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SUMMARY

The Regenerative Fuel Cell System is the most promising energy storage concept
for the Space Station, This study effort defined and resolved key design
issues of the Regenerative Fuel Cell System concept and completed a design
definition of an Alkaline Electrolyte Based Engineering Model System having a
10 kW output power capacity for Low Earth Orbit missions. Definition and
resolution of key design issues for a Regenerative Fuel Cell System resulted
in the following.

The gaseous reactants are to be stored in their moist state by keeping equip-
meat and plumbing above their dew point temperature. A shared heat exchanger
will allow exchange, i.e., sharing, of heat between the Fuel Cell Subsystem
and the Water Eiectrolysis Subsystem. A high pressure pump will transfer the
water from the fuel cell to the electrolyzer. Other regenerative fuel cell
design issues were also addressed and resolved culminating in a detailed
mechanical schematic based on the recommended approaches to the various
regenerative fuel cell design issues.

A power flow diagram for the 75 kW initial Space Station was defined and the
impact of different regenerative fuel cell modular sizes con the total five~
year-to-orbit weight and volume determined. The performance characteristics
of both the fuel cell and the electrolyzer were compiled from the existing
data base as established by Power Systems Divion of United Technologies
Corporation and Life Systems, Inc., respectively. An optimization computer
prggram for the cell size of the static feed electrolyzer verified that a 1.0
ft® cell is within the optimum cell size range for a 10 kW regenerative fuel
cell. The five-year-to-orbit weight of a 10 kW Regenerative Fuel Cell System
was minimized by optimizing the operating conditions, component sizes and
packaging.

An optimized 10 kW Engineering Model System requires a Water Electrolysis
Module containing <5 cells and a Fuel Cell Module having 120 cells. System
characteristics, an isometric drawing, component sizes, and mass and energy
balances were determined for the 10 kW Engineering Model System. The 3
projected Engineering Model Syster weighs 636 1b, has a volume of 18.4 ft~,
operates at an electrical-to-electrical efficiency of 61.7%, has a specific
energy of 63.6 ‘b/kW and has an energy density cf 29.43 W-h/1b (with a two
hour continuous power output capabiiity).

The Control/Monitor Instrumen:a on requirements for the Regenerative Fuel
Cell System were def ned. A )ife Systems' 200 Series controller was proposed
for the Engineering Modei Svstem. The reactant storage assembly (hydrogen and
oxygen) design was based on state-of-the-art technology.

An open loop regenerative fuel cell concept was considered as a way of
integrating the energy storage system with the life support system of the
Space Station. A 12 kW regenerative fuel cell unit can meet the total water
requirements of four persons, providing water with proven potability, i.e.,
proven aboard the Shuttle Orbiter.
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Technical problems and their solutions, pacing technologies as well as
required developments and demonstrations for the Regenerative Fuel Cell System
were defir2d. Recommend:ztions to address these issues were made to ensure a
successful and timely development of a flight version regenerative fuel cell.

INTRODUCTION

The National Aeronautics and Space Administration requires an energy storage
system for the Space Station operating in a Low Earth Orbit (LEO). The
initial power level of the Space Stacrion is projected to be 75 kW with an
Initial Operating Capability (IOC) time in the year 1991. The Growth Station
is projected to require 300 kW of power. A Regenerative Fuel Cell System
(RFCS) based energy storage concept is the most promising system to meet
projectea Space Station requirements.

The basic concept of a RFCS is shown in Figure 1. Input power to the RFCS is
supplied by a solar array during the sunlight portion of the orbit while power
is provided by the RFCS for the Space Station during the occult portion of the
orbit. Throughout the electrochemical processes of the RFCS, waste heat is
dissipated to space through the radiator and conditioned parasitic power less
than 1.5%) is provided to the RFCS for its ancillary components., The reactants.
namely, water, O2 and H2 are essentially conserved in the RFCS.

The RFCS in the Space Station will be modularized. Each modular unit incor-
porates a Fuel Cell Subsystem (FCS), a Water Electrolysis Subsystem (WES) and
Reactant Storage Assemblies. A block diagram of the RFCS for the Space
Station application is shown in Figure 2.

A study program was successfully completed by Life Systems, Inc. (Life Systems)
to define the regenerative fuel cell concept and to define a 10 kW, alkaline
electrolyte-based Engineering Model System (EMS) prototype. This report
presents the results of the RFCS study and of the EMS design definition.

RFCS STUDY

The RFCS study was conducted to determine the best approaches to the various
RFCS design issues, The results of this study formed the basis on which the
EMS space prototype design definition was completed. The analyses performed

as part of this study were based on the work performed under the NASA sponsored
centract of which this study is part (NAS3-21287), NASA Contrigs NAS9-16659

and on relevaat information available in the open literature,

RFCS Concept Assumptions

A list of RFCS concept assumptions was first formulated that either defined
the operating conditions or specified the technologies/approaches ac:eptable
to a RFCS, Table 1 sets forth these assumptions. These assumptions were
reviewed at a Study Review Meeting prior to the commencement of the EMS
design. Mutual acceptance and agreement to the assumptions are important
because of their impact on the final EMS configuration.

(a) References l1-5, pages 77 and 81.



Life Systems, Jnc.

Pin ) RFCS
(Input Power

from Solar Array
Via DC/DC Reg.

Qout
(Waste Heat
to Radiator)

During Sunlight Period)

P

— Pout

(Output Power
to Power Conditioner
During Occult Period)

Lo par
(Conditioned Parasitic

Power
from Bus)

FIGURE 1 BASIC REGENERATIVE FUEL CELL CONCEPT



Life Systenss, Jnc.

Liepunog SO4Y

RWVYOVIQ 00719 SO4¥ ¢ 4dNol1d

Jojeipey

Jabueyox3
JesH
uoyeI0S|

o« WolsAsgng

| g

(uel Jue)
1ayeA\ uabAxO

SISA|01}09(3

L | wo):

el

Aeay 18|08
-

-—- !
{
|
- T T T T T - 1
| ]
| Jouonipuoy |
Jamod i
!

|

i
sue| s01eInBay |
uaboipAH abeyjon "
I
_ {
_ |
|
|
|
|
_ I
L I
1 [
I

|
T ! H
| B
sng




Life Systems, Juc

TABLE 1 RFC. CONCEPT ASSUMPTIONS

No. Assumption
1 RFCS nominal power output is 10 kW (per modular unit)
2 RFCS output voltage is 120V+10V
=20V
3 Dark/light solar cycle ratio is 35.7 minutes/58.8 minutes
(0.607)
3 No loss of RFCS process fluids from 10 kW modular unit
(Final analysis must address reactant losses)
5 Use existing Life Systems WES performance data
6 Use existing UTC Power Division FCS performance data
7 Peak power requirements are yet to be defined and hence
have not been addressed (but 10 kW FCS is capable of 32.5 kW
output, maximum)
8 Emergency power requirements (10 kW for 21 days) will be
met by a separate RFCS unit.
9 System weight estimates include power conditioning
10 FCS and WES current efficiencies equal to 100% - cell
matrices designed to prevent 02 and H2 cross~diffusion
11 FCS and WES cell efficiencies based upon 1.23V
iz No redundant FCS and WES cells per modular unit -
additional demand handled by redundant RFCS modules
13 Modularity ajjroach will be used to achieve 75 kW initial
Space Station rower needs and 150 kw or greater power needs
for Growth Station
14 WES three compartment cell technology will be ready for
incorporation into Engineering Model System (EMS) RFCS;
howeve- , this technology ic¢ not critical for EMS development
15 RFCS location will be external in unpressurized environ-
ment (though pressurized environment is not excluded)
16 Operation of the RFCS will be totally automated

continued-
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Table 1 - continued

No.

Assumption

17

18

19

20

21

22

23

Maintenance approach will include Orbital Replacement Units
(ORU), but zero gravity liquid line maintenance disconnects
are needed

Replacement of a 10 kW RFCS modular unit is an acceptable
approach to maintenance

Thermal insulation exists to maintain RFCS components
above fluid dew points/freezing temperatures for deep
space thermal sink (11 K)

Reliability goals will ve met by "sizing" for End-of-Life
(EOL) perrformance. derated operation (lower current densi-
ties) and redundancy (at modular and component, i.e.,
rotating components, level)

Nitrogen purge may be required to perform in-orbit maintenance
or to condition a RFCS modular unit for dormancy if dictated
by Space Station operational procedures

H2/02 purge is required to return a RFCS modular unit to the
poweTr bus upon completion of in-orbit maintenance

Electric heating is required to prevent condensation/freezing
during transient operation
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RFCS Design Issues

Key RFCS design issues involve the management of water and the management of
heat. These are discussed in the following sections. The methodology for the
RFCS mass and energy balance is shown in Figures 3 and 4, respectively. These
methodologies were used in this study to determine water, oxygen (0. and
hydrogen (H,) mass flow rates as well as waste heat generation rate§. Other
RFCS design issues considered included: operating conditions, reactant losses
and make-up, dissolved H, in the fuel cell product water, packaging of com-
ponents, zero-g maintenance and changeout, operating mode transitions and
interface requirements.

Water Management

Water Transfer from the Fuel Ceil to the Electrolyzer

The options considered for transferring product water from the FCS to the WES
were: (1) high differential pressure (320 psid) pump; (2) low differential
pressure (30 psid) pump with venting of the water storage tank reference gas
in the WES; and (3) no pump but maintaining the FCS H, compartment pressure
higher than that of the O, compartment pressure and venting the water tank.
Because of ease of operat%on and fewer number of components involved, the high
differential pressure pump 1s recommended for the RFCS. It should be pointed
out that the high differential pressure pump is to be operated during the
sunlight porticn of the ourbit when the weight penalty for the power is less.
Also, the pump is sized for an 80 duty cycle to ensure that a small capacity
pump can meet the water transfer requirements and that the size of the high
pressure water tank can be minimized.

Water Vapor in Froduct Gases

The water vapor in the product gases represents a maior challenge to the RFCS
designer. Recycling the water vapor is mandatory because loss of large
quantities of water are unacceptable. Several ways of recvcling the water
vapor exist. One way is to condense the water vapor and separate the conden--
sate from the gas streams using either dynamic or static gas/liquid separation
techniques. Each separation technique employs two or three devices or components
that are available and have already been proven in zero-g applications. In
the dynamic separator category, centrifugal separators, vortex separators or
elbow separators are the available devices. Hvdrophobic/hydrophilic screens
and wick materials are their counterparts i the static separation category.
After the water is separated from indivi~ gas streams, it can be added to
either the WES water feed or the FCS pruc.ct water.

Another method of recycling the water vapor is to deliver wet gases to the
FCS. 1In crder to prevent condensation in the storage tanks and plumbing, heat
tracing or regenerative adsorption with some heat tracing is necessary.
Another method of recycling the water vapor is to electrolytically dry the
product gases with either phosphoric acid or sulfuric acid electrolytic cells,

Evaluation of all of the aforementioned techniques was conducted using Life
Systems' in-house data and available literature. Based on this evaluation,
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the selected approach is to recycle the water vapor in the product gases by
delivering wet gases to the FCS and maintaining system components and plumbing
above the dew point temperatures. One overriding factor in arriving at t’is
conclusion is that some sort of external heating is required evem if other
water vapor handling techniques were selected, since transient operation, low
power mode and a backup for maintaining temperature would always be required.
In any case, all water carrying lines and components mu¢* be kept above 32 F
at all times (operating, stand-by or dormant) to prevent freezing.

The results of a trade between circulating FCS coolant and electric heating
for keeping the storage tan:s above dew point is shown in Figure 5. If the
storage tanks are located in close proximity to the rest of the RFCS, circu-
lating FCS coolant is recommended. If the storage tanks are remotely located,
the weight penalty for electric heating would remain practically the same;
however, the weight penalty associated with circulating coolant would increase
proportionally with the distance. Depending on the location of the storage
tanks in relation to the rest of the RFCS, electric heating may become
advantageous.

Heat Management

Waste Heat Generation

The amount of waste heat generated by the FCS is in general much greater than
that by the WES. This is a consequence of the thermodynamics of the respec-
tive electrochemical reactions. Based on the projected operating temperature
of 180 F and a current density of 180 ASF for the FCS, the waste heat
generated by the FCS is 6,110 W. A negligible amount of waste heat (less than
150 W) is generated by the WES when it is operated at 150 ASF and 180F. These
initially projected operating conditions were later found to be close to
optimum when minimizing the system weight of the RFCS.

Thermal Sharing and Heat Rejection

The waste heat generated in the FCS can be used to minimize temperature loss
of the WES when the WES is idle during the darkside of the orbit. In
addition, the waste heat can aid in the start up of the WES and iu keeping
system components and plumbing above dew point. Due to its high efficiency,
the WES can not be used to maintain the FCS temperature but can minimize the
temperature drop of the FCS during period of non-use of the FCS, i.e., during
the 58.8 minutes of the sunlit portion of the orbit. One-way thermal sharing,
however, is still recommended over thermally isolating the two subsystems. A
shared heat exchanger has been incorporated into the RFCS to allow exchange of
heat between the FCS and WES. An alternate cousideration is to have one
common coolant loop for the WES and FCS, thus eliminating one heat exchanger
and one coolant pump, while mevimizing thermal sharing efficiency. The louss
in operational flexibility "1ered minor. Also, in the unique
three-compartment static feea . -rolysis cell design, water is used as the
coolant for the WES. Unless the material of the fuel cell separator plates is
changed from currently used magnesium to a dielectric material, water cannot
be used as the coolant in the FCS if a three-compartment WES is employed.
Consequently, a common coolant loop for both subsystems is not possible. This
restriction does not apply to a four-corpartment WES module.

10
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The overall heat balance indicates that heat is to be rejected from the RFCS
to deep space., To accomplish this the waste heat generated by the RFCS is
dissipated through an isolation heat exchanger. The isolation heat exchanger
in turn transfers the heat ter the radiator through a 150 F coolant loop which
can be either a heat pipe or a pumped coolant loop.

Because the FCS and WES are projected to be operated at the same temperature
level, a small phase change thermal storage heat excihanger may be employed to
maintain temperature control of both subsystems. This concept was identified
during the end of the study program and was not defined in detail. A trade
between this concept, the shared heat exchanger concept or combination of both
is recommended as a follow-on task. The shared heat exchanger is recommended
for the RFCS at this time.

RFCS Study Results Summary

In addition to the key design issues of water and heat management in the RFCS,
other issues were also addressed and resolved as part of this study. A

summary of the recommended approaches to all of the design issues is presented
in Table 2. Based on these recommendations to the RFCS design issues, the
mechanical schematic shown in Figure 6 was developed. This mechanical schematic
reflects the trades and analyses made under the RFCS study and serves as the
starting point for the EMS design definition.®

EMS DESIGN DEFINITION

The design guidelines for the EMS design are presented in Table 3. These
guidelines reflect currently available information. As new data become
available as part of Pre-Phase B and Phase B Space Station activities, these
guidelines must be reviewed and upgraded, if required, before the commencement
of the EMS hardware design.

Overview of the RFCS in the EPS

The RFCS provides power for all Space Station needs during darkside
operation. It is the energy storage portion of the Electrical Power System
(EPS). The power generation portion of the EPS is the solar array which
during lightside provides power fc: the station needs and also recharges the
RFCS. A solar array/RFCS power f w di-~gram for a 75-kW space station is
shown in Figure 7. Also shown in Figur. 7 are the efficiencies assigned to
the various elements of the EPS power transmission and conditioning
components.

The required solar array size for any given power level at the Space Station
bus can be determined by the following quation:

P t E
P = BUS 1+ (

E
)

Sa ( )2 Mool NyT n n n E
Nca’ "inv'BUS"REG/F"PT'D/CAO HARN C CAB/F'REG/E F

(1)
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TABLE 2 SUMMARY OF RECOMMENDED APPROACHES TO DESIGN ISSUES

Design Issue

Recommended Approach

Humidity Control

Thermal Management

Reactant Loss Make-
up

Dissolved H, in FCS
Product Water

Projected EMS Oper-
ating Conditions

Water Transfer from
Fuel Cell to
Electrolyzer

RFCS Inerts Purging

Space Station Start-
up or Emergency

Power via Fuel Cell

Shutdown of RFCS

Operating Modes

Allowable Mode
Transitions

Cycle Time Adjust-
ments

Zero-g Maintenance
and Changeout

Maintain system components and plumbing above dew
points

(light
(dark

Shared heat exchanger with heat flow from: a.
side), WES to components tc FCS to space, b.
side), FCS to components to WES to space

Via water (common tank for all 10 kW modular units) or
gases (02 and Hz) as a back-up

Use of a three-compartment WES cell or a "ruggedized"
four-compartment cell (Shuttle H2 Separator
as back-up)

WES current density of 150 ASF, WES temperature of
180 F, FCS current density of 180 ASF, FCS temperature
of 180 F

Use of high differential pr2ssure pump (operated at 80%
duty cycle light side unly)

Purge while Resource Module still in shuttle bay prior
to charging

Expendable cryogenic or gaseous reserves, Shuttle

resupplied

Insure fail safe operation of the RFCS by depressur-
izing and purging with N prior to RFCS repair or
replacement if required gy Space Station operating
procedures

Unpowered, Shutdown, Purge (if needed), Standby, Normal

All transitions allowed except purge to standby, purge
to normal, normal to purge, standby to purge

Cycle time adjustments dictated by Space Station power
management

Zero-g liquid line maintenance disconnects needed on
RFCS external liquid interfaces and Orbital Replacement
Unit (ORU) interfaces

continued-

13
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Table 2 - continued

Design lssue Recommended Approach
Packaging of Separate packaging of gaseous reactant storage tanks,
Components separate package for rest of RFCS
RFCS/Solar Array Power-Programmed DC/DC regulator (95% efficient, pulse
Interface width modulation)

RFCS Interface with 02, H, and H,O can be used "as is" for life support
Other Space back-up, as a minimum
Station Systems

14
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TABLE 3 EMS DESTGN GUIDELINES

Fuel Cell
Power Out, kW
Voltage, VDC

Da. ' _riod Operation, min
Continuous Operation, h
Parasitic Power, Z of Net Power

Electrolyzer
Light Period Operation, min
Parasitic Power, % of Net Power

Power Conditioner
Efficiency, 7
Specific Weight, 1b/kW

Tankage
Minimum Reactant Storage Pressure, psia
Maximum Reactant Storage Pressure, psia
Tank Material
Safety Factor
Ultimate Strength, psi 3
Material Density, 1lb/in
Space Radiator
Emissivity
Thermal View Factor, Light Period
Thermal View Factor, Dark Period
Sink Temper~ture, F 2
Radiator Sp.cific Weight, 1b/ft

Solar Array
Specific Weight, }b/kw
Propellant, 1b/ft"-yr
Weight-to-Orbit Time, yrs

16

{g0+10
=20

35.7
2.0
1.26

58.8
0.67

95
5.0

70

300
Inconel B
1.5
125,000
0.3
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Where

PSA = Power of Solar Array (End of Life (EOL)), kW

Pous

Bus Power to Space Station User, kW

n Efficiency of Cables

CAB

n Efficiency of Inverter

INV

n Efficiency of Bus

BUS

AKEG/F = Efficiency of DC/DC Regulator For Fuel Cell Power Out

N, = Ffviciency of Power Transfer Mechanism

PT

nD/CAD = Efficiency .f Diodes and Cables

JARN = Efficiency of Array Harnesses and Interconnects

tp = Time on Dark Side (Discharge), minutes
tC = Time on Light Side (Charge), minutes
nCAB/F = Efficiency of Cables to Fuel Cell

nREG/E = Efficiency of DC/DC Regulator for Electrolyzer Power In

EE = Single Electrolyzer Cell Voltage, VDC

EF = Single Fuel Cell Voltage, VDC

Using Equation 1 and the efficiency data, the power levels at differeut
elements of the EPS were calculated under the following conditions: an IOC
Space Staticn power of 75 kW, an electrolyzer cell voltage of 1.48 V. ., and a
fuel cell voltage of 0.92 VDC. The results are presented in Figure 7. The
cell voltages used in the calculation were determined based on the cell
performance characteristics discussed in the following sections and the
projected RFCS operating conditions. It can be seen that 50.87% of the solar
array output power goes Lo recharging the RFCS. This percentage can be
lowered if a more efficient method of operating the station is used, such as
cycling the high loads off during the occult portion of the orbit.

The power and area requirements for solar arrays of different degrees of
degradation allowance are shown as a function of the energy storage efficiency
in Figures 8 and 9, respectively. High energy storage efficiency and low
degradation performsnce all result in smaller size sclar arrays.

To meet the 75 kW IOC requirements, different RFCS configurations, i.e., modular
units, can be used. Table 4 presents the number of the fuel cell, electrolyzer
and reactant storage units for different RFCS modular (building block) sizes.
The RFCS module weight and number of cells per module as a functicn of the

18
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TABLE 4 10C RFCS CONFIGURATION

Basic Building Block Size

10 kw 20 kw 30 kW
No. Units - No. Units - No. Units -
Power Level Power Level Power Level
Fuel Cell (87.0 kW) 9-10 kW 5-20 kW 3-30 kW
Electrolyzer (85.0 kW) 9-9.8 kW 5-19.6 kW 3-29.4 kW
Reactant Storage
Without 2 Hour Emergency 9-6 kW-hr 5-12 kW-hr 3-18 kW-hr
With 2 Hour Emergency 30-6 kW-hr 15-12 kW-hr 10-18 kW-hr

21
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module size are shown in Figure 10. Table 5 presents the number of the RFCS
units for both 75 kW IOC and 150 kW Growth Cavability (GC) requirements. The
recommended minimum number of spare units, excess power available, total RFCS
weight ana volume are also tabulated in Table 5. The optimum RFCS modular
unit size for the EPS of the Space Station may be determined based on the
information presented here and other factors such as number of components,
tolerance to failures, maintainability and needs for new component develop-
ment. For purposes of defining an EMS of the RFCS, a 10 kW capacity unit was
a requirement.

Fuel Cell Characteristics

The fuel cell voltage versus current density is shown for the effect of
temperature, pressure and electrolyte concentration in Figures 11, 12 and 13,
respectively. The data shown are for te "long life configuration” fuel cell
hardware tested for the NASA Lewis Research Center for over 14,000 hours.

This fuel cell has life capability different from that of the Shuttle Orbiter
fuel cell power plant because it operates at a lower current density and
temperature. Actual cyclic life test data are shown in Figure 14. The weight
and volume for a FCS are presented in Figures 15 and 16, respectively. The
FCS envisioned for the EMS has a similar configuration as the Shuttle Orbiter
fuel cell power Blant with similar ancillary components and an individual cell
area of 0.508 ft". Repackaging for maintenance, a "high" output voltage cell
stack configuration and different cell frame material, separators and
electrode reservoir plates are projected to be implemented/availabl- for the
actual EMS hardwarve.

The information on the FCS characteristics was provided by United Technologies.
The curve-fitting polynomial equation in Figure !l was determined by regression
analysis at Life Systems and was used for the EMS optimization.

Electrolyzer Characteristics

Cell Construction

The electrolyzer subsystem in the RFCS is based on the alkaline electrolyte-
based static feed water electrolysis concept developed by Life Systems. The
electrolysis cell assembly consists of a unitized cell core, a unitized feed
matrix and a cell frame. Depending on the design of the unitized feed matrix
and the cell frame, the cell assembly forms either four compartments or (hree
compartments, both of which are illustrated in Figure 17.

The three-compartment cell design eliminates a separate coolant compartment
and the electrolyte from the water feed compartment. As a result, it is
lighter, more simplified and free from the problem of hydrogen accumulation in
the feed compartment due to evolution of the dissolved hydrogen from the FCS
product water. During prolonged shutdown (i.e., greater than seven hours),
water in the water feed compartment is isolated and emptied. The three-
compartment cell configuration is projected for the EMS design.

22
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Cell Performance

The voltage versus the current density is the key parametric performance
relationship for the water 2lectrolysis cells. This relationship is shown in
Figure 18 for Life Systems' alkaline electrolysis cells. The performance is
plotted for four temperatures (140, 160, 180, and 200F). Pressure effects on
electrolysis performance are minimal and can be neglected over the pressure
range of 120 to 550 psig. The alkaline electrolysis performance as a function
of time is shown in Figure 19.

Based on the cell performance of boih the fuel cell and the electrolyzer, the
RFCS electrochemical efficiency can be plotted as in Figure 20. It should be
noted that the electrochemical efficiency does not take the system parasitic
power into consideration. Since the RFCS parasitic power demands are low, the
electrical-to-electrical system efficiency is approximately 987 of the
electrochemical efficiency shown in Figure 20.

Cell Size Optimization

Large cell sizes tend to decrease the total cell weight but at the same time
they increase the end plate weight. Therefore, there exists an optimum cell
size that results in minimum electrolysis module weight for a given set of
operating conditions. The key operating parameters are the water consumption
rate, the curr:?g)density and the pressure. A computer program using the
Rosen algorit. was written to determine the optimum cell sizes for dif-
ferent operating conditions. Results for a Static Feed Electrolyzer {SFE)
module suitable for the 10 kW EMS are plotted in Figure 21. The acceptable
range of optimum cell size is determined based on the cell size that gives the
minimum module weight and the larger cell size that gives a module weight 5%
higher than the minimum weight. The larger cell size is preferred because of
the improved electrolyzer reliability due to reduced number of cells. A

1.0 ft“ cell is within the acceptable range of optimum cell size for the 10 kW
EMS application and was selected. This cell size is idenrical t. the hardware
currently being developed unger the NASA LeRC sponsored technology program
(NAS3-21287). Actual 1.0 ft° cell hardware and a six cell module with light-
weight hcneycomb end plates are shown in Figures 22 and 23, respectively.

The effect of the water consumption rate, the current density and the pressure
o~ the optimum elactrolysis cell size is shown in Figures 24, 25 and 26,
respectively. The trend of the optimum cell size may Le summarized as follows:
as either the water con-umption rate increases, the current density decreases,
or the pressure decreases, the optimum cell size increases.

Electrolyzer Design

As an aid to the electrolysis module design, the effect of the electrolysis
current density and source voltage on the number of cells was defined and is
shown in Figure 27 for a 10 kW RFCS., The impact of the electrolysis current
density and cell area on the load current is shown in Figure 28 for the same
size RFCS. Similar graphs for the 20 kW and 30 kW RFCS had been prepared and
were presented in the final presentation, but are not included in this report.

(a) Reference 6, page 81.
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400 T T T 1 T T T T T T T 1§ 400
380 ) - 380
Water Consumption Rate, Ibhr : 523 Ib/hr
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360 I P, psia : 315 4 360
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o Optimum ]
320 Cell Size 320
300 F |—-—.l -4 300
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Cell Size, F12
FIGURF 21 ELECTROLYSIS CELL STACK/PARTS WEIGHTS VERSUS CELL SIZE

(5.23 LB REACTANT/HR, 150 ASF AND 315 PSIA)
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.
FIGURE 22 ONE FT WATER ELECTROLYSIS SUBSYSTEM CELL HARDWARE
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FIGURE 27 EFFECT OF SFE CURRENT DENSITY AND SOURCE VOLTAGE ON NUMBER OF CELLS
(10 kW RFCS)
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The weight and volume of the WES which includes the module and the ancillary
components are shown in Figures 29 and 30, respectively, as a function of the
PFCS power and the total cell area, The ancillary components proposed for the
electr:lyzer in the EMS include the following integrated mechanical components:
Fluids Control Assembly (FCA) (shown in Figure 31), Two-Fluids Pressure
Controller (2-FPC) for the three-compartment cell and Coolant Control Assembly
(CCA) Unit 2. Figure 32 presents the capacity of these integrated mechanical
components plus the existing Three-Fluids Pressure Controller (3-FPC) (see
Figure 33) and CCA Unit 1 (see Figure 34). It is clear that o1l of these
components can handle flow rates corresponding to at least 10 kW power level
with the ones proposed for the EMS having capacities up to the 30 kW level.

10 kW EMS Prototype

Detailed Mechanical Schematic

A more detailed EMS prototype schematic is shown in Figure 35. The components
to be developed include Interface Fluids Control Assembly, heat ¢xchanger
assembly, 2-FPC, upgraded FCA and upgraded coupled reactant regulator which
has a maximum pressure drop of 10 psi as opposed to 40 psi in the current
version.

EMS Optimization

The RFCS can be designed to be the most efficient, the most reliable, the
lowest w2ight or the lowest cost. The preferred operating conditions for
these different design criteria are shown in Table 6. It should be pointed
out that the lowest weight design referred to in Table 6 considers only the
RFCS weight. An optimum RFCS design should take into consideration the
weights of solar arrays, radiator and station keeping propellant for the
specified years to orbit operation. This study includes the latter.

A computer program using the Rosenbrock search method was written that _.ni-
mizes the RFCS weight for any given years-to-orbit operation by optimizing the
electrolyzer current density, fuel cell current density and electrolyzer
operating pressure. The results for the 10 kW EMS indicate that the optimum
electrolyzer current density, fuel cell current density and electrolyzer
operating pressure are 157 ASF, 167 ASF and 247 psia, respectively. The
five-year to orbit weight is 2,790 1b and the electrical to electrical effi-
ciency is 61.1% under these optimum conditions.

Another computer program was used to determine the effect of the water elec-
trolysis current density on the system design for fixed fuel cell current
density and electrolyzer operating pressure. Figure 36 presents the 10 kW
RFCS five-year-to-orbit component weights as a furction of the electrolyzer
current density. The system weight and efficiency versus the water electroly-
sis current density are plotted in Figure 37 for the same RFCS design. The
electrclyzer operating pressure of 315 psia used in these calculations is
close to the optimum value of 247 psia determined previously. The weight
increase due to this increase in operating pressure is very small (2 1b)
because the RFCS system weight is a weak function of the electrolyzer operat-
ing pressure. The volume of the gaseous reactant storege tanks, however, 1is
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FIGURE 31 WATER ELECTROLYS1S SUBSYSTEM FLUIDS CONTROL ASSEMBLY
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FIGURE 33 WATER ELECTROLYSIS SUBSYSTT 3-FLUIDS PRESSURE CONTROLLER
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FIGURE 34 WATER ELECTROLYSIS SUBSYETEM COOLANT CONTROL ASSEMBLY
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TABLE 6 PREFERRED OPERATING CONDITIONS FOR DIFFERENT
RFCS DESIGN CRITERIA

Operating Condition
Design Criteria Temperature Pressure Current Density
Most Efficient Highest Lower Lowest
Most Reliable Lower Lower Lower
Lowest Weight Highest Lowest Highest
Lowest Cost(a) Lower(b) Lower Higher

(a) After development successfully completed.
(b) Increased life means lower operating cost.
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84 304 b 3 13050986 3504 Raass v '! 69
i 32552321 1950050t Sastaaans tenasRats 1dnt fonas Haasttannt aaRasas: 383 13403 $3331 Soets 2sass Seoss EpRL!
4+ ¥+ T be T + - ha $ } [xxﬁ L Eets 60084 + L }r )8 00 * +
Y 2234 1938 5s 53085 es 1323333 12333 20000 a0sy 7 e koY -
T 1 b asassisas "‘1"":"‘ et bt 15004 04 88804 81
hi-1 e 1 1 e foea b ++4++ bas e i Tt I 68
+ + B4 294 - - = IR2 2 i - 2 g boe
Fros. s ' ¥ 3383838 SI2ES 2233 Faass $332: LRSS ioN j$3335%5:
& B3 : be3 S338s 353242533 4
3050 e a0 as jg8as 0235034204 bugnana 18338234 53333 23431 o34 > aas ot
) + 5% one 3 33e8% 23333 54 be 7
13t b4 T 1 bt 1og 4 1 p8s b04 Sheae 4880
3 352 2essa syl ppos: + 3
be + ..
: : 3 =1 Fuel Cell Output P kw : 10
: b Fuel Gell Output Power,
X :
3 bg M ps
i o1 1 Cell C t o ASF: 167 =
R : ta8i K &4 Fuel uirent Censity, :
, : = Fuel Cell Temperature, F 1 180 #
- D SROhS sades S50 +
: TR . I T t F : 180
: : : Electrolyzer Temperature, :
: eesrree: :
: SR Electrol p . 315 iEEY
Fess SIEER RSt RIS IROSS
: 23 122ss B 320s sppeLeEs rolyzer Pressure, psia :
y M 1T T pai B3 33332 554 + 1T 9¢ goe =
I 1 M Lesqerer e dinre B 3 [94 S0908 4064 1 ~
, sSes sea: £=2s 1oy
[ T A ey S peas 899 oY poe 28850 poS 24000 0008
: _ 3t e, nafin Jigees:
++ + » t 4 . Pops $o06 bESS!
$5353085. % 25282 9ans oad 3 hoqingn
: 2e2 i
e + 13 I
1 S b B4 1 + e 3
= : TSRS
oge X 4 o Pe o) SOiSS $4ute SO000 SOO0E S04 3 vered 63
+ ey v v teesBoereabroasy rescbecsefoececdens - v IRTR2 SRDRT TR
T p 4 pOS4 pod . : b b
3 e 4 oot soaates $920 Sonts Sedan $03%e 55004 pabas $0d
+ + +4vey b 4 vo 18 SO0y
2950 E :
] o 2a: ros]] 1333¢ $33833335% o 53 $3333 335 s poe:
+ e Ses o+ 12221 1252 t 62
M + —t- + PR T2TRT TREXS - b n o Lot t 223 .
. he t 1 PRRS S + P2 22000 S02SL-H0908 DRSS SPORE SRR FPPET YOGS -
- T (50 6053 53008 s5500 Ao [S0E 6000 SHSOY S04 —
T < - h e RS Sy + ERRE2 2XE0S 2R
-y o . < PR Sony S04
I 38 S3ans Jaags sans: 9 s e 23535333 o5 > ¥
5 [ae peee o [28 e sob e ool + e . 61
BNa wnd pIST2 swooe + 13222383 33338 23 2320 220222223 v oo
PSS SPPRY By e SPOSS s - S PYPRY IR SS yuoty
T T 29 joass 50008 SHES4 Sdy bod by p9e doq : POSS S99
s bos 50558 $000s pi 503 S04 $53a - 20096 Sod pOPeS 00986 50954 Se300 2OPE SPFES avid
2m + +4% + PR 2R R T TR Lo e penes asteen e 60 \o
9y 35 o catrsroforsiforer e o] P23 23233 335 o
3 b1 SSEE BN SRR ERERL Eant o, Sonn Ione: ST LT 522
ot b 4 RPS 00808 RO JRESS COtD S S 204 -
, e HEsgnnEn Nafing SEE reees sees o2
t
oayal 13235 S3oar SEPTs caetipd I3 3383 2 5xs [SS0s sated 3 525 3 Q
¥ 3 [SSS Soation peess ST oy PY anegt : c
5% iat : i s 59 5
T 2Pt % 2o} jooe yeane woeey pppey 133353 230t 38228 SIRITERE: TSRS SO RS S2ss 200Ts 32 p4
Xt : t 1 e 984 poe : Q
b 8 ¢ = : g 4 P —
+- N
SRR a2 tos soparerss s, Siaseamnt Iapen et B ot =
2 : : : : SSeeSeeEs sas w
T 3 13 e 3 58
it 2o 5
3 pos b0 pe T T -+
neaey e pos pe 08¢ oz e j 28
2,850 = Y =
) %4 oo afevaeies ISP $0009 STRES SRy es i} 1Pt
y > N 9550 28ibet S04 50500 9899 65698 Sidid Sdtos saSes Sy 3906 67 154 sbeps sosst
- ST ool T e R
% EEs 354 B9 =F 57
be 1Sess - IeTe? 224 - POPBY FRDRY PPPBe DEPHS S .
3 i JE333 3835 Ees et 1383 3033: TSR 32E3%" 2ot +]
: e3: IR EREES I JESE SESs: tatet = jt5
. veraBemantionsdol bo o303 K203a aas + — o S00us SOOOY ool
b+ A i - ee oo + - 4]
t X S584 JSes Shuse 9000 19600 ST o4 po 1 cqgods b8 s00ns
»- BEtls roe b Savet & } . e
4 <+ 4 P pa e — POOSS R0 2SS coster e ppe o + 3
s +1 '+. 2484 S0O8] : 1 pertgres + + 1] hS had
e »e T be 0S890 h3 84 hod Lou 11 Yol It b e IR E SeBOe
3 = ; S esees fos:
b« be + + |2 SEDOS P +- —
> T S 13 PSGSE SNEES SVPLYE 90635 00008 994
3 3% Os SERH: o bs iy o83
> : SRS i S5t 8 53
vesibesyifeitses Bode sgttd & 4 00 P332 oo s song
[t FROeS S eu + e + I3 2209w suey
3533 3e: : 3 S IS
b4 sherpaiil Lordan s ety 33 338
3 el B :
e it 4 + PeERY + P2 2RXRS 2021 be
14 b T b t: - b
Vog 9ot i 9%e g Souts eupee
* vl + vats vos + - PO SDY PPN POy
108 b honss put : e bad Bdde bod
+ + sherdaess PSS s0Ree
L e * IS 2Rk
paShe obs 1t 13 Py I3833 3383 23395
2750 9 Dedenaas POTYS iy
IQOPS Sage + 4o pS Spey
Y soad be 1 by peee: be shude S50 soote
L LoS 28 rone e roe e o ke sfeecrpeetilo
TR ESeE: Sess seen: i $3sss 3T s3ent
fo o vedeed- +~ - dae 294 -
19 T e Y i s
NDOE 9 ¢ 4 o i 1 DY IPY MR SIORE SSORY FEROS SOPUS POGEY frae?
e s : =i e S1331 P FEO8¢ ISR ERESE SIS i
gags oy ve PeOve yoeet [0S STUES FTLEY YOVEY FRRTS SUPDS SSNDE PRYRE sUB e
- A o + + 2S00 22904 29022 SOVOE FITTS Fpind SOTEI RITT? toey
2. rnee foiit 19999 53006 s00H [333 13EE2 So0Ls S282!
e et Tasl jo3s 3 Lt e faias
1230282228 T )aes sasss vage PLEPE Swore vpous Y IR Toe
[ 4 e peo : PRy pury pRPe
L > by 0geel $oeTs 0o 3oL 22008 Spgeeiney!
[+ 1222 2202 siesfatealisraloians isd
[QEPE SOBES §pa- T PSS T o0l SOPOY IROES 2299 22299 PE94 —+ 71.
2700 bEiE ] 85 i it
+ . PSRRI 2RI 2o nagae +}
’ T e T 1 e Spiy *opPe
. be 11 - +e + “I'
34 st o 3 SHEn : :
PQUeY + TS oo DRS BNy Pre e ee
BR3¢ vagor b4 54 aiplign joPReiouts $0o0d Spet i3
- v+ e t 444 sebten vesasbiseiencifanee b
O s me o 14 sanddTE34 Sr2pliereRirecpere 323

Water Electrolysis Current Density, ASF

FIGURE 37 RFCS FIVE-YEAPR. -TO-ORBIT WEIGHT AND RFCS EFFICIENCY VERSUS WATER
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reduced by 4.8 ft3 using the higher operating pressure. It should be pointed
out that light weight materials may be used for fabricating the storage tanks
to reduce the RFCS system weight,

Physical Characteristics

The projected fuel cell current density, electrolyzer current density and
electrolyzer operating pressure are 180 ASF, 150 ASF and 315 psia, respectively.
These conditions do not deviate much from the optimum conditions and result in
a five-year to orbit weight of 2,840 1b and an efficiency of 60Z.

Because even the optimum conditions are subject to change in the final analysis
for the space station, the projected operating conditions were used in sizing
the 10 kW EMS. The 10 kW EMS prototype characteristics were determined as
shown in Table 7. This EMS contains a 45-cell SFE and a 120-cell FCS. The
total weight of the EMS is 636 1b. The operational limits of the EMS are

shown in Table 8.

The isovmetric drawing of the electrolyzer and the 10 kW EMS without the
gaseous storage tanks are shown in Figures 38 and 39, respectively. The
capability to pac age the EMS electrolyzer as shown in Figure 38 is apparent
when viewing a 2 kW capacity WES currently under test at Life Systems and
shown in Figure 40. The gaseous reactant storage tanks are not shown in the
isometric drawing because they are state-of-the-—art hardware and are also
envisioned to be packaged separately.

Mass and Energy Balance

A mass and energy balance was performed for the 10 kW EMS, Figure 41 shows
the locations where the mass and energy data were calculated. The data for
both dark and light orbit operations were compiled in Table 9.

EMS Control/Monitor Instrumentation

A major, but often overlooked component of a RFCS is i+:; controller. Operation
of the RFCS aboard the Space Station must be autonomous and fotally automatic.
The essential functions of the RFCS Control/Monitor Jnstrunertatiea (C/M I)

are therefore the controlling and monitoring of t%“e puncesses for fail-opera-
tional, fail-safe operation. A possible C/M I interfcce with the Power
Management Subsyste . within the EPS is shown in Figuvre 42. A Power Management
Subsystem architecture and its possible interfaces a-: shovn in Figure 43.

The autor.ation concept envisioned for the Space Station is illustrated in
Figure 44, Controllers in different tiers perform different level controlling
and monitoring functions.

A Life Systems' 200 Series controller is proposed for the ™S C/M I. It
performs RFCS system control, indicates status, gives status message code and
communicates with external devices through communication link. Because of its
advanced deslign, the 200 series controller does not have operator/system

visual interface, dedicated key board, actuator overrides, automatic protection
overrides and manual controls of actuators. Figure 45 shows the Life Systems'
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TABLE 8 FEMS OPERATIONAL LIMITS

Fuel Reactant
Cell Electrolyzer Storage Controller

Temperature, F

Design 180 180 160 70

Minimum 40 40 40 60

Maximum 250 200 200 130
Reactant Pressure, psia

Design 60 315 300 N/A

Maximum 100 500 500 N/A
Pressure Differential, psid

02/82 Design 4 (0,>H,)) 2 (0,>H,)) N/A N/A

05/Hj Maximum 10 6,8) 10 6,6,) N/ N/A

Insiae/Outside 60 315 300 N/A
Ambient Pressure, psia

Design 0 0 0 15

Minimum 0 0 0( ) 10

Maximum 20 20 3'a 20
Electrolyte Concentration, 2

Minmum - Local 25 20 N/A N/A

- Average 27 28 N/A N/A
Maximum - Local 48 45 N/A N/A
- Average 45 40 N/A N/A

(a) Multi-layer insulation loses effectiveness.
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3-Fluids Pressure
Controller

Aeactant
Hequlator

Loolant L w . 4 Electrolyzer
Accurmnutator : . Maodule

Fluids Control
Agsembly o
. Loolant Control

A o
Water Slorage A% obly

Tank

Voume #* - 184

Dimensions, B 42x 2Bx 191 x W H)
Power, o S0

No.of Celis  : FOS (120) SFE (45}

orinclugied in charactenstics,

FIGURE 3% 10 kW EMS ISCMETRIC
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FIGURE &40 TWO kW CAPACITY 1.0 F“I‘g SIX-UFLL WATER CLIECTROLYSIS SUBSYSTEM
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100 and 200 Series C/M Is. The 100 Series is currently being ussd with a 2 kW
RFCS breadboard (see Figure 46) and an application sized (1.0 ft~ cells) WES
for RFCS end use (see Figure 47),

A more advanced concept of the C/M I would be the generic controller. The
tentative architecture for such generic controller (300 series) is shown in
Figure 48. The Life Systems' 300 Series controllers have three packaging
options. Option A has microcomputer, power conversion, sensor signal condi-
tioning (S/C) and actuator S/C all in one enclosure. Option B has the sensor
S/C local to the sensors. Option C has both sensor S/C and actuator S/C
packaged separately. Option C is the most desirable design for the space
station application.

Life Systems is also developing an advanced signal conditioning concept. The<e
generic signal conditioning cards will be available to the 300 series controiiers
for the Space Station to reduce the power required and the signal noise level.

RFCS Integration with Other Systems

The RFCS uses in its operation water, O, and H, which are common fluids in
Environmental Zontrol Life Support System (ECL%S) and Reaction Control System
(RCS), if L / ~ ‘propellant engine is used in the latter system. The way by
which these“s, = - can be tied together is to use a "split" or "open loop"
regenerative fue- <211, The basic concept of the open loop regenerative fuel
cell is shown in Figure 49. The major advantages of integrating these systems
are: (1) major hardware items except for the Static Feed Electrolyzer (SFE)
have already been flight qualified; (2) the SFE development is underway; and
(3) the fuel cell generated water is qualified as potable. The disadvantages
include: (1) the dissolved H, needs to be removel from the fuel cell product
water for crew consumption (but a flight qualified unit exists); and (2) the
H2 so removed represents a permanent loss.

The water production rates of the RFCS at different output power levels are
determined in order to quantify the need of RFCS for crew water consumption.
The results are plotted in Figure 50. A 12 kW "split loop" regenerative fuel
cell is sufficient to meet the water demand of four persons. The 0, produced
in this 12-kW unit is also sufficient for crew metabolic requirements.
Consequently, the majority of the RFCS capacity can still be operated in the
closed-loop fashion.

Remaining RFCS Technical Problems and Solutions
Based on the analyses performed as parct of this study and on Life Systems'
experience from the development of the RFCS breadboard, potential technical
problems and recommended solutions to these problems are summarized in Table
10. Some of the technical problems and solutions are currently being tested/
resolved with the RFCS breadboard.
RFCS Pacing Technologies

A list of RFCS pacing technologies and their impacts on the RFCS design was
prepared as shown in Table 11.
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TABLE 10 RFCS TECHNICAL PROBLEMS AND SOLUTIUNS

Pioblem

Solutions

H2 in fuel cell water

Moisture in reactant gases

Temperature loss during idle

WES pressure loss on idle
FC3 pressure loss on idle

Lower fuel cell water
pressure

High SF* efficiency

SFE matucity<frel cell

Use developed H,/H,O separator (some H, lost),
use three-compartment SFE (simplest soiution)

or employ a "ruggedized" four-compartment SFE

(minimum impact to baseline)

Keep all plumbing and gaseous storage
tanks above reactant dew point

Operate FCS & WES at approximate.y same tempera-
ture {or FCS higher than WES) and use shared
beat exchanger to transfer heat between FCS

and WES

Use WES trickle current to keep pressure; add
shutoff valve downstream from 2-FPC

Maintain reactant pressure upstream of cotcled
regulator

Add water transfer pump

Use FCS waste heat to -aise SFE temperature

Increase WES development on multiple fronts
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TABLE 11 RFCS PACING TECHNOLOGIES AND IMPACTS

Pacing Technology Impacts
3-Compartment SFE(a) e [owers module weight
® Resolves dissolved H, in fuel cell
w 2
ater

e Eliminates sensitivity to loss of
wvater feed
o Fewer cell com, .nents

Scale-Up in No. of Cells/Module ® Required for full size module
(e.g., 45 cells/10 kW module)

Development of Integrated Components & Increases reliability
1. Interface Fluids Control e Simplifies maintenance and training
Assembly ® Saves weight, volume and power
2. Heat txchanger Assembly (b) e Lower qualification costs
3. 2-Fluids Pressure Controller
4. Upgraded Fluids Control
Assembly
Development of Integrated Mechanical ® Decreases impact of failure
Components as Oibital Replaceable e Simplifies assembly and repair
Units e Enables in-flight maintenance

‘(a) Not critical for EMS, does enhance performance and simplify RFCS.
Alternatively could employ a "ruggedized" four-cc artment WES,
(b) If a thr=e-compartment SFE is selected.
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RFCS Developments and Demonstrations

The recommended advanced developments for RFCS are set forth in Table 12. The
demonstrations needed to ensure successful development and timely availability
of a flight versica RFCS include the demonstration of a full scale static feed
electrolyzer and tl : demonstration of LEO RFCS cycle capability and endurance
testing. The current and future RFCS hardware candidates for these develop-
ments and demonstrations are listed in Table 13.

CONCLUSIONS
The following conclusions were drawn based on the study completed:

1. The 1.0 ft2 SFE cell is within the optimum cell size range for the
10 kW EMS.

2. The propellant weight has the maior impact upon the RFCS five-year
to orbit weight.

3. The RFCS can achieve high energy storage efficiencies and still
maintains its lightweight advantage.

4. The optimiz-t.on technique developed in this study can be used in
the final sizing of the RFCS for the Space Station.

5. The 10 kW EMS is to contain 45 static feed electrolysis cells and
120 fuel cell cells and to have a weight of 636 1b.

6. Remaining technical problems in the aevelopment of the RFCS exist,
but so do the solutions to these problems.

7. The open loop RFCS can be integrated with the ECLSS and the Reaction
Coutrol System (RCS). The ECLSS requirements on the open loop RFCS
are small compared with the total RFCS capacity for the EPS.

8. Increased development activities in the RFCS, particularly the SFE,
are necessary to ensure the RFCS readiness for the Space Station.
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TABLE 12 RECOMMENDED RFCS ADVANCFD DEVELOPMENTS

Subsystem/Component

Developments

Fuel Cell Subsystem (Alkaline)

Water Electrolysis Subsystem
(Alkaline)

Reactant Storage Subsystem and
Interface Hardware

Add Advanced Fuel Cell Stack to Shuttle
Powerplant

Test Under LEO Cyclic Conditions

Convert to Maintainable Design

Combine Thermal Control Valve with
Coolant Pump/Pressure Relief

Connect Coupled Reactant Regulator with
Passive Liquid Coolant Thermal Control

A Key Technology is the Development of a
Unitized Feed Matrix
Continue RFCS Breadboard Testing
Continue Existing Endurance Testing
Single Cells (a)
Module (4,300 hr)(a)
3-FPC (14,670 hx(le)a
ccA (11,330 hr}
FCA (2,400 hr)
o Metal Bellows Water Tank
Develop 3-Compartment Cell Module
e Circulate Feed Water as Coolant
e Lower Weight
e Convert CCA to be 3-Compartment
Compatible and Add Long Life 4otor
e Convert FCA to be 3-Compartment
Compatible
- Pressure Referenced Tank
- Modified 3-FPC
-~ 0,/H, Purge Philosophy
Convert -F;C to be 3-Compartment
Compatible - Eliminate One Regu-
lator (3~ to 2-FPC)

a)

Identify Flight Qualifiable Tanks -
Incorporate Active Thermal Control

Develop Integrated Interface Fluids
Control Assembly

Develop Shared Heat Exchanger

Develop Heat Storage Device Using Phase
Change Material

continued-

(a) Current, i.e., September, 1984, level.
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Table 12 - continued

Subsystem/Component Developments

RFCS Controller Convert Life Systigi' 100 Series to 200

(or 300 Series)

Add Independent Controller

Develop RFCS Process Simulator to enable
testing controller(s) and verify soft-
ware Qgier "whet if" conditions

Develop

® Balance of Fault Isolation Techniques

® Fault Correction Techniques
- Automatic
- Correction Instructions

o Fault Tolerance Techniques

(a) 300 Series uses generic sensor signal conditioning.
(b) Assumes all fault detection techniques and sore (most) of the Fault
Isolation techniques developed.
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