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FOREWORD

This report was prepared by Life Systems, Inc. for the National Aeroenautics and
Space Administration (NASA) Ames Research Center in accordance with the require-

ments of Contract NAS2~9795, "Development of a Static Feed Water Electrolysis
Oxygen Generation Subsystem Breadboard." The period of performance for the
program was December 1, 1977 to May 30, 1979. The objective of the program was
to advance the Oxygen Generation Subsystem technelogy, based on static feed
water electrolysis, and to demonstrate the maturity of the hardware development
for future multicrew space missions.

Mr. Franz H. Schubert was Program Manager. Dr. Myon K. Lee was Project Manager.
The personnel contributing to the program and their areas of responsibility are
indicated below.

Persennel

Ken A. Burke
Bob W. Ellacott

Tim M. Hallick

Bennis B. Heppner, Ph.D.

Don W. Johnson
Ron. H. Kehler
Eugene P. Koszenski

Myen K. Lee, Ph.D.

J. David Powell

Franz H. Schubert

Daniel €. Walter

Rick A. Wynveen, Ph.D.

_ Area(s) of Responsibility

Lab Breadbeard Testing and module assembly
Single Cell Testing
Integrated ARX-1 testing

Subsystem integration inte ARX-1 and ARX-1
testing

Electronics fabricatien

Bocumentatien and contract administration
Electrede and matrix fabricatien

Precess calculations and analyses. Coordi-
natien of testing activities and data
reduction.

Control/Moniter Instrumentation design

Mechanical design, preduct assurance,
system analyses and program management

Mechanical subsystem and component designs

Systems Design

The Contract's Technical Menitor was P. D. Quattrene, Chief, Advanced Life Support
Office, NASA Ames Research Center, Moffett Field, CA.
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SUMMARY

Regenerative processes for the revitalization of spacecraft atmospheres are
essential for making long-term manned space missions possible. One of the

most impeortant steps in this revitalization process is the reclamation of
breathable oxygen from metabolically-produced carbon diexide. Oxygen can be
recovered in the form of water through the chemical reduetion ef carben dioxide.
The water is then electrolyzed to produce oxvgen. Under this program an

Oxygen Géneration Subsystem based on water electrolysis was developed and

tested te further advance the concept and technology of the spacecraft Air
Revitalization System. Emphasis was placed on demonstrating the subsystem
integration concept and hardware maturity at a subsystem level.

The Air Revitalization System consists of six subsystems snd the centralized
Control/Menitor Instrumentatioen. These subsystems are (1) an Oxygen Genera-
tion Subsystem, (2) a Carben Dioxide Concentrator, (3) a Carben Diexide Reduc-
tion Subsystem, (4) a Water Handling Subsystem, (5) a Cabin Humidity Centrel
Subsystem and (6) a Nitrogen Supply Subsystem. The Oxygen Generation Subsystem,
part of the Water Handling Subsystem and centralized Control/Meniter Instrumen-
tation were designed, fabricated and tested as part of the Air Revitalizatien
System under this program. Developments of other subsystems of the Air Revita-
lization System were funded under separate NASA Ames Research Centcr programs
and under the Contractor's internal research and development programs. This
report outlines the development activities asseciated with the Oxygen Genera-
tion Subsystem, the Water Handling Subsystem and the centralized Centrol/Monitor
Instrumentation. Emphasis is placed on the developments of the Oxygen Genera-
tion Subsystem and its technelogy.

The primary objective of the Oxygen Generation Subsystem is to produce oxygen
for metabolic consumptien. The byproduct hydrogen is used in processes for
concentrating and reducing carbon dioxide. The Oxygen Generation Subsystem
developed under the present program employs the Static Feed Water Electrolysis
concept. The static feed-based Oxygen Generation Subsystem consists basically
of three main parts: an eleétrochemical medule, a pressure contreller and a
water feed tank. The generatien of oxygen and hydregen eccurs in a series of
electrolysis cells forming an electrochemical medule. The cells use an aqueous
seolutien of potassium hydrozide retained in a perous asbestos matrix. Water
feed into the individual cells is achieved statically, minimizing meving parts
for increased subsystem reliability.

The Oxygen Generatien Subsystem developed as part of this pregrum was designed
to deliver oxygen at a rate of 1.46 kg/d (3.22 1b/d) which included 0.83 kg/d
(1.84 1b/d) for metabelic consumption of one person and 0.63 kg/d (1.38 1lb/d)
for other requirements such as cabin leakage makeup. 2'-l'he 12=cell electreochemi-
cal module operated at a current density of 197 mA/cm“ (183 ASF), temperature
of 339 K (156 F) and pressure of,1,068 kPE (155 psia). The active electrode
area of a single cell is 92.9 cm” (0.1 ft°). The electrolysis cells were
interconnected in series electrically. All fiuid connections were made in
parallel. The pressure controller combined, in a single assembly, the sensors
and actuators necessary to contrel and meniter fluid pressure levels and
differentials during all eperating modes and transitions, including steady-
state operation, startup and shutdown.
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The primary function of the Water Handling Subsystem is to ensure that a
supply of water exists for the Oxygen Generation Subsystem. The principal
components in the Water Handling Subsystem are a water storage tank and a
deionizer. The deionizer contains both a charcoal and an ion-exchange resin
bed for removing iodine iens and dissolved carbon diexide from the feed water

of the Oxygen Generation Subsystem. Water comes either from the Carben Diexide

Reductioen and Cabin Humidity Contrel Subsystems or from an ekXternal source.

The centralized Control/Monitor Instrumentation employs an advanced instrumenta-
tien concept which is highlighted by minicemputer-based contrel and menitoring.

The funetion of the Control/Menitor Instrumentation is to provide automatic
mode and mode transition centrel, autematic shutdown provisiens feor self-pro-

tection, previsions for monitering system parameterg and previsions for inter=

facing with ground test instrumentatien.

An extensive test program including compenents, subsystem and integrated

system testing was completed. The overall objectives of the test program were

to (1) preve the integration concept of the Air Revitalization System, (2)

further advance the Oxygen Generatien Subsystem technology, and (3) demonstrate

the hardware maturity of the Oxygen Generation Subsystem components such as
electrolysis cells, modules and the Three-Fluid Pressure Centroller. Inte-

grated testing of the experimental Air Revitalization System was conducted for

a period of 120 days and included testing at the cempenent, subsystem and
teotal system levels.

A total of 480 hours of successful integrated operation was achieved with the

Air Revitalizatioen System. Of the total normalroperation, two sevent~day
périeds of uninterrupted operation were achieved. A single cell with ene ef
the super electrodés (WAB-6) was subjected to endurance testing. A total of

8,650 hours continuous operation has been aceumulated at the conclusion of the

current pregram. Cell voltages during the period of endurance testing remained
to 1.50 V. Operating conditioens were set nominally

stabie in the range of 1.462

at 352 K (175 F), 161 mA/em™ (150 ASF) and ambient pressure. A 12-cell module

nsing the super electrodﬁs (WAB-6) was tested at 355 K (180 F), 993 kPa
(144 psia) and 161 mA/cm” (150 ASF). Individual cell voltages varied in the

range of 1.47 to 1.50 V, indicating the performance of the super electredes is
reproducible. In addition, the pressure controller and anether 12-cell module
using the advanced electrodes (WAB~5) were extensively tested to determine the

hardware maturity.

It is concluded from the results reported herein that the integration cencept
of the Air Revitalization System is feasible. Hardware and technology of the

Oxygen Generation Subsystem has been demonstrated to be close to the preproto-

type level., Continued development of the oxygen géneration technolegy is

recommended to further reduce the total weight penalties of the Oxygen Genera-

tion Subsystem threugh eptimizatien. Successful completion of this development

will produce timely technolegy necessary te plan future advanced environmental

control and life suppert system programs and experiments.
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PROGRAM ACCOMPLISHMENTS

Under Contract NAS2-9795 the following major accemplishments were made in
technology and hardware development of the Oxygen Generation Subsystem (0GS):

° Designed and fabricated a one-person capacity engineering breadbeard
0GS.
. Integrated and tested the OGS with an experimental Air Revitalization

System (ARX-1). Proved the integration concept of the Air Revitaliza-
tion System (ARS) is feasible.

] Demonstrated the superior performance of advanced water Electrolysis
cells (e.g. cell veoltages of 1.45 to 1.50 V at 161 mA/cm” (150 ASF)
and 340 K (153 F))} is stable and reliable over a long period of time
(greater than 8,650 h).

) Demonstrated that the super electrode (WAB-6) performance was retained
threugh scale-up from single cells to a 12-cell module.

'] Demonistrated the hardware maturity eof the 0GS cemponents such as
electrodes, cells, modules and a Three~Fluid Pressure Controller
(3-FPC).

® Beveloped a Water Handling Subsystem (WHE). Integrated and tested
the WHS with the ARX-1.

) Developed automatic, centralized Contrel/Moniter Instrumentatien
(C/M I) for the ARX-1, The central C/M I provided single=button
startup, autematic process control and monitoring and autematic
fail-safe shutdown.

INTRODUCTION

Regenerative processes for the revitalization of spacecraft atmespheres are
essential for making long-term manned space missions possible. An important
step in this overall process is the reclamatien of exygen (0,) for metabeolic
consumption through the electrolysis of water., The byproduc% hydrogen (H2) is
used to produce water from metabolically-generated carbon dioexide (COZ). The
water is then electrolyzed te produce 02 and HZ' :

An Oxygen Generation Subsystem (0GS) based on the static feed water electrolysis
(SEWE) concept has been recognized as a design capable of efficient, reliable

0., generation with few subsystem compenents. The static feed concept has
eVolved over the past 12 years under the Natienal Aeronautics and Space Adminis~
tration (NASA) and Life Systems, Inc. (LSI) spensorship. Recent developments

at LST allow substantial reductiens in the operating voltage levels of water
electrolysis cells. This state-of-the-art advancement is significant since

the OGS is the largest power censumer of a regenerative Envirenmental Contrel/
Life Support System (EC/LSS). The eleéctrolysis power is directly related to

the cell voltage,

B0 AL ICPY, L W I
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Background

Prior development efforts of water electrolysis cells, modul?§4?nd subsystem:
have included those that use the static water feed concept.\ Subsystems
using this concept(gag? demonstrated an inherent simplicity and long operating
life capabilities. ™’ The 0GS, using SFWE, has the potential for the loweif 6)
power-consuming electrolysis subsystem due to the alkaline electrolyte used. '
Various approaches to the static feed design and the resu%&i of extensive test
programs identified necessary key subsystem improvements. These improvements
were made and incorporated inte the d?ﬁigg of the hardware being developed by
LSI. S8pecific improvements included:*™’

) Reduction in electrolysis cell veltage
* Elimination of water feed compartment degassing
) Elimination of condenser/separaiors which are characteristic of

other applicable water electrelysis subsystems
. Elimination of aeresels in the product gas streams

In 1977 a significant reduction in State-of-the-art cell voltage levels was
achieved with a Contracter-developed catalyst for the 0O,-evelving electrode
(Figure 1). Under a previecus pregram (Contract NA52-86§2) sponsored by NASA,
a total of 136 days of single cell operation were accugulated with representa-
tive cell veoltage levels avizsging 1.45 V at 161 mA/cm™ (150 ASF) and 355 K
(180 F) being demonstrated.

Program Objectives
The objective of the present program was to further advance the 0GS technolegy
with major emphasis on demonstrating the subsystem integratien cencept and hard-
ware maturity at a subsystem level. Specific objectives were to:

1. Design and fabricate an engineering breadboard OGS based on SFWE.

2, Integrate and test the 068 with an ARX-1 to prove the feasibility eof
the subsystem integratien concept.

3. Demonstrate the superior performance of previously-developed, advanced
water rlectrolysis cells at both the single cell and scaled-up
module levels.

4. Demonstrate the hardware maturity of the OGS at a subsystem level by
endurance testing the ARX-1. '

The objettives of the program were met.
Program @rganization

To meet the above objectives, the program was divided inte five tasks plus the
documentation and program management functiens. These five tasks were:

(iirﬁéfeféﬂ&eéﬁét-ena.df this report.
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Task Description

1.0 Design, fabricate and assemble the 0GS, the WHS and the C/M I.
Integrate the subsystems into the ARX~1.

2.0 Develop and calibrate Test Support Acc¢essories (TSA) to enable
operation of the OGS within the ARX-1.

3.0 Establish, implement and maintain a mini-Product Assurance program.

4.0 Perform a variety of medule, subsystem and integrated ARX-1 testing.

5.0 Complete supporting research and development effort to further

expand the OGS technology.
AIR REVITALIZATION SYSTEM DEVELOPMENT

A prier pregram demonstrated that the 0GS could be successfully integrated
with other air revitalization subsystems into ?41aboratory breadbeard Oxygen
Recovery System {ORS) at the one-person level. 7oA 30-day endurance test of
the 0GS, integrated with an Electrechemical Depolarized CO, Concentrater (EDNC)
and a Sabatier-based CO, Reduction Subsystem (S-CRS), showed that the three
subsystems would remove and reduce the metabolically-generated COQ, and produce
the required 02 level for one person in a spacecraft applicatien.

The next step in the develepment of the OGS for the spacecraft ARS was completed
as part of the program activities. This activity was the design, fabrication
and test of the ARX-1 which incorporated the 0GS. The philosephy for this
"next-step" appreach was different than in previously integrated laberatory
breadboard systems where each of the subsystems: (1) were self-contained, (2)
had their own C/M I, (3) were started and shut dewn independently, (4) were

tied together by apprepriate interfaces and (5) centained redundant compenents.

The self=contained system (versus subsystem) approach selected for the ARX-1
was based on reducing subsystém interfaces, eliminating redundant components
and utjlizing the products (i.e. heat, electrical power, fluids) of one sub-
system in another. As an example, the H, generated by the OGS is used by the
EDC and S-CRS. Also, the C/M I was designed as a single unit that would
operate all compenénts as a single system by providing for ene-butten startup/
shutdown of all ARS functions, automatiec sequencing and contrel and menitoring
for self-pretection and safe operation. The objective of this portion of the
program activities was to demenstrate, ihrough actual testing, the validity of
the integratien apprsach as well as verify the advantages, identify new ones
and isolate shertcemings for future correction.

Concept Deseription

Figure 2 is a block diagram eof the self-contained ARE concept. The three
2

prineipal subsystems (0GS, EDC and S-CRS) needed to provide 0
G02 from the erew space are shown.

to and remove




- ) . . . [
» - iy .

[ | Air+(302+H2Q

e T éi_fj‘_cﬂz_. Flectrochemical

Crew ~ Cabin Humidity : Tepolarized

Space : } Centrel Subsystem ' : Carbon Diexide
: 7 — Concentrater

0., N FL : :‘;CO2 + Hz

‘ Water Handling ‘ HO | ' ' : 1 :
mee & Y v |
Subsystem : _—j\_‘— Sabatier
‘ ' Carben Pioxide

' 1 Reduction Subsystem

; o - Nitregen
| Supply
| Subsystem .

5
7
n
A
Wh
x .
.
N
X
:

Oxygen Generation
Subsystem

N
‘ S
&
Y
X

FIGURE 2 AIR REVITALIZATION SYSTEM BLOCK DIAGRAM

S B v T £ sy s S o S =




Life Systems, Jne.

Additional subsystems and components are needed to provide other air revitali-
zation functions. A Nitrogen (N,) Supply Subsystem (NSS) using decomposition
of hydrazine (N HA) provides for“N, lost through cabin leakage. Also, the NSS
supplies extra ﬁz required by the 8-CRS. A Cabin Humidity Centrol Subsystem
(CHCS) is used t0 supply conditioned air to the EDC at a humidity level which
results in optimum efficiency and to remove the metabelically- and EBC-produced
moisture from the cabin air. A WHS collects, stores and distributes process
water te the 0GS. Finally, the centralized C/M I provides for autematic,
integrated operation. Table 1 lists the design requirements established for
the ARX-1. Of particular note is th: pet 0, generatien rate which includes 02
for crew consumption and a provision for ovérboard leakage.

The activities associated with the development of the ERC, CHCS, NSS and
portions of the C/M I for(ggioéRX-l were funded under separate NASA Ames
Research Center programs. The development associated with the S8-CRS and
its major compenents were supported by Contractor funds. Only the 0GS develop-

ment and part of both the WHS and C/M 1 developments were funded through this
contract.

Details of the OGS, WHS and C/M I for the ARX-1 are discussed in the Subsystem

Development section of this report. Only highlights of the ARX-1 design are
described below.

Hardware Bescriptien

The mechanical hardware of the ARX-1 was packaged as a single unit as shown in
Figure 3. Identified in Figure 3 are the 0GS module, the Sabatier reactor and
modules ef the EDC and NSS. Coemponents of the WHS are distributed threoughout
the system. This breadboard system has a total weight of 281 kg (619 lb) and
occupies an evelope of 71 x 96 x 114 em (28 x 38 x 45 in). The ARX-1 mechanical
hardware with its €/M I and TSA, which comprise the test facility, is shown in
Figure 4. A detailed flew schematic of the ARX~1 is presented in Appendix 1.

The C/M I of the ARX-1 employs an advanced instrumentation concept which is
highlighted by minicomputer-based contreis and menitors. The C/M I was pack-
aged in a separate enclosure shown in Figure 5. The functien of the C/M I is
to provide autematic mode and meode transitien centrel, autematic shutdown pro-
visicas for self-protection, system parameter monitoring and ground test
instrumentatien interface.

SUBSYSTEM DEVELOPMENTS
Major program activities were focused on the develeopment of the 0GS. The

following sections describe the 0GS, the WHS and the C/M I. Emphasis is
placed on the GGS development.

Oxygen Generation Subsystem
The primary objective of an 0GS is te preduce 0, for metabelic consumption.

The byproduct H, is used in processes for concefitrating and reducing C02= The
OGS develeped employed the SFWE concept.
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TABLE 1 ONE-PERSON AIR REVITALIZATION SYSTEM
DESIGN REQUIREMENTS

Crew Size . 1
CO, Removal Rate, kg/d (1b/d) 1.00 (2.20)
0, Generation Rate, kg/d (1b/d) 1.03 (2.27)@)
Water Vapor Removal Rate, kg/d (1b/d) 1.80 (3.96)
Liquid Water Preduction Rate, kg/d (1b/d) | 1.49 (3.27)
C_H4 Production Rate, kg/d (1b/d) 0.36 (0.79)
N, Production Rate, kg/d (1b/d) 0.60 (1.32)

(a) Consists of 0.84 kg/d (1.84 1b/d) 0, metabolic and 0.19 kg/d
(0.43 1b/d) for leakage requirements.
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Static Feed Water Electrolysis

(2)

Detailed descriptions of the SFWE process have been discussed previously.
The following summarizes its concept and the electrochemical processes.

Static Feed Water Electrolysis Concept. A conceptual schematic of an 0G5
based on the SFWE concept is shown in Figure 6. The subsystem consists of
three main parts: an electrochemical module, a water feed tank and a pressure
controller.

The module generates O, and H, from water supplied by the water feed tank.
The water feed tank is“eyeclically filled as required from the collection
points within the EC/LSS (e.g., CO2 Reduction Subsystem). The pressure con-
troller (a) maintains the absolute“pressure of the subsystem, (b) maintains
the pressure differentials required to establish and maintain fluid (H, 0 and
electrolyte) lecations within the individual cells of the medule and (¢)
controls pressurization and depressurization of the subsystem during mode
transitions (i.e., start-ups and shutdewns).

Figure 7 is a functional schematic of one of the electrochemical cells which
are installed electrically in series in the electrolysis module. Basically,

a2 single cell consists of an electrode assembly, product gas cavities for H
and 0,, a feed water compartment and a coolant compartment for temperature
contr5l. The electrode assembly consists of a cathode, asbestos matrix and an
anode. The N, purge line is activated during startup and pressurization,
shutdewn or ifi case of emergency. All fluid interfaces are manifolded with
the regspective ones of other cells in the module.

The overall static water feed concept operates as feollows. Initially, the
feed water cempartment and the electrode assembly centain an aqueous solution
of KOH electrolyte at an equal concentratien. Both the H, and 0, cavities are
void of liquid. An equilibrium conditieon exists prior to start of electrelysis.
When power is applied to the electrodes, water from the cell electrolyte is
decomposed. As a result, the concentratien of the cell electrolyte increases
and its water vaper pressure decreases to a level below that of the feed
compartment electrolyte. This water vapor pressuré differential is a driving
force causing water vapor to diffuse from the liquid gas interface within the
water feed matrix, through the H, cavity and cathede electrede, into the cell
electrolyte. This process establishes new steady-state cenditions based on
the water requirements for electreolysis.

As water evaporates from the feed water compartment it is statically replen-
ished from the water feed tank te maintain a constant pressure within the feed
compartment. Upon interruptioen of electrical power, water vaper will continue
to diffuse across the H, compartment until the electrolyte coencentration in
the cell matrix is equa% to that of the water feed compartment. At this peint
the eriginal equilibrium conditien is reestablished with the slectrolyte
having the initial charge cencentration.

T S ST Bl LOPHIEY S
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Electrochemical Process. The electrochemical process of water electrolysis
occurs within the cell's electrode assembly. The reactions occurring at the
anode and cathode of the electrolysis cell with an alkaline electrolyte are:

Cathode
2e” + 2H,0 = H, + 200 (1)
Anode
200 = H,0 + 1/2 0, + 2¢” (2)
resulting in the overall reaction of
electrical energy + H,0 = H, + 1/2 0, + heat (3)

The flew rates of preduct gases are givén by

G = IN nc/(nF) (4)
where G = product gas flew rates, g=moles/sec,
I = current, A
N = number of cells in series
n, = current efficiency
0 = number of electrong invelved in reactien (1) ot (2) toe produce
a moelecule of a product gas
F = Faraday's constant, 96479 coulemb/equivalént

The current efficiéncy, N> may be defined as
nc = wa/wt )

where Wa = weight of desired product actually obtained and W, = weight of
desired product if current had been used solely to produce the desired product.
Current efficiency is influenced by current density.

In analyzing electrochemical precesses, energy efficiencies are also frequently
caleulated. Energy efficiency, M Mmay be defined as follows:

e = E,/E, (6)

where E, = energy theoretically required, based on the decomposition veltage
and on Ehe amount of desired preduct actually obtained and E_ = actual energy
input. The energy efficiency calculation may be based on thg anode product or
on the cathede product., If the current efficiencies for the anode and cathode
are the same, energy efficiency may be calculated as:

ne = A, Y4/, )
where V, = decomposition veltage and V_ = actual cell veltage. The dECOmposi*

tion voitage is a funetion of operating temperature and pressure. The decom-
position veltage of water at 298 K (77 F) and atmospheric pressure is 1.229 V.

16
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Oxygen Generation Subsystem Descriptions

Design Specifications. The 0GS was designed to deliver 0, at a rate of 1.46 kg/d
(3.22 1b/d) which included 0.83 kg/d (1.84 1b/d) 0, for métabelic consumption

and 0.63 kg/d (1.38 1b/d) for other requirements siich as EDC consumption and
cabin leakage makeup. Details of the OGS design specifications are presented

in Table 2. .

Schematic and Operation. The OGS schematic is shown in Figure 8. Basically,
the OGS operates as described in the previous section. The water feed tank is
periedically filled with water which is being treated by a deionizer. During
normal operation the valve (13A), located downstream of the deionizer, is
closed. Feed water is statically replenished to the electrolysis moedule as
the water in the aqueous electrolyte solution is being electrolyzed.

A list of the OGS mechanical components is presented in Table 3. The 3-FPC is
the key component which maintains the system pressure (water-feed tank pressure)
and pressures of the product gases and their respective compartments in the
module. '

Temperature of the electrolysis module is kept uniform and censtant by ¢ir-
culating water through the coolant cavities of the electrolysis cells. The
module temperature can be varied for parametric testing by the use of electrical
heaters, installed in the module endplates, and a liquid-to-air heat exchanger.
A diverter valve in the coolant loep adjusts the water, flow rate through the
heat exchanger to maintain a cefistant module temperature.

Beth the O, and H, compartments ef each cell can be purged with N,. The flow

of the N, purge s%ream is regulated by orifices upstream of the mGdule. The

N, purgifig is not only a safety feature but alse prevents module pressure from
going subatmospheric due te the reaction of H2 and O2 after shutdewn or iselation.

The nominal operating conditiens of the OGS are presented in Tﬁble 4, The
electrolysis module operated at a current density of 197 mA/em” (183 ASF) to
ensure that the OGS delivers 02 at a rate equal te or greater than the speci-
fied productien rate of 1.46 kg/d (3.22 1b/d). The module temperature and
pressure were set at 339 K (150 F) and 1,068 kPa (155 psia), respectively.
The initial medule charge concentration of KOH was 25% by weight.

Hardware Descriptions. Unique components of the OGS design areé the electro-
chemical module and the 3-FPC. The remaining ancillary cempenents were either
cemmereially available or other 18] state-of-the-art hardware.

The design of the SFWE Module (SFWEM) was based on the single~cell compenents
shown in Figure 9. Twelve electrolysis cells were assembled using an endplate-
to-endplate concept to minimize intercennecting plumbing, as saown in Figure 10,
The active electrode area of a single cell is 92.9 em® (0.1 ft“)}. The elec-
trolysis cells were intéercennected in series electrically. All fluid connec-
tions were made in parallel. =D?Eiiled descriptions of the design have been
presented in a previous report."

17
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TABLE 2 OGS DESIGN SPECIFICATICGNS

Crew Size 1
02 Generation Rate(a), keg/d (1b/d) 1.46 (3.22)
H2 Generation Rate, kg/d (1b/d) 0.18 (0.41)
Water Supply
Pressure, kPa (psia) 207 (30)
Temperature, K (F) 277 to 300
. (40 to 80)
Cooling Air
Total Pressure, kPa (psia) 101 (24.7)
Temperature, K (F) 294 (70)
Purge Gas Supply
Type N
Pressure, kPz (psia) 9%5 (140)
Electrical Power, V
Dc 24
AC 115/200 (60 Hz,
1 and 3 Phase)
Gravity, g 0 te 1
Duty Cycle Continuous

(a) Includes 0.83 kg/d“(1f84 1b/d) 0, for metabolic censumption and
0.63 kg/d (1.38 1b/d) for other Fequirements such as cabin leak-
age makeup and EDC consumptioen.
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Part
No.

10
11
12

13

14

TABL: 3 OGS MECHANICAL COMPONENT LIST

Component

Electrochemical Module

Three-Fluid Pressure Controller

Water Storage Tank

Coolant Puﬁp

Coolant Accumuiator
Liquid/Air Heat Exchanger
Ceelant Flow Diverter Valve
Feed Water Deionizer
Preduct Gas Filter

Orifice

Check Valve

Hand Valve

Solenoid Valve

Power Controller

(a) &s used in ARX-1 System Schematic, LSI~J-1407,

Number

Required

(Appendix 1).

Identifigation
"ot

WE1/DM1
PC1
WST1

M3

WA2

HX3

v22

WD1

AF3, 4

R4, 5, 7, 8

cvl, 2
MV10

v9, 10, 11, 12
16, 17, 18
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TABLE 4 OGS NOMINAL OPERATING CONDITIONS

Current, A
Current Density, mA/c-m2 {ASF)
Average Cell Veoltage, V

Module Temperature, K (F)

Pressures
. H20 Feed, kPa (psia)
) H2-to-H20 Differential, kPa (psid)
. OZ-tOhHZO Differential, kPa (psid)
. N2 Purge, kPa (psia)

Flow Rates, kg/d {1lb/d)

. H20 Feed
. 0, Product

. H2 Product

Electrolyte Charge Concentratien, wt %

18.3

197 (183)
1.50)

339 (150)

1069 (155)
17.2 (2.5)
27.6 (4.0)
965 (140)

1.75 (3.86)
1.55 (3.43)
0.20 (0.43)

25% KOH

(a) With super electrodes; 1.7 V with advanced electrodes.

21
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The 3-FPC was developed teo meet the unique fluidic and pressure control require-
ments of the OGS. It combined, in a single assembly, the sensors and actuators
necessary to control and moniter fluid pressure levels and differentials

during all operating medes including steady-state, startup and shutdown. The
major parts of the 3-FPC are three motor-driven regulators, one total pressure
level sensor, twoe differential pressure sensors and three feedback pesitioen
indicators. A photograph of the pressure contreller is shown in Fggure 11, 3
The contreller weighs 3.65 kg (8.0 1lb) and has a volume of 1.58 cm” (96.3 in”).
The contreller has five fluid interfaces: and 0, inlets, H, and O, outlets
and a pressure reference to the water feed %ank &ll other f%u1d 1n%erconnec-
tiens are manifelded internally and sealed with O-rings. The electrical
interface is made with a standard connector. Sensor signals are sent te, and
actuator signals are received from, the subsystem instrumentation. With these
features, the pressure contreller is ideally suited for closed-loop coentrol
using micreoprocessor- or minicomputer-based instrumentation.

The ancillary components of the 0GS consisted of soleneid valves, a heat
exchanger, a coolant pump and bladder-type tanks and accumulators. No unique
design was needed.

Water Handling Subsystem
Within air revitalization subsysteiis liquid water is generated and consumed at
various locatiens. The 0G5S is the principal censumer of water. It requires
certain components te provide an automatic supply of water fer clectrolysis.

For the ARX-1, these components have been grouped and treated as tiie WHS.

Schemat.ic and Operatien

The functien of the WHS is to ensure that a supply of water exists for the OGS
water feed tank. A schematic ef the WHS is shown in Figure 12. The principal
component in the WHS is a pressure referenced water sterage tank which at pre-
scribed intervals fills the OGS water feed tank. The water comes from one of
two sources: one internal, the ether external te the ARX-1. The internal
water source combines the water collected from the S-CRS cendenser/separater
and that from the CHCS. These two sources normally supply all the water
required by the 0GS. If, however, the internal water collectien is diminished
below OGS requirements, additional er makeup water can be supplied from an
external source. Conversely, if the internal supplies exceed 0GS demand, the
excess water can be dumped to extermal sterage through a backpressure regulator.

The internal water supplies nermally exceed the OGS water demand as is shown
in Table 5 which summarizes the WHS characteristics. Whether the supply water
comes from internal or externazl supplies, it first passes through a filter,
then a deiedinator/deienizer before entering the supply tank. Filling is
automatic whenever the pump is en until the water pressure exceeds the dump
backpressure (303 kPa (44 psia)). Then the water is automatically dumped.

The N, pressure reference (200 kPa (29 psia)) assists in transferring water to
the O@S water feed tank during its filling operatien which occurs during
startup and every 12 heurs thereafter.
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TABLE 5 WATER HANDLING SUBSYSTEM CHARACTERISTICS

Neminal Water Flow Rates, kg/d (1b/d)

From S-CRS
From CHCS
To OGS
To External Storage
Water Supply Tank
Capacity, 1 (in3)
Reference Pressure, kPa (psia)
Emptying Cycle, h
Filling Cycle
From internal
From external
External Supply Pressure, kPa (psia)

Dump Pressure te External Storage, kPa (psia)

27

0.41 (0.91)
1.80 (3.96)
1.75 (3.86)
0.46 (1.01)

2.46 (150)
200 (29)
12

When Pump is On
n Demand

240 (35)

303 (44)
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Hardware Description

The hardware components of the WHS consist of valves, a pump, a deiodinator/
deienizer and a water supply tank. The valves and pump are standard off-the-
shelf components. The deiodinater/deionizer, shown in Figure 13, was developed
under this program. The 2.4 kg (5.3 1b) unit centains both a charceal and an
ion-exchange resin bed for removing iodine ions and dissolved CO, from the

feed water of the 0G5. The charcoal bed alse serves as the filtér designated
in Figure 12.

The water supply tank is shown in Figure 14. The tank, consisting of two
stainless steel halves separated by a flexible diaphragm, has a dry weight of
3.7 kg (8.2 1b) and holds 2.46 1 (150 in~) of water.

Control and Monitor Instrumentation

The €/M I provides for autematic contrel and menitering of the ARX-1 operatien.
Through a combination of minicomputer, analeg circuitry hardware and assembly
language software, all functioens of mode and mode transition centrol, automatic
shutdown, monitering of system parameters and TSA interfacing were provided.
The following describes details of the C/M I design and operation with emphasis
on the poftiens which relate teo the 0GS.

The electrical power which the EDC module (EDCM) generates has historically
been converted to heat and removed from the subsystem as a waste product.

Life Systems,; Inc. developed a cencept fer using the EDCM power directly by
supplying this power to the 0G§1Yhiﬂ)thg two are operated as part of an iute-
grated system as in the ARX-1. '7%% Using this technique, the EDCM power
can be directly subtracted frem the power required to operate the SFWEM in the
0CS. The remaining power required teo operate the SFWEM is then obtained from
the input power as shown in Figure 15. The power controller contains the
circuits needed to automatically allow the utilizatien of EDCM power and te
cenvert the input pewer te the veoltage and current levels required by the
SFWEM. All ef the EDCM-generated power is utilized. It is not necessary to
send it through a power conversion circuit before it is supplied to the SFWEM.
For the ARX-1, approximately 10% of the SFWEM power was supplied by the EDCM.

Operating Modes and tode Transitions

The C/M I provides for five operating modes: (1) Shutdown, (2) Normal, (3)
Purge, (4) Standby and (5) Unpewered. These operating medes and the allowable
mode transitions are shown in Figure 16. In the Normal Mode the system gen-
erates 0,, removes and reduces €0,, controls cabin humidity and distributes ox
stores water, as required. In the Shutdown Mode these functions are inepera-
tive but the system is powered and all sensors are working. During Purge, all
H,-carrying lines throughout the system are being purged with N_,. In the
S%andby Mode the system is powered and maintainad at operating %emperatumes
and pressures; however, actual conversion precesses are not taking place.
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Finally, in the Unpowered Mode, no electrical power is applied to the system
and there are no fluid flows. Further details of the mode definitions are
presented in Appendix 2. '

System Control and Monitoring

There are 16 controls needed to operate the ARX-1. These include controls for
EDCM temperature and current, S-CRS temperature, CHCS temperature, water
accumulator fill and/or empty, OGS temperature, pressure and current, and N
Generation Module (NGM) pressure and temperature. The controls for the 0GE
and WHS are highlighted in Table 6.

2

Sensors are required to interface with the C/M I to provide for control and
monitoring of subsystem parameters and performance. Over 100 sensors are
implemented in the ARX-1. These monitor flows, pressures, temperatures,
carrents, voltages, liquid levels, combustible gas presence and valve positiens.
Fifty-five monitors, identified in Table 7, are specifically associated with
the 0GS and WHS. In additien, Table 8 identifies subsystem parameter condi-
tions which will call for an automatic, controlled shutdown of the ARX~1. The
shutdown conditions can be easily modified by the operator through an operator/
system interface.

Operator/System Interface

Figure 17 shows the operator/system interface panel of the C/M I through which
the operator can cemmunicate with the system. The panel is subdivided into
three majoer areas: System Status, Operator Commands and System Control.

The overall system status is provided in thé upper left-hand portion of the
panel. The status summary is given as Nermal, Caution, Warning or Alarm and

is determined by the worst case condition for any ¢ritical parameter. A reset
button is provided to clear the status summary and reset the subsystem monitor-
ing functions. Messages and information concerning the system are displayed
on a Cathode-Ray Tube (CRT) located below the status sumiiary indicators. In
additien, the CRT displays fault diagnestic messages, present status and

values of selected sensors, input/ontput data, elapsed times and cemmunications
between the system and an operator.

The operator commands section in the lower left~hand corner provides the
capability of the operator to communicate with the system. Capability exists
for entering data, examining current values, updating seale factors, modifying
setpoints or allowable ranges and control of the CRT display. '

Manual initiation of the four opéerating modes (Normal, Shutdown, Purge and
Standby) is provided in the upper right-hand corner of the panel. The controls
automatically prevent the eperator from initiating an illegal mode transition
(e.g., Normal to Purge). The subsystem will not respond to an illegal mode
transition command. Accidental mede initiation is prevented Ly providing a
mode change permit button which must be simultaneeusly depressed with the
desired modée butten.
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Parameter
Controlled

SFWEM Temperature

SFWEM Pressure

SFWEM Current

Dehumidifier
Module (DM)
Current

DM Voltage

Water Feed Tank
Fill

Water Storage Tank
Fill

TABLE 6 OGS AND WHS CONTROLS DEFINITION

Control Description

Controlled
Actuator

Regulates liquid coolant flow
through bypass heat exchanger to
maintain desired cocolant
temperature

Controls OGS systém pressure to
setpoint, H, pressure at desired

AP above setpoint and 0, pressure

at desired AP above H2 pressure

Controels current flow to SFWEM

cells to regulate production eof
02 and H2

Maintains DM current at desired
setpoint level

Sets a specified veltage for
Software control. Interfaces
with BM Current Control

Fills SFWEM Feed Tank every 12
hours eor when Feed Tank AP is
greatey than fixed level

Maintains Storage Tank filled.

Fills tank when tank AP is
greater than fixed level
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Sensor Location

Oxygen Generation
Subsystem

Water Handling
Subsystem

TABLE 7 SENSOR LIST

Parameter Monitored

SFWEM Temperature
DM Temperature

Feed Water Inlet Pressure

SFWEM Current

SFWEM Cell Voltage

DM Current

DM Cellk Voltage

H,, 0, Outlet Pressure

Systeii Regulatoer Pressure

H,, 02 AP
N, Pu¥ge Supply Pressure

Combustible Gas Contaminatioen in-07
Valve Position Indicators

Accumulater Pressure
Pump Outlet Pressure
Deionizer AP

SFWEM Feed Water Tank AP
Water Supply Tank AP
Feed Water Conductivity
Accumulator Level

Valve Position Indicater
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TABLE 8 PARAMETERS MONITORED FOR AUTOMATIC SHUTDOWN

Parameter Shutdown Condition
Low Cell Voltage, V 1.45
High Cell Voltage, V 1.90
Low Current, A 15.0
High Current, A 30.0
High Temperature, K (F) 356 (180)
Low Feed Water Filter AP, kPa (psid) -21 (-3.0)
High Feed Water Filter AP, kPa (psid) 21 (3.0)
Low Feed Water Tank AP, kPa (psid) -14 (-2.1)
High Feed Water Tank AP, kPa (psid) 14 (2.1)
Low System Pressure, kPa (psia) 769 (110)
High System Pressure, kPa (psia) 1170 (170)
Low N, Supply Pressure, kPa (psia) 790 (115)
High ﬁz Supply Pressure, kPa (psia) 1070 (155)
Low H,=to-Water AP, kPa (psid) -21 (-3)
High ﬁ -to-Water AP, kPa (psid) 69 (10)
Low 0,=to-Water AP, kPa (psid) -6.9 (=1)
High 0, -to-Water AP, kPa (psid) 69 (10)
Low Wa%er Supply Tank AP, kPa (psid) 41 (-6)
High Water Supply Tank AP, kPa (psid) 14 (2)
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The contrel status is located directly below the operating mede/commands
section. Two lights are provided te indicate whether one of the automatic
protection overrides or an actuator oeverride has been activated. A light is
alse provided to indicate when the panel switches have been disabled, a condi-
"tien used to prevent unauthorized personnel to activate any button.

Marniual centrels, designed primarily fer use during system debug or off-design
operation, are provided behind an accéess panel locatéd immediately below the
operateor commands and system control sectiens. Overrides are provided fér all
actuaters in the form of toggle switches. The actuator overrides must be
placed in an autematic pesition for the system teo operate normally. Also,
manual adjustments are provided feor adjusting certain setpoints such as SFWEM
current. The access panel is nermally closed te prevent accidental actuations.

Seoftware

The ARX-1 software is organized into 70 different software packages or modules.
They are divided into system definition and data base, front panel service,
real-time executive, input/output, centrel/meniter, operating mode contrel and
intermode transition functions. Of the tetal, the OGS and WHS require 15 of
the modules exclusively and share the majority of the remainder.

TEST SUPPORT ACCESSORIES

Test Support Accessories were developed to suppert the test program of the
ARX-1. The labozatory breadboard module test stand developed under a previeus
program (Contract NA$2-7470) was used for the SFWEM endurance testing.

One-Person Air Revitalizatioen System

A block diagram of the ARS TSA is shown in Figuré 18. Some of the TSA hardware
was developed or refurbished as part of this program; some was previded frem
prior programs and medified. This hardware included part er all of the Fluid
Supply Unit, the Air Supply Unit and its centrel, the Coeolant Supply Unit, a

N HA Refill Faeility, the Vent/Vacuum Source, the Data Acquisitien Unit and

tge Parametric Data Bisplay. Test Support Accesseries that were needed speci-
fically for the OGS testing included the N_, purge supply and a water seuxce
with liquid level menitering. Alse, raw Da power was supplied te the C/M I
which further conditiened the power to operate the OGS and, in conjunction

with the pewer-sharing cencept, the EDC.

A major portion of the TSA activities was involved with the development of the
parametric data display unit. The unit, packaged in a separate cabinet, is
shewn in Figure 19. It services all of the functions of the ARX-1. Specifi-
cally, it centains displays for temperatures, cell veltages and currents,
flows and pressures. Alse shown in the lower pertien of the cabinet are pewer
supplies required for operation of the parametriec data display unit and the
ARX-1.
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PARAMETRIC DATA DISPLAY

Temperatures

Cell Voltages
and Currents

Pressures

Flows

Power Supplies

FIGURE 19 ONE-PERSON AIR REVITALIZATION SYSTEM
PARAMETRIC DATA DISPLAY CABINET
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Laberatery Breadbeard Meodule Test Stand

Two 12-cell electrolysis modules were tested in the laberatery breadboard test
stand shown in Figugs 20. Detailed descriptions of the test stand can be
found elsewhere, ‘"’

The primary purpese of the test stand was to allow fer bench-top testing of
the SFWEM in order to advance the SFWE and medule technoleogies. The basic
configuration of the test stand schematic is similar te that of the previously-
described 0GS8. Major differences in the test stand are:

1. Three manual pressure regulators were used instead of the 3-FPC.

2.  Automatic operation was limited with enly water fill and shutdown
sequences being auteomated.

3. Electrolyte can be circulated through feed water compartments te
purge liberated gas.

4, Either a DM or condenser/separators can be used for dehumidificatioen
of product gases.

The laberatery breadboard test stand was equipped with all needed TSA such as
electrical power, process water source, ceoling water and Né purge supply.

PRODUCT ASSURANCE PROGRAM

A mini-Preduct Assurance Program was established, implemented and maintained
througheut all phases of contractual performance including design, purchasing,
fabricatien and testing.

Quality Assurance

Quality Assurance activities were included duiing the design studies, interface
requirement definitions and during inspectien of fabricated and purchased
parts. The objective was to seareh out quality weaknesses and preovide appro-
priate corrective action. Also, a quality assurance effort was invelved in

the preparation of the final réport with the objective of identifying and
resolving deficiencies that ¢ould affect the quality of future equipment.

Reliability

Reliability personnel participated in the program te insure (1) preper cali-
bration of test equipment and TSA instrumentation, (2) adherence to test pro-
cedures and (3) proper recording and reporting of test data and observations.
A survey of the subsystem and TSA design was performed to determine the cali-
bration requirements fer testing. Appropriate components were calibrated
during assembly and after installatien.
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A test procedure was followed to insure that all eritical parameters were
properly moenitored and that the testing conformed to the program's quality
assurance and safety procedures. All major testing required that a test plan
be completed and reviewed.

Safety

A safety program was initiated to assure adherence to safety standards and
precedures essential to protect personnel and equipment. The program censisted
of identifying pessible adverse subsystem characteristics, reviewing designs
and desigh changes for potential safety hazards, reviewing NASA Alerts for
safety information and incorporating the equipment's protective features.

Materials Coentrel

A mini-materials control program was initiated to provide assurance that the
0GS design did not preclude the efficient application of a mere detailed
subsystem materials contrel program during subsequent developments. As a
goal, materials of construction were selected to comply with preojected spacé=
craft material specificatiens. '

Configuration Contrel

A mini-configuration management pregram was established, implemented and main-
tained. This proegram provided for decumentation concerning interface require=
ments for the 0GS as applicable for the AR¥~1 testing. The program was imple-
mented with a primary goal te provide assurance that the efficient applicatien
of a more detailed configuration management program ceuld be applied during
subsequent developments of OGS hardware.

PROGRAM TESTING

The overall objectives of the test program were to (1) prove the integration
concept of the 0GS with the ARS, (2) further advance the 0GS technology and
(3) demonstrate the hardware maturity of the OGS components such as electrxoly~
sis cells, modules and the 3-FPC. Testing activities associated with the
integrated ARX~1 and the SFWEM are presented in this section. Results of
other OGS component tests will be presented in the Supperting Technology
Studies sectien.

Integrated ARX-1 Testing
The ARX~1 testing was conducted for a peried of 120 days and included testing
at the component, subsystem, C/M I (hardware and software) and total system
levels. S8pecific testing activities which eocecurred during the checkout,

shakedown and endurance phases are shown in Figure 21.

Testing Summar:

A total of 480 h (20 d) of successful, integrated ARX-1 operatien in the
Normal Mode was achieved. Normal Mede exeludes the time required for the
transitions Shutdown te Nermal and of Normal to Shutdown. These transitions
- typically require 0.5 h each and primarily invelve the pressurization or
depressurization of the 0GS.
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0f the total normal operation, two seven~day periods of continuous uninter-
rupted operation were achieved.

The overall system performance is shown in Figure 22. The ARX-1 generated 0
above the design level equivalent to one person's metabolic consumptien plus®
an allowance for overboard leakage. Also, the ARX-1 removed CO, at greater
than the one-person level. The curve for net water recovered i§ the algebraic
total of the water (1) supplied to the 0GS, (2) removed by the CHCS from the
simulated cabin atmospherce and (3) removed by the S5-CRS condenser/separator
from the S-CRS exhaust stream.

In summary, the ARX~1 testing demonstrated the following: (1) duplicate sub-
system interface components can be eliminated by treating the hardware from a
single system viewpoint, (2) TSA and expendable usage can be reduced (e.g.,
0GS H, used by EDC), (3) a singlé integrated C/M I can simplify the collection
and display of engineering data, {4) single-button startup of several integrated
subsystems can be achieved, (5) the systam provides real-life test conditions
by determining the effects of changes in the cabin simulator on the system as
a whole and (6) development and testing costs were minimized. To illustrate
the last point, Figure 23 shows the total test time accumulated on the major
subsystems and components of the ARX-1, Over 10,000 hours of testing have
been achieved for some components using the ARX-1 as a test bed. Development
of the ARX-1 as a system permitted parallel testing of key hardware elements.

0GS Performance

While Figure 22 showed the performance of the overall ARX-1 system, the 0GGS
performance is given in greater detail in Figure 24. The nominal operating
conditions for the OGS over the 480 h test period are given in Table 9. As
shown, most parameters remained constant over the operating period. The
electrolysis module in the ARX~1 OGS was assembled using advanced electrodes
(WAB=5). The WAB-5 performance is slightly lower (higher cell veltage) than
that of the super electrodes (WAB-6).

The integrated testing experienced several autematic shutdowns as listed in
Table 10. Most were due te sensor or €/M I malfunctions. Twe {(numbers 3 and
7) were directly attributed to the 0GS. One was due te the loss of ceelant
water and the other was a cell matrix failure which eccurred during a water
fill sequence. The cell matrix failure was due to out-of~telerance pressure
spikes eoccurring during startup and shutdown. That coupled with some pressure
pertubations which eccurred during the water fill damaged a cell matrix.

SFWEM Endurance Tests

The SFWEM endurance tests included testing with super electrodes (WAB-6) and
with advanced electrodes (WAB-5). Both types of electreodes were assembled
into twe separate 12-cell modules and ithe medules were tested on the labora-
tory breadboard test stand (Figure 20) to evaluate their performances and
hardware maturity.
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TABLE 9 OGS BASELINE OPERATING CONDITIONS

Number of Cells
Current Density, mA/em2 (ASF)
Coolant Temperature Lontrol

Range, K (F)

Pressure Control Ranges
System Pressure, kPa (psia)

H,-to-Feed Water AP, kPa (psid)

2

02*t07FEEd Water AP, kPa (psid)

Startup/Shutdown Pressurization and
Depressurization Rate, kPa/min (psi/min)

12
196 (182)

336 to 341
(145 to 155)

965 to 1035
(140 to 150)

15 to 19
(2.2 to 2.8)

26 to 30
(3.7 to 4.3)

37 (5.4)
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TABLE 10 ARX-1 SHUTDOWN SUMMARY

No. Time, Cause
1 28 EDCM process air exhaust temperature sensor
failure
2 32 Air Supply Unit electrical noise shutdown
3 37.5 Loss of fluid from SFWEM coclant loop
4 103.4 Supplementary shutdown controeller malfunction
during SFWEM feed tank fill
5 270.9 Computer halt during Normal to Standby Mede
transition
6 436.4 Computer halt in Sabatier temperature
contrel reutine
7 448.4 Low SFWEM cell voltage shutdown during feed

tank fill

(a) From beginning of integrated system testing
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Super Electrode Testing

A 12-cell SFWEM employing super anode electrodes (WAB-6) was assembled and
charged with 25% KOH (by weight) solution. Following leak checks and instal-
lation in the laboratery breadboard test stand, the feed water compartment was
filled with 259 KOH solution and the medule was pressurized teo operating
pressure by using the N, purge supply. The module temperature was raised by
operating a startup hea%er and the temperature control loop. The medule was
then started by pressing the ON button on the control panel (Figure 20). At
the start of operation the feed water tank was automatically filled with
deionized water. During the normal operatien it was periedically filled every
six hours,

The SFWEM performance is showr in Figure 25 as a function of current density,
The average cell voltage of the 12-cell moedule varied, from 1.48 to 1.66 V as
the current density was spanned from 108 to 538 mA/em” (100 to 500 ASF). Beth
the module temperature and pressure were maintained constant at 355 K (180 F)
and 993 kPa (144 psia), respectively. Exceptionally goed perfermance (low
cell veltages) was achieved. '

Figure 26 shows the SFWEM performance as a function of operating time. Master
test conditions are listed in the figure. The average cell voltage remained
low and stable in the range of 1.47 to 1.50 V. Increase of the average cell
voltage level over the 250-h testing period was negligible (only 0.02 V)
considering the eell veltage variatien due to temperature fluctuations.

During testing it was found that a weak spot exXists in the baseline module
construction in the area of the 0, exhaust port. The weakness at this leca-
tion is created by a lack of pelySulfene support for the electrode assembly
limiting the module's pressure differential capability. A fix has been iden-
tified and has been recommended for implementatien in a follew-on program.

Readouts of individual cell voltages showed that the twelve cells performed
within an exceptionally tight performance band (1.425 * 0.015 V). The actual
cell voltage distribution is shown belew for two typical test times:

_Number of Cells

Cell Voltage, V At 22 h At 114 kb
1.47 7 8
1.48 2 3
1.49 2 1
1.50 1 0

The operéting coenditions were the same as those listed in Figure 26 and read-
ings were taken both at 22 h and 114 h of operatioen.

The exceptionally lew cell voltages and their distributien indicate that the
performance of super electrodes was successfully retained through scale-up
from the single cell te the 12-cell medule level. Refer te single cell per-
formances under Supporting Technclegy Studies sectien of this report, but
noting the difference in eperating pressures., Increases in pressure will in
general increase cell voltages slightly.
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Advanced Electrode Testing

A separate, 12-cell SFWEM was assembled and tested using advanced anedes
(WAB=<5). The test procedures were the same as for the super electrode testing.
The performance of the advanced electredes is presented in Figure 27 aleng
with operating conditions. Though the average cell veltage was slightly
higher than that of the super electredes it remained stable at around 1.58 V
throughout the testing peried. Several shutdowns were experienced during the
120~day testing period. Most of these shutdowns were, however, related to
malfunctiens of instrumentation and test stand components, other than the
medule itself, such as feed pump, coolant pump and solenoid valves. The test
stand was built six years age. It is cenceivable that a number of aged cem-
ponents need repair or refurbishment.

SUPPORTING TECHNOLOGY STUDIES

A variety of supporting studies were performed to ensure that the 068 was
successfully developed and integrated inte the ARX-1. Seme activities, such
as those related te developments of electronies, instrumentaticn and super
electrodes, were covered in the previous sections. This sectien presents
results of four majer supporting studies: (1) single-cell endurance tests, (2)
3-FPC tests, (3) product gas dehumidificatien analysis and (4) elimination of
stray electrolysis in the coeolant looep.

Single Cell Endurance Tests

As part of the testing activities te Jdemonstrate the hardware maturity of the
0GS, a single cell was assembled with one of the super anode electrodes (WAB-6)
and endurance tested in a single-cell test stand. A flow(gihematic of the
single-cell test stand was presented in a previeus report and the cell
components are idemtical te these presented im Figure 9.

A total of 8,650 h of the single cell operation had been accumulated at the
conclusien of the current program. Perfermance during the peried ef endurance
testing is presented in Eigure 28. Operating cenditiens were set nmominally at
352 X (175 F), 161 mA/em” (150 ASF) and ambient pressure. Only during the
peried between 726 teo 1,540 h (specified as "A" in Figure 28) was the current
density set at 323 mA/cm” (300 ASF). Slight fluctuations en the cell veltage
level were mostlyédue Le minor temperature variatiens. A net veltage change
of only 4.6 x 10 ~ V/h was observed over the last 6,500 h. It is noted that
the cell voltage levels remained constant during the last 3,000-h period.
Threugheut the testing there were enly two interruptioans excluding the build-
ing power failures. One was due te a pump failure and the other was an inten-
tienal shutdewn during the transitien peried from the previous program and te
the current one. The initial(33440~h testing was conducted under the previous
program (Centract NAS2-8682).

The effect of the current density en cell veltage is presented in Figure 29 at
different lead times for the same electrode used for the abeve endurance
testing. The test conditiens alse were maintainéd the same. The performance
range of the super electrede is at least 10% better than the state-eof-the-art
perfermances (also, see comparisons in Figure 1).
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Three-Fluid Pressure Controller Tests

The 3-FPC of the 0GS was extensively tested (approximately 9000 h) as part of
the ARX-1 test program. The ARX-1 provided a "real-life" test facility since
it combined all three majer elements of the contreoller (mecnanical, electrical
and software) in one locatien. The mechanical portien censisted of the motor-
driven regulaters and sources of 0, and H, from the OGS at the design flow
rates. In additien, the time variations of the flow rates as they occur
during a water feed tank fill (i.e., flows cease) were implemented. The elec-
trical elements were the pressure transducers, their signal conditioning and
motor drive ¢ircuitry. The software contained the control routines for actu-
ating the regulaters in response to pressure level inputs.

Early in the testing phase it was found that the originally selected miniature,
solid-state, differential pressure transducers exhibited certain undesirable
characteristics, While the sensed pressure differential-~ were reproducible,
the response level was found to be a function of absolute pressure. Figure 30
illustrates the typical behavior. A mechanical transducer (ordinate) reading
is compared to the selid state transducer (abscissa) reading at various system
pressures. Ideally, all curves would be congruent, have pesitive slepes and
pass through the origin. Only the curve for zero system pressure (atmospheric
pressure) had a pesitive slepe. The intercept can be adjusted with signal
conditioning. At eother pressures, however, the data showed large scatter and
slope changes as a func¢tien of pressure. The severity of the changes as well
as the data scatter precluded use of the miniaturé pressure transducers of the
type originally selected. The ceontrol ef the SFWEM internal cavity pressures
and pressure differentials are sufficiently critiecal that reliable transducers
are needed. It was for this reasen that the contreller was modified to accept
mechanical transducers with electrical outputs te complete the testing. There
were ne further problems with pressure sensing.

Another aspect of the contreller testing was selection of the proper parameters
in the software comtrel reutines to obtain the desired dynamic respoense in the
regulators. Complex interactions among regulater Seat travel, rotatien rate,
gas flow rate, pressure and control parameters (such as signal sample time,
response time, respense rate and waiting periods between successive regulator
stepping) were amnalyzed and evaluated. Adjustments were made so that the OGS
would expérience only pressure changes within the tolerance band during startup
pressurization, nermal operation and shutdewn depressurization. Table 11
sumnarizes the operating cenditiens of the controller that were used during
most of the testing.

Several areas were identified feor additienal imprevements ard modificatien of
the centreller. Vender discussions indicated that selid-state pressure trans-
ducers can be found which will give the required performance. Additioenal
analysis is required te relate contrel reutine parameters with mechanical
aspects such as orifice sizes, wvalve thread size and pitch, flow rates and
pressure levels, so that optimum conditiemns can be established feor any capa-
city 0GS. Also, the weight of the controller can be reduced and the package

streamlined. These modifications have been recommended for follew-on activities.

58



Life Systems. Juc.

Curve Pressure, kPa (psia)

System

=
=]

O

738
614
448

(107)
(89)
(65)
(20)
(15)

rpoem et oy ey rw ] ¥ o ——.
= et

it <« o o b

Pressure Differential, kPa

Selid=8tate Transducer Output (Relative Magnitude Only)

FIGURE 3@ THREE-FLUID PRESSURE CONTROLLER -
SOLID STATE TRANSDUCER CHARACTERISTICS

59

4.0

Pressure Differential, psid

i

e it st sk



Life Systems, Jne.

TABLE 11 THREE-FLUID PRESSURE CONTROLLER NOMINAL OPERATING CONDITIONS

'
i G R e etadbE ]

_ Regulator
Characteristic System 02 H2
A. Mechanical
Gas Type 02 02 H2
Upstream Pressure, kPa (psia) 1035 (150) 1060 (154) 1050 (152)
Downstream Pressure, kPa (psia) 103 (15) 1035 (150) 114 (16.5)
Upstream=-to-Water Feed AP, 0 28 (4.0) 17 (2.5)
kPa (psid)
Mass Flow Rate, g/min (1b/d) 1.07 (3.4) 1.07 (3.4) 0.134 (0.42)
Volumetrie Flew, slpm (scfm) 0.8 (0.028) 0.8 (0.028) 1.6 (0.056)
B. Centrel
Actuation Time(a), 8 0.1 (Max) 13.6 7.6
Minimum Waiting Period P’ s 10 40 23

(a) Time_fdt.regﬁiator te respond to 6.9 kPa (1 psid) sensed differential
pressure. Response only occurs if level is not within centrel range.
(b) Between successive regulator advances,
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Product Gas Dehumidification Analysis

Past development efforts of water electrolysis-based 0GS's identified dew
point control of product gases as one of the obstacles to be overcome. Dehu-
midification of product gases from water electrolysis subsystems is necessary
when the product gases have a dew point greater than the maximum allowable dew
point level within the cabin or greater than their dry bul% temperatures.
Generally the spaceecraft atmosphere requires that the dew—po%g} of the OGS
product gases (H2 and 02) should be lower than 287 K (57 F).

Direct application of conventional condenser/separators to the water vapor
removal from the OGS product gases was not deemed desirable because of the
zero gravity environment. Three techniques among various approaches to selve
the problem have been considered to be the most practical. These are:

1. Low temperature operation
2. Electrolytic dehumidification
3. Line heating with the gas expansion

The previous programs (Contracts NAS2-7470 and NAS2-8682) have(iogssed on fur-
ther development of the electrolytic dehumidificatien concept.™"’

Concept Descriptions

The dew peint of the product gases is a funetion of the eperating conditions
of the water electrolysis module such as temperature, pressure and KOH concen-
tration. Their effects on the product gas dew peint are presented in Figure
31. The dew point can be reduced either by increasing eperating pressuré and
the KOH concentration or by decreasing operating temperature.

Low Temperature Operation. The dew point of 287 K (57 F) corresponds to a
water vapor pressure of 1.60 kPa (12 mm Hg). This vapor pressure level can be
obtained directly within the module itself by decreasing temperature. For
example, the water vapor partial pressure of a gas saturated with a 33.3% KOH
(by weight) solution at 297.6 K (75.7 F) and 1061 kPa (14.7 psia) is 1.60 kPa
(12 mim Hg) which corresponds to a dew poeint of 287 K (57 F) at 101 kPa

{(14.7 psia).

Though this method is the simplest and most reliable ameng the three methods
considered, it has been eliminated due to high power needs (increased cell
voltage) at low temperatures. The driving ferce (water vapor pressure gradient)
for the water vapor transport is also low at lower temperatures, resulting in
current density limitatioens.

Electrelytic Dehumidification (ED)}. The ED concept uses water vapor electrely-
sis to remove the water vapor carried with the product gases. The 0, and H
from the main eleéctrolysis module are passed respectively through thé anode”
and cathode cavities of the water vapor electrolysis cells of the ED module.
Water vapor is then absorbed in électrolyte and electrolyzed to form additional
0, and H,,. Detailed descript%gni)of the ED concept and its development activi-
ties are presented elsewhere. ™’ .
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The water vapor electrolysis of ambient air is a proven technelogy. Technical
feasibility of itfzagglication for dehumidification ef the OGS product gases
was demonstrated. ™’

One advantage of the ED concept is the almost total utilization of water

processed by the main electrolysis system, including the water vapor normally

carried away with the product gas streams. By operating the electrolytic '
dehumidifier upstream of any system pressure regulators, trace heating of N
lines and regulators can be eliminated. Another advantage is the EP in combi-

nation with gas expansion will produce much drier gases than other techniques.

Disadvantages of the ED concept are requirements of water vaper electrolysis
cells, additional power supply and centrol/monitor instrumentation, and pessible
increases in maintenance requirements.

Line Heating with Gas Expansion. The partial pressure of water vaper in a
given gas imixture is directly proportienal to the total gas pressure. Accord-
ingly, one simple way of reducing the partial pressure of water vapor is to
reduce the total gas pressure through gas expansion. For example, the dew
point of §87 K (57 F) can be achieved by operating the electrolysis module at
1.24 x 107 kPa (180 psia), 353 K (175 F) and 40% KOH concentratien (see Figure
31). 1In order to prevent water vapor from cendensing in the preduct gas line,
pressure regulators and the lines between the module and regulaters may have
to be heated depending on the operating temperature and ambient conditions.

Advantages of this technique are the simplicity of the cencept and its opera-
tien, less hardware cemplexity and weight, and virtwally no maintenance re-
quirements.

Disadvantages are theose associated with higher pressure operatioi: and require-
ments for component heating and additional insulation. These disadvantages
can be lessened by mounting the pressure regulators clese to the medule to
limit line lengths and heating reguirements.

Selected Approach

Ameng the three practical appreaches described, the first method is definitely

the simplest one. However, it was eliminated from further consideratioen !
because of the greater power penalty and eperatienal current demnsity limitations.

The othér two methods are equally attractive and are comparable in many ways.
Qualitative comparisens are summarized in Table 12 with the "X" marked technique :
being ecnsidered to be slightly more favorable. In overall, the line heating

approach is favored.

Quantitative comparisons of the two methods were made by the use of overall

energy balances for a three-persen capacity(9G§) Design details of the three- '
person capacity OGS can be found elsewhere." '’ Operating conditions, used as

a basis in the energy balance calculations, are presented in Table 13. Results

of the energy balance calculations are presented in Table 14. Liquid phase

water at 298 K (77 F) was taken as a reference state. Heat losses were esti~

mated by assuming that heated components were covered with 5.1 em (2 in)=thick
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TABLE 12 COMPARISGN OF ED AND LINE HEATING
APPROACH FOR DEHUMIDIFICATION

Line
Category ED Heating _Remarks
Overall System Hardware (a) A
Weight x'?
Simplicity (No. of parts) X
Power Requirement X Very close
Heat Rejection X Very close
Maintenance X
Reliability X
Flexibilities in Operational
Temperatures X LH has a limit

Dew Point of Product Gases X

(a) More faverable approach is marked by "X"

64

v



Life Systems, Jue.

TABLE 13 OPERATING CONDITIONS AND CHARACTERISTICS

OF A THREE-PERSON CAPACITY OGS

Descriptions

Cell Area, cm2 (ftz)
No. of Cells
Current Density, mA/cm2 (ASF)
SFWEM
EDM
Temperature, K (F)
Pressure, kPa (psia)
02 Productioen, kg/d (lb/d)
H2 Productien, kg/d (1b/d)
Average Cell Voltage, V
SEFWEM
EDM

Product Gas Temp., K (F)

Feed Water Temp., K (F)

65

ED

92.9 (0.1)
33

206 (191)
47 (44)

356 (180)
965 (140)
4.19 (9.24)

0.53 (1.16)
1.5
1.65

317 (110}

294 (70)

Line Heating
92.9 (0.1)

30

210 (195)

Not Applicable
356 (180)

2141 (180)
4.19 (9.24)
0.53 (1.16)
1.5

Not Applicable
317 (110)

294 (70)
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Electrolytic Dehumidification (ED)

TABLE 14 SUMMARY OF ENERGY BALANCES

(Basis: 1 day of operation; Reference temperature, 298 K (77 F)) |

Input Qutput
Description keal (Btu) kcal (Btu)
. Enthalphy of H,0 -19 (-74) _
(] Enthalpy of Products 117 (465) '
* Electricity (881 W) 18,203 (72,178) '
™ Standard Heat of Reactien 17,899 (70,972)
. Heating (20 W) 412 (1,632)
. Heat Losses (Penalty 28 W) 580 (2,300)
Total 18,596 (73,736) 18,596 (73,737)
Line Heating
Input Output
Description kcal (Btu) kcal (Btu)
. Enthalpy ef H,0 =19 (-74)
s Enthalpy of Preducts 117 (465)
. Electricity (878 W) 18,123 (71,861)
. Standard Heat of Reaction 17,899 (70,972)
® Heating (20 W) 416 (1,650)
* Heat Losses (24 W) 504 (2,000)

Tetal

Comparison of Weight Penalties

18,520 (73,437)

18,520 (73,437)

Descriptien ED Line Heating
»  Fixed Hardware'®), kg (1b) 9 (20) 1 (2)
. Power Penalty(b) (Dc), kg (1b) 242 (534) 241 (531)
. Heat Rejection Penalty, kg (1b) 6 (13) 5 (11)
Tetal 257 (567) 247 (544)

(a) Dehumidifying sectioa only. Fixed hardware weight of the rest of the
subsystem should be the same for beth cases.

(b) Based on 0.268 kg/W (0.590 1b/W) for DC power and 0.198 kg/W (0.436 1b/W)
fer heat rejection. AC power penalty for instrumentation was not
considered. Would be approximately the same for either approach.
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Min-K insulation and highly polished aluminum shield. Results of the weight
penalties comparison indicate that the total weight penalty for line heating
would be approximately 10 kg (22 1lb) less than that of electrolytic dehumidifi-
cation.

In conclusion, both ED and line heating approaches are technically feasible

and equally attractive in some ways. However, clese comparison reveals that
the line heating technique is slightly more favored with less total weight
penalty, less system complexity and less maintenance requirements. Accoerdingly
it was recommended that the line heating should be baselined for the 0GS and
that the ED be kept as a backup.

Eliminatien of Stray Electrolysis in the Coolant Loop

During the endurance testing of a 12-cell SFWEM it was observed that cerresijion
was eccurring in the last coelant compartment bipolar plate. This corresien
was identified as a result ef unwanted stray electrelysis in the coolant leop
due to a high potential difference between the last current collector (apprexi-
mately at 20 V) and the end plate (at zero electrical potential). Such a high
potential difference acress a commen liquid ceelant medium (water) caused the
water to be electrolyzed.

The stray electrelysis in the coolant leop had net been observed previously
while testing prior electrolysis modules consisting of six cells or less. For
six-cell modules the veltage between the last cell on the high veltage end and
the endplate was less than 10 V. With the 12-cell modules the voltage differ-
ential is cleser te 20 V.

The insulation utilized between the last current collecter and the endplate
was adequate to withstand 10 V but is not able to withstand the near 20 V. As
a result, a corrosien current flew eccurs invelving metal ion dissolutien,
meaning metal is oxidized and water reduced.

Since future subsystems will! have mere than 12 cells per module this preblem
must be eliminated. -In erder te correct this problem a special fluid Iine
connector, similar te that used for the water feed compartment interface, was
fabricated and installed te provide for at least a 5 cm (2 in) insulation
between the metallic compenents. Subsequent tests indicated that the medifiea-
tion effectively eliminated the stray electrolysis problem.

CONCLUSIONS
The following conclusions are direct results of the program activities:

1. Integrated testing of the 065 and the WHS with the ARX-1 has demen-
strated that the integration concept of the ARS is feasible.

2. An OGS using the SFWE concept has a potential of being one ef the
simplest and most reliable (65's with low weight and pewer penalties.

3. The Centractor~-developed super anode electrodes (WAB-6) have made it

possible te reduce the power consumption of state-of-the-art water
electrelysis by appreximately 10%,

67

Life Systems, Jne.



Life Systems, Jne.

The WAB-6 super electrodes have been endurance-tested for more than
8,650 hours. Thoughout the endurance testing, the performance of
the electrodes has been steady and no indication of degradation has
been observed.

The performance of WAB-6 electrodes has been demonstrated to be
reproducible. Twelve super electrodes have been fabricated and
tested under this program. Performances of these electrodes varied
in the range gf 1.47 to 1.50 V at 355 K (180 F), 993 kPa (144 psia)
and 161 mA/cm” (150 ASF).

Autematic operation of the 3-FPC, including system pressurization
and depressurization, has been demonstrated.

Hardware and the subsystem technology have been demenstrated to be
ready for demonstration at the preprototype level.

RECOMMENDATIONS

Based on the work cempleted, the following recommendatiens are made:

1.

Incerperate all the technology advances in static feed water elec-
trelysis including cells, modules and subsystems into one, self-
contained engineering proteotype 0GS.

Further advance the SFWE-based OGS technolegy by demenstrating
methods for KOH elimination frem feed water compartments and for
eliminatien of stray electrelysis in the ceolant leep. Medify the
current cell design to strengthen the 02 exhaust pert and to increase
pressure differential capability.

Endurance test the engineering prototype OGS te further demenstrate
the system technolegy and the hardware maturity. Demwnstrate cyclic
operatioen under typical dav/night time frames expected of a Habit-
ability Module.

Further characterize performance of the super electredes under
various test conditions such as current density, temperature and
pressure and ever extended perieds of time.

Cenduct parametric testing of the OGS te generate data needed to
optimize the OGS, This is partieularly important because the 0GS
requires the greatest expenditure of power among the five subsystems
of an ARS.

Characterize the 3-FPC, expand its operation over the range of

ambient to 1,380 kPa (200 psii) and endurance test te ensure its
availability fer future NASA needs.
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APPENDIX 2 ARX-1 OPERATING MODES DEFINITTIONS
Shutdewn Mode (B)

The ARX~-1 is not generating 0, or N, and not removing €O, or meisture
from the air. The process air blowér is off as is the water separator
blower. The currents in the three modules are off, the system is com-
pletely depressurized teo atmospheric pressure and the Sabatier reactor
and N2 generation modules are cold. The system is powered and all sen-
sors are operating, The CHCS, EDCM and OGS temperature contrel loops are
operating. .The shutdown mode is called for by any of 92 monitored para-

meters exceeding tolerance, manual actuation or unsuccessful mode
transitien.

Normal Mode (A)

The ARX-1 is generating 0 and N, and remeving €0, and water vapor from
the air. The €O removed from tﬁe air is reduced®by the Sabatier reactor
te water and metﬁane The excess water cellected is delivered to an
external water tank. The Normal Mede is called for by manual actuation.

Standby Mede (E)

The ARX-1 is operating essentially as it is in the Normal Mede with the
exception that the EDCM and SFWE currents are zero, the process air
blower and water separator blowers are off and the SFWEM pressure is
maintained by N2 through the purge valves. The Standby Mede is called
for by manual aCtuatioen.

Purge Mode (C)

The ARX-1 is being purged with external N, through all H_-carrying lines,
H, meodule cavities, O, ~carrying lines and“0, module cavi%ies. All moedule
clirrents and blowers dre off as are the Sabatier and N, generater module
heaters. The system has N, pressiire in it. This is a“centinuous purge
and will remain until a ne# mode is called for. The Purge Mode is called
for by manual actuation.

Unpowered Mode (D)

No electrical power is supplied to the ARX-1 C/M I. Thus, no electrical
pewer is applied teo tue ARX-1 mechanical/electrochemical hardware. The
system is not operating hewever, there could be N,, H, er 0, pressure in
the system and there could be N_ flows through the syStEm dépending on
how the unpowered cendition was“arrived at. The Unpowered Mode is called
for by manual actuation (ecircuit breaker in TSA) or an electrical power
failure.
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