Additional liner development may be 

required for storage of wet oxygen. 

PP&C Subsystem State-of-the-Art 

The PP&C system design is based on a reasonable electronics component evolution, and 

there are no significant technology issues associated with its development. It will be necessary 

to fabricate breadboard hardware for testing and evaluation purposes, but there is no need to 

initiate any advanced component development. Most of the hardware elements have been or 

shortly will be operating in a relevant environment on other spacecraft or the SSF electrical 

power subsystem. 

DEVELOPMENT PLANS 

The development program was divided into eleven major tasks. The first eight tasks are 

component development tasks. The last three tasks includes the system design, fabrication, 

integration, and testing for the Ground Engineering System (GES), Qualification Unit (QU), and 

Flight System (FS). 

Testing will be done on the component. subsystem, and system level (qualification 

testing). The system level tests will show any possible negative interactions between 

subsystems. Additional testing will be done on the lunar surface. 

The PV/RFC development tasks are described in the following sections. Each task will 

include a section on objectives and the statement of work. The task descriptions are only 

approximate and depend on the PV/RFC design chosen. 

Task 1. PV Array Development 

Objectjves: Complete development of high efficiency tandem cell. a low mass flexible array. and 

an automatic or robotic deployment approach. 

Statement of Work: The following subtasks are identified: 
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Task 1-1 Subscale PV Array Development - Complete development of GaAs/CIS or 

advanced (AIGaAs/CIS) tandem cell. Develop larger cell size. Test subscale PV panels to verify 

performance under appropriate environmental conditions (thermal cycling, vibration tests, 

strength and stiffness, radiation, etc.). Develop array structure and deployment concept. 

Task 1-2 Full Scale PY Array Deyelopment - Develop and test full scale PV arrays. 

Verify adequate performance. 

Task 2. PEM Fuel Cell Module Deyelopment 

Objectives: Develop a full scale flight weight fuel cell module which can be integrated into a 

mobile RFC power system. Demonstrate materials compatibility, safety, and performance. 

Statement of Work: This effort was divided into the following subtasks: 

Subtask 2,1 Preliminary Fuel Cell Module pevelopment - Demonstrate the feasibility 

of the selected fuel cell design for planetary surface applications. Investigate stack sealing 

materials, plates, membranes, humidifier, and diluent control. Test a prototype fuel cell stack 

to demonstrate performance, materials compatibility, and safety. 

Subtask 2.2 Final Fuel Cell Module Design - Design a full scale flight weight fuel cell 

modules (one or more different sizes). 

Subtask 2.3 Fuel Cell Module Fabrjcation, Assembly. and Testing - Build and test 

(performance, mechanical, and thermal cycling) the fuel cell module. After initial breadboard 

validation testing is complete, perform additional module testing in a relevant environment. 

Task 3, PEM Electrolysis Cell Module Development 

Objectives: Develop a full scale flight weight electrolysis module which can be integrated into a 

mobile RFC power system. Demonstrate materials compatibility, safety. and performance. 

Statement of Work: This effort was divided into the following subtasks: 

$ubtask 3.1 Preliminary Electrolysis Cell Module Development Design· Demonstrate 

feasibility of the selected concept for space applications. Investigate options for the cell 
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membranes, pressure vessel, central fluid plate, and electrical connections. Demonstrate 

materials compatibility, performance, and safety using a prototype cell stack. 

Subtask 3,2 Fjnal Electrolysis Module Design - Design a full scale flight weight 

electrolysis cell module. 

Subtask 3.3 Electrolysis Module Fabrication, Assembly. and Testing - Build and test 

(performance, mechanical, and thermal cycling) the full scale electrolysis cell module. After 

initial breadboard validation testing is complete, perform additional module testing in a 

relevant environment. 

Task 4. Thermal Management Subsystem Development 

Objectjyes: Develop and demonstrate a low mass, reliable heat pipe radiator. Develop and 

demonstrate long-life active thermal control components (pumps, valves, regulators, etc.). as 

needed. Develop and demonstrate thermal control concepts for all components in the RFC 

system. 

Statement of Work: This effort was divided into the following subtasks: 

Subtask 4,1 Heat Pipe Demonstration - Fabricate and test representative length heat 

pipes to fully characterize heat pipe performance. Compare test results with predicted 

performance over the anticipated range of operating conditions including startup, shutdown, and 

restart. 

Perform limited life testing of the heat pipes. Identify deterioration mechanisms, 

measure deterioration rates, and assess the adequacy of assembly and cleaning procedures. 

Withdraw heat pipe samples sequentially throughout the test period. Drain, section, and analyze 

the samples for corrosion, carbon diffusion, braze stability, and any other signs of 

deterioration. 

In conjunction with the heat pipe performance and life testing, develop and demonstrate 

techniques for nondestructive examination (NDE) of the heat pipe elements and assembly. 
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Assess the adequacy of liner bonding and weld joints. Determine if the correct fit-ups and 

interfaces were obtained in the assembled piece. 

Subtask 4.2 Radiator Enhancement - Increase the applicability of the radiator concept 

by performing various enhancement tasks. Examine survivability options and extended length 

heat pipes. 

Perform analytical assessment, testing, and enhancement design development to insure 

long life for both lunar and Mars missions. Consider natural threats such as micrometeoroids 

and dust erosion (Mars). 

Fabricate a long heat pipe. Develop alternate techniques for fitting the liner into the 

tube. Investigate alternative tube fabrication, liner fabrication, and coating processes. 

Subtask 4,3 Heat Pipe Integration and Testing - Develop and demonstrate techniques 

for thermal and mechanical bonding of the heat pipe to the radiator manifold. Subsequently, 

demonstrate heat pipe integration into a representative radiator section. Test the radiator 

section to provide an accurate overall heat transfer coefficient. Verify radiator dynamics and 

performance. Include a surrogate manifold section and a limited number of heat pipes in the 

demonstrator. Test the assembled unit in a cold wall, vacuum chamber, simulated space 

environment. Validate temperature drop predictions, verify manifold design, and assess 

component interactions. 

Subtask 4.4 Radiator Module Design. Assembly. Fabrication, and Testing - Develop the 

detailed design of the radiator subsystem. Resolve specific design issues such as the effects of 

differential thermal expansion, deployment features, monitoring instrumentation and control 

equipment, local insulation, and trace heating of the manifold and piping. 

Design, fabricate, and test a representative full scale heat pipe radiator and interface 

heat exchanger. Complete performance, mechanical (stress. shock. and vibration). and thermal 

cycling tests. 
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Subtask 4.5 Preliminary Actiye Component Development - Perform preliminary 

development of water circulation pumps and other active fluid components. Identify life 

limiting components and failure mechanisms of current designs. Develop design approaches 

with improved life capabilities. Design and build prototype components. Demonstrate materials 

compatibility, safety, and performance margins. 

Subtask 4.6 Final Active Component Design - DeSign the full scale components and 

develop the active control subsystem concept. 

Subtask 4.7 Active Control Subsystem Fabrication. Assembly. and Testing - The final 

components will be designed and integrated into a fluid subsystem test bed with simulated 

thermal loads and pressure drops for other RFC components. Testing shall include performance, 

shock, pressure. and safety tests. After initial breadboard validation testing is complete, 

perform additional testing in a relevant environment. 

Task 5. Water Management Subsystem Development 

Objectives: Develop regenerative dryers for removing water vapor from the 

electrolyzer product gases. Develop an approach for recovering water from dryers. Develop a 

reactant gas humidification device for the fuel cell for maintaining a proper membrane 

moisture content. 

Statement of Work: This effort was divided into the following subtasks: 

Subtask 5.1 Gas Dryer Development - Develop regenerative gas dryers for use with 

wet hydrogen and oxygen gas streams. Design the dryers to remove the majority of the water 

vapor from the gas streams with reasonable size and mass hardware. Build prototype dryers. 

Test the dryers in the adsorption and desorption modes. Determine materials compatibility, 

regenerability, cyclic performance degradation, and efficiency. 

Perform studies to determine the effect on system performance of any remaining 

moisture after leaving the regenerative dryers. Design an approach for recovery of the 

remaining moisture from the gas system. Develop additional components as necessary to handle 
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this remaining moisture. Demonstrate analytically and empirically the performance of this 

additional hardware. 

Subtask 5.2 Gas Humidifer Development - Complete the development of reactant 

humidifers which are integral to the fuel cell. This will include modification of existing 

humidifier concepts which currrently work external to the fuel cell. In addition, this task will 

be done in parallel with fuel cell development to allow for proper integration with the fuel cell 

stack design. 

Task 6. Reactant Storage Tanks 

Objectives: Develop reactant tanks for storage of wet hydrogen gas, wet oxygen gas, and water. 

Develop tank and tank feed line thermal management (insulation and/or heat recovery from fuel 

cell stack) approaches to prevent composite tank failure, and prevent ice blockage of gas lines 

and regulators. 

Statement of Work: Design, fabricate, and test the reactant storage tanks. Develop corrosion 

resistant liners and fabrication techniques for the oxygen and water tanks. Consider the 

requirements for micrometeoride protection in the tankage deSign. 

Develop insulated and/or heated tank concepts which prevent water condensation and 

freezing in the gas storage tanks and exit lines. Demonstrate proper transient performance of 

the tanks using analysis techniques. Build and test prototype tanks. Demonstrate materials 

compatibility and safety. Perform proof testing, thermal cycling (while under pressure), 

puncture resistance, and mechanical shock tests. Measure tank permeability to estimate leakage 

losses, especially for hydrogen. 

Task 7, PP&C Subsystem Development 

Objectives: Develop electronic components for controlling system operation, maintaining 

constant output voltage, and for eliminating excess solar energy. Demonstrate adequate steady 

state and transient performance, and immunity to the environment (including launch and 
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operating). Demonstrate the software capability to handle power system nominal operation and 

failure modes. 

Statement of Work: This effort was divided into the following subtasks: 

Subtask 7.1 Electrical Components - Build breadboard units to demonstrate and check 

functional performance of the individual component circuit designs. Incorporate any necessary 

design modifications and improvements into brassboard units. Verify functional performance 

within the constraints of the actual component configuration. Fabricate prototype units and 

perform a series of tests using simulated input and output loads. Test the controller to validate 

the operating system software. Include the following testing: 

• start up, steady state and transient control; 

failure simulation and detection and switching; 

effects of temperature extremes and thermal shock; 

• effects of environment; 

shock and vibration; 

• cold plate heat loads; and 

EMI generation and susceptibility. 

Subtask 7.2 Software - Check out the controller software using simulated inputs and 

outputs. 

Task 8. Ground Engineering System (GES) Testing 

Objectjves: DeSign a system concept which will meet both lunar and Mars mobile power 

applications. Show the concept feasibility. Verify adequate performance and life for an 

integrated system. 

Statement of Work: This effort was divided into the following subtasks: 

Task 8.1 GES Design - Identify and characterize specific power system 

applications. Determine power system requirements. Define optimum power system module 
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size based on trade studies which minimize the overall life cycle cost of the power system for all 

applications (trade between development cost and mass). 

Identify concepts which can meet early lunar base applications. Power system 

enhancements, if any, required for Mars applications will be identified. Perform tradeoff 

studies (performance, reliability, risk, safety, and life cycle cost) to select the optimum 

system design. Complete feasibility studies for the selected c~ncept including off-design and 

transient analysis. Definitize the remaining hardware development tasks based on the system 

concept chosen. 

Design a complete power system to at least meet the minimum life requirement (10 

years for the arrays and 20,000 hrs for the RFC with a 50% duty cycle for electrolysis and 

fuel cell stacks). Integrate the entire RFC thermal and water control system including pumps, 

controls, lines, valves, heat exchangers, tanks, and radiator. Perform both design point and 

transient analyses to verify the design. Perform this task in parallel with the component 

development tasks to insure proper system characteristics 

Task 8,2 GES Performance Tests· Manufacture the GES components and assemble. 

Pressure and leak check the assembly, fill the water storage tank, complete a electrical check­

out, and check out all active devices to the extent possible. 

Design the test program for the GES to verify all performance characteristics of the unit 

in conjunction with subjecting the GES to acceptance level tests. Conduct performance and 

thermal vacuum tests during a single thermal vacuum test sequence to demonstrate technical 

capabilities while minimizing program cost. Complete the following performance testing 

activities: 

• 

• 

• 

• 

• 

checkout and refine subsystem assembly procedures; 

verify operation of ground support equipment (GSE) and interfaces with the GES; 

verify start up capability; 

verify steady state performance characteristics; 

establish effective operating range of the system; 
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• check out software and verify autonomy (include all operational modes and 
simulate failure modes); 

simulate normal switchover from one module to another; 

• simulate failures to trigger module switchover; and 

• establish system sensitivity to off-normal conditions such as: (1) partial loss of 
radiator cooling, (2) varying radiator heat removal profile, (3) partial loss of 
electronic cooling, and (4) temporary losses of heat sink with varying duration. 

Task 8.3 GES Life Test - Refurbish the GES after completion of performance, 

acceptance, and margin tests. Refurbishment will include the following: 

• replacing or repairing components as necessary to ensure that the GES is 
returned to its as-built condition; 

• addition of special instrumentation required for the life test phase; and 

• modification of the main radiator heat removal system or replacement of the 
main radiator with a dump heat exchanger. 

Install instrumentation to provide a comprehensive diagnosis of the "health" of the GES and to 

monitor for degradation of major assemblies and individual components. Place the GES on a 

multiyear life test. Operate the GES at its nominal operating point, with expected GES 

variations in power output and environment. 

Disassemble the GES for diagnosis at the end of the life test. Determine areas to be 

examined by an analysis of the health monitoring data and from the reliability analYSis 

predictions. 

Task 9. Qualification Program Testing 

Objectives: Fabricate the qualification units (QUs) Verify adequate performance and life for 

the QUs. 

Statement of Work: Develop a comprehensive performance and dynamiC testing program which 

will provide a formal demonstration that the power system will perform as designed after being 

subjected to simulated launch conditions. Select launch environmental conditions which 

envelope the probable intensities developed by various launch scenarios. 
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Begin the qualification effort (a typical approach is shown in Figure 0-9) by qualifying 

the assemblies. Fabricate and assemble the qualified production items into the QU. Qualify the 

QU by the rules for space vehicle qualification. 

staging environments -f 
Establish launch and 

Formulate Assembly 
and Qualification Unit 
Qualification Program -

1....---------' 

~ Design 
.. ...... Qualification 
I"""" Uni t 

Establish assembly and 
~ system performance -

requirements 

Subject 

Conduct 
Qualification 

Fabricate Assemble Unit to 

~ qualification ... assembly -.., Qualification ~ acceptance ---. acceptance 
hardware Unit ~ and 

~ tests -
qualification 

Preparel test sequence 

~ 
identify .. Prepare 

qualification - flight - ~~ 

test facilities software 

Prepare 
Subject each 

4 qualification .... assembly to 
~ 

Evaluate test 
f--

~ qualification results 
software 

test sequence 

Figure 0-9. PV/RFC power system qualification program. 

This effort was divided into the following subtasks: 

Perform ... Qualification 
Unit life 

testing 

Subtask 9.1 Qualification performance Testing - Conduct performance testing at each 

level to verify that each item performs as deSigned. Perform dynamic testing to verify the 

capability of the RFC system to withstand launch loads. including acoustic. pyroshock and 

0-42 



PHOTOVOLTAICIREGENERATIVE FUEL CELL POWER SYSTEM TECHNOLOGY ROADMAP 

vibrational. A possible performance and dynamic qualification test sequence for components and 

assemblies is shown in the matrix of Figure 0-10. The corresponding qualification test 

sequence for the au is shown in Figure 0-11. 

c: 
0 C> E '';::; .S ::::J co - §: ~ - - ~ g ::::J g -

Component or ..- .0 ..- c: ..- u !:-- -n ::> - 0 - co 
Subassembly co co co .~ co () co > co 

~ co 
c: ~ c: E c: c: co c: Ci3 

c: c: 
0 0 0> 0 ::::J 0 

'';::; (/) t5 0 0 .Q E 0 E U (/) U 0 '0 :.;::; Q) u U ..!I::: U ..!I::: U ..!I::: ~ (/) () 

~ 
c: c: <1> ..... c: co <1> c: co c: co u c: c: <1> <1> 

~ 
c: 

::::J <1> ::::J co ::::J <1> U ::::J ~ ::::J ~ ::::J ~ <1> P ::::J 
LL. -J LL. a: LL. -J « LL. l- LL. l- LL. a... -J W LL. 

Fuel Cell Stack X X X X X X X X X X X X X X 

Electrolysis Cell Stack X X X X X X X X X X X X X X 

Reactant Storage X X X X X X X X X X X X X X X 

Thermal Control X X X X X X X X X X X 

Radiator and Manifold X X X X X X X X X X X X X 

PMAD X X X X X X X X X X X X 

Structure X X X X X X X X X X X 

PV Array X X X X X X X X X X X X 

Figure 0-10. PV/RFC power system assembly qualification test matrix. 
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Functional Check --. Electromagnetic -. Pressure Test 
Compatibility Test 

Acoustic Loading 
~ Functional Check ~ Pyroshock Test .... 

Test """"I 

4 .. Thermal Balance .. Functional Check r--+ Thermal-Vacuum 
Functional Check .... Test ~ Test 

Figure 0-11. PV/RFC power system QU test sequence. 

Subtask 9.2 Qualification life Testing (Optional) - After completion of the 

qualification performance testing, partially disassemble the QU and examine the unit. 

Refurbish the QU as required and modify for endurance testing in air, as described for the GES. 

Life test the QU for 20,000 hours or more. 

Task 10. Flight Unit (FU) System program 

Objectives: Fabricate the flight systems and acceptance test the FUs to demonstrate required 

performance. Deliver the flight systems and provide integration support for the FU with the 

payload and the launch vehicle. 

Statement of Work: Fabricate, acceptance test, and assemble parts to produce the flight 

systems. Subject the systems to acceptance testing before Shipment to the launch site. Use the 

same test facilities (vacuum chamber, vibration, acoustic) that were used for the qualification 

program for flight system acceptance testing. Perform safety studies and complete safety 

reports necessary to obtain launch approval. Finally, provide launch support activities to 

insure that the FU meets its design and performance goals associated with integrated payload and 

launch systems. 
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The work is divided into the following subtasks: 

Subtask 9.1 Flight Component Fabrication. - Design, fabricate, inspect, and assemble 

the components and subassemblies required for the FUs, including all spare parts as required to 

support the flight system activities. 

Subtask 9.2 FU Assembly, Test. and Payload Integration - Assemble and inspect the 

FUs. Acceptance test the FUs and ship to the launch site. Provide technical support for FU 

integration with the payload, launch vehicle, and launch support facilities. 

Subtask 9,3 FU Launch Support - Provide FU launch support activities to insure that 

the FU meets its design and performance goals associated with the integrated payload and launch 

systems. 

DEVELOPMENT SCHEDULE 

The program starts with a conceptual design task followed by preliminary design and 

concurrent component development of the PV array, RFC (fuel cell stack, electrolysis cell 

stack, active controls, gas dryers, and tanks). radiator, and PMAD. The detailed design is 

subsequently completed by the middle of the fourth year. 

Fabrication of components for ground testing for the Ground Engineering System (GES) 

starts with procurement of long lead materials and equipment in the first part of the third year. 

This leads to assembly of the system by the end of the fourth year. 

The GES will be similar to a flight system but will have features such as additional 

instrumentation and readily removable components to expedite gathering of engineering data and 

to permit modification of components. It will be tested in a vacuum chamber under normal and 

off-normal design conditions. After this phase of testing, it will be partially disassembled, 

examined, refurbished as necessary, and put on life test for 20,000 hours (50% duty cycle for 

the fuel cell and electrolysis cell stacks). 
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The qualification phase includes design. fabrication. assembly. and qualification testing 

of individual components. and a complete system. The design effort will be minimal since it 

would involve only minor modifications to the GES design. 

The flight phase of the program includes fabrication. assembly, and acceptance testing of 

the flight units and the associated safety analysis to obtain launch approval. 

The estimated development and production schedule for the PV/RFC power system is 

shown in Figure 0-12. The development time to achieve a flight proven system is estimated to 

be 7 years. If the program is initiated in FY'93, then power systems could be available for 

early lunar missions. 
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YEARS AFTER PROGRAM START 
TASKS 

1 2 3 4 5 6 7 

COMPONENT PROGRAM - Tasks 1 - 7 I 
'PV Subsystem 5' 

I 3.5 5 
'Fuel Cell Stack 

'Electrolysis Cell Stack 4 5 

• Thermal Management Subsystem 3 5 

'Water Management Subsystem 41 5 

·Tanks 5 

'PP&C 5 ! Performance 

V
1 

CDRJ 

Testing Complete 
GES PROGRAM - Task 8 

3.5 PDR 1 V 
System Design i I Life Testing 

Complete , 
j I 

System Fabrication and Assembly \1 6 \1 
System Development Testing 

FU 
Performance 

QU PROGRAM - Task 9 Testing Complete 

QU? \1 I I 
Flight Component Fabrication Optional 

; 
" lneTesting 

Component Qualification 
I 

: ~ System Assembly and Qualification 

FU PROGRAM - Task 10 laurdl 

Ship \1\1 
Assembly and Acceptance Test 

Launch Support 
! 

c::j 9 
: 

'Note: Numbers indicate Technology Readiness Levels using NASA scale. 
! ! , ! I I I 

Figure 0-12. PV/RFC power system development schedule. 
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APPENDIX E 

INTRODUCTION 

This is a family of fixed power systems for Mars applications. Mission applications 

require power levels from 0.9 kWe to 75 kWe. Power system applications include 

communications (0.9 kWe), emergency power (5 kWe), the excursion vehicle servicer 

(10 kWe). and exploration site main power (25 kWe and 75 kWe modules for habitat and 

associated external equipment). Solar powered systems such as these will require energy 

storage for operation at night. 

CONCEPT DESCRIPTION 

A typical power system schematic is shown in Figure E-1. The overall power system 

may be divided into the following subsystems for development purposes: 

Photovoltaic (PV) Array; 

• Batteries; 

• Thermal Management; and 

• Power Processing and Control (PP&C). 

The solar array converts sun light directly into DC electricity. The energy from the 

array flows to the batteries, for later use, and to the user. When the system enters a period of 

darkness, the energy to the user is supplied by the batteries. The batteries are recharged on the 

next sun cycle by the solar array. The flow of energy from the array and to and from the 

batteries is controlled by the PP&C subsystem. 

Since the batteries must operate at high temperature, thermal management is required 

to maintain the proper cell temperature and reject waste heat. In addition, the batteries need to 

be heated prior to startup. The electronic components in the PP&C also require cooling to 

remove waste heat. 

This power system concept utilizes high effiCiency photovoltaic cells to minimize array 

area. A large array area is required for Mars applications due to the low insolation rate (due to 
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dust from local and global dust storms). Since the PV subsystem is the largest component of 

system mass for Mars systems, it is important to minimize array area and specific mass 

(kg/sq m). 

The PV subsystem includes the array panels, support structure, and wiring harness. 

For development purposes, specific subtasks will include cell development, array development, 

deployment mechanism development, and integration/system testing. 

The battery subsystem includes the cells and related structure to tie the cells together. 

The thermal management subsystem includes battery insulation, battery isolation 

plates, battery radiator/interface heat exchanger, PP&C cold plates, and the PP&C radiator. 

Power conditioning is included to process power for charging the batteries (down 

regulator) and processing output power (boost regulator). A shunt regular dissipates excess 

power from the array. 

GaAs-Ge/CIS Waste Heat to 
Solar Array PP&C Radiator 

rans-T (39.8) kWe ~ 
mission Cold Plate 
Une (37.8) 
(11=97%) Down kWe 

Regulator ...... ~ ..... __ If--I 
(11=95%) 

Cold Plate 

Boost 
Regulator 
(11=95%) 

(66.1 ) 
kWe 

Transmission Line 
lor-__ ~=99.5%) 

Cold 
Plate 

J 

(26.3) 
kWe 

Shunt 
Regulator· 
(11=95%) 

Waste Heat to 
PP&C Radiator 

NaS Battery 

NaS Battery 
Thermal 

Management 
Subsystem 

25kWe 

Figure E-1. PV/NaS battery system schematic. 
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The PV panels are assembled into modules on site. The modules are then connected to the 

batteries. The battery subsystem housing is a separate unit which includes the PP&C 

subsystem. The battery/PP&C unit is connected to the arrays after array deployment. 

The system evaluated in this article uses advanced multijunction tandem solar cells, 

sodium sulfur (NaS) batteries, DC-DC converters/regulators, and a heat pipe radiator. Each 

subsystem will be described in more detail in the following sections. 

Solar Subsystem Descriptjon 

A solar array is made up of panels of photovoltaic cells mounted on a substrate structure. 

A photovoltaic cell is a semiconductor device that turns light in to direct current electricity 

(DC). 

The baseline PV cell is one being developed by Boeing Defense and Space Group in Seattle 

(Refs. E-1 through E-3). The multi-bandgap or tandem cell consists of a double­

heterostructure GaAs or AIGaAs thin film top cell and a polycrystalline CdZnS/CulnSe2 

heterojunction thin film lower cell as seen in Figure E-2 (Ref. E-1)_ The leading technology 

for thin film photovoltaic cells is CulnSe2 (CIS) (Ref. E-4). In the cascade structure shown, 

short wavelength (high energy) photons are absorbed in a high bandgap material on top of the 

solar cell. The high bandgap material is transparent to longer wavelength (lOW energy) photons 

which pass through and are absorbed by a second layer consisting of a photovoltaic material with 

low bandgap. 

Cascades can be configured as a monolithic cell in which the top cell is integrally 

deposited on the bottom cell (or vice versa), or mechanically stacked. in which the two sets of 

cells are formed separately. A mechanically stacked tandem configuration was chosen by Boeing 

in order to provide wiring flexibility and to minimize fabrication constraints. Since both cells 

are deposited as thin films, a very high specific power is possible. 
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Coverglass (2 mil) 

Top Adhesive (2 mil) 

(-) 

GaAs (or AIGaAs) Cell (- 5 mil) 

Bottom Adhesive (2 mil) 

(-) 

(+) --------------------------~ 
CdZnS/CulnSe2 Cell (- 6 J..I.m) 

Glass Substrate (2-18 mil) 

Vertical dimensions not to scale 

Figure E-2. Tandem PV cell schematic. 

The current Boeing design is based on a 2 cm x 4 cm cell area (Ref. E-1). The cell has 

an improved two-terminal configuration with voltage-matched monolithic subcell units. 

Voltage-matching is achieved by stacking one GaAs CLEFT (Cleavage of Lateral Epitaxial Film tor 

Transfer) cell on top of four CulnSe2 subcells monolithically interconnected in series to form a 

single cell unit. 

An improved cell design could be achieved by using AIGaAs rather than GaAs as the top 

cell. The bandgap of CulnSe2 is better matched to the bandgap of AIGaAs than GaAs. A 26% 

Beginning-ot-Life (BOL) cell efficiency at AMO is projected without structural change for this 

advanced cell. 

The upper thin film cell is fabricated by the CLEFT technique using MOCVD for cell 

structure growth. The CIS cell fabrication includes sequential depositions of the Mo back 

electrode, CIS absorber layer, and CdZnS window layer. This is followed by photolithographic 

patterning and etching to form a solar cell device. Deposition of grid metal and addition of an 

anti-reflection coating complete the cell fabrication process. 

The individual PV panels are either small enough to be transported to Mars as designed 

or are hinged for easy deployment. The panels lie horizontal and do not track the sun. Trade 
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studies done by Rocketdyne showed that there was no advantage to tracking arrays since much of 

the cell input is from diffuse light. 

Planar arrays can be subdivided into two broad categories: rigid and flexible (Ref. E-5). 

Rigid arrays are PV arrays that are mechanically stiffened with a honeycomb structure, usually 

made of aluminum, sandwiched between two facesheets that provide back side shielding for the 

PV cells and provide enhanced mechanical support to the structure. Rigid arrays are used in 

high risk, unknown environments, where weight and cost are a secondary concern. Rigid arrays 

provide the most mechanical support and the most survivability. However, the rigid array is 

not suitable for planetary surface applications due to the mass penalty. 

Flexible arrays are typically a Kapton substrate/superstrate which sandwich the PV 

cells and electrical circuitry, and are very attractive due to the significant mass savings over 

rigid panel arrays. Within the flexible arrays, there are three types: the roll-out type, the 

fold-out type, and the inflatable type. A flexible array is recommended for SEI surface power 

applications. 

The Advanced Photovoltaic Solar Array (APSA) is an example of future flexible fold-out 

arrays (Ref. E-6). There are three elements to the APSA array: the flexible plastic and solar 

cell blanket (50% of the mass), the deployment mast and mast housing (34% of the mass), and 

the blanket stowage compartment (16% of the mass) (Ref. E-5). The APSA wing consists of a 

flat fold, multiple panel, flexible blanket on which solar cell modules are installed and 

connected to printed circuit electrical harnesses that run along the outside longitudinal edges of 

the blanket assembly. Any type of solar cell can be utilized with the APSA approach. For 

launch, the accordion-folded blanket is stowed in a graphite/epoxy blanket during launch. The 

blanket is deployed (unfolded) by extending a motor-actuated, fiberglass, continuous longeron 

lattice mast that uncoils from an aluminum cylindrical canister structure. APSA is designed for 

zero g operation. Additional support structure would be required for planetary surface 

applications. 
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Inflatable arrays offer promise for missions which are driven by mass and/or the 

radiation environment. Inflatable arrays require the use of thin film PV solar cells. For a 

100 W array (EOl) the mass breakdown is as follows: inflatable torus contributes 0.793 kg. 

the thin film solar array blanket 0.793 kg. and the support equipment 1.36 kg, resulting in a 

small satellite array specific power of about 34 WI kg (Ref. E-5). 

An array deployment mechanism is required for automatic or robotic deployment. Array 

deployment alternatives include spring stored "one time deployment" and motor-driven 

deployment systems. The deployment mechanism is critical from a reliability standpoint and 

may also contribute significantly to the system mass. The deployment mechanism for Mars 

systems must also maintain array rigidity during wind storms and must be designed to prevent 

resonating of the structural due to the natural frequency. 

Some form of structure may be used to keep the arrays off the surface or to prevent the 

arrays from being disturbed by Martian winds. This system would have increased mass over 

one which is simply rolled out onto the planetary surface. 

Battery Subsystem Description 

Sodium sulfur batteries are high temperature (598 OK) secondary batteries which have 

been under development for a number of years. Due to the high theoretical specific energy. 

these batteries are being considered for electric vehicles. utility load leveling. satellite systems 

(Ref. E-7). and planetary surface power systems (Refs. E-8 and E-9). 

A fully charged sodium sulfur cell consists of elemental sulfur and sodium separated by a 

beta alumina electrolyte as seen in Figure E-3. Beta alumina is a solid, ceramic electrolyte 

separator which is conductive only to sodium ions. The molten sodium serves as the negative 

electrode. During discharge. each sodium atom. entering into the discharge reaction. provides 

an electron to the external circuit and migrates through the electrolyte. The molten sulfur 

serves as the positive electrode. The sodium ions receive an electron, from the external circuit. 

on the sulfur side of the cell and combine with the sulfur to form sodium pentasulfide. Na2S5. 
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After all the free sulfur is combined, a second conversion takes place in which the Na2S5 is 

converted to sodium trisulfide, Na2S3' The open circuit voltage of the cell during the first 59% 

of discharge, which corresponds to the sodium pentasulfide reaction, is nominally 2.08 volts 

per cell. During the sodium trisulfide part of the discharge, the corresponding voltage is 1.75 

volts per cell. Thus, the sodium sulfur cell discharge voltage has a two level characteristic with 

the step change at about 59 percent. Experimental investigation has indicated that for best cycle 

life, the depth of discharge should be limited to 59 percent. 

Sodium p or pot 
Alumina 

Sulfur 

Figure E-3. NaS battery cell operation during discharge. 

Load 

A tubular type NaS cell is illustrated in Figure E-4. This concept is most suitable for 

base load power systems (15 minutes to 12 hours of operation). These type of NaS cells have 

been undergoing evaluation testing by the Air Force for many years and have gone through 

several design iterations. As shown in the figure, the liquid sodium is contained in a closed steel 

tube with a metering orifice connecting to an annular chamber also containing sodium. The 

closed beta alumina electrolyte encloses the sodium and separates it from the liquid sulfur 

cathode. Liquid sulfur cathode material is held in a carbon felt matrix to provide electrical 
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conductivity during charge and discharge. The steel tube is coated with a metal chosen for its 

resistance to the corrosive sodium sulfides. 

0';' 
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Sodi um ---~4H---+ 

Coated Steel 
Contai ner ---+I 

Carbonl3ulfur 
Electrode 

Al pha 
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*---+d--- Ceramic 
Electrol yte 

.04-dia. 
hole 

Figure E·4. Typical tubular NaS battery cell design. 
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Thermal Management Subsystem Description 

The thermal management subsystem provides temperature control, heat transport, and 

heat rejection functions. Solid conduction paths and heat pipes provide the heat transport 

function. A radiator is required to remove waste heat from the battery and from the PP&C 

components. 

An active thermal control system is required to maintain the battery at the proper 

operating temperature. Three different techniques are possible for controlling battery 

temperature (Ref. E-10): (1 )Iouvers; (2)pumped loop radiator; and (3)heat pipe radiator. 

The use of louvers allows the battery to radiate directly to space as needed to reduce its 

temperature. Louvers offer the greatest weight advantage (Ref. E-10). However, louvers 

require the greatest mechanical complexity and potentially the lowest reliability. Louvers also 

allow for a nonhomongeneous thermal distribution in the battery which may be detrimental. 

Pumped loop (or tube-sheet) radiators offer the next best approach from a mass 

standpoint if no redundancy is built into them. Pumped loop radiators have been used 

successfully for the space shuttle and will be used for Space Station Freedom (SSF). This type 

of radiator is best applied to missions with limited duration or to systems which are 

serviceable. Potential working fluids include water, potassium, NaK, and Oowtherm A. NaK is 

the preferred working fluid for this application due to its low freezing point, low operating 

pressure, and stability in a thermal environment. The use of NaK as a reactor primary coolant 

indicate that it can be used with good reliability for prolonged periods of time. The development 

of highly reliable, long life, low flow rate, low mass pumping systems to accomodate the use of 

fluid loops in space would require considerable effort (Ref. E-10). Furthermore, the pump 

represents the source of a single point failure mode, thus requiring duplication within the 

system and thereby nUllifying the slight mass advantage over heat pipes. 

Thermal homogeneity could be accomplished with heat pipe systems for transport and 

heat rejection due to their isothermal heat transport characteristics. Heat pipes also offer the 

advantage of improved reliability and a graceful failure mode. A recent Rocketdyne study has 
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shown that advanced carbon-carbon (C-C) heat pipe radiators can be designed which are 

competitive in mass to pumped loop radiators (estimated specific mass of 3 kg/m2 for heat 

pipes with water or ammonia). Thus. a heat pipe radiator was tentatively selected as the 

baseline design. 

The baseline heat rejection assemblies utilize lightweight. passive. reliable. heat pipe 

radiators that are sufficiently versatile to allow integration into a variety of config urations. 

The individual heat pipes operate independent from one another and thus the failure of a heat 

pipe will not result in failure of the complete radiator. The rectangular radiator heat pipe 

panel is attached to the battery assembly. Variable conductance heat pipes transfer heat to the 

radiator. The heat pipe working fluid evaporates and travels to the top end of the heat pipes. 

The evaporated fluid is then condensed in the cooler section of the heat pipe. A small wick or 

grooves allow the liquid to return to the evaporator (unless the heat pipe is vertical and gravity 

can be used for fluid return). A wick or groove is not absolutely necessary for vertically 

oriented radiators (due to gravity return) but is recommended to insure good control of the 

fluid transport. The heat pipes may be either carbon-carbon tubes with metal liners (titanium 

or nickel based alloy for biphenyl) or metal heat pipes. Carbon-carbon heat pipes are a factor 

of 2-3 times lower in mass than conventional all-metal heat pipes. 

The problem with using a heat pipe for battery cooling is that no common heat pipe 

working fluid is suitable for operation at about 600 OK (Ref. E-11). Only three of the common 

heat pipe working fluids including water. cesium. and mercury show any promise for operation 

at this temperature. However. these fluids have several disadvantages. Both mercury and 

cesium are highly toxic and would have handling problems. Mercury has a poor contact angle 

and does not wet the wick surface. which causes heat pipe priming problems. Mercury also has 

a high density which results in a heavy heat pipe. Cesium has a very low vapor pressure which 

favors leakage into the pipe. Leakage is a severe problem since atmospheric water will react 

with the cesium to form hydrogen. Water develops a high pressure at the required operating 

pressure which requires a heavier heat pipe and may result in potential safety issues. A recent 
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study (Ref. E-11) found that biphenyl is a suitable heat pipe working fluid for this application. 

Biphenyl is compatible with likely materials of construction and its liquid transport factor is 

suitable for use in a heat pipe. Also, its vapor pressure is in the desired range at the operating 

temperature of the battery. Thermal studies have shown that biphenyl should be stable for 

long-term operation at high temperature and non-condensable gas generation will not be a 

problem. Thus, biphenyl was selected as the working fluid for the battery heat pipes. 

PP&C Subsystem Description 

The PP&C subsystem is a collective term for the power system control electronics. This 

system includes items such as shunt regulators, voltage regulators, and battery charge 

controllers. Their function is to control the flow of energy though the power system to the 

payload. 

Shunt Regulator Description. At the beginning of life of a solar power system the solar array 

produces excess power. To prevent the rest of the system from being overpowered, a shunt 

regulator is installed. This regulator shunts off excess current from the array. This energy is 

dissipated in the form of heat. 

Boost Regulator Description. The boost regulator increases the voltage from the batteries up to 

the nominal bus voltage. There are two basic types of boost regulators. The basic boost 

regulator handles all of the processed power and the efficiency of the circuit applies to all the 

power. This regulator places a "buck" inductor and switch in alternate positions such that the 

opening switch allows the inductor to force the current it had before the switch opened into the 

load impedence. The output voltage depends on the load impedence and current. The basic 

booster has a relatively low efficiency and may have loop stability problems. 

The add-on booster only processes the boost voltage (usually only 10 volts). The boost 

power (voltage added times output current) is parallel to the load at the input. Most of the 
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power is not processed and thus the overall efficiency is much higher than for the basic boost 

regulator. A failure of the add-on booster results in a lower DC bus voltage, but the system is 

still functional with degraded performance. 

The boost regulator requires monitoring equipment to determine operating parameters 

and heat sinking to remove waste heat. EMI filters are required to prevent interference from 

the switching. 

Down Regulator Description. The PV array is designed to always provide a higher voltage than 

the nominal battery voltage. The down or "buck" regulator provides a constant output DC voltage 

for charging the battery subsystem from the array. The regulator output voltage is always 

lower than the input voltage. The voltage conversion is accomplished by switching the input on 

and off. The filter removes the AC component produced by switching. but allows the DC voltage 

throught. 

The down regulator is reliable and very efficient (85-90% for nearterm hardware). 

The efficiency of the regulator depends on the internal operating frequency and the input-output 

voltage difference. As the frequency goes up the size goes down and so does the efficiency. This 

regulator does not isolate the input from the output loads. If the regulator is not properly used, 

then it can cause radio interference since it uses switching to interrupt the current. Proper 

EMI filters are required to eliminate this interference. Monitoring equipment is required to 

determine the proper operating conditions. Heat sinking is required to remove waste heat. 

TECHNOLOGY ISSUES 

Key issues for the PV subsystem are summarized in Table E-1. The key issues for 

development of a NaS battery subsystem are summarized in Table E-2. 

The key issue with sodium sulfur batteries is achieving cycle life to permit operation as 

a satellite battery. While the specific energy, of the sodium sulfur system, is much higher than 

the current baseline nickel hydrogen batteries. the cycle life is much lower. Primary failure 
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mechanisms are related to corrosion of the seals and cell components by the chemically active 

sulfides and the fragility of the beta alumina electrolyte. Design features have been developed to 

mitigate the effect of these failure mechanisms so that a failure is not catastrophic. Cracking of 

the electrolyte or loss of cell case integrity does however, result in loss of the cell however. 

Continuing cell development is aimed at resolving these issues. 

TABLE E-1. PV SUBSYSTEM ISSUES, IMPACTS, AND DEVELOPMENT AREAS 

Issues Impacts Potential Development Areas 

Large array area due -Increased life cycle cost (LCC) -Higher efficiency top cell 
to low Martian -Increased deployment time (AIGaAS) 
insolation -Increased number of cells with - Robotic or automatic 

reduced system efficiency and deployment system 
reliability -Thin film arrays 

-Roll-out arrays 
Small cell size -Increased number of cells with -Higher efficiency top cell 

reduced system efficiency and (AIGaAS) 
reliability -Larqer size cells 

Cell efficiency -Increased array size and LCC -Higher efficiency top cell 
(AIGaAS) 

Cell cost -Increased LCC -Low cost production 
techniques 

Deployment system -Increased LCC -Flexible roll-out array 
and support -Robotic deployment 
structure weiQht 
Operating -Reduced cell life due to thermal -Design and test for 
temperature stress/increased LCC appropriate environment 
fluctuation and -Test for thermal extremes 
extremes 
Martian wind -Increased structure mass and LCC -Lightweight structure and 

tie-downs 
Dust accumulation -Increased array area and LCC -Robotic dust removal system 

-Maintainence cost 
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TABLE E-2. NaS BATTERY SUBSYSTEM ISSUES, IMPACTS, AND DEVELOPMENT AREAS 

Issues Impacts Potential Development Areas 

Cycle life -Increased life cycle cost !-Physical and chemical stability of 
alpha alumina seal 

,"Physical and chemical stability of 
electrolyte 

,"Sealing technology for tubesheet to 
cell case 

High operating -Heavy heat pipes, poor !-Low mass C/C heat pipe radiator 
temperature performance, toxic working ,"Heat pipe working fluids 

fluids (cesium or mercury) or (biphenyl) 
hiah oressure (water) 

Safety (explosion, fire, -Increased manufacturing cost ,"Battery casing design 
toxic fumes, formation 
of sulfuric acid) 

TECH'JOLOOY ASSESSMENT 

The technology bases were assessed for the following major PV/battery subsystems: 

• PV array; 

- Batteries; 

• Thermal management; and 

PP&C. 

The technology readiness of each assembly was evaluated using the NASA technology readiness 

levels. These evaluations are summarized in Table E-3 which shows that the power system has 

technology readiness levels ranging from 3 to 5, depending on the particular subsystem. The 

technology base for subsystems is discussed in the following sections. 

TABLE E-3. GaAs-CIS PVlNaS BATTERY TECHNOLOGY ASSESSMENT 

Subsystem Technology Comments 
Readiness 

Level 
GaAs/CIS PV cells 5 Pilot development phase for cells' APSA proaram 
NaS batteries 4 Breadboard cells tested by Air Force and prototype 

battery is under development 
Battery therma 3 Radiator component development currently 
manaaement underway; biphenyl investigated as heat pipe fluid 
PP&C 5 Similar components under development for Space 

Station Freedom (SSF) 
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System State-of-the-Art 

The GaAs/C1S PV array and NaS battery system has a NASA Level of about 4. The concept 

of this type of a system has been formulated but the details of the system have not been worked 

out. Specifically, this includes the integration of the NaS battery storage into the system. 

Though NaS batteries are a basic secondary type battery they require special thermal control to 

work. The batteries require an operating temperature of 598 OK. The PP&C subsystem will 

have to work in conjunction with thermal control system to maintain this temperature. In 

addition, to overcome the fragility problems of NaS batteries, it has been proposed to launch the 

batteries in a frozen state «573 0 K). Once on the planetary surface, the batteries will have to 

be brought up to temperature through some type of external source. For a flight test 

experiment, the power source will be the Shuttle payload power bus. Another issue is that 

prior to the time the NaS batteries are brought on line the spacecraft will need power for basic 

operations such as ground telemetry and array deployment. Some other source of energy, such 

as a primary battery, will be necessary and will increase the complexity of the PP&C 

subsystem. In this system the operational characteristics of the NaS battery are the key issues. 

Due to the low readiness level of the NaS battery and the thermal management subsystem, the 

overall system readiness level is relatively low compared to current PV/battery systems. 

pY Array State-of-the-Art 

The current cell technology level is between 5 and 6 on the NASA scale. The Boeing cell 

development is in the pilot line phase now (Ref. E-12). Production volume is expected by 

1996. The GaAs top cell is currently made by Kopin company while the bottom CIS cell is made 

by Boeing. An advanced cell design (AIGaAs/CIS) could be available well before 2008. Cell 

testing has progressed through the preliminary qualification stage. Testing has included 

thermal cycling, UV illumination, off-angle, vacuum stability, and humidity tests. Small 

coupon panels have been tested for mechanical shock, pyro shock, acoustics, vibration, and 
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thermal cycling. Current cell size is 2 x 4 cm (1991). Boeing is also working on a thin plastic 

substrate to replace the current glass substrate. 

Array development has been done for both rigid and flexible arrays. Various array 

technologies are summarized in Table E-4 (Ref. E-5). For large systems, the support 

structure development maturity is at a NASA Level 7. The only large system now being planned 

for launch is the Space Station Freedom array. The array support structure was flight tested 

under the SAFE program. Under the current schedules these designs will reach Level 9 by the 

year 2000. 

TABLE E-4. DESCRIPTION OF VARIOUS ARRAY TECHNOLOGIES AND APPROXIMATE 
PERFORMANCE FIGURES OF MERIT (IN EARTH ORBIT) 

Name Description PVCELLS Base Life Area Specific 
(BOL) Power (years) Density Power 

) (EOL (W/m2) (W/kg) 
kWe) 

Rigid Aluminum honeycomb Si: BSF 8 mil 3.4 7 128.3 32 
Honeycomb 
(Typical) 
HUBBLE Roll-out flexible blanket Si: 2x4 cm 2 4.4 2 11 7 1 9 

BSFR 
Spa:e Flexible Kapton fold-out Si: wrap 75 4 90 66 
Station blanket through 

contacts 8x8 
cm2 

N'SA Flexible Kapton fold-out Si: 2x4 cm2 3.7 1 0 95 93 
blanket BSF 13.8% 

SUPER Flexible fold-out with GaAs/Ge 6x6 5.3 5 121. 7 26.5 
(Planar) Beryllium cm 2 ,18% 
AI-Lo\ Ti honeycomb with 1.4 x GaAs/Ge -2 5 1 0 95.5 28.8 

concentratina shutters junction,24% 
E$l\ AI honeycomb with GaAslGe single 5 1 0 137 23.2 

protective shields iunction,18% 

The roll-out type array approach was developed in the early 70's at Wright-Patterson 

Air Force Base during the Flexible Roll-Up Solar Array (FRUSA) program. The same basic 

tgechnology is used today for power generation on the Hubble Telescope. Some of the arrays in 

the flexible fold-out category are the SAFE array, Mil-Star, Space Station and the APSA array 
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developed by TRW for JPl. The APSA array is designed for GEO orbit. The APSA program has 

been ongoing for several years and has significantly reduced the mass of arrays using a flexible 

array design. APSA has a goal of demonstrating a producible array system having a specific 

power greater than 130 W/kg (BOL) at 10 kW (BOL). A research and development array that 

should be seen as both "fold" .and "roll" out is the inflatable array. The inflatable array 

approach is funded by DARPA and is being developed and build by L'Garde Inc. The DARPA 

program is called Inflatable Torus Solar Array Technology (ITSAT) and is scheduled to conduct a 

space flight experiment in the 4th quarter of 1993. The inflatable array is considered a high 

risk - high payoff approach. 

The current application cell design could utilize either an inflatable array, an APSA type 

array (with additional support structure), or roll-out array. 

Battery Subsystem State-of-the-Art 

Development of sodium sulfur batteries was initiated in the 1960s for electric vehicle 

applications (Ref. E-13). Since then, development has progressed to the point that prototypes 

and breadboards are now being fabricated or are in test. Advancement of the technology has been 

limited by the low level of funding and the concern over the safety and operating temperature of 

the battery. Several manufacturers are engaged in ceramics development on the electrolytes 

and, in the United States, Hughes and Eagle-Picher are actively engaged in the development of 

space type batteries (Ref. E-14). 

Eagle-PiCher, in conjunction with Hughes Aircraft, had an Air Force contract 

(administered by WPAFB) which ran from 9/86 to 1/91 to develop a NaS cell for Low Earth 

Orbit (LEO). The major goals of this program were the following: 

• specific energy of 397 kJ/kg (50 W-hrllb); 

• 

• 

• 

30,000 charge-discharge cycles; 

2C discharge rate; 

5 year calendar life; and 
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• withstand LEO environment. 

A Mars surface environment would be much more benign for a battery subsystem than a LEO 

application due to a reduced charging rate, a reduced number of cycles (only 1825 for 5 years), 

and a gravity environment (poor distribution of reactants in microgravity environment can 

cause current blockage due to formation of a non-conductive layer). In addition, the battery can 

be qualified using only ground testing. 

For space applications, NASA Level 4 would apply. That is, breadboard cells have been in 

test for some time by the Air Force and a prototype of a satellite battery is in development under 

Air Force contract and is to be demonstrated in 1993 or 1994 (Ref. E-7). Further 

development is required to accelerate the fabrication and testing of cells and batteries in order 

to identify currently unknown problem areas. Specifically, testing will include space 

environmental testing, materials compatibility testing, and cycle testing. Under current 

funding levels, flight test of the battery is projected for the 1996 to 1997 timeframe. 

Availability for space applications is projected for the year 2000. 

Thermal Management Subsystem State-of-the-Art 

NASA LeRC is currently carrying out an integrated multi-element project for the 

development of space heat rejection subsystems with special emphasiS on low mass radiators in 

support of SEI power system technology (Ref. E-15). This effort involves both in-house and 

contracted efforts. Contracted efforts involving Rockwell International (RI) and Space Power 

Incorporated (SPI) are aimed at the development of advanced radiator concepts (ARC). NASA 

LeRC is also involved in a joint program with DOE to demonstrate a flexible fabric heat pipe 

radiator concept being developed by Pacific Northwest Laboratories (PNL). In-house work at 

NASA LeRC is deSigned to guide and support the overall program by system integration studies, 

heat pipe testing and analytical code development, radiator surface morphology alteration for 

emissivity enhancement, and composite materials research focused on the development of low 

mass, high conductivity fins. This program is concentrating on technologies capable of 
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development before the end of the decade for both surface power and nuclear electric propulsion 

(NEP) applications. 

Specific objectives of the ARC contracts are to achieve specific mass values <5 kg/m2 

with radiator surface emissivities of 0.85 or higher at typical radiator operating 

temperatures, and reliability values of at least 0.99 for the heat rejection subsystem over a ten 

year life. These figures represent a factor of two improvement over the currently considered 

heat rejection subsystem for SP-1 00, and even greater improvement factors for state-of-the­

art heat rejection systems used in current spacecraft applications. 

Presently, Rocketdyne division of Rockwell International is involved in the development 

of a carbon-carbon (C-C) or graphite heat pipe radiator panel. Rocketdyne has a NASA contract 

entitled "SP-100 Advanced Radiator Concepts" which started in 1987 and is part of the CSTI 

(Civilian Space Technology Initiative) program. This program will be completed in January of 

1993. This program involves development of a C-C heat pipe suitable for use in an SP-100 

radiator. However, this technology will be suitable for other radiator applications as well 

including battery power systems (using other working fluids). The hope is that this program 

will develop generic technology which can be used for all future space radiators because of its 

reduced mass compared to metal heat pipe radiators. Carbon-carbon is a new structural 

material which requires different fabrication techniques than for metals or composites. A key 

objective of this program is to demonstrate the ability to fabricate C-C heat pipes with a thin 

metal liner, wicks, caps, and fill tube. The brazing technique required to attach liners is the 

same as would be required to attach manifolds to the heat pipes. Heat pipes filled with potassium 

will be designed, fabricated, and tested during this program. Thermal cycle testing will be done 

in a vacuum to demonstrate the integrity of the heat pipes. 

Beginning in 1989, small samples of heat pipe panels were fabricated by Rocketdyne as 

part of the CSTI program. The next phase of the program will involve fabrication and testing of 

complete heat pipes several feet long. 
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The working fluids and temperatures for the SP-100 system would be different than for 

lower temperature battery systems. Thus, Rocketdyne has an on-going IR&D effort which 

involves development of a C-C heat pipe for lower temperature applications. This effort will 

eventually include fabrication and testing of a heat pipe. Rocketdyne is also looking at a higher 

thermal conductivity C-C heat pipe design. 

The objective of the joint NASA LeRC/Air Force program with PNL (Light Weight 

Advanced Ceramic Fiber [ACF] Heat Pipe Radiators) is to demonstrate the feasibility of a low 

mass ceramic fabric/metal liner heat pipe for a wide range of operating temperatures and 

working fluids (Ref. E-15). Specifically, the NASA LeRC objectives are to develop this concept 

for application to space radiators with operating temperatures below 500 OK using water as the 

working fluid. The specific mass goal for these heat pipes is 3 kg/m2 or less at a surface 

emissivity of greater than 0.85. 

Several heat pipes were built for the ACF program using titanium and copper foil 

material for containment of the water working fluid. A heat pipe with an 0.2 mm Ti liner was 

demonstrated in early January 1991. An innovative "Uniskan Roller Extrusion" process has 

also been developed at PNL and used to draw 0.76 mm wall tubing to a 0.05 mm foil liner in one 

pass. The water heat pipes fabricated for LeRC have been subjected to a test program to evaluate 

performance and reliability at demanding operating conditions. 

Future thrusts of the ACF program will be to perfect the heat pipe fabrication procedure 

using very thin (0.025 to 0.05 mm) foil liners which are internally texturized by exposure to 

high pressures (Ref. E-15). Plans will also be developed to perform hyper-velocity and 

ballistic velocity impact tests in order to determine if secondary fragments from a penetrated 

heat pipe will result in failures of neighboring heat pipes. Another major challenge will be to 

design a heat pipe with high conductivity, low mass fins as a first step toward the fabrication of 

low mass radiator panels. 

The NASA LeRC in-house materials program includes radiator surface morphology 

E-20 



PV~SBATTERYTECHNOLOGYROADMAP 

alteration by arc texturing for emissivity enhancement purposes (Ref. E-15). Emissivity 

enhancement has been demonstrated for graphite-copper samples. 

PP&C State-of-the-Art 

Assigning a NASA Readiness Level to PP&C is difficult. There are many systems that 

have flown which would make parts of the PP&C subsystem Level 9, but each PP&C system was 

custom design for each spacecraft design. Only until recently has the array and battery PP&C 

become standardized into packaged systems. In the Space Station Freedom program, standard 

PP&C components are undergoing qualification. Recent military programs have ended with 

qualified packaged PP&C component designs. 

The PP&C system design is based on a reasonable electronics component evolution, and 

there are no significant technology issues associated with its development. It will be necessary 

to fabricate breadboard hardware for testing and evaluation purposes, but there is no need to 

initiate any advanced component development. Most of the hardware elements have been or 

shortly will be operating in a relevant environment on other spacecraft or the SSF electrical 

power subsystem. 

DEVELOPMENT PLANS 

The development program was divided into seven major tasks. The first four tasks are 

component development tasks. The last three tasks includes the system design, fabrication, 

integration, and testing for the Ground Engineering System (GES), Qualification Unit (QU), and 

Flight Unit (FU). 

Testing will be done on the component. subsystem, and system level (qualification 

testing). The system level tests will show any possible negative interactions between 

subsystems. 

The PVlbattery development tasks are described in the following sections. Each task will 

include a section on objectives and the statement of work. 
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Task 1. PV Array Deyelopment 

Objectives: Complete development of high efficiency tandem cell, a low mass flexible array, and 

an automatic or robotic deployment approach. 

Statement of Work: The following subtasks are identified: 

Task 1.1 Subscale PV Array Deyelopment. Complete development of GaAs/CIS or 

advanced (AIGaAs/CIS) tandem cell. Develop a larger cell size. Test subscale PV panels to 

verify performance under appropriate environmental conditions (thermal cycling, vibration 

tests, strength and stiffness, radiation, etc.). Develop the array structure and deployment 

concept. 

Task 1 .2 Full Scale PV Array Development. Develop and test full scale PV arrays. 

Verify adequate performance. 

Task 2. Battery Subsystem Development 

Objectives: Develop a full scale flight weight battery module which can be integrated into a 

PV/battery power system. Demonstrate materials compatibility, safety, and performance 

margins. 

Statement of Work: This effort was divided into the following subtasks: 

Subtask 2.1 Preliminary Battery Deyelopment. Demonstrate the feasibility of the 

selected battery design for planetary surface applications. Test a prototype battery to 

demonstrate materials compatibility, safety, and component life. 

Subtask 2.2 Final Battery Module Design. Design a full scale flight weight battery 

module. 

Subtask 2.3 Battery Module Fabrication. Assembly. and Testing. Build and test 

(performance, mechanical, and thermal cycling) the battery module. After initial breadboard 

validation testing is complete, perform additional module testing in a relevant environment. 
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Task 3. Thermal Management Subsystem Development 

Objectives: Develop and demonstrate a low mass, reliable heat pipe radiator which will operate 

at about 600 oK. Develop and demonstrate components for thermally isolating the battery from 

the rest of the system and the environment. Develop a thermal management approach for the 

PP&C components. 

Statement of Work: This effort was divided into the following subtasks: 

Subtask 3.1 Heat Pipe Demonstration. Fabricate and test representative length heat 

pipes to fully characterize heat pipe performance. Compare test results with predicted 

performance over the anticipated range of operating conditions including startup, shutdown, and 

restart. 

Perform limited life testing of the heat pipes. Identify deterioration mechanisms. 

measure deterioration rates, and assess the adequacy of assembly and cleaning procedures. 

Withdraw heat pipe samples sequentially throughout the test period. Drain, section, and analyze 

the samples for corrosion, carbon diffusion, braze stability, and any other signs of 

deterioration. 

In conjunction with the heat pipe performance and life testing, develop and demonstrate 

techniques for nondestructive examination (NDE) of the heat pipe elements and assembly. 

Assess the adequacy of liner bonding and weld joints. Determine if the correct fit-ups and 

interfaces were obtained in the assembled piece. 

Subtask 3.2 Radiator Enhancement. Increase the applicability of the radiator concept 

by performing various enhancement tasks. Examine survivability options and extended length 

heat pipes. 

Perform analytical assessment, testing, and enhancement design development to insure 

long life for Mars missions. Consider natural threats such as micrometeoroids and dust erosion. 

Fabricate a long heat pipe. Develop alternate techniques for fitting the liner into the 

tube. Investigate alternative tube fabrication, liner fabrication, and coating processes. 
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Subtask 3.3 Heat Pipe Integration and Testing. Develop and demonstrate techniques for 

attaching the heat pipes to the battery assembly. Subsequently, demonstrate heat pipe 

integration into a representative radiator section. Test the radiator section to provide an 

accurate overall heat transfer coefficient. Verify radiator dynamics and performance. Test the 

assembled unit in a cold wall, vacuum chamber, simulated space environment. Validate 

temperature drop predictions and assess component interactions. 

Subtask 3,4 Thermal Management Subsystem Design, Assembly, Fabrication, and 

Testing. Develop the detailed design of the thermal management subsystem. Resolve specific 

design issues such as the effects of differential thermal expansion, deployment features, 

monitoring instrumentation and control equipment, local insulation, and trace heating of the 

battery for thawing. 

Design, fabricate, and test a representative full scale thermal management subsystem. 

Complete performance, mechanical (stress, shock, and vibration), thermal cycling tests. 

Task 4. PP&C Subsystem Deyelopment 

Objectives: Demonstrate adequate steady state and transient performance, life, and immunity to 

the environment (including launch and operating). Demonstrate the software capability to 

handle power system nominal operation and failure modes. 

Statement of Work: This effort was divided into the following subtasks: 

Subtask 4.1 Electrical Components. Build breadboard units to demonstrate and check 

functional performance of the individual component circuit designs. Incorporate any necessary 

design modifications and improvements into brassboard units. Verify functional performance 

within the constraints of the actual component configuration. Fabricate prototype units and 

perform a series of tests using simulated input and output loads. Test the controller to validate 

the operating system software. Include the following testing: 

• start up, steady state and transient control; 

• failure simulation and detection and switching; 
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effects of temperature extremes and thermal shock; 

effects of environment; 

shock and vibration; 

• cold plate heat loads; and 

• EMI generation and susceptibility. 

Subtask 4.2 Software - Check out the controller software using simulated inputs and 

outputs. 

Task 5. Ground Engineering System (GES) Testing 

Objectives: Design a system concept which will meet Mars power system applications. Show 

the concept feasibility. Verify adequate performance and life for an integrated system. 

Statement of Work: This effort was divided into the following subtasks: 

Task 5.1 GES Design. Identify and characterize specific power system applications. 

Determine power system requirements. Define optimum power system module size based on 

trade studies which minimize the overall life cycle cost of the power system for all applications 

(trade between development cost and mass). 

Identify concepts and perform tradeoff studies (performance, reliability, risk, safety, 

and life cycle cost) to select the optimum system design. Complete feasibility studies for the 

selected concept. Definitize the remaining hardware development tasks based on the system 

concept chosen. 

Design a complete power system to at least meet the minimum life requirement (10 

years for arrays and 5 years for batteries). Perform both design point and transient analyses 

to verify the design. Perform this task in parallel with the component development tasks to 

insure proper system characteristics 
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Task 5.2 GES Performance Tests. Manufacture the GES components and assemble. 

Pressure and leak check the assembly, fill the batteries and heat pipes, complete a electrical 

check-out, and check out all active devices to the extent possible. 

Design the test program for the GES to verify all performance characteristics of the unit 

in conjunction with subjecting the GES to acceptance level tests. Conduct performance and 

thermal vacuum tests during a single thermal vacuum test sequence to demonstrate technical 

capabilities while minimizing program cost. Complete the following performance testing 

activities: 

• checkout and refine subsystem assembly procedures; 

• verify operation of ground support equipment (GSE) and interfaces with the GES; 

• verify start up capability; 

• verify steady state performance characteristics; 

• establish effective operating range of the system; 

check out software and verify autonomy (include all operational modes and 
simulate failure modes); 

simulate normal switchover from one module to another; 

simulate failures to trigger module switchover; and 

establish system sensitivity to off-normal conditions such as: (1) partial loss of 
radiator cooling, (2) varying radiator heat removal profile, (3) partial loss of 
electronic cooling, and (4) temporary losses of heat sink with varying duration. 

Task 5.3 GES Ufe Test. Refurbish the GES after completion of performance, 

acceptance. and margin tests. Refurbishment will include the following: 

• 

• 

• 

replacing or repairing components as necessary to ensure that the GES is 
returned to its as-built condition; 

addition of special instrumentation required for the life test phase; and 

modification of the main radiator heat removal system or replacement of the 
main radiator with a dump heat exchanger. 

Install instrumentation to provide a comprehensive diagnosis of the "health" of the GES and to 

monitor for degradation of major assemblies and individual components. Place the GES on a 
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multiyear life test in air. Operate the GES at its nominal operating point, with expected GES 

variations in power output and environment. 

Disassemble the GES for diagnosis at the end of the life test. Determine areas to be 

examined by an analysis of the health monitoring data and from the reliability analysis 

predictions. 

Task 6. Qualification Program Testing 

Objectives: Fabricate the qualification units (QUs). Verify adequate performance and life for 

the QUs. 

Statement of Work: Develop a comprehensive performance and dynamic testing program which 

will provide a formal demonstration that the power system will perform as designed after being 

subjected to simulated launch conditions. Select launch environmental conditions which 

envelope the probable intensities developed by various launch scenarios. 

Begin the qualification effort (a typical approach is shown in Figure E-5) by qualifying 

the assemblies. Fabricate and assemble the qualified production items into the QU. Qualify the 

QU by the rules for space vehicle qualification. 
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Figure E-S. PV/battery power system qualification program. 
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This effort was divided into the following subtasks: 

Subtask 6.1 Qualification Performance Testing. Conduct performance testing at each 

level to verify that each item performs as designed. Perform dynamic testing to verify the 

capability of the power system to withstand launch loads, including acoustic, pyroshock and 

vibrational. A possible performance and dynamic qualification test sequence for components and 

assemblies is shown in the matrix of Figure E-6. The corresponding qualification test sequence 

for the QU is shown in Figure E-7. 

Subtask 6.2 Qualification Life Testing (Optional). After completion of the 

qualification performance testing. partially disassemble the QU and examine the unit. 

Refurbish the QU as required and modify for endurance testing in air, as described for the GES. 

Life test the QU. 

c: 
.Q OJ E 

N 16 c: :l g - ~ - - u ~ 
:l -T'" - .0 ..- c: T'" 0 ..... 

Component or - ~ :> - - >- ro -co co co .Q ro () co > co Q) ro 
Subassembly c: c:: E ro c:: ~ c: 

0 ~ .Q c: 
~ c: ro c: ro .Q :l 

0 0 Q) .Q .Q 0 
U 0 U E E 0 III ·u 

'ffi 
0 "0 a; 0 0 III ~ 

~ 
c: c: ~ .... ~ c: Q) 

~ c: c: ro 0 Q) Q) ro $ c: 
:l Q) :l ro Q) 0 c: .c c: :l ~ Q) :l u.. a: :l :l :l .c u.. CL ::J u.. ...J u.. ...J ~ u.. ~ u.. ~ ...J u.. 

Battery Module X X X X X X X X X X X X X X 

Radiators X X X X X X X X X X X X X 

PP&c X X X X X X X X X X X X 

Structure X X X X X X X X X X X 

PV Array X X X X X X X X X X X X 

Figure E-6. PV/battery power system assembly qualification test matrix. 
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Functional Check ~ 
Electromagnetic r----. Pressure Test 

Compatibility Test 

Acoustic loading 
~ Functional Check f4- Pyroshock Test --Test .... 

4 Functional Check ~ 
Thermal Balance r-- Functional Check .....-. Thermal-Vacuum 

Test Test 

Figure E-7. PV/battery power system au test sequence. 

Task 7 Flight Unit (FU) System Program 

Objectives: Fabricate the flight systems and acceptance test the FUs to demonstrate required 

performance. Deliver the flight systems and provide integration support for the FU with the 

payload and the launch vehicle_ 

Statement of Work: Fabricate. acceptance test. and assemble parts to produce the flight 

systems. Subject the systems to acceptance testing before shipment to the launch site. Use the 

same test facilities (vacuum chamber. vibration. acoustic) that were used for the qualification 

program for flight system acceptance testing. Finally. provide launch support activities to 

insure that the FU meets its design and performance goals associated with integrated payload and 

launch systems. 

The work is divided into the following subtasks: 

Subtask 7.1 Flight Component Fabricatjon. Design. fabricate. inspect. and assemble 

the components and subassemblies required for the FUs. including all spare parts as required to 

support the flight system activities. 
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Subtask 7.2 FU Assembly. Test. and Payload Integration. Assemble and inspect the 

FUs. Acceptance test the FUs and ship to the launch site. Provide technical support for FU 

integration with the payload, launch vehicle, and launch support facilities. 

Subtask 7,3 FU Launch Support. Provide FU launch support activities to insure that 

the FU meets its design and performance goals associated with the integrated payload and launch 

systems. 

DEVELOPMENT SCHEDULE 

The program starts with a conceptual design task followed by preliminary design and 

concurrent component development or production of the PV array, battery, thermal 

management, and PP&C. The detailed design is subsequently completed by the middle of the third 

year. 

Fabrication of components for ground testing for the Ground Engineering System (GES) 

starts with procurement of long lead materials and equipment in the first part of the fourth 

year. This leads to assembly of the system by the end of the fifth year. 

The GES will be similar to a flight system but will have features such as additional 

instrumentation and readily removable components to expedite gathering of engineering data and 

to permit modification of components. It will be tested in a vacuum chamber under normal and 

off-normal design conditions. After this phase of testing. it will be partially disassembled, 

examined, refurbished as necessary, and put on life test, nominally for 1 year. 

The qualification phase includes design, fabrication, assembly, and qualification testing 

of individual components, and a complete system. The design effort will be minimal since it 

would involve only minor modifications to the GES design. 

The flight phase of the program includes fabrication, assembly, and acceptance testing of 

the flight units. 

The estimated development and production schedule for the power system is shown in 

Figure E-8. A minimum development time is about 8 years. 
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Figure E-S. GaAs-CIS PV array/NaS battery power system development schedule. 
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APPENDIX F 

INTRODUCTION 

Space Nuclear Reactor Power Systems (SNRPS) are primarily suitable for application 

to satellites with high power requirements and fixed base high power planetary surface 

applications and electric propulsion applications. Currently envisioned Mars surface power 

systems include power levels of 25 and 75 kWe. 

Thermionic reactor systems use a passive power conversion approach to generate 

electricity. Typical thermionic power conversion systems include STAR-C (out-of-core TI. 

conduction cooled UC2 /graphite core). Driver Fuel In-Core Thermionic Fuel Element (TFE). 

and the In-Core TFE Heat Pipe Cooled Reactor (Refs. F-1 through F-10). 

The thermionic fuel element (TFE) based power systems have the potential to be designed 

for use at sufficiently low temperatures such that the reactor structure and containment can be 

fabricated entirely from stainless steel. Thus. a thermionic system would not need special 

protection from the Martian environment as would a higher temperature system using 

refractory metals. 

CONCEPT DESCRIPTION 

Based on its superior mass characteristics. scalability aspects. and the possibility that 

it can be operated at a sufficiently low temperature to permit the use of an all stainless steel 

external structure the Driver Fuel In-core TFE system was selected as the most likely 

candidate for a thermionic planetary surface based power system of less than 100 kWe output. 

The Driver Fuel In-core TFE concept couples in-core TFEs with U02 driver fuel pins 

(where required) for criticality purposes. A pumped liquid metal heat transport loop removes 

waste heat from the reactor core. The waste heat is rejected to space by a heat pipe radiator. 

Rotating radial reflector drums are used for both control and primary reactor shutdown. In­

core safety rods provide the backup shutdown function. The driver fuel is fully enriched. 
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Figure F-1 illustrates the key features of the fast driver fuel in-core TFE system 

concept. which is based on existing or presently emerging technology. The system is easily 

scalable over the range of 10 to 100 kWe. The system contains an in-core thermionic reactor 

coupled to a fixed radiator by a single pumped, liquid metal cooling loop. NaK at a maximum 

temperature of 970 oK is circulated through the core by one of two redundant EM pumps 

similar in design to those developed for SNAP 8. A TEM pump similar to the one used in SNAP 

10A provides passive decay heat removal. A sodium heat pipe radiator was designed to reject 

waste heat to space. A redundant power processing and control (PP&C) system, based on a 5 

year extrapolation of Space Station Freedom technology, completes the major subsystems in the 

concept. 

The TFE design. also shown in Figure F-1, is based on the U02 fueled F-series 

thermionic converter. The fast neutron spectrum of this fuel provides scalability to higher 

power levels where no drivers are needed. 

The ability to use the same basic reactor concept over a full range of power outputs 

reduces the amount of development required and the amount of qualification testing required. In 

the case of the fast driver concept scaling is accomplished by using the same TFE and driver pin 

design and adjusting their quantities within the reactor vessel to meet the required power 

output. 
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Figure F-1. Driver Fuel In-Core TFE system concept. 
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TECHNOLOGY ISSUES 

The key issues are summarized in Table F-1. 

TABLE F-1. SUMMARY OF KEY ISSUES, IMPACTS AND DEVELOPMENT AREAS 

Issues Impacts Potential Development Areas 

High development -I ncreased life cycle cost -Flight demonstration 
cost due to safety program 
assurance program 
Safety of nuclear -Increase in system mass for shielding - -Use of in-situ materials 
systems during may be especially significant if in-situ for shielding 
operation materials are not used 
Safety of nuclear -Public pressure may prevent system -PV/RFC power system 
systems during from being launched and mission from -SD power system 
launch not being completed 
TFE lifetime and -Lower emitter temperatures if lifetime -In-reactor TFE and cell 
performance cannot be met and higher system mass tests (TFE Verification 

Program) 
·High strength emitter 

materials 
C-C heat pipe ·Higher system mass if must use all- ·C-C metal lined heat pipe 
Fabricability metal heat pipes development 
Radiation -Heavier shielding mass required if ·Under development for AF 
hardenability of components cannot be hardened programs 
electronic 
components 

TECHNOLOGY ASSESSMENT 

The technology bases (Refs. F-1 through F-7) were assessed for the following major 

Fuel Driver In-Core TFE assemblies: 

thermionic power reactor; 

thermionic fuel elements; 

heat rejection subsystem; and 

PP&C subsystem. 

The technology readiness of each assembly was evaluated using the NASA technology 

readiness levels. These evaluations are summarized in Table F-2 which shows that Fuel Driver 

In-Core TFE assemblies have technology readiness levels ranging from 3 to 5. The technology 

base for each assembly is briefly discussed in the following sections. 
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TABLE F-2. IN-CORE TI TECHNOLOGY ASSESSMENT 

Assembly Technoloav Readiness Level Comments 
Reactor 3 No reactor assemblies built; 

new military programs due 
soon; EM pumps under 
development for SP-100; 
stainless steel reactor built 
for SNAP 10 oroaram 

TFE 4 Extensive data base from 
earlier testing; long term 
tests nearly com~lete 

Heat Reiection Subsystem 4/3- Currently under development 
Electrical 4 Radiation hardened compon-

ents 
*Metal heat pipe/carbon-carbon heat pipe. 

Thermionic power Reactor State-of-the-Art 

The driver fuel TFE reactor has been designed for safety from the ground up and requires 

no technology changes over the complete power range from 10 to 100 kWe. The reactor uses the 

F series thermionic converter. which has a significant data base from earlier thermionic 

programs and permits the reactor to scale from 10 kWe to well beyond the 100 kWe level. The 

U02 fuel in the TFE and driver pins has a broad technology base from the Liquid Metal Fuel 

Breeder Reactor (LMFBR) program and previous TFE test programs (Refs F-G and F-7). 

It is possible to design this reactor to use stainless steel for its containment shell and 

piping. thus obviating the need to expose any refractory materials to a planetary atmosphere 

such as on Mars. SP-100 control rod and sliding reflector segment control assemblies are 

undergoing laboratory testing. These would be used in the deSign to minimize development costs. 

Several basic EM pump design concepts have evolved through the years. Only two designs 

are inherently low in weight. the ALiP and the thermoelectric electromagnetic (TEM) pump. A 

TEM pump is being developed for the SP-100 program to-pump molten lithium at higher 

temperature than this application. 

A very substantial liquid metal handling data base exists at the Energy Technology 

Engineering Center (ETEC), operated by Rocketdyne for the Department of Energy. which was 
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responsible for liquid metal testing of many of the component destined for use in the Clinch 

River Breeder Reactor. This included operation of numerous EM pumps. 

An extensive data base exists for the TFE elements of the driver fuel TFE reactor, 

however, a full-up assembly of such elements in a critical assembly has not been built. This 

results in a NASA technology readiness rating of 3.0 for this subsystem, which is the same as 

that of the SP-100 power reactor. 

Thermionic power Conversion Unit (PCU) State-of-the-Art 

The thermionic power conversion device is a static converter, requiring no moving 

parts. Device efficiency is about double that of thermoelectrics. The TFE is the key technology 

item in the fast driver fuel TFE design concept. The important technology areas include 

thermionic converter performance, cesium vapor management, emitter lifetime and electrical 

insulator stability in the 1000 OK temperature regime and fast flux reactor environment. 

The F-series converter is particularly suited to this application because it offers the 

scalability not available with other thermionic conversion devices. Due to this scalability, 

critical technology and experience developed at the lower power applications will be valid for 

the higher power versions. 

A TFE verification program, currently in progress, builds directly on an extensive data 

base developed in the 1960s and early 1970s in an AEC/NASA program. In this program, TFEs 

were developed and tested and the processes necessary to fabricate long lived components were 

developed. Thermionic converters were operated for more than 40,000 hrs out-of-pile and a 

TFE lifetime of 12,000 hrs was demonstrated in-pile. 

Fueled emitters were put under test in January 1985 in the TRIGA reactor at General 

Atomics (GA) during the SP-100 program, to study emitter distortion. As of June 1989, about 

35,000 hours of real time testing had been attained. In addition, insulators and intercalated 

cesium graphite reservoirs are under test and the preliminary results have shown good 

stability and performance. 
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The entire TFE verification program, which will include in-pile testing of complete 6 

cell TFEs is scheduled for completion in CY 1994 and is currently on track. These factors lead 

to a NASA technology readiness rating of 4.0. 

Heat Rejection Subsystem (HRS) State-of-the-Art 

Presently, Rocketdyne division of Rockwell International is involved in the development 

of a carbon-carbon (C-C) or graphite heat pipe radiator panel. Rocketdyne has a NASA contract 

entitled "SP-100 Advanced Radiator Concepts" which started in 1987 and is part of the CSTI 

(Civilian Space Technology Initiative) program. This program will be completed in January of 

1993. This program involves development of a C-C heat pipe suitable for use in an SP-100 

radiator. However, this technology will be suitable for other radiator applications as well 

including TFE power systems. The hope is that this program will develop generic technology 

which can be used for all future space radiators because of its reduced mass compared to metal 

heat pipe radiators. Carbon-carbon is a new structural material which requires different 

fabrication techniques than for metals or composites. A key objective of this program is to 

demonstrate the ability to fabricate C-C heat pipes with a thin metal liner, wicks, caps, and fill 

tube. The brazing technique required to attach liners is, the same as would be required to attach 

manifolds to the heat pipes. Heat pipes filled with potassium will be designed, fabricated, and 

tested during this program. Thermal cycle testing will be done in a vacuum to demonstrate the 

integrity of the heat pipes. 

Beginning in 1989, small samples of heat pipe panels were fabricated by Rocketdyne as 

part of the CSTI program. The next phase of the program will involve fabrication and testing of 

complete heat pipes. A planned 3.5 year follow-on to this program could involve the 

development of a full scale C-C heat pipe radiator panel complete with manifolds and interface 

heat exchanger. This effort would be generic in scope and thus not include flight qualification. 

It is not clear whether this follow-on would be part of the CSTI program or part of the SP-100 

program. 
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The current technology level of the radiator subsystem is estimated to be about 4 for the 

metal heat pipe radiators and about 3 for carbon-carbon heat pipe radiators. 

power processing and Controls State-of-the-Art 

The electronic component technology required for thermionic power processing 

equipment is being developed for future nuclear space power system applications under the SP-

100 program. Currently available analytical and design technologies will be used along with 

radiation testing. Radiation hardened high reliability Class S parts coupled with component 

redundancy, where necessary, will ensure a reliable and low risk power processing and control 

system. Rockwell is currently developing the Space Station Power Management and Distribution 

System; some of that technology is directly transferable to large thermionic power systems. 

The use of multiple buses, components for the switching of loads, and switching of 

subassemblies within the power assembly are technologies common to the two programs. 

The required technology for the control and data acquisition functions currently exists, 

and the technology for autonomous control is under active development for Space Station 

Freedom (SSF), ESSA and other space power programs. The need for radiation hardened 

components with these capabilities remains to be demonstrated which results in a technology 

rating of 4 for this subsystem. 

MAJOR DEVELOPMENT TASKS 

The technology level of the driver fuel in-core reactor power system components range 

from 3 to 5, and therefore development testing is required. The testing currently envisioned is 

briefly described in the following sections. Four component development tasks (reactor. power 

conversion subsystem. HRS, and PP&C) and three system development tasks (Ground 

Engineering System. Qualification Unit. and Flight System) are described. 
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Task 1. Thermionic Power Reactor Development 

Objectives: Complete development and testing of the reactor components so that the final reactor 

design can proceed with a high degree of confidence and the ground engineering and flight test 

programs can be completed on schedule. 

Statement of Work: Develop a fast driver thermionic reactor power subsystem conceptual 

design. Develop and test components that support the reactor subsystem preliminary design. 

These components would include such items as control rod drivers, reflectors, drum drives, 

core assembly, bearings, heat exchangers, EM pumps and expansion compensators. 

Task 2. Thermionic PCS Development 

Objectives: Complete development of the thermionic fuel element design which will meet the 

desired performance and life requirements. 

Statement of Work: The components for these devices are currently in an advanced state of 

development. The assembly and test of prototype TFEs in a reactor environment. This would 

require that the devices currently under test at GA be modified to the exact specification 

required for the fast driver fuel TFE device and be tested in a nuclear reactor similar to the 

TRIGA reactor. 

Task 3, HRS Deyelopment 

Objectives: Development and demonstration of a small scale radiator panel. Development of full 

scale heat pipe radiator and interface heat exchanger. 

Statement of Work: The following subtasks are identified: 

Subtask 3.1 Heat Pipe Demonstration . Various development efforts are required to 

bring heat pipe technology to a space qualifiable level. Specific efforts include performance 

testing, life testing, and nondestructive evaluation. 

For performance testing, representative length heat pipes will be fabricated and tested 

to fully characterize the heat pipe performance. Test results will be compared with predicted 
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performance over the anticipated range of operating conditions including startup. shutdown. and 

restart. 

Limited life testing will be performed. These tests will identify deterioration 

mechanisms. measure deterioration rates. and assess the adequacy of assembly and cleaning 

procedures. Samples will be withdrawn sequentially throughout the test period. drained. 

sectioned. and analyzed for corrosion. carbon diffusion. braze stability. and any other signs of 

deterioration. 

In conjunction with the performance and life testing tasks. techniques for nondestructive 

examination (NOEl of the heat pipe elements and assembly will be developed and demonstrated. 

This effort will assess the adequacy of liner bonding and weld joints. It will also be determined 

if the correct fit-ups and interfaces were obtained in the assembled piece. 

Subtask 3.2 Radiator Enhancement - To increase the applicability of the radiator 

concept. various enhancement tasks will be performed. These tasks include survivability 

options and extended length heat pipes. 

Analytical assessment. testing. and enhancement design will be done to insure long life 

for both lunar and Mars missions. Natural threats to be considered include micrometeoroids and 

dust erosion (Mars). 

Significant radiator performance improvements can be achieved with the use of longer 

heat pipes in some applications. A long heat pipe will be fabricated. Alternate techniques will 

be developed for fitting the liner into the tube will be developed. Alternative tube fabrication, 

liner fabrication. and coating processes will also be investigated. 

Subtask 3.3 Heat Pipe Integration and Testing - The first step in this task is to develop 

and demonstrate techniques for thermal and mechanical bonding of the heat pipe to the radiator 

manifold. Subsequently, heat pipe integration into a representative radiator section will be 

demonstrated. Testing of the radiator section will be done to provide an accurate overall heat 
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transfer coefficient. System dynamics and performance will also be verified. The demonstrator 

will include a surrogate manifold section and a limited number of heat pipes. The assembled 

unit will be tested in a cold wall, vacuum chamber, simulated space environment. The purposes 

of this series of tests will be to validate temperature drop predictions, verify manifold design, 

and assess component interactions. 

Subtask 3.4 HRS Design. Assembly, Fabricatjon, and Testjng - This task will provide a 

focus for the other radiator development tasks. This task will involve the detailed design of a 

radiator subsystem. Specific design issues will be resolved including the effects of differential 

thermal expansion, deployment features, monitoring instrumentation and control equipment, 

local insulation, and trace heating of the manifold and piping 

A representative full scale heat pipe radiator and interface heat exchanger will be 

designed, fabricated, and tested. Testing will include performance, mechanical (stress, shock, 

and vibration), thermal cycling, and life tests. 

Task 4, PP&C Development 

Objectives: Complete electronic component development. Verify adequate performance and life. 

Statement of Work: Breadboard units will be built to demonstrate and check functional 

performance of the individual component circuit designs. Design modifications and 

improvements will be incorporated into brassboard units, which will be used to verify 

functional performance within the constraints of the actual component configuration. Prototype 

units will be fabricated and a series of performance tests run using simulated input and output 

loads. Controller tests will include validation of operating system software. Tests will include: 

• Start up, steady state and transient control; 

• failure simulation, failure detection, and switching to a backup circuit; 

• effects of temperature extremes and thermal shock; 

• shock and vibration; 
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• cold plate heat loads; and 

• EMI generation and susceptibility. 

Prototype cable harnesses and a prototype parasitic load radiator will be checked out 

with the electrical components during the system test. 

Software will be checked out in conjunction with tests of the controller, using simulated 

inputs and outputs. Integration and checkout of the software will be performed as part of the 

system test. 

Task 5. Ground Engineering System (GES) Testing 

Objectives: Complete the ground engineering system design. Verify all performance 

characteristics of the unit in conjunction with subjecting the GES to MIL-STO-1S40 acceptance 

level tests. Verify adequate system life. Take the system technology to level 6 (system 

validation model demonstrated in a simulated environment). 

Statement of Work: As a cost reduction measure it has been proposed that GES testing be 

dispensed with and that space reactor power programs proceed to the flight qualification phase 

after the component development needed to support final design has been completed. Acceptance 

of this approach by the technical community is not certain as of this writing. therefore, a 

discussion of GES testing is included as part of the overall development of a space reactor power 

system. 

After assembly, the GES will be pressure and leak checked, a complete electrical check­

out will be performed, and all active devices will be checked out. 

Performance and thermal vacuum tests will be conducted during a single thermal 

vacuum test sequence to demonstrate technical capabilities while minimizing program cost. The 

performance evaluation will consist of the following major activities: 

• 

• 

• 

checkout and refine subsystem assembly procedures; 

check out procedures for loading NaK into the system; 

verify operation of ground support equipment (GSE) and interfaces between GSE 
and the GES; 
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check out ground cooling systems; 

• verify start up capability; 

• verify steady state performance characteristics; 

• establish effective operating range of the system; 

check out software and verify autonomy (include all operational modes and 
simulate failure modes); 

establish system sensitivity to off-normal conditions such as: (1 )partial loss of 
radiator cooling. (2)varying radiator heat removal profile. (3)partial loss of 
electronic radiator cooling. and (4 )temporary losses of heat sink with varying 
duration; and 

• determine magnitude of effects on spacecraft for: (1 )jitter and vibration. 
(2)EMI/EMC. (3)thermal radiation to spacecraft. and (4)maneuvering loads. 

The MIL-STD-1540 test sequence will integrate acceptance level and design margin 

tests as appropriate up to qualification levels. to provide a technically sound. minimum cost 

approach. 

When the performance. acceptance. and margin tests are complete. the GES will placed 

on a multiyear life test. Instrumentation will be used to monitor for degradation of major 

assemblies and individual components. The GES will be operated at its nominal operating point. 

with expected GES variations in power output and environment. 

The GES will be disassembled for examination at the end of the life test. Specific areas to 

be examined will be determined by an analysis of the health monitoring data and from the 

reliability analysis predictions. 

Task 6. Qualification Program 

Objectives: A comprehensive performance and dynamiC testing program for assemblies and the 

complete system will provide a formal demonstration that the Driver Fuel In-Core TFE system 

will perform as designed after being subjected to simulated launch conditions. A low-risk 

approach. incorporating qualification of individual assemblies. followed by qualification of a 

complete system. termed the qualification unit (QU). characterizes this program. This phase 

will take the system technology to level 8 (flight qualified). 
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Statement of Work: The required qualification tests for the assemblies of the in-core TI system 

are those specified in Section 6.4, "Component Qualification Tests", of MIL-STD-1S40B. For 

the QU, the required qualification tests are in Section 6.2, "Space Vehicle Qualification Tests", 

of MIL-STD-1S40B. Qualification will be to launch environmental conditions selected to 

envelope the probable intensities developed by various launch scenarios. 

The overall approach, starts with qualification of assemblies. Qualified production items 

are then fabricated and assembled into the QU which is then qualified by the rules for space 

vehicle qualification. This approach minimizes the risk that some assembly of the QU will fail 

during the qualification test sequence, thereby nullifying the qualification, and requiring 

backtracking to recover from the failure. 

Performance testing at each level will be conducted to verify that each item performs as 

designed. The qualification item will be similar to the corresponding engineering item and, 

therefore, performance testing will be less time consuming. 

Dynamic testing will be performed per MIL-STD-1S40B, to verify capability of the in­

core TI system to withstand launch loads, including acoustic, pyroshock and vibrational. The 

performance and dynamic qualification test sequence for components and assemblies is shown in 

Figure F-2. Fabrication, assembly, checkout, and testing of the QU will be similar to the 

corresponding operations for the GES and therefore, will benefit from the experience with the 

GES. Test facilities for component and assembly qualification testing will be the same as those 

for the assembly level testing of the QU test program. 

When qualification testing is successfully completed, the QU will be scheduled for life 

testing for nominally 1.S years (optional). 

Task Z. Flight System program 

Objectives: Produce, acceptance test, and deliver one or more flight systems. Take the system 

technology to Jevel 9 (flight proven). 
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Statement of Work: In the flight system program, parts will be fabricated, acceptance tested, 

and assembled. Systems will be subjected to acceptance testing per MIL-STD-1S40B guidelines 

before shipment to the launch site. The same test facilities (vacuum chamber, vibration, 

acoustic) that were used for the qualification program would be used for flight system 

acceptance testing. The flight phase of the program also will include the safety studies and 

reports necessary to obtain launch approval. 

Functional Check f--+ Electromagnetic f--+ Pressure Test Compatibility Test 

Acoustic Loading .- Functional Check .- Pyroshock Test .. 
Test -

.... Functional Check ---. Thermal Balance ---. ~ 
Thermal-Vacuum 

Test Functional Check Test 

Figure F-2. Thermionic power system au test sequence (per MIL-STD-1S40B). 

DEVELOPMENT SCHEDULE 

Figure F-3 presents a development schedule for the Fuel Driver In-Core TFE reactor. 

The total development time to flight is 8.5 years. Development time is expected to be fairly 

short for this concept since this is a relatively simple system (working fluids always liquid; 

control done at PP&C; and small radiator) and much of the component technology is state-of­

the-art (Le., stainless steel materials). Significant development work has been done on the TFE 

elements and the Air Force has recently expressed an interest in developing a relatively high 

power reactor unit by way of an upcoming RFP. 
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The program starts with a conceptual design task followed by preliminary design and 

concurrent component development of the reactor and heat transport components, thermionic 

fuel elements, and electronic assemblies. The detailed design is subsequently completed by the 

middle of the third year. 

It is expected that the program critical path initially will be through design, 

development, and fabrication of the thermionic fuel elements. The first complement of TFEs 

must be ready by the middle of the fourth year for assembly in the GES reactor. From there, the 

critical path is through the nuclear subsystem, assembly of the qualification system, and finally 

the testing of the qualification system. 

The GES will be similar to a flight system but will have features such as additional 

instrumentation and readily removable components to expedite gathering of engineering data. It 

will be tested in a vacuum chamber under normal and off-normal design conditions. After this 

phase of testing, it will be put on life test for 3 yrs. 

The qualification phase includes design, fabrication, assembly, and qualification testing 

of individual components, and a complete system. The design effort will be minimal since it 

would involve only minor modifications to the GES design. 

The flight phase of the program includes fabrication, assembly, and acceptance testing of 

the flight units and the associated safety analysis (including Preliminary Safety Analysis 

Review [PSAR], Updated Safety Analysis Review [USAR]. and Final Safety Analysis Review 

{FSAR]) to obtain launch approval. 
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GES PROGRAM - Task 5 

System Design 

System Fabrication 

System Development Testing 

QU PROGRAM - TaskS 
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FU PROGRAM - Task 7 
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*Numbers indicate Technology Readiness Levels based on NASA scale. 
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Figure F-3. Fuel driver in-core TFE power system development schedule. 
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APPENDIXG 

INTRODUCTION 

The SP-100 program is currently developing a high temperature power reactor coupled 

to a thermoelectric generating system (Refs. G-1 and G-2). The nominal system power level 

has been selected as 100 kWe. This system uses SiGe GaP for the thermoelectric power 

conversion. 

Use of the SP-100 reactor on the Martian surface would require that the reactor and any 

of the power conversion equipment fabricated from refractory alloys be isolated from the 

Martian environment. Also, recent tests indicated that the lunar regolith is not compatible with 

refractory alloys; consequently, it would also have to be isolated from the lunar environment. 

CONCEPT DESCRIPTION 

SP-100 is a joint DOD/DOE/NASA program to develop, qualify and flight demonstrate a 

space power reactor system. The basic configuration of the system currently being developed by 

the SP-100 program is shown in Figure G-1. The reactor provides thermal energy to a lithium 

coolant that is pumped by 12 thermoelectromagnetic (TEM) pump assemblies to an equal 

number of TE converter assemblies. The TE converter assemblies, located at the rear of the 

conical structure, convert thermal energy to electrical energy. Waste heat from each 

Thermoelectric Converter Assembly (TeA) is rejected to a secondary lithium loop which 

transports the waste heat to heat pipe space radiator panels. The radiator panels are deployable 

by use of flexible bellows in the secondary lithium lines. Generated power is conditioned for the 

user in the power processing module, which establishes the primary mechanical and electrical 

interfaces with the mission payload. 
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Figure G-1. SP-100 TE generic flight system configuration. 
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Figure G-1 illustrates the SP-100 Generic Flight System (GFS) configuration. The 

configuration will require considerable modification for surface applications to provide 

containment of the refractory alloy components. provide additional shielding consistent with the 

emplacement geometry. and reconfigure the radiator geometry for packaging. 

The reactor designed for the SP-100 system is a fast spectrum design with sealed 

uranium nitride (UN) fuel pins contained in a single vessel with liquid lithium circulated as the 

coolant. The reactor is approximately 0.55 meters in diameter by 0.75 meters high. Twelve 

sliding block reflector control segments provide reactivity control through neutron leakage. 

PWC-11 refractory metal is used for the reactor fuel pin cladding and for the reactor 

structure. Three large safety rods are inserted into the reactor core during launch and ascent 

and are extracted only after a nuclear safe orbit is achieved. The reactor is nominally rated at 
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2.4 MWt and delivers its thermal energy to liquid lithium at 1350 oK. SP-100 design goals, 

requirements, and design features for the generic flight system are shown in Table G-1. 

TABLE G-1. SP-100 GENERIC FLIGHT SYSTEM DESIGN GOALS, REQUIREMENTS AND FEATURES 

Parameter Reauirement Design Feature (s) 
Design lifetime 7 years -Fuel inventory 

-Fission aas accommodation 
Reliability 0.95 -TE conversion flight proven 

-Established reactor data base 
Main bus power 100 kWe -Modular design pJovides scalabilitv 
Main bus voltage 200 Vdc -Option range (28 to 400) readily 

~rovided 
Load followina Rapid, continuous -Full shunt 
Shielded diameter at user 15.5 m (50 ft) -Larger areas provided at minimum 
interface penalty_ 
Radiation at user interface 1.0x1 0 13 n/cm2 -Reactor shield assembly 

5x105 Rad 
Thermal flux at user interface 0.07 W/cm2 -Meets specified requirement 

(0.14 W/cm2) 
-Easily moderated bV boom lenath 

Solar orientation No restrictions -Full sun design for radiator 
Natural radiation and Mass allowance in -Meteoroid armor radiator shields 
meteoroids/debris baseline for worst 

case envelope 

The flight system radiation shield is mounted directly behind the reactor and consists of 

both gamma and neutron shield segments. The gamma shield consists of depleted uranium. The 

neutron shield is made up of a series of axial lithium hydride sections with intervening thermal 

conductors that carry the gamma and neutron generated heat to the shield's radial surface where 

it is radiated to space. Shielding for planetary applications may be configured to maximize the 

use of indigenous materials. Alternatively, where deployment time and effort must be 

minimized, a 4n shield configuration could be included with the reactor system design. 

Thermal transport is accomplished by liquid lithium that is pumped by 12 

thermoelectric driven electromagnetic pumps. The TEs for the pumps are powered by the 

temperature differential between the working fluids in the primary and secondary loops. This 

approach ensures pumping of the working fluid as long as the reactor is at an operating 
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temperature higher than the heat rejection loop. It also facilitates cooldown of the reactor with 

removal of decay heat when electrical power to the payload is no longer required. A pair of 

supply and return lines feed the liquid lithium to the 6 thermopile heat exchangers located in 

each Power Conversion Assembly (PCA). The supply and return lines are connected to common 

headers located within the reactor subsystem. The TEM pumps are located between the PCA and 

the common return header to the reactor vessel as shown in Figure G-2. The secondary lithium 

lines provide cooling to the power conversion assemblies and the TEM pumps while transporting 

the waste heat to a liquid manifold located on the centerline of each of the 12 radiator panels. 

The lithium is in a frozen condition until system startup. Thawout of the lithium for lunar 

surface application is accomplished using electrical trace heaters. 

Deployable Radiator Panel" ' / 

\/ /' 
,/ .,/ 

~ Power Converter Assembly 

.K" 
Return 10 Reactor 

Figure G-2. Radiator interface with heat transport piping. 
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Figure G-3 illustrates the detail design of the SP-100 TE cell. Each cell consists of 24 

thermocouples electrically arranged with four rows or strings of six couples each. The "N" and 

"P" TE legs are connected at the hot and cold ends by electrical straps to form the series 

electrical arrangement. The electrical straps extend laterally to intertie the four strings 

electrically in parallel. This results in an electrical intertie at every half couple. Terminals at 

each end of the cell provide the series connections to adjacent cells. Low voltage electrical 

insulators provide insulation for the 1.0 volt potential within the cell outboard of the electrical 

straps. The compliant pads are outboard of these insulators and are used for differential 

thermal expansion. Finally, outboard of the pads, 100 volt insulators are used to insulate the 

cells from the heat source and the radiator subsystems. 

POWER 
CONVERTER 
ASSEMBLY 

(720 TE 
CELLS) 

HIGH VOLTAGE INSULATOR 

- COMPLIANT PAD 

} lHERMOELEcm.C MODULE 

- COMPLIANT PAD 

~~. - HIGH VOLTAGE INSULATOR 

Figure G-3. Thermoelectric cell design. 

The radiator panels use heat pipes to transport heat from the liquid lithium secondary 

manifolds along the length of the panel. The current design approach uses a carbon-carbon heat 
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pipe radiator panel with potassium as the working fluid and a thin metal niobium liner to 

prevent contact between the potassium and the carbon-carbon structure. 

The power conditioning electronics and shunt dissipators are located on a remote power 

processing module that remains attached to the payload after the boom is deployed. The shunt 

regulator provides +/-2% voltage tolerance on a nominal 200 Vdc output and is capable of load 

following without restriction as long as loads do not exceed the power generation level 

capability. The remote location provides several distinct advantages. It allows state of the art 

electronics to be used with standard materials of construction. If located near the reactor, the 

electronics would be required to operate in relatively intense nuclear and thermal radiation 

fields. 

KEY ISSUES 

The key issues for the SP-100 GFS are summarized in Table G-2. 

TABLE G-2. SUMMARY OF KEY ISSUES AND IMPACTS 

Issues Impacts Potential Development Areas 
High development -Increased life cycle cost and schedule -Accelerated (high-risk) 
cost and risk -Heavier sYstem soecific mass develooment oroaram 
Safety of nuclear -Increase in system mass for shielding - -Use of in-situ materials 
systems during may be especially significant if in-situ for shielding 
@eration materials are not used 
Low PCA efficiency -Increased launch mass and costs -Dynamic SP-100 or in-
compared to other core TI reactor system 
PCAoptions 
Limited TE system -May require multiple systems - -Parallel development of 
power level increases installation effort and time dynamic SP-100 power 

-New development program to develop system designs 
higher power systems would be costly 
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TECI-NOlOOY ASSESSMENT 

The technology bases were assessed for the following major SP-100 assemblies: 

• SP-100 space power reactor and primary loop; 

thermoelectric power conversion; 

• heat rejection subsystem; and 

• power processing and control. 

The technology readiness of each assembly was evaluated using the NASA technology 

readiness levels (1-9). These evaluations are summarized in Table G-3 which shows that SP-

100 assemblies have technology readiness levels ranging from 3 to 4. The technology base for 

each assembly is briefly discussed in the following sections and summarized in Figure G-4. 

TABLE G-3. SP-100 TECHNOLOGY ASSESSMENT 

Assembly Technoioov Readiness Level Comments 
SP-100 Reactor and Primary 3 Currently funded development 
Loop prooram 
Thermoelectric Power 3 Good progress in development 
Conversion Droaram 
Heat Rejection Subsystem 4/3· Currently under development 
Power Processino and Control 4 Radiation hardened electronics 
*AII-metal heat pipe/carbon-carbon heat pipe. 

SP-100 Space Reactor and primary Loop State-of-the-Art 

The SP-100 power reactor is actively being developed by the General Electric 

Corporation under a jOint DOD/DOE/NASA contract. Considerable progress has been made in the 

development with the expenditures of more than $420M to date. 

A fuel pin irradiation testing program has demonstrated the capability of the generiC 

flight system fuel pin to meet performance requirements that call for full power operation to 

about 6.0 atom percent burnup for seven years. Irradiation tests have included UN fuel pins 

with Nb-1 Zr cladding and tungsten or rhenium liners, rhenium liners bonded to Nb-1 Zr 

cladding, and rhenium cladding. The accelerated tests (f1uences and burnup levels are achieved 
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Fuel Pin Cross Section 

Thennoelectric Test Cell 

Fuel pjns 

76 UN fueled pins with Nb-1 Zr/rhenium 
cladding have been in-reactor tested to full 
burn-up with no failures. The 
manufacturing processes are qualified and 
technology readiness has been achieved. 

Materials 

Nb-1 Zr and PWC-11 refractory metal 
mechanical properties tests and irradiation 
experiments provide high confidence in 
meeting all requirements for full ten year 
life. 

Thermoelectrjcs 

2nd generation TE cell ingradient tests 
produced 8.7 watts. Full power, with SiGe 
cells, is expected In next generation tests. 
High-voltage insulator and compliant pad 
tests, conducted under prototypic 
conditions, provide high confidence in 
meeting all requirements. 

Figure G-4. SP-100 hardware development. 
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Multiplexer Radiation Test Specimen~' 

Control Systems 

Prototypic first generation control 
components (clutches, motors, brakes, 
bearings and coatings) have been developed 
and tested in high temperature high vacuum 
environments. Feasibility has been 
demonstrated. 

Radiation Hard ElectroniCS 

Feasibility has been established through 
testing of electronic parts required for 
signal multiplexing in a high gamma and 
neutron environment. End-to-end signal 
verification of special sensors, such as the 
Johnson Noise Temperature Sensor, has 
been achieved. 

Refractory Fabrication 

Fabrication procedures and specifications 
are qualified including welding, EDM 
machining, bonding and cold forging. 
Compatibility of Nb-1Zr/-PWC-11 
welding and bonding has been demonstrated 
by over 2000 hours of testing at 1350 OK. 

Figure G-4. SP-100 hardware development (continued). 
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Heat Pipes 

Nb-1 Zr, titanium and stainless steel foil 
wick heat pipes with potassium working 
fluid, have been tested for over 7500 
hours at 885 oK. Repeated restart 
capability has been demonstrated. 

Component Testing 

Control drives, TEM pump and electronic 
components have been under feasibility and 
prototypic environmental testing. A 
component test loop is being constructed 
for flight prototypic testing in lithium at 
1400 oK. Testing of TEM pumps, TE 
converter assemblies and radiator panel 
segments will be conducted to demonstrate 
technology readiness. 

Figure G-4 SP-100 hardware development (completed). 

in a fraction of the actual service durations) will provide the information required for 

formulating the analytical models and validating the fuel pin design. Extended life testing is not 

planned. 

Nuclear assembly fabrication development was investigated and a process to extrude 

nozzles in the inlet/outlet nozzle course portion of the reactor vessel. A demonstration nozzle 

has been formed to the correct dimensions by the extrusion process at room temperature. 
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Nb-1 Zr weld specimens have been exposed to lithium to evaluate the effect of welding 

atmosphere purity and post weld heat treatment on the sensitivity to lithium attack at grain 

boundaries. Results of the tests indicate that the welds containing bulk oxygen contents greater 

than 176 ppm experienced lithium attack at the Nb-1Zr grain boundaries. No attack was 

observed for bulk oxygen levels less than 140 ppm. The results of this work indicate that if low 

oxygen levels are maintained during welding, the potential for lithium attack is essentially 

eliminated. 

Nondestructive examination methods continued to be developed and improved with most 

efforts being concentrated on support of the barrier fuel program. Production techniques for 

nondestructive testing of bonded fuel tubes were developed. A microfocus rod anode X-ray 

system was used in conjunction with ultrasonic testing to evaluate the detection of defects in 

various weld configurations. 

A reactor flow test was completed including test article fabrication, test planning, and 

the completion of a comprehensive series of tests. Results of the test program provide 

important fuel assembly hydraulic design correlations as well as a validated orifice sizing 

procedure. TEM pump electromagnetic tests are being performed to verify magnetic circuit 

performance predictions. A test loop is being constructed for primary loop component 

prototypic testing in lithium at 1400 OK. The technology readiness level of the SP-100 reactor 

assembly and primary lithium loop components is judged to be at level 3. Sufficient background 

worK has been done to enable the fabrication and testing of a breadboard model to be started. 

Thermoelectric Power Conversion DeYice State-of-the-Art 

A first generation TE cell (PD-1) has been fabricated and tested. This cell incorporated 

the key features of the prototypiC design (high voltage insulator, compliant pad, TE module, and 

module glass) but was limited in power output by several features which resulted from the state 

of the technology at the time. Most notable of these features were: (1) the incorporation of 

graphite layers between the compliant pads and the TE module for the purpose of compensating 
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for a coefficient of thermal expansion (CTE) mismatch between those parts; (2) and the 

limitation of the maximum hot side temperature due to the use of copper braze which was used 

since the high temperature braze had not yet been fully developed. These features limited the 

expected output power to approximately 5 watts. This power level compares to an expected 11 

watts for a prototypic cell using SiGe TIE legs and 13 watts for one using SiGe/GaP TE legs. The 

test did demonstrate the ability to predict the cell performance as a function of cell 

configuration and test conditions. It was the first demonstration that the SP-100 conductively 

coupled, multicouple cell concept would work under in-service conditions using the enabling 

features of the high voltage insulator and the compliant pad. 

Tests have recently been completed on a second generation cell. Designated PD-2, the 

design eliminates the graphite layers and low temperature braze features of the PD-1 design to 

more closely approach the prototypical design. The PD-2A cell yielded 8.7 watts. Figure G-5 

summarizes the thermoelectric multicell development effort under the SP-100 program to 

date. 

In addition to the development of TE cells, significant accomplishments have been made in 

the development of single crystal alumina high voltage insulators, tungsten/graphite compliant 

pads, and electrodes. These factors contribute to the TE cell technology level rating of 3. 

Heat Rejection Subsystem (HRS) State-of-the-Art 

Heat rejection loop components operate at less than 900 oK and thus, there are no major 

materials problems with this subsystem. Radiator manifold liquid-metal thaw experiments 

have indicated that the GE manifold design using bleed holes to promote progressive melting of 

the frozen metal coolant within the manifold may be feasible. 
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Figure G-S. SP-100 conductively coupled multicouple evolution. 

Development of the GE heat pipe radiator/manifold assembly design, which uses a 

titanium lined beryllium structure with potassium as the heat pipe working fluid, has been 

delayed in order to permit more resources to be devoted to reactor development and in 

anticipation of the successful development of a carbon-carbon configuration. A program to 

develop advanced radiator concepts for SP-100 power systems was initiated by NASA-LeRC in 

1987. To meet the SP-100 requirements, while minimized mass, a carbon-carbon heat pipe 

radiator concept was selected. 
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The "SP-100 Advanced Radiator Concepts" program, which started in 1987 as part of 

the CSTI (Civilian Space Technology Initiative) program, will be completed in January of 1993. 

This program involves development of a C-C heat pipe suitable for use in an SP-100 radiator 

assembly. However, this technology will be suitable for other radiator applications as well 

including other nuclear and non-nuclear power systems. This program will develop generic 

technology which can be used for all future space radiators because of its reduced mass 

compared to metal heat pipe radiators. Carbon-carbon is a new structural material which 

requires different fabrication techniques than for metals or composites. A key objective of this 

program is to demonstrate the ability to fabricate C-C heat pipes with a thin metal liner, wicks, 

caps, and fill tube. The brazing technique required to attach liners is the same as would be 

required to attach manifolds to the heat pipes. Heat pipes filled with potassium will be designed, 

fabricated, and tested during this program. Thermal cycle testing will be done in a vacuum to 

demonstrate the integrity of the heat pipes. No mechanical testing for stress or shock are 

planned. 

The current technology level of the radiator subsystem is estimated to be about 4 for the 

all-metal heat pipe radiators and about 3 for carbon-carbon heat pipe radiators. 

power processing and Controls lPP&C) State-of-the-Art 

The electronic component technology required for the SP-100 power processing 

equipment is being developed for future power system applications under the SP-100 program. 

Currently available analytical and design technologies will be used along with radiation hardness 

testing. Radiation hardened high reliability Class S parts will ensure that a reliable and low 

risk power processing and control system is provided. Rockwell is currently developing the 

Space Station Freedom (SSF) Electrical Power Subsystem; some of this technology is directly 

transferable to SP-100 lunar and Mars surface power systems concepts. The use of multiple 

buses, components for the switching of loads, and switching of subassemblies within the power 

assembly are technologies common to the two programs. 
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Several active efforts are underway to develop expert system techniques for real-time 

control applications. These include a design for the evaluation of Space Shuttle Main Engine 

(SSME) performance, sensors and data processing for fault detection, and the electrical load 

power allocations in the SSF electrical power subsystem. The algorithms for power scheduling 

and balancing on the space station are in development. Expert system software for the SSF 

electrical power subsystem is being developed using the ADA environment. This work includes 

implementing and evaluating an ADA based inference engine, which will enable an expert system 

to run on standard microprocessors for SSF applications. 

The required technology for the control and data acquisition functions currently exists, 

and the technology for autonomous control is under active development for Space Station 

Freedom (SSF), ESSA and other space power programs. The need for radiation hardened 

components with these capabilities remains to be demonstrated, which results in a technology 

rating of 4.0 for the PP&C subsystem. 

NVUORDEVELOPMENTTASKS 

The technology level of SP-l00 components range from 3 to 4, and therefore 

development testing is required. The testing currently envisioned is briefly described in the 

following sections. 

Task 1. SP-l00 Space power Reactor Deyelopment 

Objectives: Complete development testing of the reactor components so that the final reactor 

design can proceed with a high degree of confidence and allow the ground engineering and flight 

test programs can be completed on schedule. 

Statement of Work: Complete additional test and evaluation efforts to verify the utility of 

several mass reduction design features which include the safety rods, the aft axial reflector, the 

sliding radial reflector control, the hemispherical reactor vessel head, the in-vessel thaw 

accumulator, and materials changes in the shield vessel. Other development areas include the 
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verification of the reactor design; completion of the fuel pin irradiation test program, 

fabrication methods development, NDE development, multiplexer development, temperature 

sensor development, pressure sensor development, materials of construction development, 

verification of control drive assembly design, and the development of tribological coatings. 

Develop the thermoelectric electromagnetic (TEM) pump power supply and demonstrate the 

feasibility of the pump design in a 1400 oK lithium environment. 

Task 2. Thermoelectric power Conversion Device Development 

Objectives: Complete development of TE power conversion devices with improved performance. 

Statement of Work: Additional development efforts in the areas of cell technology development 

and life verification will continue. Continued development is required in the high voltage 

insulator, compliant pad, and electrode development areas. Accelerated life testing of 

molybdenum barrier equipped insulators is being conducted. The development of a tungsten­

graphite bilayer electrode for use in the third generation cell is continuing. Significant 

development work is currently being concentrated on the thermal conductivity reduction in fine 

particulate p-type SiGe material. Increases in performance of the thermoelectric conversion 

material of 30 to 40 % have been predicted if the thermal conductivity can be reduced by 

adding several volume percent of 50 angstrom particles to the materials matrix. 

Additional development effort is needed in the areas of SiGe/UT87 bonds. Also effort is 

required to find a graphite material that has better strength than UT87. Materials with a finer 

grain size or possibly the use of carbon-carbon composites would be appropriate. Compliant 

pad materials development also requires additional development effort. Near term efforts will 

be directed toward the development of more flexible materials which do not diffusion bond and 

lose their flexibility. 
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Task 3. HRS Deyelopment 

Objectives: Develop and test a small scale radiator panel. Develop and test a full scale heat pipe 

radiator/interface heat exchanger assembly. 

Statement of Work: The following subtasks are identified: 

Subtask 3.1 Heat pjpe Demonstration - Various development efforts are required to 

bring heat pipe technology to a space qualifiable level. This effort is assumed to be a follow-on 

to the Rocketdyne "SP-l00 Advanced Radiator Concepts" contract. Specific efforts include 

performance testing, life testing, and nondestructive evaluation. 

For performance testing, representative length heat pipes will be fabricated and tested 

to fully characterize heat pipe performance. Test results will be compared with predicted 

performance over the anticipated range of operating conditions including startup, shutdown, and 

restart. 

Limited life testing will be performed. These tests will identify deterioration 

mechanisms, measure deterioration rates, and assess the adequacy of assembly and cleaning 

procedures. Samples will be withdrawn sequentially throughout the test period, drained, 

sectioned, and analyzed for corrosion, carbon diffusion, braze stability, and any other signs of 

deterioration. 

In conjunction with the performance and life testing tasks, techniques for nondestructive 

examination (NDE) of the heat pipe elements and assembly will be developed and demonstrated. 

This effort will assess the adequacy of liner bonding and weld joints. It will also be determined 

if the correct fit-ups and interfaces were obtained in the assembled piece. 

Subtask 3,2 Radjator Enhancement - To increase the applicability of the radiator 

concept, various enhancement tasks will be performed. These tasks include survivability 

options and extended length heat pipes. 

Analytical assessment, testing, and enhancement design will be done to insure long life 

for both lunar and Mars missions. Natural threats to be considered include micrometeoroids and 

dust erosion (Mars). 
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Significant radiator performance improvements can be achieved with the use of longer 

heat pipes in some applications. A long heat pipe will be fabricated. Alternate techniques will 

be developed for fitting the liner into the tube will be developed. Alternative tube fabrication, 

liner fabrication, and coating processes will also be investigated. 

Subtask 3,3 Heat Pipe Integration and Testing - The first step in this task is to develop 

and demonstrate techniques for thermal and mechanical bonding of the heat pipe to the radiator 

manifold. Subsequently, heat pipe integration into a representative radiator section will be 

demonstrated. Testing of the radiator section will be done to provide an accurate overall heat 

transfer coefficient. System dynamics and performance will also be verified. The demonstrator 

will include a surrogate manifold section and a limited number of heat pipes. The assembled 

unit will be tested in a cold wall, vacuum chamber, simulated space environment. The purposes 

of this series of tests will be to validate temperature drop predictions, verify manifold design, 

and assess component interactions. 

Subtask 3,4 HRS DeSign, Assembly, Fabrication, and Testing - This task will provide a 

focus for the other radiator development tasks. This task will involve the detailed design of a 

radiator system. Specific design issues will be resolved including the effects of differential 

thermal expansion, deployment features, monitoring instrumentation and control equipment, 

local insulation, and trace heating of the manifold and piping. 

A representative full scale heat pipe radiator and interface heat exchanger will be 

designed, fabricated, and tested. Testing will include performance, mechanical (stress, shock, 

and vibration), thermal cycling, and life tests. 

Task 4. power proceSsing and Controls Development 

Objectives: Complete development of radiation hardened components. Verify adequate 

performance and life. 

Statement of Work: Breadboard units wi!! be built to demonstrate and check functional 

performance of the individual component circuit designs. Design modifications and 
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improvements will be incorporated into brassboard units, which will be used to verify 

functional performance within the constraints of the actual component configuration. Prototype 

units will be fabricated and a series of performance tests run using simulated input and output 

loads. Controller tests will include validation of operating system software. Tests will include: 

• Start up, steady state and transient control; 

• failure simulation and detection and switching; 

• effects of temperature extremes and thermal shock; 

shock and vibration; 

• cold plate heat loads; and 

• EMI generation and susceptibility. 

Prototype cable harnesses and a prototype parasitic load radiator will be checked out 

with the electrical components during the system test. 

Software will be checked out in conjunction with tests of the controller, using simulated 

inputs and outputs. Integration and checkout of the software will be performed as part of the 

system test. 

Task 5, Ground Engineering System (GES) Testing 

Objectives: Complete the system design. Verify all performance characteristics of the unit in 

conjunction with subjecting the GES to MIL-STD-1S40 acceptance level tests. Take the system 

technology readiness to a level of 6 (system validation model demonstrated in a simulated 

environment). 

Statement of Work: As a cost reduction measure it has been proposed that GES testing be 

dispensed with and that space reactor power programs proceed to the flight qualification phase 

after the component development needed to support final design has been completed. Since 

acceptance of this approach by the technical community is not certain as of this writing, a 
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discussion of GES testing is included as part of the overall development of a space reactor power 

system. 

After assembly, the GES will be pressure and leak checked, as appropriate, a complete 

electrical check-out will be performed, and all active devices will be checked out to the extent 

possible. 

Performance and thermal vacuum tests will be conducted during a single thermal 

vacuum test sequence to demonstrate technical capabilities while minimizing program cost. The 

performance evaluation will consist of the following major activities: 

• Check out and refine subsystem assembly procedures; 

• check out procedures for loading coolant into the reactor coolant loop; 

• verify operation of ground support equipment (GSE) and interfaces between GSE and the 
GES; 

• check out ground cooling systems as required; 

• verify start up capability; 

verify steady state performance characteristics; 

establish effective operating range of the system; 

• check out software and verify autonomy (include all operational modes and simulate 
failure modes); 

• establish system sensitivity to off-normal conditions such as: (1) partial loss of 
radiator cooling, (2) varying radiator heat removal profile, (3) partial loss of 
electronic cooling, and (4) temporary losses of heat sink with varying duration; and 

The MIL-STD-1S40 test sequence will integrate acceptance level and design margin 

tests as appropriate up to qualification levels, to provide a technically sound, minimum cost 

approach. 

When the performance, acceptance, and margin tests are complete, the GES will be 

refurbished and will be disassembled for Post Irradiation Examination (PIE). 
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Task 6. Qualification program 

Objectives: A comprehensive performance and dynamic testing program for assemblies and the 

complete system will provide a formal demonstration that the SP-100 system will perform as 

designed after being subjected to simulated launch conditions. Minimize risk by first qualifying 

individual assemblies and then qualifying a complete system, termed the qualification unit (QU). 

Take the system technology readiness from a level of 6 to a level of 8 (flight-qualified system). 

Statement of Work: The required qualification tests for the assemblies of the SP-100 system 

are those specified in Section 6.4, "Component Qualification Tests", of MIL-STD-1S40B. For 

the QU, the required qualification tests are in Section 6.2, "Space Vehicle Qualification Tests", 

of MI L-STD-1S40B. Qualification will be to launch environmental conditions selected to 

envelope the probable intensities developed by various launch scenarios. 

The overall approach, starts with qualification of assemblies. Qualified production items 

are then fabricated and assembled into the QU which is then qualified by the rules for space 

vehicle qualification. This approach minimizes the risk that some assembly of the QU will fail 

during the qualification test sequence, thereby nullifying the qualification, and requiring 

backtracking to recover from the failure. 

Performance testing at each level will be conducted to verify that each item performs as 

designed. The qualification item will be similar to the corresponding engineering item and, 

therefore, performance testing will be less time consuming. 

Dynamic testing will be performed per MIL-STD-1S40B, to verify capability of the 

SP-100 system to withstand launch loads, Including acoustic, pyroshock and vibrational. 

The performance and dynamic qualification test sequence for components and assemblies 

is shown in Figure G-6. Fabrication, assembly, checkout, and testing of the QU will be similar 

to the corresponding operations for the GES and therefore, will benefit from the experience with 

the GES. Test facilities for component and assembly qualification testing will be the same as 

those for the assembly level testing of the QU test program. Various component and breadboard 

subsystems may be demonstrated in space for additional validation. 
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Functional Check --.. Electromagnetic .. Pressure Test .. Compatibility Test ... 

Acoustic loading 
~ Functional Check ~ Pyroshock Test ~ 

Test ~ r-

4 Functional Check -Thermal Balanoo r--- FlIlctionaJ Check r--- Thermal·Vacuum .. Test Test 

Figure G-6. au test sequence (per MIL-STD-1S40B). 

Task 7. Flight System Program 

Objectives: Produce, acceptance test, deliver, and launch one or more flight systems. Show 

successful performance for actual application in space. Take the system from a technology 

readiness level of 8 to a level of 9 (flight-proven system). 

Statement of Work: In the flight system programs, parts will be fabricated, acceptance tested, 

and assembled. Systems will be subjected to acceptance testing per MIL-STD-1S40B guidelines 

before Shipment to the launch site. Many of the same test facilities (thermo-vacuum chamber, 

vibration, acoustic) that were used for the qualification program would be used for flight 

system acceptance testing. The flight phase of the program also will include the safety studies 

and reports necessary to obtain launch approval. 

DEVELOPMENT SCHEDULE 

The SP-100 program is currently funded but has been experiencing year by year 

funding reductions that are resulting in significant schedule slippage. Resolution of the funding 
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question will become more apparent with the identification of a specific mission. No mission 

has been identified to date. A significant amount of development work has been accomplished and 

the program will probably be ready to start preliminary design with another 3-4 years of 

component development effort. 

Figure G-7 presents a development schedule for the SP-100 TE generic flight system 

(additional effort would be required to modify the design for compatibility with a Martian 

environment). The program starts with a conceptual system design task followed by 

preliminary system design. Concurrently with the system design, the reactor, power 

conversion unit, heat rejection subsystem, and power processing and control components will 

be developed. The preliminary system design is complete by the middle of the seventh year. The 

detailed system design is subsequently completed by the middle of the eighth year. 

Fabrication of components for ground testing for the GES starts with the development and 

testing of component hardware. The procurement of long lead materials and equipment in the 

first part of the fourth year leads to assembly of the system in the last half of the eighth year. 

The GES will be similar to a flight system but will have features such as additional 

instrumentation to expedite gathering of engineering data and to permit PIE of components. It 

will be tested in a vacuum chamber under normal and off-normal design conditions. After this 

phase of testing, it will be partially disassembled and examined. 

The qualification phase includes design, fabrication, assembly, and qualification testing 

of individual components, and a complete system. The design effort will be minimal since it 

would involve only minor modifications to the GES design. 

The flight phase of the program includes fabrication, assembly, and acceptance testing of 

the flight units and the associated safety analysis to obtain launch approval. 
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APPENDIX H 

INTRODUCTION 

Space Nuclear Reactor Power Systems (SNRPS) are primarily suitable for application 

to satellites with high power requirements and fixed base high power planetary surface 

applications. Currently envisioned systems include power levels of 25 and 75 kWe for use on 

the surface of Mars and 100 and 550 kWe units for use on the Moon. 

The SNRPS units can be integrated with dynamic or static power conversion systems to 

provide electric power. The SP-100 program is currently developing a high temperature 

power reactor coupled to a thermoelectric (TE) generating system. The nominal system power 

level has been selected as 100 kWe. This system makes extensive use of refractory materials 

and could used on the lunar surface. 

It was assumed that an advanced SNRPS using a dynamic power conversion system would 

be developed following development of the SP-100 TE power system (some time after the 

completion of testing of the Ground Engineering System). The electrical power output of the 

basic reactor can be significantly enhanced by the use of dynamic power conversion 

technologies. Dynamic power systems concepts include Closed Srayton Cycles (CSC), Stirling 

Cycles (SC), and Potassium Rankine Cycles (PRC) integrated in various ways with the nuclear 

power source. Recent studies have shown that electrical power outputs of over 550 kWe can be 

obtained by the use of CSC, SC or PRC power conversion equipment with the SP-100 reactor. 

Use of the SP-100 reactor on the Martian surface would require that the reactor and any 

of the power conversion equipment fabricated from refractory alloys be isolated from the 

Martian environment. 
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CONCEPT DESCRIPTION 

The SP-100 reactor is coupled to a dynamic power conversion system and the resultant 

power output attainable is increased to about 550 kWe. This increase is due to the greater 

power conversion efficiency of the dynamic systems. 

For each power system case, a common set of ground rules and assumptions has been 

used for lunar application. These include the following: 

An intermediate heat exchanger is incorporated in all designs to isolate the 
primary reactor coolant (lithium) from a secondary loop that contained the cycle 
working fluid (will facilitate maintenance including removal and replacement of 
the power conversion units); 

• auxiliary power is available for thaw and startup; 

• a vacuum/guard vessel is provided as part of the system; 

• a passive cooling system transports waste heat from all sources to the planetary 
or lunar surface, where the heat is rejected to space by a radiator; 

• a free convection loop is provided to remove decay heat if required; 

• an expansion tank with a free surface is provided to accommodate both lithium 
expansion and helium gas generation in the reactor; 

• all power conversion equipment, reactor control actuators and heat rejection 
equipment is located at grade level to provide for maintainability; and 

• a voltage output of 1000 Vac or dc. 

The reactor designed for the SP-100 system is a fast spectrum design with sealed 

uranium nitride (UN) fuel pins contained in a single vessel with liquid lithium circulated as the 

coolant. The reactor is approximately 0.55 meters in diameter by 0.75 meters high. Twelve 

sliding blocks in the radial reflector assembly open to allow neutron leakage from the core, 

which provides reactivity control. PWC-11 refractory metal is used for the reactor fuel pin 

cladding and for the reactor structure. Three safety rods are inserted into the reactor core 

during launch and ascent and are extracted only after a nuclear safe orbit is achieved. The 

reactor is nominally rated at 2.4 MWt and delivers its thermal energy to liquid lithium at 
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Shielding for planetary applications may be configured to maximize the use of indigenous 

materials. Alternatively, where deployment time and effort must be minimized, a 4n shield 

would be integral with the reactor system. 

The flow schematic and nominal operating state points for the Brayton system are shown 

in Figure H-1. A single lithium primary loop transports heat from the reactor to the primary 

heat exchanger. The Brayton cycle uses a helium-xenon gas mixture for the working fluid. Heat 

is rejected from the cycle through a NaK heat rejection loop. Each Brayton loop is cross coupled 

to each of the four radiator panels so that if a power conversion system failure occurs there is 

no loss of radiator area. The NaK loop is also used to cool the alternator. The Brayton turbine 

uses a single stage radial inflow design and the compressor uses a single-stage radial outflow 

deSign. The turbine wheel, alternator and compressor are all mounted on a single shaft. Both 

the journal and thrust bearings use compliant pad gas lubricated foil bearings. Gross cycle 

efficiency for the Brayton unit was estimated at 25.7%. 

The Free-Piston Stirling Engine (FPSE) is a thermally driven mechanical oscillator 

operating on a Stirling engine cycle which derives power from the heat flow between a heat 

source and a sink. The desired displacer motion in the FPSE is produced by gas forces rather 

than kinematic linkages. This engine operates at the highest overall device efficiency of all 

known heat engines. In addition, the FPSE is uniquely suited to driving direct coupled 

reciprocating loads, such as linear alternators, in a hermetically sealed configuration and 

without the need for high pressure shaft seals or contaminating lubricants. 

The flow schematic and nominal operating state points for the Stirling system are shown 

in Figure H-2. A primary and secondary lithium loop are used to transport heat to the Stirling 

engine heater. Helium is used for the working fluid for the Stirling cycle. Heat is rejected from 

the Stirling cooler through a NaK heat rejection loop, which is also used to cool the alternator. 

As with the Brayton system, the heat rejection loops are cross coupled to each radiator panel. 

The Stirling engine used in this application is an opposed piston design which is selected for its 

minimal vibration characteristics. The gross cycle efficiency for the Stirling is 33.0%. 
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I. 

Figure H-1. 550 kWe Brayton cycle power system schematic. 
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Figure H-2. 550 kWe Stirling cycle power system schematic. 
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The flow schematic and nominal operating state points for the potassium Rankine system 

are shown in Figure H-3. The power system contains a lithium cooled primary loop and a 

potassium power conversion loop. The primary heat transport loop includes the reactor, 

potassium boiler, EM-pump, expansion tank, flow control venturi, decay heat removal 

system,and interconnecting piping. All primary loop components are electrically trace heated 

to provide for controlled lithium thaw during start-up. The boiler supplies dry saturated 

potassium vapor to the turbines. The power conversion unit consists of a turbine, alternator 

and boiler feed pump mounted on a common shaft. Moisture separators are used in the turbine 

to maintain vapor quality above 89% to minimize turbine erosion. A salient pole alternator is 

used to minimize mass. The heat rejection subsystem is made up of the main cycle radiator as 

well as an auxiliary radiator for alternator and bearing coolant. The jet condenser diverts a 

major portion of the potassium feed from the feed pump outlet to the main radiator manifolds 

then back to the jet condenser where it is injected. The low pressure turbine exhaust is 

condensed by the injected liquid potassium and all liquid is collected at the condenser throat. 

Cycle efficiency is about 23.3%. 
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Figure H-3. Potassium Rankine cycle power system schematic. 
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The overall deployed arrangements for the 550 kWe lunar surface Stirling, Brayton, 

and potassium Rankine systems are shown in Figure H-4. The radiators are arranged in a 

vertical cruciform configuration with the cooling headers located at the bottom of the radiator 

panels. Because of the small radiator required for the potassium Rankine system, a cruciform 

configuration was not required. Vertical reflux condenser tubes are connected to the header and 

reject the waste heat to space. The guard vessel radiators are located between the main radiator 

panels . 
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Figure H-4. 550 kWe lunar surface power system configurations. 
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In each case the entire primary loop is contained within a stainless steel guard vessel. 

The vessel is closely fitted to the reactor in order to prevent uncovering of the reactor should a 

breach in the lithium primary loop occur. The vessel is borated in the vicinity of the reactor to 

minimize the effect on reactor control from back scattered neutrons. The guard vessel is 

passively cooled by reflux condenser pipes bonded to the outer surface. Heat generated in the 

vessel is dissipated in a separate radiator located above grade. 

In the case of a buried reactor, a regolith shield is located between the primary loop 

equipment gallery and the power conversion equipment. The shield tank is filled with the local 

regolith during installation and functions as a shutdown shield. A typical buried power system 

installation is shown in Figure H-S. The power system is placed in an excavated pit and then 

back filled. The regolith shield tank is filled with regolith and vibration compacted. The 

radiator panels are extended and electrical connections are made before the system is ready for 

startup. 

--......-... .. ,.... 
... ,. 

• I 

5953-'2 

Figure H-S. - Buried 550 kWe lunar surface power system installation. 
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Thermal transport (from the reactor to the Power Conversion Unit [PCU] and from the 

PCU to the radiator) is accomplished by liquid metal coolant that is pumped by electromagnetic 

(EM) pumps. A pair of supply and return lines feed the liquid to thermopile heat exchanger 

located in each PCU. The supply and return lines are connected to common supply and return 

headers located within the reactor subsystem. The EM pump is located between the common 

return header and the reactor vessel. The liquid metal is in a frozen condition until system 

startup. Thawout of the frozen lithium lines is accomplished using electrical trace heaters. 

Reject heat from the power conversion systems are transported to the radiator panels by 

a NaK pumped loop. The radiator panels use carbon-carbon heat pipes with potassium as the 

working fluid and a thin metal niobium liner to prevent contact between the potassium and the 

carbon-carbon structure. 

The power conditioning electronics and shunt dissipators are located on a remote power 

processing module. The shunt regulator provides voltage regulation on the nominal buss output 

and is capable of load following without restriction as long as loads do not exceed the power 

generation capability. 

KEY ISSUES 

The key systems issues are summarized in Table H-1. Due to prior development of the 

SP-100 TE system, the development costs and risks should be relatively low for dynamic SP-

100 systems. 

TABLE H-1. KEY ISSUES, IMPACTS, AND DEVELOPMENT AREAS 

Issues Impacts Potential Development Areas 
Safety of nuclear ·Increase in system mass for shielding - ·Use of in-situ materials 
systems du ring may be especially significant if in-situ for shielding or 4n shield 
operation materials are not used desians 
Lunar/Mars ·Refractory metal lifetime ·Coatings, getters, liners, 
Environment ·Increased system mass dust protection 
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The technology bases were assessed for the following major Dynamic SP-100 

assemblies: 

• SP-100 space power reactor; 

• power conversion devices; 

• radiator; and 

power processing and control system (PP&C). 

The current technology readiness of each assembly and the estimated technology readiness at 

program start (year 2001 or beyond) were evaluated using the NASA technology readiness 

levels. It was assumed that the SP-100 TE power system and several key components (1300 oK 

SC PCU, carbon-carbon radiator, PP&C) would be developed to at least level 6 prior to program 

start. These evaluations are summarized in Table H-2. The technology base for each assembly 

is briefly discussed in the following sections. 

TABLE H-2. DYNAMIC SP-100 TECHNOLOGY ASSESSMENT 

Current 
Technology Program Start 
Readiness Technology 

Assembly Levels Readiness Levels 

SP-100 Reactor 3 6 

PCU (1300 OK) 4/3/3* 4/6/3* 

Radiator 4/3** 6 (C-C) 
PP&C 4 6 

. . 
*Brayton cycle/Stirling cycle/potassium Rankine cycle . 
**Metal heat pipe/carbon-carbon heat pipe. 
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SP-l00 Space Reactor State-of-the-Art 

The SP-100 power reactor is actively being developed by the General Electric 

corporation under a joint DOD/DOE/NASA program. Considerable progress has been made in the 

development of the fuel pins and reactor components. 

A fuel pin irradiation testing program has demonstrated the capability of the generic 

flight system fuel pin to meet performance requirements that call for full power operation to 

about 6.0 atom percent burnup for seven years. Irradiation tests have included UN fuel pins 

with Nb-1Zr cladding the W or Re liners. Re liners bonded to Nb-1Zr cladding. and Re cladding. 

The accelerated tests (fluences and burnup levels are achieved in a fraction of the actual service 

durations) will provide the information required for formulating the analytical models and 

validating the fuel pin design. 

Nuclear assembly fabrication development was investigated and a process to extrude 

nozzles in the inleVoutlet nozzle course portion of the reactor vessel. A demonstration nozzle 

has been formed to the correct dimensions by the extrusion process at room temperature. 

Nb-1 Zr weld specimens have been exposed to lithium to evaluate the effect of welding 

atmosphere purity and post weld heat treatment on the sensitivity to lithium attack at grain 

boundaries. Results of the tests indicate that the welds containing bulk oxygen contents greater 

than 176 ppm experienced lithium attack at the Nb-1 Zr grain boundaries. No attack was 

observed for bulk oxygen levels less than 140 ppm. The results of this work indicate that if low 

oxygen levels are maintained during welding. the potential for lithium attack is essentially 

eliminated. 

Nondestructive examination methods continued to be developed and improved with most 

efforts being concentrated on support of the barrier fuel program. Production techniques for 

nondestructive testing of bonded fuel tubes were developed. A microfocus rod anode X-ray 

system was used in conjunction with ultrasonic testing to evaluate the detection of defects in 

various weld configurations. 

H-l0 



DYNAMIC SP-1 00 POWER SYSTEM TECHNOLOGY ROADMAP 

A reactor flow test was completed including test article fabrication, test planning, and 

the completion of a comprehensive series of tests. Results of the test program provide 

important fuel assembly hydraulic design correlations as well as a validated orifice sizing 

procedure. The technology readiness level of the SP-100 reactor assembly is judged to be at 

level 3. Sufficient background work has been done to enable the fabrication and testing of a 

breadboard model to be started. 

potassium Rankine peu State-of-the-Art. 

In the 1960s, a large amount of work was done on Rankine PCSs for space power that 

used potassium for the working fluid. By 1970, the level of work had been greatly reduced. In 

terms of high temperature test hours, the largest contributors to boiling potassium research 

and development were AirResearch, General Electric, ORNL and Pratt & Whitney. 

Table H-3 lists these organizations and summarizes the hours of operation on various 

systems and components for both potassium and cesium. Subtotals for the boiling corrosion 

subsystems, component test boiling subsystems, simulated Rankine cycle power plant 

subsystems, and the total operating time for all boiling subsystems are presented. The 

dimensions of all the components in the simulated subsystems were proportioned to provide 

operating characteristics and responses similar to those expected in the operation of a Rankine 

cycle space power plant. This is the major distinguishing feature between the simulated and the 

component test boiling subsystems. The total operating time for each component operated in 

these subsystems is also provided. Note that the total amount of operating experience at each 

installation is smaller than the sum of the operating concurrently for all of the components 

because two or more components were operated in each subsystem. 

The major attraction of the potassium Rankine PCS is that it is compatible with higher 

source temperatures. This potential provides the higher Carnot efficiency and higher overall 

efficiency since the device efficiency can be expected to be about 40% of Carnot. 
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Several potassium Rankine system conceptual designs exist but none have progressed 

beyond the drawing board stage. The technology rating of potassium Rankine power conversion 

is judged to be approximately 3.0. 

TABLE H·3.0PERATING TIMES wrm POTASSIUM AND CESIUM POWER CONVERSION SUBSYSTEMS AND COMPONENTS 
AT 'reMPERA TIJRES ABOVE II O"K 
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" Ac:n>JOl-Oencnl Nuc1ecnia; Son Ramon, CA. 
bAlliod SipIl; Phoenix. AZ and La. An,cIa. CA. 
cAIliaon DiYilion of Gcncnl MOIOIS; Indianapo\il. IN. 
dacncnl Eloctrlc: Company; Cinc:innati. OH. 
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53.000 
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Brayton Cycle PCU State-of-the-Art. 

The closed cycle gas turbine Brayton PCU is adaptable to a wide range of applications and 

power levels. Practical competitive systems have been designed and/or built for space, 

terrestrial, marine, and underwater environments with power levels ranging from 500 watts 

to more than 500 Megawatts. Input thermal energy can be from solar, nuclear, and fossil or 

chemical combustion with waste heat rejected to the environment by a wide variety of methods. 

The major reason for interest in the closed Brayton cycle is its high demonstrated efficiency, 

simplicity and mature technology. Commercial combined cycle machines have been constructed 

with overall cycle efficiencies of 50%. Low temperature space power units (e.g., DIPS) have 

cycle efficiencies in the 20 to 25% range. Selection of the system operating points is usually 

done on the basis of minimizing system mass while observing sensible design limits for the 

different components. 

During the late 1960s and 1970s, NASA conducted several near-prototypical 

development programs using Brayton rotating machinery and accessories. These included the 

Mini-BRU, the CRU and the BRU. Four "B" engines were built using BRUs with 1144 OK TIT 

capability were developed under NASA contract by Garrett Corporation (now Allied Signal) and 

sent to NASA LeRC for performance and endurance testing. The purpose of these tests was to 

demonstrate the technology for space application of the closed-cycle Brayton engine. One of 

these engines accumulated 38,000 hrs of successful operation, while achieving cycle 

efficiencies of 30 to 33%. The two units tested met or exceeded performance objectives with no 

detectable performance degradation during endurance testing. 

Although low temperature CBC PCUs are well developed (TRL of 5), high temperature 

CBC PCUs are yet to be built. Existing refractory-metal alloys are available that will be 

suitable for high temperature operation (though they must be protected from the Martian 

environment). PWC-11 (Nb-1Zr-0.1C) is now being exploited under the SP-100 program 

(Ref. H-1). JPL and Los Alamos National Laboratory will operate PWC-11 as reactor-fuel clad 

at 1400 OK. The U.S. has a great deal of experience with Nb-base refractory-metal alloys. This 
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includes use of Nb-1 Zr in the Brayton solar-heat receiver to C-103 (Nb-1 OHf-1 Ti-O. 72r) 

in both the Heat Source Assembly and the turbine for the Mini-Brayton powerplant. Thus, the 

1300 oK CBC PCU was given a technology rating of 4 (Refs. H-1 and H-2). 

Stirling Cycle pCU State-of-the-Art. 

Major interest for space based power systems has been centered on the free piston 

Stirling engine (FPSE). The FPSE concept was first invented in the U.S. in 1963. NASA has 

been sponsoring an extensive test program of several free piston Stirling engines with linear 

alternators built by Mechanical Technologies Incorporated (MTI). The NASA Stirling Space 

Power Converter Program originated in 1984 as part of the SP-100 program. A summary of 

the test times accumulated on these engines is given in Table H-4. One engine, the EM-2 has 

accumulated over 5000 hrs in tests at MTI. 

The currently funded NASA FPSE program will result in a space capable 1050 OK FPSE 

by 1996 (Ref. H-3). The ultimate goal of the space FPSE program is to develop the technologies 

for a refractory metal Stirling power converter with a hot end temperature of 1300 oK and a 

cold end temperature of 650 OK. The NASA approach is to take the 1050 OK superalloy 

technology and to evolve into 1300 OK technology by direct substitution of refractory materials. 

The Materials Division at NASA LeRC has substantial experience in the application of refractory 

materials and has been developing materials for use in the hot components of the SP-100 

reactor. The Materials Division has compiled a list of refractory material candidates as seen in 

Table H-5. The LeRC ratings for each alloy as to joinability, fabricability, availability, and 

data were rated by NASA on a scale of 0 to 10 with 10 being the best. A NASA contract with MTI 

called for the refractory design to be carried through the conceptual design phase during FY'91. 

Funding for full scale development of the 1300 OK machine will be included under the 

Exploration Technology Program, scheduled for Initiation in 1993 (Ref. H-3). 

The success of this technology depends upon supporting research and technology efforts 

including heat pipes, bearings, refractory metal joining technologies, high efficiency 
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alternators, life and reliability testing, and predictive methodologies. Based on the FPSE 

experience base and the NASA plans for the high temperature FPSE, the 1300 oK FPSE is given a 

technology readiness rating of 3.0 (the 1050 oK machine has a rating of 4.0 per Ref. H-4). 

TABLE H-4. FREE PISTON STIRUNG ENGINE ACCUMULATED TEST TIMES 

Engine Test Hours 
RE-1000 280 (NASA) 
EM-2 5385 (MTI) 
SPDE 253 (MTI) 
SPRE-I 349 (NASA), 

74 (MTI) 
SPRE-IJ 333 (MTI) 
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TABLE H-5. REFRACTORY METAL CANDIDATES FOR 1300 oK STIRUNG 

Base Alloy Name Composition Melting Densi~ Join- Fabric- Alloy 
Material (wt%) Point (kg/m ) ability ability Avail-

(0 K) abilitv 
W W-25Re-HfC 24-26% Re 1380 19,300 5 4 4 

1% HfC 
Ta ASTAR-811C 8%W 3270 16,600 8 8 1 0 

1% Re 
1% HfC 

Mo TZM 0.08% Zr 2880 10,200 2 8 1 0 
0.5% Ti 

lZC 1.25% Ti 2880 10,200 2 6 1 0 
0.1% Zr 
0.15% C 

MoIRe Mo-47.5Re 47.5% Re 2780 15,500 8 6 8 
bal. Mo 

Nb FS-85 11% W 2740 8,600 8 8 5 
28% Ta 
1% Zr 

B- 88 27% W 2740 8,600 7 7 4 
2% HfC 

C-103 10% Hf 2740 8,600 1 0 1 0 1 0 
1% Ti 
0.7% Zr 

PWC-11 1% Zr, 2740 8,600 1 0 1 0 1 0 
0.1% C 

Nb-1Zr 1% Zr 2740 8 600 1 0 1 0 1 0 
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Radiator State-of-the-Art 

Presently, Rocketdyne division of Rockwell International is involved in the development 

of a carbon-carbon (C-C) or graphite heat pipe radiator panel. Rocketdyne has a NASA contract 

entitled "SP-100 Advanced Radiator Concepts" which started in 1987 and is part of the CSTI 

(Civilian Space Technology Initiative) program. This program will be completed in January of 

1993. This program involves development of a C-C heat pipe suitable for use in an SP-100 

radiator. However, this technology will be suitable for other radiator applications as well 

including dynamic power systems. The hope is that this program will develop generic 

technology which can be used for all future space radiators because of its reduced mass 

compared to metal heat pipe radiators. Carbon-carbon is a new structural material which 

requires different fabrication techniques than for metals or composites. A key objective of this 

program is to demonstrate the ability to fabricate C-C heat pipes with a thin metal liner, wicks, 

caps, and fill tube. The brazing technique required to attach liners is the same as would be 

required to attach manifolds to the heat pipes. Heat pipes filled with potassium will be designed, 

fabricated, and tested during this program. Thermal cycle testing will be done in a vacuum to 

demonstrate the integrity of the heat pipes. 

The current technology level of the radiator subsystem is estimated to be about 4 for the 

metal heat pipe radiators and about 3 for carbon-carbon heat pipe radiators. 

PP&C State-of-the-Art 

The electronic component technology required for the PP&C equipment is being developed 

for future power system applications under the SP-100 and Space Station Freedom Electrical 

Power Subsystem (SSF EPS) programs. Currently available analytical and design technologies 

will be used along with radiation hardness testing. Radiation hardened high reliability Class S 

parts will ensure that a reliable and low risk power proceSSing and control system is provided. 

Rockwell is currently developing the SSF EPS, and this technology is directly transferable to 

Dynamic SP-100 lunar and Mars surface power systems concepts. The use of multiple buses, 
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components for the switching of loads, and switching of subassemblies within the power 

assembly are technologies common to the two programs. 

Several active efforts are underway to develop expert system techniques for real-time 

control applications. These include a design for the evaluation of Space Shuttle Main Engine 

(SSME) performance, sensors and data processing for fault detection, and the electrical load 

power allocations in the SSF electrical power subsystem. The algorithms for power scheduling 

and balancing on the space station are in development. Expert system software for the SSF 

electrical power subsystem is being developed using the ADA environment. This work includes 

implementing and evaluating an ADA based inference engine, which will enable an expert system 

to run on standard microprocessors for SSF applications. 

The required technology for the control and data acquisition functions currently exists, 

and the technology for autonomous control is under active development for Space Station 

Freedom (SSF), ESSA and other space power programs. The need for radiation hardened 

components with these capabilities remains to be demonstrated, which results in a technology 

rating of 4.0 for the PP&C subsystem. 

MAJOR DEVELOPMENT TASKS 

The technology level of Dynamic SP-100 components is expected to range from 3 to 6 at 

the beginning of full scale development. Most of the remaining work will be in system 

integration, qualification, and acceptance testing. The development and testing currently 

envisioned is briefly described in the following sections. 

Task 1. Intermediate Heat Exchanger (Integration of Reactor and PCU) 

Objectives: Develop an interface between the heat source and PCU to allow heat transport. 

Statement of Work: Develop and test an intermediate heat exchanger for transferring heat from 

the reactor cooling loop to the PCU. 
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Task 2. power Conversion Unit Development 

Objectives: Complete development of power conversion devices which meet the desired 

performance and life requirements. 

Statement of Work: The following task descriptions apply, depending on the PCU selected: 

Potassjum Rankine PCU. A significant amount of the enabling technology for potassium 

Rankine power conversion exists, but particular components have not been designed in any 

detail for many years. Test loops, materials specifications and performance parameters for 

virtually all potassium Rankine power system components will require development. 

Brayton Cycle pCU. Develop a 1300 OK refractory alloy heat engine based on the CBC 

PCU for the Dynamic Isotope Power System. 

Task 3, Radiator Integration With pCU 

Objectives: Provide a means for removing heat from the PCU and transporting the heat to the 

main radiator. 

Task Description: Design and test a heat exchanger and heat transport loop from the PCU to the 

radiator panels. 

Task 4, Ground Engineering System (GES) Testing 

Objectives: Complete the system design. Verify all performance characteristics of the unit in 

conjunction with subjecting the GES to MIL-STD-1S40 acceptance level tests. Verify adequate 

system life. 

Statement of Work: As a cost reduction measure it has been proposed that GES testing be 

dispensed with and that space reactor power programs proceed to the flight qualification phase 

after the component development needed to support final design has been completed. Acceptance 

of this approach by the technical community is not certain as of this writing, therefore, a 

discussion of GES testing is included as part of the overall development of a space reactor power 

system. 
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After assembly, the GES will be pressure and leak checked, as appropriate, a complete 

electrical check-out will be performed, and all active devices will be checked out to the extent 

possible. 

Performance and thermal vacuum tests will be conducted during a single thermal 

vacuum test sequence to demonstrate technical capabilities while minimizing program cost. The 

performance evaluation will consist of the following major activities: 

• Check out and refine subsystem assembly procedures; 

• check out procedures for loading and filling the reactor coolant subsystem; 

• verify operation of ground support equipment (GSE) and interfaces between GSE 
andtheGES; 

• check out ground cooling systems as required; 

verify start up capability; 

verify steady state performance characteristics; 

• establish effective operating range of the system; 

• check out software and verify autonomy (include all operational modes and 
simulate failure modes); 

simulate normal switchover from one PCU to another; 

• simulate failures to trigger PCU switchover; and 

• establish system sensitivity to off-normal conditions such as: (1) partial loss of 
radiator cooling, (2) varying radiator heat removal profile, (3) partial loss of 
electronic cooling, and (4) temporary losses of heat sink with varying duration. 

The MIL-STD-1S40 test sequence will integrate acceptance level and design margin tests as 

appropriate up to qualification levels, to provide a technically sound, minimum cost approach. 

When the performance, acceptance, and margin tests are complete, the GES will be 

refurbished and placed on a multiyear life test. Instrumentation will be installed to provide a 

comprehensive diagnosis of the RhealthR of the GES and to monitor for degradation of major 

assemblies and individual components. The GES will be operated at Its nominal operating point, 

with expected GES variations in power output and environment. 
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The GES will be disassembled for diagnosis at the end of the life test. Specific areas to be 

examined will be determined by an analysis of the health monitoring data and from the 

reliability analysis predictions. 

Task 5. Qualification program 

Objectives: A comprehensive performance and dynamic testing program for assemblies and the 

complete system will provide a formal demonstration that the Dynamic SP-100 system will 

perform as designed after being subjected to simulated launch conditions. A low-risk approach, 

incorporating qualification of individual assemblies, followed by qualification of a complete 

system, termed the qualification unit (QU), characterizes this program. 

Statement of Work: The required qualification tests for the assemblies of the Dynamic SP-100 

system are those specified in Section 6.4, "Component Qualification Tests", of MIL-STD-

1540B. For the QU, the required qualification tests are in Section 6.2, "Space Vehicle 

Qualification Tests", of MIL-STD-1540B. Qualification will be to launch environmental 

conditions selected to envelope the probable intensities developed by various launch scenarios. 

The overall approach, starts with qualification of assemblies. Qualified production items 

are then fabricated and assembled into the QU which is then qualified by the rules for space 

vehicle qualification. This approach minimizes the risk that some assembly of the QU will fail 

during the qualification test sequence, thereby nullifying the qualification, and requiring 

backtracking to recover from the failure. 

Performance testing at each level will be conducted to verify that each item performs as 

designed. The qualification item will be similar to the corresponding engineering item and, 

therefore, performance testing will be less time consuming. 

Dynamic testing will be performed per MIL-STD-1540B, to verify capability of the 

Dynamic SP-100 system to withstand launch loads, including acoustic, pyroshock and 

vibrational. 
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The performance and dynamic qualification test sequence for components and assemblies 

is shown in Figure H-S. Fabrication, assembly, checkout, and testing of the au will be similar 

to the corresponding operations for the GES and therefore, will benefit from the experience with 

the GES. Test facilities for component and assembly qualification testing will be the same as 

those for the assembly level testing of the EU test program. 

When qualification testing is successfully completed, the au will be partially 

disassembled, examined, refurbished as required and modified for endurance testing in air, as 

described for the GES. The unit will be scheduled for life testing for nominally 1-1/2 years as 

a basis for estimating program costs. The period can be extended if required. 

Functional Check ~ 
Electromagnetic 

~ Pressure Test Compatibility Test 

Acoustic Loading 
~ Functional Check ~ Pyroshock Test ..... 

Test ... 

-+ Functional Check --+ Thermal Balance --+ Functional Check --- Thermal·Vacuum 
Test Test 

Figure H-S. au test sequence (per MIL-STD-1540B). 
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Task 6. Flight System Program 

Objectives: Produce, acceptance test, and deliver one or more flight systems. 

Statement of Work: In the flight system programs, parts will be fabricated, acceptance tested, 

and assembled. Systems will be subjected to acceptance testing per MIL-STD-1540e guidelines 

before shipment to the launch site. The same test facilities (vacuum chamber, vibration, 

acoustic) that were used for the qualification program would be used for flight system 

acceptance testing. The flight phase of the program also will include the safety studies and 

reports necessary to obtain launch approval. 

DEVELOPMENT SCHEDULES 

The SP-100 program is currently funded but has been experiencing year by year 

funding reductions, which are resulting in significant schedule slippage. Resolution of the 

funding question will become more apparent with the identification of a specific mission. A 

significant amount of development work has been accomplished and the program is considered to 

be nearly ready to start preliminary design. 

Figures H-7 through H-9 present development schedules for the Dynamic SP-100 

system with a SC PCU, cec PCU, and PRC PCU, respectively. This roadmap assumes prior 

development of the SP-100 TE system. a 1300 OK SC PCU, a carbon-carbon heat pipe radiator. 

and the PP&C. The different PCU systems will take different development times and will affect 

the overall system development schedule. The SC Dynamic SP-100 is expected to take the least 

time (9.5 years) due to prior component development. The potassium Rankine PCU is expected 

to require three more years (13.5 years) to develop than the cec PCU (10.5 years). The 

development times do not include the time to mOdify the system for use in the Martian 

environment. 

The GES will be similar to a flight system but will have features such as additional 

instrumentation and readily removable components to expedite gathering of engineering data and 

to permit modification of components. It will be tested in a vacuum chamber under normal and 
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off-normal design conditions. After this phase of testing, it will be partially disassembled, 

examined, refurbished as necessary, and put on life test, nominally for three years. 

The qualification phase includes design, fabrication, assembly, and qualification testing 

of individual components, and a complete system. The design effort will be minimal since it 

would involve only minor modifications to the GES design. 

The flight phase of the program includes fabrication, assembly, and acceptance testing of 

the flight units and the associated safety analysis to obtain launch approval. 
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TASKS 

COMPONENT PROGRAM 

Reactor/PCU Integration 

RadiatorlPCU Integration 

GESPROGRAM 

System Design 

System Fabrication 

System Development Testing 

QUPROGRAM 

System Design 

Component Qualification 

System Qualification 

FUPROGRAM 

Fabrication and Assembly 

Safety, Acceptance Testing, 
Launch, Launch Support 

3 

3 

YEARS AFTER PROGRAM START 

2 3 4 5 6 7 8 9 10 

p['A \/ V Performance Life Testing 
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~ 
i 

I 
\/ 
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I 
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Start System 
Fabrication 

8 

I 

Launch 

t Sh\ I 
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*Numbers denote NASA Technology Readiness Levels 

Figure H-7. SC dynamic SP-100 development schedule. 
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TASKS 

COMPONENT PROGRAM 

Reactor/PCU Integration 

CSC PCU development 

Radiator/PCU Integration 

GESPROGRAM 

System Design 

System Fabrication 

System Development Testing 

QUPROGRAM 

System Design 

Component Qualification 

System Qualification 

FUPROGRAM 

Fabrication and Assembly 

Safety. Acceptance Testing. 
Launch. Launch Support 

4 

3 

YEARS AFTER PROGRAM START 

2 3 4 5 6 7 8 9 10 11 

Ufe Testing 

/' 

PDR V V CDR Performance Ufe Testing 

CI ======:::1: yC9 CO~.I. ?~.~ 

Fabricate and Test 

Fabricate and Test 

Start Component 
Fabrication 

~ 

I I 

CI ===:::1,8 

eNumbers denote NASA Technology Readiness Levels 

Figure H-8. CSC dynamic SP-100 development schedule. 
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