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FOREWORD

The development work described herein was conducted by Life Systems, Inc. at
Cleveland, OH, under Contract NAS2-8666, during the period of February, 1975

through March, 1979.

The Program Manager was Franz H. Schubert.

The personnel

contributing to the program and their responsibilities are outlined below:

Personnel

Steve Czernec
Ron J. Davenport, Ph.D.
Robert W. Ellacott

Tim M. Hallick

Dennis B. Heppner, Ph.D.

Don W. Johnson

Richard D. Marshall

J. David Powell

Joe W. Schmidt
Franz H. Schubert
Daniel C. Walter

Richard R. Woods, Jr.

Rick A. Wynveen, Ph.D.

Pat Y. Yang, Ph.D.

Area of Responsibility

Mechanical Component/System Assembly and Checkout
Electrode Kinetics Study
Electrochemical Cell Assembly

Program Testing, Data Reduction, Modu'- ‘Cell
Configurations

Component Design, Laboratory Breadboard Testing,
System Integration and Testing

Electronic Assembly and Checkout

System Integration, Electrochemical Design,
Optimum Current Density Study

Control and Monitor Instrumentation and Sensor
Designs

Electronic Assembly and Wiring
Program Manager, System Analysis and Design
Mechanical Component Design and System Packaging

Supporting Technology Studies, Electrochemical
and Chemical Performance Analysis

Program Administration, Electrochemical Support,
Concept Evaluations

Control and Monitor Instrumentation Software

The contract's Technical Monitor was P. D. Quattrone, Chief, Advanced Life
Support Office, NASA Ames Research Center, Moffett Field, CA.
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SUMMARY

Regenerative carbon dioxide removal concepts are needed to sustain man in
space for extended periods of time. A program to develop an Electrochemical
Carbon Dioxide Concentration technique has been underway at the National
Aeronautics and Space Administration and Life Systems, Inc. for the past
several years. The work reported herein is a portion of the overall program.

During the con*ractual period, activities in seven major areas were success=-
fully completed:

1. Further development of the liquid-cooled advanced Electrochemical
Depolarized Carbon Dioxide Concentrator including the fabrication of
two one-person capacity liquid-cooled modules.

2. Testing of the advanced liquid-cooled Electrochemical Depolarized
Carbon Dioxide Concentrator integrated with a Sabatier Carbon Di-

oxide Reduction Subsystem in a laboratory breadboard Oxygen Recovery
System.

3. Development, testing and delivery of a three-person Preprototype
Electrochemical Depolarized CO2 Concentrator.

4. Testing of an air-cooled, four-person capacity Electrochemical
Depolarized Carbon Dioxide Concentrator integrated with a Bosch
Carbon Dioxide Reduction Subsystem and an Oxygen Generation Sub-
system to form a laboratory breadboard Oxygen Recovery System.

5. Development and testing of subsystem hardware integrated into a
one-person, experimental Air Revitalization System based on the

advanced, liquid-cooled Electrochemical Depolarized Carbon Dioxide
Concentrator.

6. Development of Test Support Accessories to support single cell, sub-
system and system level testing of Electrochemical Depolarized
Carbon Dioxide Concentrators.

7. Technology advancement studies of the basic electrochemical carbon
dioxide concentration process to improve carbon dioxide removal and
electrical efficiencies over broad operating ranges and to provide a
basis for the design of the next generation cell, module and sub-
system hardware.

Two multicell, liquid-cooled, advanced Electrochemical Depolarized Carbon
Dioxide Concentrator modules were fabricated. The cells utilized advanced,
lightweight, plated-anode current collectors, internal liquid cooling and
lightweight cell frames. Both were designed to meet the carbon dioxide re-
moval requirements of one-person, i.e., 1.0 kg/d (2.2 1b/d).
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A five-cell module was successfully tested as part of an integrated Oxygen
Recovery System which also included a Sabatier-based Carbon Dioxice Reduction
Subsystem and an Oxygen Generation Subsystem. A 30-day test of this Oxygen
Recovery System was performed. The test demonstrated the long-term, multicell,
liquid~cooled, advanced Electrochemical Depolarized Carbon Dioxide Concentrator
Module operation and verified satisfactory operation with the hydrogen generated
byzthe Oxygen Generation Subsystem. At an operating current density of 30.1 mA/
cm® (28 ASF) the average cell voltages obtained were 0.40 V for the Electrochemi-
cal Depolarized Carbon Dioxide Concentrator and the module exhibited an average
carbon dioxide transfer efficiency of 76% for the duration of the test. The
Sabatier reactor also demonstrated efficient operation with the Electrochemical
Depolarized Carbon Dioxide Concentrator exhaust gas. The hydrogen conversion
efficiency of the Sabatier reactor throughout the testing averaged 97%.

The second liquid-cooled module, consisting of six cells, was fabricated and
integrated with other air revitalization functions to form a self-contained,
one-person Air Revitalization System. Cabin humidity control subsystem hard-
ware supplying preconditioned air to the Electrochemical Depolarized Carbon
Dioxide Concentrator as well as controlling cabin humidity was designed and
fabricated to be an integral part of the Electrochemical Depolarized Carbon
Dioxide Concentrator Subsystem.

The combined carbon dioxide and water :moval hardware was functionally inte-
grated with other major Air Revitalization System components such as a Con-
tractor-developed Sabatier Reactor, water handling and distribution hardware
and liquid coolant loop components. Also, a centralized Control and Monitor
Instrumentation, including one-button startup and shutdown of the tot . inte-
grated system, was designed and fabricated. An Oxygen Generation Subsystem

and a Nitrogen Supply Subsystem being developed under other NASA Ames Research
Center contracts were integrated with the hardware developed under this program
to complet: the Air Revitalization System.

During a 30-day integrated test, excellent Electrochemical Depolarized Carbon
Dioxide Eoncentrator performance was demonstrated. At a current density of
23 mA/cm” (21 ASF), the average cell voltage obtained was 0.46 V and the
module exhibited an average transfer efficiency of 87%. A substantial re-
duction in the total number of components, interconnections and subsystem
interfaces was demonstrated by treating the required Air Revitalization System
processes at the functionally integrated system level rather than as a series
of individual subsystems that must be integrated. Also, generation of '"~-eal
world" data (by testing in the projected final application configuration) as
well as demonstration of savings in testing costs and Test Support Accessories
hardware were demonstrated.

A three-person preprototype Electrochemical Depolarized Carbon Dioxide Concen-
tration Subsystem was designed, fabricated, tested and delivered to the National
Aeronautics and Space Administration to be integrated and tested in the Regen-
erative Life Support Evaluation experiment. The 15 cell, aiE-cooled subsystem
exhibited a cell voltage performance of 0.40 V at 30.1 mA/cm” (28 ASF) and an
average transfer efficiency of 80%. .
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Support of other integrated subsystem test programs in the area of carbon
dioxide removal was provided as part of the program. A four-person capacity
laboratory breadboard Oxygen Recovery System consisting of an air-cooled
Electrochemical Depolarized Carbon Dioxide Concentrator, a Bosch-based Carbon
Dioxide Reduction Subsystem and an Oxygen Generation Subsystem was success-
fully tested. A total of 3,000 hours of testing including checkout, shake-
down, design verification and endurance testing was accomplished.

New single cell, subsystem and system level Test Support Accessories were
designed and constructed. The single cell facilities were modifications and

" refurbishments of previously developed test stands. A new Air Supply Unit

with automatic controls was constructed for subsystem testing. This closed-
loop Air Supply Unit simulates spacecraft environments and provides the capa-
bility for controlling and monitoring the air temperature, dew point tempera-
ture, carbon dioxide partial pressure, oxygen partial pressure and air flow
rate. This facility provides a long-term test capability for Electrochemical
Depolarized Carbon Dioxide Concentrator Subsystems ranging from a one- to six-
person capacity. Additionally, Test Support Accessories for the one-person
Air Revitalization System were developed.

The technology advancement studies included investigations into nine specific
areas relating to the Electrochemi 11 Depolarized Carbon Dioxide Concentrator
process. These areas were:

1. The influence of the Teflon catalyst binder loading in the elec-
trodes on performance of the Electrochemical Depolarized Carbon
Dioxide Concentrator.

2. The development of a higher performance, lower cost alternate anode
current collector design.

3. The scale-up and fabrication of a cell matrix fabricator.

4. An application study of using the cell hardware ‘to perform a mois-
ture removal function.

5. The identification of the causes of occasionally observed perfor-
mance deviations associated with maldistributions of carbon dioxide
removal rate, water evolution rate and dr7 bulb temperature varia-
tions over the cell electrode surface.

6. A study to determine the optimum current density of an Electrochemi-
cal Depolarized Carbon Dioxide Concentrator when used as an electri-
cal power source as well as a carbon dioxide remover.

7. The development of cell hardware configurations and concepts that
enable the attainment of higher level performance goals, i.e., cell
voltage of 0.50 V and a carbon gioxide removal efficiency of 82% at
a current density of 21.5 mA/cm” (20 ASF).

o
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8. Studies of electrolyte mixtures to enhance concentrator performance
levels.

9. Studies of the use of hydrated salts to improve cell voltage and
moisture tolerance performance.

Based on the results of the technology advancement studies and subsystem
developments, a new set of performance goals has been adopted. These goals
have been defined as performance standards at the subsystem level for future
Electrochemical Depclarized Carbon Dioxide Concentrator developments. Speci-
fically, a cell voltage of 0.53 V and 3 carbon dioxide removal efficiency of
82% at a current density of 21.5 mA/cm” (20 ASF) have been adopted.

It is concluded from the results reported herein that an Electrochemical
Depolarized Carbon Dioxide Concentrator is a viable solution for the removal

of metabolically-generated carbon dioxide aboard manned spacecraft. Continued
development of related technology is recommended to further improve performance,
decrease equivalent weight and increase hardware reliabiiity. Successful
completion of this development will produce timely technology necessary to

plan future advanced envirommental control and life support system programs

and experiments. *

-

PROGRAM ACCOMPLISHMENTS
Key program accomplishments were:

o Developed and delivered a three-person Preprototype Electrochemical
Carbon Dioxide (CO,) Concentrator Subsystem (CS-3) with a computer-
based, advanced Cofitrol/Monitor Instrumentation (C/M I).

o Developed and tested a self-contained, one-person Air Revitaliza-
tion System (ARS) based on a liquid-cooled Electrochemical Depolar-
ized CO, Concentrator (EDC). Over 500 hours of integrated testing
was accimulated.

) Completed the development and testing of several components required
for an EDC-based ARS. Some of these components were successfully
tested for over 10,000 hours of operation.

) Developed an advanced, high performance, liquid-cooled EDC module
(EDCM) utilizing advanced lightweight, plated-anode current collec-
tors and internal liquid cooling.

) Performed the integration and testing of a four-person capacicy
Bosch Oxygen Recovery System (ORS) consisting of an air cooled EDC,
a Bosch Carbon Reduction Subsystem (B-CRS) and an Oxygen Generation

Subsystem (0GS). Over 900 hours of integration testing was
accumulated.

0 Successfully completed several studies expanding the technology base
for the EDC.

Jp——
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® Established and demonstrated new EDC performance standards for
future EDC development. These standards include a 0.50 V2ce11
voltage and a 002 removal efficiency of 82% at 21.5 mA/cm”™ (20 ASF).

INTRODUCTION

Regenerative processes for the revitalization of spacecraft atmosgqeﬁss are
essential in making long-term manned missions in space a reality.'"’ An
important step in this overall revitalization process is the collection and
concentration of the metabolically-produced CO2 for oxygen (02) recovery.

The subject program continued the development and advancement of an electro-
chemical CO, concentrating process, a techniqu. that allows for the continuous
and efficient removal of CO, from a spacecraft's cabin atmosphere and delivery

of the CO, premixed with hyarogen (Hz) to a CO2 Reduction Subsystem (CRS) for
subsequen% 02 recovery.

Background

The Skylab program marked the beginning of the use of regenerative techniques
for CO, collection using cyclic absorption/desorption beds containing commer-
cial zé€olites. The emerging requirement for maintainring the CO, content of a
spacecraft's atmosphere at a CO, partial pressure (pC0,) below %00 Pa (3 mm Hg)

made the zeolite fgﬁtems unattractive due to their resiilting high weight and
volume penalties.

The electrochemical technique ofag?ﬂsentrating CO, from an air environment has
evolved over the past 13 years. During this time the concept has pro-
gressed from single cell operation through the fabrication, testing and integra-
tion of multiperson, self-contained subsystems for spacecraft application.

The electrochemical removal technique works as follows: CO, is continuously
removed from a flowing cabin air stream. The removal takes place in a module
consisting of a series of electrochemical cells. Each cell consists of two
electrodes separated by a matrix containing an aqueouns carbonate electrolyte
solution. Plates adjacent to the electrodes provide passageways for distribu-
tion cf gases .id electrical current. Figure 1 shows a functional schematic
of the EDC cell while Figure 2 details the specific electrochemical and chemi-
cal reactions. As shown in Figure 2, the overall reaction is:

O2 + 2CO2 + 2H2 = 2CO2 + 2H20 + electrical energy + heat (1)

Two moles of CO, are theoretically transferred for one mole of 0, consumed.
The ubserved ra%io of CO, transferred to O, consumed represents %he process
removal efficiency with a defined efficienCy of 100% occurring when 2.75 kg
(6.05 1b) of CO2 is removed for each kg (2.2 1b) of O2 consumed.

(1,2) References cited at the end of this report.
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Program Objectives

The overall objectives of the subject program were to:

1.

improve the performance of the electrochemical CO, removal technique
by increasing CO, removal efficiencies at pCO, levels below 400 Pa
(3 mm Hg), increasing cell power output and broadening the tolerance
of electrochemical cells for operation over wide ranges of cabin
relative humidity (RH);

design, fabricate and assemble development hardware to continue the
evolution of the electrochemical concentrating technique from the
existing level to an advanced level able to efficiently meet the CO
removal needs of a spacecraft ARS;

develop and incorporate into the EDC the components and concepts
that allow for the efficient integration of the electrochemical
technique with other subsystems to form a spacecraft ARS;

combine ARS functions to enable the elimination of subsystem com-
ponents and interfaces and

demonstrate the integration concepts through actual operation of a
functionally-integrated ARS.

2

Program Organization

To meet the above cobjectives the program was divided into five tasks plus
documentation and program management functions. The five tasks were:

1.0

2.0

3.0

4.0

5.0

Design, fabricate and assemble development hardware to evolve the
EDC's technology from the existing level to an advanced level capable
of efficiently removing CO, from a spacecraft's atmosphere and
integrating with other Environmental Control/Life Support System
(EC/LSS) subsystems to form a spacecraft ARS.

Design, develop, fabricate, assemble, functionally check out and
calibrate Test Support Accessories (TSA) to be compatible with the
test objectives of the subsystem hardware and the supporting research
and technology test program.

Establish, implement and maintain a mini-Product Assurance program
through all phases of contractual performance including design,
fabrication, purchasing, assembly, testing, packaging and shipment
consistent with a program in the early stages of development.

Perform a variety of subsystem and integrated system/subsystem
testing required to demonstrate readiness of the EDC concept.

Complete essential and desirable supporting research and development
efforts to further expand the technology base associated with the
spacecraft EDC with special emphasis on the development of the
electrochemical cell: the electrodes, the electrolyte retaining
matrix and the electrolyte.
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Report Organization

This Final Report covers the work performed during the period February, 1975

through March, 1979. Portions of the work docum??§eizjn this report are

covered in greater detail in two Annual Reports. ’ The following five

sections of this report present the technical results grouped according to (1) -
Subsystem Developments, (2) System Integration Developments, (3) TSA Develop- .
ments, (4) Mini-Product Assurance Program and (5) Technology Advancement

Studies. These sections are followed by Conclusions and Recommendations based

on the work performed.

SUBSYSTEM DEVELOPMENTS

The subsystem development activities performed as part of this program included P
(1) continuing advancement of liquid-cocled EDCs and (2) developing a three- -
person preprototype EDC subsystem.

Ligquid-Cooled EDC

Activities completed under previous EDC development programs had shown that .
liquid-cocled EDC cells exhibited substantially higher COz(faToval efficien-

cies thanm air-coocled cells, especially at low pCO, levels. The result of

such testing is demonstrated in Figure 3. The CO, removal efficiency is

plotted versus process air inlet pCO_, for a liqui%-cooled single cell and

compared to a least squares fit of previous air-cooled EDC performance data.

The initial iiquid—cooied cell testing had been performed with a modified old
style 2.3 dm~ (6.25 ft™) cell. Subseq&ent deve&opment activities resulted in
the design and fabrication of a 4.6 dm~ (0.5 ft“) active cell area, lightwe.ght,
advanced EDC cell frame capable of being injection mold??lyith provisiouns for
either internal air cooling or internal liquid cooling. As part of this
program, a one-person capacity, liquid-cooled module was fabricated using the
advanced liquid-cooled cells and tested as part of a one-person laboratory
breadboard Sabatier-based 0O, Recovery System (LBS-S/ORS-1(L)). To test the
module, the hardware ?gyeloped for a one-person, self-contained CO, concentra- “
ting subsystem (CX-1) was refurbished and modified. Similarly, the TSA
previously used with the CX-1 was modified to support the projected liquid-
cooled module testing.

Past liquid-cooled performance data had indicated that a five-csll module with
an 4.6 dm~ (0.5 ft”) active cell area and operating at 30 mA/cm” (28 ASF)

could remove the 1 kg/d (2.2 1b/d) CO, metabolically generated by one person.
Five advanced liquid-cooled cell frames were fabricated. The( 63mes used the
advanced lightweight, plated-anode current collector concept. Figure 4
shows a functional schematic of internally liquid-cooled advanced cell frames.
Figure 5 shows the liquid-cooled cell frame and parts that make up an advanced
liquid-cooled cell. The five cells were assembled using plexiglass end plates.
Following assembly *he module was charged with 61.5% cesium carbonate (C52C03)
electrolyte. The module was then integrated with the CX-1 and its TSA for
testing. This activity is further described under the System Integration
Developments section.

A second module consisting of six advanced, liquid-cooled cells of the construc-
tion discussed above was fabricated. Stainless steel end plates were used.

9
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Figure 6 is a photograph of the assembled six-cell module. This EDCM was used
to support the one-person ARS development and testing which is also discussed
below.

Three-Person Preprototype Subsystem

A major hardware development performed under this program was the design,
fabrication, testing and delivery of a three-person preprototype EDC Subsystem.
A math model of the subsystem was also developed. Termed the CS-3, this
subsystem was designed to operate in the NASA's Regenerative Life Support
Evaluation (RLSE) experiment in conjunction with other air revitalization
sub,ystems. The objective of the RLSE experiment was to demonstrate, possibly
by a Spacelab flight, the operational readiness of regenerable life support
hardware.

The CS-3 design requirements are given in Table 1 and reflect the Spacelab
cabin conditions. The CS-3 is designed to remove the C0O, generated by three
persons in a Spacelab cabin environment. As such, it is“designed to remove
the CO2 at a rate corresponding to 0.125 kg/h (0.275 1b/h).

CS5-3 Schematic and Operation

The schematic of the preprototype CS-3 is shown in Figure 7. Process air is
drawn from an actual or simulated cabin air source through an isolation valve
(V2), a filter (AF1) and the EDCM (EM1) by a single process air fan (Bl1). The
process air is returned to the source through an outlet isolation valve (V1).
The isolation valve prevents the module from drying out during nonoperational,
low RH periods. Internally, the process air is manifolded to flow in parallel
through the process air cavities of the 15-cell, air-cooled module.

A dew point sensor (D1) and a triple redundant temperature sensor (T1) monitor
the inlet process air to protect the subsystem from out-of-tolerance conditions
of temperature and RH. The temperature of the module is monitored using a
triple redundant temperature sensor (T2) located in the process air stream
exiting from the electrochemical cell cavities. A cooling air fan (B2) draws °
air through the cooling air cavities of the 15 cells of the module to control
module temperature. Cooling air is drawn from the cooling air supply, enters
the subsystem at the bottom and is returned to the cooling air stream at the
top. The cooling air temperature is measured upstream and downstream of the
module using temperature sensors T3 and T4, respectively.

Hydrogen supplied by the 0GS of the RLSE passes through a flow sensor (F1)
prior to entering the module. The H /CO2 exhaust stream from the module then
passes through a second flow sensor %FZ), pressure sensors (P2 and P3) and
exhausts the subsystem either through a backpressure regulator (PR1) and a
valve (V5) or to the CRS through V6. Pressure in the H, line, as sensed by
P1, is maintained at greater than or equal to 108 kPa (%5.7 psia) during
operation to ensure that any possible H2 leakage would be from internal-to-
external.

Nitrogen (N2) purge gas is provided through valve V3. The N, flow is controlled

by an orifiCe (RX1) and is pressure monitored by P1. The pufge gas stream is
exhausted through V5 to vacuum vent.

13
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TABLE 1 CS-3 DESIGN SPECIFICATIONS

Crew Size
CO, Removal Rate, kg/h (1b/h)
Cabin pC0,, Pa (mm Hg)

Cabin pO,, kPA (psia)

29
Cabin Temperature, K (F)
Cabin Pressure, kPa (psia)
Process Air

Relative Humidity, %

Dry Bulb, K (F)
Cooling Air Temperature, K (F)
H, Supply Flow Rate, kg/h (1b/h)
H2 Relative Humidity, %
Purge Gas
Purge Gas Pressure, kPa (psiz)

Electrical Power, VAC

Gravity

15

3

0.125 (0.275)

400 (3.0)

22.1 (3.2)

291 to 300 (65 to 80)
101 (14.7)

£0 5

284 to 287 (52 to 58)
284 to 287 (52 to 58)
0.022 (0.048)

95 Max

)

311.0 (45)

115/200, 400 Hz, 39
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Hardware Description

The hardware to accomplish the CS-3 function is co:tained in two separate
packages. The mechanical hardware contains the i5-cell EDCM, actuators,
sensors, ducting and frame. The second package contains the C/M I. They are
interconnected by electrical cabling.

Mechanical Hardware. A front view of the CS-3 mechanical hardware is shown in
Figure 8. It is 43 x 46 x 66 cm (17 x 18 x 26 in) and weighs 46 kg (102 1b).
One feature of the mechanical design is that all ancillary components are line
replaceable units (LRU) and are located near the front of the subsystem. All
are maintainable from the front. The EDCM is not an LRU but employs an in
situ cell maintenance concept. This means that an individual cell can be
electrically jumpered out of operation without physically dismantling the
module.

A rear view of the CS5-3 is shown in Figure 9 and illustrates the mechanical
and electrical interfaces. Four fluid lines supply H,, Nz and exhaust the
H,/CO, to either vent or the CRS. The process air in%et and outlet ducting
connect to a 3.8 cm (1.5 in) diameter flange which mates to the isolation
valves. A 12.7 cm (5 in) duct is attached to the cooling air inlet duct
flange located beneath the CS-3. The outlet cooling air can be vented direct-
ly to the ambient or a return duct can be connected to the fan outlet.

Control/Monitor Instrumentation. The €S-3 C/M I provides automatic mode and
mode transition control, automatic shutdown provisions for self-protection,
provisions for monitoring typical subsystem parameters and provisions for
interfacing with ground test instrumentation, including a Data Acquisition
System (DAS). In its normal operating mode the CS-3 is continuously removing
CO,, from the process air passing through it. In addition to this mode, there
aré four other modes that the subsystem can be in. These are illustrated in
Figure 10 which also shows the allowable mode transitions which can occur.
The Derated Mode permits operation at the one-person level by reducing module
current and operating with seven cells. The other modes are self-descriptive.
The sequences which occur when the subsystem is changing from one mode to
another are governed by the C/M I.

The preprototype C/M I hardware, excluding interface cabling, is contained in

a 53 x 56 x 73 cm (21 x 22 x 28.6 in) enclosure. Included within the enclosure
are signal conditioning, power supplies and computer analog/digital interface
circuitry.

The CS-3 C/M I is a minicomputer-based automatic instrumentation. The mini-
computer of the C/M I consists of a 16~bit Central Processing Unit (CPU), 16K
core memory, a Real-Time Clock, Power-Fail control circuits, a communication
link to an external DAS and a communication line to a line printer. The CPU
executes the control/monitor programs stored in the 16K core memory. The
Real-Time Clock allows the programs to be executed on a real-time basis. The
Power~Fail control circuits allow the computer to de.ect and differentiate
between a short-term power interruption and a long-term power fai:lure. The
communication link to the DAS allows the sensor data to be recorded on the

17
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DAS. The line printer communication link allows the operator/subsystem mes-
sages displayed on the CRT to be printed on the line printer.

The C/M I hardware and software are organized to permit real-time communica=
tion between the operator and the mechanical subsystem. On the process side,
an analog and digital interface board is used for communication of the mini-
computer with the sensors and the actuators on the mechanical portion of the
subsystem. On the operator/subsystem interface side, the C/M I provides the
operator with a front panel and keyboard designed to accept operator commands
and display subsystem messages.

Figure 11 shows the operator/subsystem front panel of the CS-3 C/M I. All
commands, control and status information of the CS-3 are communicated through
this paei§) Detailed description of its operation is contained in a separate
report.

CS-3 Testing

Parametric and endurance testing was conducted following fabrication, checkout
and sensor calibration. The nominal test conditions are shown in Table 2.

Two sets of process air dry bulb temperature and RH conditions were explored.
Initial data was accumulated at the design specification range of 75 to 85%
RH. Later testing indicated a 12% improvement in CO, removal efficiency could
be achieved by operating at 60% RH. The 60% RH levei was adopted as a new
baseline.

As part of characterizing CS-3 performance in both RH ranges, a process air
pCO2 span was performed. The results are shown in Figure 12 where CO, removal
efficiency and cell voltage are plotted against process air inlet pCO,. The
data shows that the performance was at or above the design points. Similarly,
a current density span was obtained recording CO, removal efficiency and cell
voltage as a function of curreat density. The résults are shown in Figure 13.
Again the performance was as predicted.

A total of 72 hours of operation with the CS-3 were accumulated in the Derated
ilode (one-person capacity). In this mode all cells had gas flows but eight
cells were electrically switched oyt and did not carry current. The remaining
seven cells operated at 20.5 mA/cm” (19 ASF). The performance is shown in
Figure 14 and was as expected, i.e., sufficient CO, was removed to satisfy the
metabolic needs of one person. Control of wodule %emperature and exit RH to
single value levels while satisfying cells with and without current was found
to be extremely difficult. In general, it required operation so that the
outlet RH was in the wet region (88% RH compared to 68% RH for Normal Mode) to
prevent dry out of the noncurrent-carrying cells. As a result, electrolyte
was lost from the operating cells, as observed following completion of the 72
hours of testing. It was recommended that this mode of operation be modified
by operating all cells but at a reduced current density. The reduced current
density should however be sufficiently high to minimize cell subcooling to
prevent electrolyte loss.
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TABLE 2 NOMINAL CS~3 TEST CONDITIONS

Number of Cells
Process Air Flow Rate/Cell, dm3/min (scfm)

pCO,, Pa (mm Hg)

29
Inlet Relative Humidity, %

Inlet Process Air Temperature, K (F)

Cooling Air Flow Rate/Cell (Max.), dm>/min (scfm)
Cooling Air Temperature, K (F)

Current, A

- Current Density, mA/cm2 (ASF)

H2 Supply Flow Rate, kg/h (1b/h)

23

15

45 (1.6)
400 (3)

64

290 (63)
283 (10.0)
290 (63)
13.9

30.1 (28.0)

0.022 (0.048)
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Figure 15 summarizes the CS-3 performance over the entire testing period.
Module performance (average cell voltage and CO, removal efficiency) as well
as inlet process RH and pCO, are plotted agains% cumulative operating time.
The derated mode and pCO, testing gaps shown were discussed above. Operation
of the CS-3 in the Norma% Mode reached a cumulative total of 840 h (35 d).
Cumulative subsystem operating time in all of its modes prior to delivery was
2,232 h (93 d). It was demonstrated that at the design pCO, level of 400 Pa
(3.0 mm Hg) and the modified RH range, the CS-3 could surpaSs its goal of
removing 3 kg/d (6.6 1b/d) of CO,. An average CO, removal level equivalent to
2 . 2
that generated by 3.4 persons was achieved.

CS-3 Math Model

As part of the (CS-3 program, a steady-state computer simulation, or math

model, was developed to describe the subsystem performance. The model combined
mathematical expressions describing the performance of the EDC cells with
expressions that characterize the majcr mechanical components of the subsystem.
Expressions for overall mass and energy balances were included. The model was
capable of predicting performance over wide operating ranges and the computer
simulation results agreed with experimental data over the prediction range.

The computer program calculated the steady-state performance characteristics
of the subsystem and its components subject to a given set of input conditions.
The calculations included module parameters, intercomponent and subsystem
fluid intecface parameters (flows, temperatures and pressure), component and
subsystem power and heat gencration and subsystem equivalent weight.

Several experiments were conducted with the hardware components to support the
computer module. These (1) established the performance characteristics of the
hardware and (2) verified the predictions of the model. The experiments
characterized the EDCM, the process and cooling air blowers, the N2 flow
orifice and the H2 solenoid valve.

The math model computer program was organized to read a set of input conditions,
perform the calculations and print the results. The program can be used as a
subroutine in a larger program which would simulate the integrated operation

of the C5-3 subsystem as will occur with the RLSE hardwar?14)Details of the
math model and results can be found in a separate report.

SYSTEM INTEGRATION DEVELOPMENTS

The system integration development activities performed as part of this program
focused on the EDC as part of laboratory breadboard integration of ORSs or
ARSs. These activities included (1) the five-cell, liquid-cooled EDCM inte-
grated with an OGS and a Sabatier-based CO2 Reduction Subsystem (S-CRS) to

form the LB3S-S/0RS-1(L), (2) an air-cooled”EDC integrated with an OGS and a
B-CRS to form a four-person Bosch-based ORS (LBS-B/ORS-4(A)) and (3) the
six-cell, liquid-cooled EDC combined with other components to form a self-
contained, one-person, experimental ARS. The following sections discuss the
design, fabrication and testing of these integrated systems.
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One-Person lLaboratory Breadboard System
The five-cell, one-person capacity, liquid-cooled EDC installed in the CX-1
was integrated with an OGS and an S-CRS to form a LBS-S/ORS-1(L) and was
tested for a 30-day period. The overall objectives of the test were to:

' Demonstrate long-term, multicell, liquid-cooled EDC operation using
advanced cell hardware

. Test the EDC with OGS-generated H

2
' Test the Contractor-developed Sabatier reactor with EDC exhaust gas,
i.e., HZ’ CO2 and water vapor
. Expand integration technology by operating three subsystems as one
ORS

The integrated testing followed refurbishment and modification to the CX-1 and
its TSA. The major medifications includid upgrading the system'szcapabilitg
to allow operation of the larger (4.6 dm~ (0.5 ft°) versus 2.3 dm~ (0.25 ft%))
advanced cells at elevated current densities. Also, provisions for liquid
cooling, including feedback controlled temperatures, were added to the sub-
system and TSA.

Figure 16 is a block diagram of the one-person ORS. As Figure 16 shows, the

integrated system had a capability to vary the amount of H, entering the EDC

or the Sabatier reactor by supplying an external H, source. This could simu-
late eventual integration with the Nitrogen (NZ) Supply Subsystem (NSS) based
on hydrazine (N2H4) technology.

Figures 17, 18 and 19 are photographs of the EDC (CX-1), OGS and Sabatier re-
actor used as part of the one-person ORS. The Sabatier reactor was developed
and fabricated as part of a Contractor-funded activity but was tested as part
of the present program. Figure 20 shows the integratea one-person ORS test
facilities, including TSA. Following individual subsystem shakedown testing,
a 30-day integrated endurance test was performed. Prior to test initiation,
baseline operating conditions for the integrated system were established.
These conditions are listed in Table 3. The endurance test was performed by
maintaining the baseline conditions at constant values.

The performance of the one-person, liquid-cooled EDC and the S-CRS for the 30
days of testing is shown in Figure 21. Of special interest is the high cell
voltage of 0.4 V per cell for the EDC and the high average transfer efficiency
of 76% for the duration of the test, since the advanced module was operated at
a current density of 30.1 mA/cm” (28 ASF). As shown, the H, conversion effi-
ciency of the Sabatier reactor averaged approximately 97% tﬁroughout the total
test time.

In addition to the performance characteristics obtained from the testing,
significant contributions to the operation of integrated systems were estab-

lished in the areas of startup sequence, shutdown sequence, common system
purge and subsystem performance monitoring.

29
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TABLE 3 BASELINE OPERATING CONDITIONS FOR THE LBS-S/ORS-1(L)

Process Air Inlet

pCO,, Pa (mm Hg)

Air Flow Rate, dm™ /min (scfm)
Dew Point Temperature K (F)
Dry Bulb Temperature, K (F)
Relative Humidity, %

EDC Module

Number of Cells

Current, A

Current Density, mA/cm (ASF)
Temperature, K (F)

Pressure, kPa (psia)

Cell Voltage, V

CO,, Removal Efficiency, %
Power Generated, W

Heat Generated, W (Btu/h)

Water Electrolysis Module

Number of Cells

Cell Current, A

Cell Current Density, mA/cn (ASF)
Temperature, K (F)

Pressure, kPa (psia)

Cell Voltage, V

Power Required, W

Heat Generated, W (Btu/h)

Sabatier Reactor

Temperature, X (F)
Pressure, kPa (psia)

CO,, Reduction Efficiency, %
H2 Conversion Efficiency, %

35

*?77-&’ N -s‘»ﬂ’?”‘

Ly

400 (3.0)
230 {8.0)
286 to 289 (56 to 60)
291 to 294 (65 to 70)
61 to 84

5

13.7

30.1 (28)

292 to 298 (73 to 77)
101 (14.7)

0.3

74

21

65 (220)

6
19.4
208.7 (194)

333 to 339 (140 to 15C)

965 (140)
1.60

186

14 (48)

644 (700)
108 (15.7)
68
9
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Four-Person Laboratory Breadboard System

A four-person capacity, air-cooled EDC (CXA-4(A)) was modified and refurbished
to support testing °{1§h76§BS'B/ORS'4(A) being evaluated under a separate
NASA-funded program. ’ The overall objectives of the test were to:

. Demonstrate the compatibility of the EDC with a B-CRS primarily at
the HZ/CO2 EDC exhaust/B-CRS feed interface

e Test the EDC with 0GS-generated “2

® Extend integration technology by operating three subsystems as one
ORS

Figure 22 is a block diagram showing the closed O, loop system with an inte-
grated EDC, Bzg S and 0GS. A previously developed six-person capacity, self-
contained EDC was refurbished and modified to form the CXA-4(A). Only
three of the six one-person design capacity modules were used to provide the
C0, removal capacity for four men, e.g., 4.0 kg CO,/d (8.8 1b €0, /d). To
acﬁieve the extra CO, removal rate, the modules wers operated at"the higher
than design current aensity (26.9 versus 22.6 mAfcm” (25 versus 21 ASF)). The
electrochemical cells were ngt of the ﬂdvanced, lightweight style but were
externally air-cooled 2.3 dm“ (0.25 ft°) cells.

The CXA-4(A) and its associated TSA were assembled to port the integrated
testing program. Figure 23 is the block diagram of th BS-B/ORS-4(A) indi-
cating the three subsystems and their TSA. The EDC TSt consisted of modifi-
cations to the existing Fluid Supply Unit (FSU) and Teie)Accessories Control
Unit and additions of a new Coolant Supply Unit (CSU). Also, a new EDC
testing facility, an Air Supp.y Unit (ASU), was added. This TSA is further
discussed below.

Table 4 lists the operating conditions and characteristics for the EDC used in
testing the LBS-B/ORS-4(A). A total of 900 hours were accumulated through
subsystem level and integrated system level iesting. Figure 24 shows the
overall performance of the EDC over the 900 hours of operating time. Shown

are average cell voltage, CO, removal efficiency, current density and inlet
air pCO, as a funﬁtion of time. The performance is consistent with externally
air-coo%ed 2.3 dm” (0.25 ft”) celis. Successful operation of this EDC through-
out the testing was in part responsible for the successful completion of the
testing of the Bosch-based ORS.

One-Person Air Revitalization System

A part of this program had shown that individually developed subsystems such
as an EDC, S-CRS and OGS can bc successfully integrated into a laboratory
breadboard ORS at the one-person level (see above). The 30 days of endurance
testing of the ORS showed that the three subsystems would remove and reduce
metabolically-generated CO2 and produce the required 02 levels for one person.

The next step in the development of the EDC for spacecraft ARS application was
completed as part of the program activities. This activity was the design,

37
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—— 0, + Air —p»
Crew 2 Electrochemical
Space — Air + Hzo Carbon Dioxide
Concentratoer
—— B, —
HZO 12 C02 + H2
Bosch !
Oxygen Carbon Dioxide}
Generation Reduction e Carbon
Subsysten @— HO0 1 Subsystem i

FIGURE 22 CLOSED OXYGEN LOOP WITH INTEGRATED EDC/B-CRS/0GS
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TABLE 4 BASELINE OPERATING CONDITIONS OF THE
FOUR-PERSON LABORATORY BREADBOARD EDC

Operating Time, h

Number of Cells

Current Density, mA/cm2 (ASF)
Current, A

pCO2 Range, Pa (mm Hg)

Process Air Flow Rate, dm3/min (cfm)
Process Air Temperature, K (F)
Process Air Dew Point, K (F)

CO2 Removal Efficiency, %

Transfer Index

Average Cell Voltage, V

Power Generated, W

Heat Generated, W (Btu/h)

900(®)

45

22.1 (20.5)
5.00

306 to 466
(2.3 to 3.5)

710 (25)
286 (56)
284 (51)
73

2.0
0.34

77

200 (680)

(a) Includes Familiarization, Integrated Checkout and Shakedown, Design

Verification and Endurance Tests.
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fabricaticn and testing of a one-person, experimental Air Revitalization
System (ARX-1). The philosophy for this next-step approach was differeat than
in the previously integrated laboratory breadboard system where each of the
three subsystems (1) were self-contained, (2) had their own C/M I, (3) were
started and shut down independently, (4) were tied together by appropriate
interfaces and (5) contained redund-nt components.

The self-contained system versus sub. em approach selected for the ARX-1 was
based on reducing subsystem interfaces, eliminating redundant components and
utilizing the products (heat, electrica' power, fluids) of one subsystem in
another. Also, the C/M I was designed a. a single unit that would operate all
components as a single system by providiny, for one-button startup/shutdown of
all ARS functions, automatic sequencing and control and monitoring for self-
protection and safe operation.

Advantages of the integrated system approach, with specific examples, are
listed in Table 5. The objective of this portion of the program activities
was to demonstrate, through actual testing, the validity of the approach as
well as verify the advantages, identify new ones and isolate shortcomings for
future correction.

ARX-1 Concept and Hardware Definition

The concept of a self-contained ARS (at the system level) is shown in block
diagram form in Figure 25. Shown are the three principal subsystems needed to

remove CO, from and provide 02 to the crew space. These are the EDC, S-CRS
and the 08S.

Additional subsystems and components are needed to provide other air revitali-
zation functions. An NSS using decomposition of N Hh provides for N, lost
through cabin leakage. Also, the NSS supplies extra H, required by %he S-CRS.
A Cabin Humidity Control Subsystem (CHCS) is used to siipply conditioned air to
the EDC at RH for optimum efficiency and to remove the metabolic- and EDC-pro-
duced mnoisture from the cabin air. A Water Handling Subsystem (WHS) collects,
stores and distributes liquid water within the ARS. Coolant flow components
(not shown in Figure 25) distribute spacecraft-provided liquid coolant through-
out the ARX-1. Finally, the centralized C/M I provides for automatic, inte-
grated operation.

Table 6 lists the design specifications and characteristics established for
the ARX-1. Each of the elements of the ARX-1, with the exception of the 0GS
and NSS, are discussed in the following subsections. The activities associated
with the development of the OGS and(q§81§9r the ARX-1 were funded under separate
NASA Ames Research Center programs. ’ The development associated with
the S-CRS and its major components were supported by Contractor funds. Only

the EDC development, TSA, general integration aspects and testing were performed
as part of this contract.

CO,, Removal/Cabin Humidity Control Subsystem Hardware. The liquid-cooled EDC
conicept lends itself well to the centralized ARS approach especially when
integrated with a humidity control concept using a condensing heat exchanger.
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TABLE 6 ONE-PERSON AIR REVITALIZATION SYSTEM
DESIGN CHARACTERISTICS

b

Crew Size 1

002 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 Production Rate, kg/d (ib/d) 1.49 (3.27)
Methane Production Rate, kg/d (1b/d) 0.36 (0.79)
Nitrogen Production Rate, kg/d (lb/d) 0.60 (1.32)

(a) Consists of 0.84 kg/d (1.84 1b/d) 02 metabolic and 0.19 kg/d
(0.43 1b/d) for leakage requirements.
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As a result, the liquid-cooled EDC concept combined with the cabin humidity
control function was selected for the ARX-1. Other reasons fcr closely group-
ing the CO, removal and cabin air moisture control are that the major components
interface 5irect1y with a flowing stream of cabin air and the air processed by

a condensing heat exchanger is ideally suited for achieving rel. ible and
efficient EDC operation. Also, redundant components such as a process air fan
can be eliminated.

Figure 26 is a block diagram of the combined CHCS/EDC functions. Baseline
operating conditions are given in Table 7. Filtered cabin air enters a condens-
ing heat exchanger where moisture is removed to control the cabin dew point.

A portion of the air passes through the EDCM for CO, removal. The EDC exhaust
air and the remaining process air are returned to tﬁe cabin. The moisture
removed by the condensing heat exchanger, along with some cabin air, is passed
to the WHS components Hydrogen required by the EDC is obtained from the OGS
and is sent mixed with the CO, to the S-CRS. A N, purge of the H,~carrying
cavities of the EDC is providéd. Oxygen from the“GGS and makeup ﬁz from the
NSS are added to the air upstream of a filter prior to delivery to"the cabin.

The EDCM consists of six advanced liquid-cooled cells. This module was dis-
cussed previously and shown in Figure 6.

The major component of the CHCS is the condensing heat excharger shown in
Figure 27. The one-person condensing heat exchanger design was based on the
previously established concepts. Details of constructi?T,ind cperation of the
11.4 kg (25.0 1b) unit are discussed in a prior report. '™~

€O, Reduction Subsystem Hardware. The Sabatier-based CO, reduction process
was selected for the ARX-1. This process is ideally sui%ed for an ARS using a
N Hh-based NSS which produces H, as a byproduct. Sufficient H, is then avail-
a%le to convert all of the meta%olic C0,, for subsequent 02 recovery. The
Sabatier process is based on the reaction of

. 9 = 2H20 + CH4 + heat

Figure 28 is a block diagram of the S-CRS. Carbon dioxide and H, from the EDC
enter the “abatier reactor where the reactants undergo conversioli to methane
(CH,) and water. The water is condensed in a zero-gravity compatible, liquid-
cooled, porous plaque condenser/separator and is removed to the WHS. The
reactor exhaust gases, primarily CH,, are passed to an Attitude Contr.l System
(ACS) or storage. MHowevir, provisions have been made for venting the product
gases minus the water to overboard vacuum. A vent to cabin, following an N2
safety purge, is provided to depressurize the S-CRS for maintenance. The
Sabatier reactor is air-cooled. The main component of the S-CRS, the Sabatier
reactor, was shown in Figure 19. The operating characteristics and anticipated
performance of the one-person level S-CRS are shown in Table 8.

4H2 + CO

Water Handling Subsystem Hardware. Water is generated and consumed at various
locations in the ARX-1. For purposes of design and fabrication, the water
handling components were treated as a separate subsystem. A block diagram of
the WHS is shown in Figure 29. The two principal water sources are from the
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EDC

CHCS

TABLE 7 EDC/CHCS OPERATING CONDITIONS FOR ONE-PERSON
AIR REVITALIZATION SYSTEM

Number of Cells

€0, Removal Rate, kg/d (1b/d)
Current, A 9
Current Density, mA/cm” (ASE)
Cell Voltage, V

Air Inlet Temperature, K (F)
Pressure, kPg (psia)

Air Flow, dm™/min (scfm)
pCO,, Pa (mm Hg)

€O."Removal Efficiency, %
Power Generated, W

Heat Generated, ¥

Water Removal Rateg, kg/d (1b/d)

Cabin Air Flow, m /min (cfm)

Cabin Air Temperature, K (F)

Cabin Min. Dew Point Temperature, K (F)
Cabin Max. Relative Humidity, %

Noi:'nal Latent Heat Removed, W (Btu/h)
Nominal Sensible Heat Removed, W (Btu/h)

48

6

1.0 (2.2)
10.3

22.6 (21)
0.45

285 to 290 (54 to 63)
101 (14.7)
270 (9.6)
400 (3.0)
0.84

27.8

49.4

2.30 (5.07)

2.8 (100)

286 to 300 (65 to 80)
279 (42.5)

70

61.5 (210)

521 (1780)
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TABLE 8 S-CRS OPERATING CONDITIONS FOR ONE-PERSON

- AIR REVITALIZATION SYSTEM

H2 Inlet Flow, cm3/min (1b/d)

Co, Inlet Flow, cm>/min (1b/d)

Water Inlet Flow, cm3/min (1b/d)

Inlet Volumetric Flow Ratio, HZICO2

H, Outlet Flow, em>/min (1b/d)
CO2 Outlet Flow, cm3/miu (1b/d)

CH, Outlet Flow, cm3/min (1b/d)

4
Water Outlet Flow, cm3/min (1b/d)
Reactor Temperature, K (F)
Heater Temperature, K (F)

CO2 Reduction Efficiency, %

H2 Conversion Efficiency, %

51

1700 (0.43)
380 (2.20)
20 (0.05)
4.5

250 (0.07)
19 (0.11)
360 (0.77)
730 (1.73)
616 (650)
687 to 711 (780 to 820)
95

85
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condensing heat exchangers in the CHCS and the S-CRS. The condensed water
from the CHCS is separated from the air by a hydrophobic screen liquid/gas
separator. S?Y?)a component was sized, designed and fabricated as part of
this program. A photograph of the separator is shown in Figure 30. The
wiater vapor in the outlet gas stream of the Sabatier reactor is condensed and
sepa 'ted by a porous plaque liquid/gas condenser/separator. This unit is
shown in Figure 31. The liquid outputs from these two devices flow to a water
ac-umulator which is periodically emptied into a water storage tank. As is
shown in Figures 25 and 29, this liquid water is also supplied to the OGS for
conversion to H2 and 0,, thus completing the water loop.

Coolant Loop Hardware. A distinct advantage of developing a self-contained
ARS is the capability for reducing the number of components and the interfaces
with the TSA. One o. the principal areas where this was implemented in the
ARX-1 was with the liquid coolant flow and supply.

Figure 32 shows the block diagram of the coolant loop hardware. The three
principal components that interface with the coolant flow are the Sabatier
condenser/separator, the condensing heat exchanger in the CHCS and the EDCM
heat ~xchanger. A combination of series/parallel flows and secondary coolant
loops was designed and implemented to provide the required coolant at the
desired temperatures t> the proper components. A key component that permits
this approach was a coolant flow diverter valve, shown in Figures 33 and 34.
This component was develoY?q)under this program and has been discussed in
detail in a prior report.

ARX-1 Hardware Mechanical Summary

The description of the functional concept and major compounents of the ARX-1
was presented above. Figure 35 is the overall schematic of the system.

Figure 36 shows the major components in the packaged mechanical hardware. The
total weight of this breadboard system, including all components, wiring,
plumbing and frame, is 281 kg (619 1b) and occupies an envelope of 71 x 96 x
114 cm (28 x 38 x 45 in). The ARX-1 mechanical hardware with its C/M I and
TSA, which comprise the test facility, is shown in Figure 37.

Control/Monitor Instrumentation

The C/M 1 selected ror the ARX-1 was an advanced instrumentation design using
minicomputer/software technologies. This C/M I, including an advanced operator/
subsystem interface panel, was designed to be packaged in a separate self-co:
tained enclosure (Figure 38). The function of the C/M I was to provide auto-
matic mode and mode transition control, automatic shutdown provisions for
self-protection, provisions for monitoring system parameters and provisions

for interfacing with ground test instrumentation.

Operating Modes and Mode Transitions. The C/M I provided five operating
modes: (1) Shutdown, (2) Normal, (3) Purge, (4) Standby and (5) Unpowered.
These operating modes and allowable mode transitions are shown in Figure 39.
In the Normal Mode the system provides the function of removing and reducing
COz, generating 0,, and NZ’ controlling cabin humidity and distributing or
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Motor
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FIGURE 33 ASSEMBLED DIVERTER VALVE
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FIGURE 38 ARX-1 CONTROL AND MONITOR INSTRUMENTATION
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storing water, as required. In the Shutdown Mode these functions are inopera-
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 maintained at operating %emperatutes
and pressures; however, actual conversion processes are not taking place.
Finally, in the Unpowered Mode, no electrical power is applied to the system
and there are no fluid flows.

System Control and Monitoring. There are 16 software/hardware controls needed
to operate the hardware. 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 N2 Generation Module (NGM)
pressure and temperature.

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, cur-
rents, voltages, liquid levels, combustible gas presence and valve positions.

Operator/System Interface. The operator/system interface of the C/M I is
shown in Figure 40. The operator can ccmmunicate witl: the ARX-1 through this
interface panel. The panel is subdivided into three major areas: System
Status, Operator Commands and System Control.

Overall system status is provided in the upper left-hand portion of the panel.
The status summary is given as Normal, Caution, Warning or Alarm and is deter-
mined by the worst case condition for any critical parameter. A Reset button
is provided to clear the status summary and reset the subsystem monitoring
functions. Messages and information concerning the system are displayed on a
CRT located below the status summary indicators. The CRT is used to display
fault diagnostic messages, present status and values of selected sensors,
operator/system input/output data, operator-to-system communications, elapsed
times and system~to-operator communications.

The operator commands section in the lower left-hand corner provides the
capability of the operator to communicate with the C/M I. Capability exists
for entering data, examining current values, updating scale factors, modifying
setpoints or allowable ranges and control of the CRT.

Manual initiation of the four operating modes (Normal, Standby, Purge and
Shutdown) is provided in the upper right-hand corner of the panel. The controls
automatically prevent the operator from initiating an illegal mode tramsition,
e.g., Normal to Purge. The subsystem will not respond to an illegal mode
transition command. Accidental mode initiation is prevented by providing a

Mode Change Permit button which must be simultaneously depressed with the
desired mode button.

The control status is located directly below the operating mode/commands
section. Three lights are provided to indicate whether one of the automatic
protection overrides or an actuator override has been activiated. A light is
also provided to indicate when the panel switches have been disabled, a condi-
tion used to prevent unauthorized personnel to activate any button.
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Manual controls, designed primarily for use during system debug or off-design
operation, are provided behind an access panel located immediately below the
operator commands and system control sections. Overrides are provided for all
actuators in the form of toggle switches. The actuator overrides must be
placed in an automatic position for the system to operate normally. Also,
manual adjustments are provided for adjusting certain setpoints such as EDCM
current and Sabatier reactor temperature. The access panel is normally closed
to prevent unauthorized actuations.

ARX-1 Testing

The ARX-1 testing was conducted for a period of 120 days and included testing
at the component, subsystem, C/M I (hardware and software) and total system
levels. Specific testing activities which occurred during the checkout,
shakedown and endurance phases are shown in Figure 41.

A total of 480 h (20 d) of successful integrated operation in the Normal mode
was achieved. Normal mode excliudes the time required for the transitions
Shutdown to Normal and Normal to Shutdown. These transitions typically require
0.5 h each and primarily involve the pressurization or depressurization of the
0GS. Of the total mormal operation, two seven-day periods of continuous opera-
tion were achieved.

The overall system performance is shown in Figure 42. It is seen that the
ARX-1 removed CO, at greater “han the one-person level and generated O, above
the design level " which accounted for one person’s metabolic consumption plus
an allowance for overboard leakage. The curve for net water recovered is the
algebraic total of the water (1) removed by the CHCS from the simulated cabin
atmosphere, (2) removed by the S-CRS condenser/separator and (3) supplied to
the 0GS. The majority is that removed by the CHCS.

While Figure 42 presents the performance of the overall ARX-1 system, indivi-
dual subsystem performances for the EDC, CHCS and S-CRS are given in Figures 43,
44 and 45, respectively. The six-cell, liquid-cooled EDCM performed exception-
ally well with an average cell voltage ¢l 0.46 V and CO, transfer efficiency
of 82%. The CHCS reliably controlled dew point to the EDC at 286 K (56 F) in
response to varying inlet RH conditions. The S-CRS maintained H, conversion
efficiencies consistently near 100%. This was to be expected since the H,_/CO
mole ratio at the S~CRS inlet was about 2.6 instead of the & required for
stoichiometric operation.

2

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.,
OGS H, used by EDC), (3) a single integrated C/M I can simplify the collection
and display of engineering data, (4) single one-button startup of several
subsystems can be achieved, (5) the system 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 saved. To illustrate the
last point, Figure 46 shows the total test time accumulated on the major
subsystems and components of the ARX-1. Over 10,000 hours of testing have

66

"

ek




Life Systems, Jnc.

METAMIAO IS3AL I-X¥V 1% 3WNOI4

P ‘auwty 18]
ot1 so1 06 SL 09 ch ] ST
I | i L | LN ) |

3991 T0a3u0) AITPTIENH 0Q2/SOHD

poppy dsag ses JusT00) §50
3ur8ang/unopinys Jjo-a9moqd 103

P3o93393uT ATTWOFIIONTE NSV Pu® I K/D

saouanbeg umopanysg/dniaels Zi

SUOTI®ITITPONR ‘Supoudndag 3awal,os

|
I FONVINANT _

POPPY 291T033u0) umopInys Lavjuawatddng
wogIvadajul $50/SY0-S/0ad/SOHD

Supouanbag umopinys/dniaels

(eanseaad 3w) saupanoy ALyddng pue UOFIDITTOD 19IvM
f$ugouanbag uorivzranesdadaq/uoy3lvzIINSsard WAMIS
10a3uo) 13faIvqus puB WOQH

I wvoqawvus -

29TT0I3U0) IINSFIZJI-IAYL $90

1013U0) pu® 32UBIITOL SOHI

203vawdag se9/pPENbyT usaadg drqoydoxpiy
8doo] £1ddng pue UOFIVITIOD ad3IepM
10a3u0) pue uogjerad( SIATEA 13IIBAT(Q
uoI3v1qFIE)H 108UIS

p——— zn0d0aHO

67



5o -
P SEEmAt s A ke e

FONVINOINId WILSAS T-X4YV TH% F¥NOI

Yy ‘swy] Supjeaadp
00¢

[

B

it

IWa9uay
() spTrir g
o
N
et
o
~ M
~ 8
<
[1:3
(-9

oqe3

H e

e IS e

vedersd

sab M
1l

P/4QI ‘pairviduay
ua84xg 33N

voT vunmm

I9

1>/3>1z
‘panomwwy 0D

P/q1 ‘paidaoday
I3iey 3aN

o8 Spiiht SO SOt 4

Life Systems. Jue.

p/31 ‘paievioudy

P/33 ‘paaanoday

ua84xpy IoN

193ey 39N

68

-



A

Life Systems. Inc.

RZAL
¢ paxxagzsusij
<00

0001

dONVIIOINAd 0@d T-X94V €% qUNOId

y ‘awpl Sujieaadp

006 00Y
¢ I

i

o

< o~
o o

A fo8exyop

1120 *3ay

ajsuel]
00

¢

o~
[ ]
paix

€

6S

o o o
[aa] (]
Zu/vu
‘£3Fsuaq
juaxan)

(=4
"2



Life Systems, Jnc.

J ‘@anjexadmay
qIng £xq 3@TUI

d ‘v
qIng £1q ‘3urog aaQ

p/q1
‘poaomay Ad3eM

IONVINOIEd SOHO T-X¥V &% FWAOIL

4y ‘awy] 3upzexadg

00y
- .H\ﬂ S

0L

A o

i ‘e - FRE L.
B T ls N

— et

ot

I ....h

SRS JEPRES SIS S
T [

IS

B aeveislonsass

.

i *2anjexadmaj
qrng £1q 397Ul

p: A
qing £1qg *‘3urog maQq

p/3%
‘pasowoay Iajeym

70



Life Systems, Jue.

d P/qt
‘-dmdy 1030®ey ‘paAoudy 133y

o

I

Operating Time, h

FIGURE 45 ARX-1 S-CRS PERFORMANCE

i
o
~

p.| z ‘3131 4/eud
‘-duey 1030®mOY uofsaaauo) g » Zqp ‘paAoumay 3eM

71



y ‘amry Supjexadg

00001 0001 001

SHALSASENS/SINANOAHOD T-X¥V 10 ONILSAL HIIT 9% H9NOIA

Life Systems, Jnc.

I9TT013U0)
3INS891g $90

I03leaedag
anbe1g snoiog

103eaedag
u93Idg /133y

S9ATEA JI931I9AIQ
nsv

SaATEA I93113AIQ
I-Xuv

Juauoduoy
nsv

I W/D
SOHD

oqd

$90

S40-8
wa3sfsqng

mWIISLS
p23ieadajuy

o
~

s s s




Life Systems, Jnc.

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.

TEST SUPPORT ACCESSORIES DEVELOPMENTS

Test Support Accessories were designed and developed to support the test
objectives of single cell, subsystem and integrated system EDC tests. Single
cell TSA supported the advanced performance level (B level) testing. Sub-
system TSA was developed for the CS-3. The integrated system EDC TSA focused
on (1) developing an EDC ASU which was used to simulate a spacecraft cabin
environment for EDC subsystem testing now and in the tuture and (2) developing
the TSA to support the ARX-1 testing.

Single Cell Test Stands

As part of the overall TSA support activities, previously fabricated, multi-
position single cell test facilities were refurbished and upgraded. Two
phases of refurbishment activities were performed: initial upgrading and final
refinement to meet the requirements for advanced performance level (B level)
testing.

Initial Refurbishment and Upgrading e

e

The single cell, three-position test stand previously fabricated(SJ was refur-
bished and upgraded to replace worn components and to increase the level of
control and monitor sophistication consistent with the advancement in EDC
technology.

The initial test stand had a capability to simultaneously test> three different
individual single cells. One of the test positions was eliminated to allow
for the addition of the components and parts needed to incorporate desired
improvements. Each of the two remaining positions, however, were upgraded to
allow testing at the submodule level, e.g., stacking from one to five cells
between one set of end plates.

The major improvement incorporated into the test facilities included upgrading
the current controllers to allow for higher current operating raages consistent
with the advanced cells, addition of provisions to allow for internally air-
cooled cells and incorporation of positive feedback control of inlet process
air humidity, as well as module temperature differentials (inlet dew point to
outlet dry bulb temperature differential). In addition, safety shutdowns for
H, backpressure, as well as humidity and temperature differential bands were
a%ded to the already existing cell voltage monitoring capability. Table 9 is

a summary comnarison of the updated test stand compared to its previous
capabilities.

Advanced Level Technology Test Capability

To prepare for the advanced performance level single cell testing (described
further below), additional improvements were added to the two submodule test
facilities. 1In addition, a separate test facility was fabricated to allow for
simultaneous pzrametric testing in parallel with single cell endurance testing
at the original two test positions.
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&

10.

11.

12.

13.

14.

15.

TABLE 9 SUMMARY OF SINGLE CELL TEST STAND IMPROVEMENTS

Increased current capability

Increased voltage range, negative
and positive

Replacement of temperature.
controllers

Improved liquid coolant
temperatyre stability

Addition of air cooling
capability

Replacement of all liquid puﬁps

Relocation and rewiring of
electronics

Relocation of electrical module
connections

Addition of anode gas pressure
shutdowns

Replacement of worn valves,
heaters and relays

Updated process air heat
exchanger

Improved control of process
air dry bulb temperature

Improved module temperature
_control

Improved temperature sensors
for contrel and monitor

Dew Point temperature readout

74

Original Stand

0 to 10 A

-1.9 V to +4.5 V

Mechanical

" Relays

Dependent
Control

Nonexistent

H,0 Submergible

2

Table Top
Mounting

Table Top
Mounting
None

Functional

Coolant and
Tape Heaters on
Copper Pipe

None

Constant Level

Thermocouples

None

Updated Stand

0 to 25 A

“1.5V to +7.5V
Sqlid State
Independent

2 of 3
Positi::ns

Nonsubmergible

Above Test
Bed Area

Above Test
Area

1 of 3
Positions

Improved
Reliability

In-line Cooling
and Heating
(Feedback
Controlled)

AT Control
(Dry Bulb-Dew
Point) or
Constant Level

AT Control
(Dry Bulb-Dew
Point) or
Constant Level

Resistance
Teumperature
Sensors

Digital
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The requirements of tiue advanced performance level testing (B level' were
established to meet the needs of the test program and are listed in Table 10.
As Table 10 shows, the operating ranges selected are consistent with applica-
tion of the EDC to projected spacecraft environments. Also, special emphasis
was placed on defining and implementing automatic protection, feedback controls
and operating parameter monitoring. Design and {abrication of the test facili-
ties were completed and all requirements incorporated.

Three-Person Preprototype EDC Subsystem

The TSA developed for the US-3 supplied process and cooling air, H,, N, purge,
vent for the H,/CO. exhaust stream, electrical power (60 and 400 HZ poWer),
provisions for“parametric data display and provisions for collection of para-
metric data via a 24-hour DAS. To perform the fluid supply and vent functions,
as well as rarawetric data display and electrical power, exis*ing TSA previously
used with the CX-1 was modified to meet the requirements for the CS5-3 testing.
Modifications consisted primarily of increasing the capacity from the previously
used one-person to the three-person level. A separ:te tem:._rature controlled
cooling air stream, including a liquid/air heat exchanger, was provided.

A data collection and storage capability was developed in terms of a 24-hour
DAS. This unit was designed to collect out-of-range parametric values from
all the sensors of the CS-3 and store them on a floppy disk memory. Recall
and display in engineering units was provided to a CRT. Data was collected by
exception, i.e., any parameter falling out of present but controllable limits
were stored for izter retrieval. The capacity of the 24-hour DAS was such
that all sensors of the CS-3 could be recorded at two-minute intervals and
their values stored for a 24-hour puriod. Figure 47 is a photograph of the
24-hour DAS showing its minicomputer, dual floppy disks, CRT display unit,
standard alphanumeric operator keyboard and line printer. The line printer
permitted hard-copy record keeping of the out-of-tolerance or, if desiied,
normal sensor data.

Air Supply Unit

The ASU of the EDC TSA is a closed-loop air supply and conditioning system
designed to simulate the various air temperature, gas composition and humidity
conditions that could be encountered in a spacecraft cabin. The ASU is used
primarily to supply process and cooling air to the EDC; however, it can also
be used for numerous other air treatment and air control tests.

The design approach taken was similar to standard air conditioning practice.
The heart of the ASU is the contractor-provided, six-person, iiquid-cooled
condensing heat exchanger. Process air at . dew point temperatuve higher than
that desired is chilled to the desired dew poiut and subsequertly post-heated
to obtain the dry bulb elevation, i.e., desired RH. In order to nave the pro-
cess air dew point above the desired level before entering the heat exchanger,
water is sprayed into the loop. The ASU is a closed loop system so that all
of the air is first chilled, then heated during each pass around the loop.
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TABLE 10 B LIVEL TSA REQUIREMENTS

Number of Test Positions
(Single-Cell)
Cell Hardware
Cooling
Operating Ranges
Current, A
pC02, Pa (mm Hg)
RH, Z
Temperature, K (F)
H, + CO, Backpressure, '  ‘psig)

Alr Flo& per Cell, dm3/+... “ocfm)

Automatic Protection

Controls

Monitor

Three (One for Checkcut and Para- . :
metric Tests anu Two for Endurance P
Tests) ) E

Advanced Configuration

Liquid or Air

0 to 20

Ambient to 1330 (Ambient to 10)
26 to 80

291 to 300 (65 to 80)

0 to 68.9 (0 to 10)

0 to 0.94 (0 to 2)

Low Cell Volt-~ge
High Temperature ‘
High Backpressure :
Low Backpressure

Constant Current

Cell Temperature
Inlet/Outlet Dew Point
Automatic Saturator Refill

Current

Voltage

Inlet/Outlet Dew Points (Air)
Inlet/Outlet Temperatures (Air)
Inlet/Cutlet pCO2 (Air)

Outlet pCO, (HZ)
Air Flow ~

H2 Flow

H, + CO2 Flow
0. Flo?
In?et/Outlet Temperature (Coolant)
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FIGURE 47 CS-3 DATA ACQUISITION SYSTEM
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The principal components of the ASU are shown schematically in Figure 48.
Physically, the ASU is divided into two parts. The first, the air processor,
includes the cordensing heat exchanger, circulation blower, spray chamber,
spray pump, water reservoir, air heater and associated ducting, piping and
support structure. These components are pictured in Figure 49. The ASU
design specifications are listed in Table 11. The flow is established by the
constant speed blower and.the setting of the damper valves. While total
circulation may be 17.0 m™ /min (600 cfm), it is possible to draw off the
desired quantities of process 21ad cooling air to the EDC. As shown in the
schematic, the ASU has the capability of supplying two systems under test
simultaneously.

The water is supplied tc the air through a pump and spray nozzle. Excess and
condensed water is gravity returned to the reservoir. The 5000 W electric
heater can give a 12 K (20 F) elevation in dry bulb temperature at a nominal
flow rate of 14.2 m”/min (500 cfm).

Aside from the sensors, all instrumentation is housed in the ASU control and
monitor cabinet pictured in Figure 50. This includes the controls to operate
the blower, water pump and heater; the instrumentation and sensors to monitor
and control temperature, pressure, humidity, CO, and O, levels; and the capa-
bility to periodically calibrate the instruments. In addition, shutdewn
capability both within the ASU and to and from other subsystems exists. The
shutdown parameters are dry bulb and dew point temperature, air flow, H2
concentration and an external signal.

The ASU was tested extensively and met_or exceeded all design specifications.
Air flow capability was from 0 to 20 m /min (750 cfm). Dew points were main-
tained from 279 to 301 K (42.5 to 82 F) and dry bulb temperatures from 279 to
302 K (42.5 to 85 F). Resulting RH levels ranged from 26% to 100% saturation.
The ASU was operated for more than 900 hours in support of the LBS-B/ORS-4(A)
testing »ad for over 8,000 hours in support of the ARX-1 testing.

One-Person Air Revitalization System

Test Support Accessories were developed to support the test program of the
ARX-1. A block diagram of the total TSA servicing the one-person ARS with its
C/M I and N2H Supply, is shown in Figure 51. Some of the TSA hardware was
developed or refurbished as part of this program; other hardware was provided
from prior programs and modified. This hardware included part or all of the
FSU, the ASU and its control, the CSU, the water source with liquid level
monitoring, the vent/vacuum source, the high N2 pressure supply for purging,
the DAS and the Parametric Datc Tisplay.

A major portion of the TSA activities was involved with the development of the
Parametric Data Display. The total unit, packaged in a separate cabinet, is
shown in Figure 52. It services all of the functions of the ARX-1. Specifi-
cally, it contains displays for temperatures, cell voltages and currents,
flows and pressures. Also shown in the lower portion of the cabinet are power
supplies required for rreration of the parametric Jata display cabinet and the
ARX-1.
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TABLE 11 ASU DESIGN SPECIFICATIONS

Crew Size

Processed Air
Flow Rate, m /min (cfm)
Dew Point Range, K (F)
Dry Bulb Range, K (F)
Humidity Range, %

Condensing Heat Exchanger

Heat Removal Capacity, kJ/s (Btu/h)

Effectiveness

Coolant 3
Flow Rate, dm /s (gpm)
Temperature, X (F)

System Pressure
Nominal, kPa (psia)
Deviaticn, kPa (in HZO)

Nominal Gas Composition, kPa (mm Hg)
0

c6
H 2
2
2

Physical
Air Processor
Size, WxDxH, m (ft)

N

Envelope Volume, m3 (fta)

Weight, kg (1b)
Power, W

Control and Monitor Cabinet

Size, WxDxH, m (ft)

Envelope Volume, m3 (ft3)

Weight, kg (1b)
Power, W

0 to 17.0 (0 to 600)
279 to 301 (42.5 to 82)
279 to 302 (42.5 to 85)

26 to 100

6.0 (20,500)

0.905

0.4 (6)
277 (40)

101 (14.7)
30.74 (23)

21.3 (160)

0 to 0.93 (0 to 7)

0.76 (5.7)
Makeup

3.4 x 0.91 x 1.8
(11 x 3.0 x 6.0)

5.7 (200)
270 (600)
6500

0.55 x 0.67 x 1.8

(1.8 x 2.2 x 6)

0.65 (23)
114 (250)
1000
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Air Processor

Controls
Shutdowr:
Monitors
Analysis Sample
Dew Point Contral
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FIGURE 50 ASU CONTROL AND MONITOR INSTRUMENTATION
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Temperatures

Cell Voltages
and Currents

Flows and
Pressures

Power
Supplies

FIGURE 52 ONE-PERSON AIR REVITALIZATION SYSTUM
PARAMETRIC DATA DISPLAY CABINET
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MINI-PRODUCT ASSURANCE PROGRAM

A mini-Product Assurance Program was established, implemented and maintained

throughout all phases of contractual performance including design, purchasing,
fabrication and testing.

Quality Assurance

Quality Assurance activities were included during the design studies, intev-
face requirement definitions and during inspection of fabricated and purchased
parts. The objective was to search out quality weaknesses and providc appropri-
ate corrective action. Also, a quality assurance effort was involved :r the
preparation of the Final Report with the objective of identifying an.. resclving
deficiencies that could affect the qualiity of fauture -equipment.

Reliability

Reliability personnel participated in the program to ensure (1) proper calibra-
tion of test equipment and TSA instrumentation, (2) adherence to test proce-
dures and (3) proper recording and reporting of test data and observations. A
survey of the component, subsystem and TSA designs was performed to determine
the calibratior requirements for testing. Appropriate components were cali-
brated during assembly and after installation.

A test procedure was estabhlished to ensure that all critical parameters were
properly monitored 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 ensure adherence to safety standards and
procedures essential to protect personnel and equipment. The program con-
sisted of identifying possible adverse subsystem and TSA characteristics,
reviewing designs and design changes for potential safety hazards, reviewing

NASA Alerts for safety information and incorporating the equipment's protec-
tive features.

Materials Control

A mini-Materials Control Program was initiated to provide assurance that tke
CS-3 and ARX-1 hardware did:preclude the efficient application «f a more
detailed materials control program during subsequent developments. As a goal,
materials of construction were selected to comply with projected spacecraft
material specifications.

Configuration Control
A mini-Configuration Management Program was established, implemented and

maintained. This program provided for documentation concerning interface
requirements for the ARX-1 testing and the CS-3 development and test as a part
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of the RLSE Program. The program was implemented with a primary goal to pro-
vide assurance that the efficient application of a more detailed configuration
management program can be applied during subsequent development of ARX hardware.

TECHNOLOGY ADVANCEMENT STUDIES

As part of the contractual effort several studies were completed that were
directed toward the advancement of the EDC technology. The studies were
grouped into nine different areas. A short description and major results of
the studies are listed in Table 12 and further described below. These studies
proviced valuable information which led to improved EDC cell hardware and
performance and subsystem operation, as well as the establishment of further
technology goals.

Electrode Teflor Loading Study

The Teflon loading, i.e., the percentage of Teflon in the catalyst binder on
the EDC electrode surface, significantly affects CO, removal efficiency and
cell voltage. The Teflon loading of the electrode Controls the hydrophobic
nature of the electrode and results in altering the electrode gas diffusion
layer thickness and the number of available reaction sites. A4 study was
conducted to determine if improvements in EDC performance were possible by
altering the Contractor's baseline electrode Tefloa loading.

Three cathodes with varying amounts of Teflon were fabricated and tested. Of
the three electrodes, one contained the previously established Contractor's
baseline Teflon composition, one contained a 10% lower than baseline loading,
while the third contained a 10% higher than baseline Teflon composition. The 9
electrodes were mounted and parametrically tested in standard 2.3 dm™ (0.25 ft%)
LDC single cells with internal air cooling.

The results of the testing are shown in Figures 53 and 54, showing CO, removal
and voltage performance of the three cathodes as a function of inlet pCO2
level and current density, respectively.

The 10% higher than baseline Teflon electrode exhibited poor CO, removal
efficiency and extremely poor clectrical performance, failing t6 maintain a
positive voltage and caused an early termination of the test. The 10% lower
than baseline Teflon electrode, while exhibiting a CO, removal efficiency
slightly less than baseline, did show a higher than normal cell voltage.

From these tests it was concluded that the optimum Teflon loading for 0O
removal occurs at the baseline loading while an electrode (cathode) more
optimized for power output (higher cell voltage) would require a composition
slightly less than baseline.

Alternate Anode (urrent Collector Design
A development effort was cvonducted to select an alternate technique to apply

the anode current collector to advanced EDC cell frames. The objective of
this study was to identify and demonstrate a technique that would prevent
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polysulfone crazing, occasionally observed after extended times (greater than
one year) with the presently used plating process. In addition to crazing,
the unit cost per frame was also high. The baseline design incorporated
plating of the anode current collector directly onto the polysulfone cell
frame. This process consisted of a series of steps including electroless
nickel plating fcllowed by silver and gold plating.

Three alternate techniques for applying anode current collectors to the cell
frames were investigated. One, called ion deposition plating, was evaluated
and was found to be inadequate due to the brittleness of the resulting plating.
A second plating technique, called plasma deposition, was found to be unaccept-
able due to ¢.triculty in achieving the required thickness and uniformity.

The th'rd technique evaluated proved acceptable and is presently projected for
the “cbricatien of future EDC cells. The design uses thin metal foil, sized
for the required current conduction, inserted into the anode cavity of the
cell and electron-beam weluaed to the current collector tabs. Modificatiors to
the polysulfone frame design were made to accept the metal foil, and the

injection mold for the frames was modified to be compatible with the new
process.

Electrical resistance checks were made from the external tabs to the internal
foil. A reduction ¢f one order of magnitude in internal resistance losses was
obtained compared to the plated design. Also, while materials costs are
similar, the eleciron-beam welding process is substantially lower in total
cost than plating.

Matrix Fabricator

Previously used fuel cell grade asbestos matrices are no longer commercially
available. For this reason LSI had previously defined a step-by-step proce-
dure for fabricating reconstituted fuel cell grade asbestos matrices from

commercially available raw asbestos fibers. A matrix fabricator was required

to verify the procedure at the scaled-up level required by full-sized EDC
cells.

Based on the existing matrix manufacturing procedure and requirements, a new
asbestos matrix fabricator was designed. The unit is of a welded aluminum
construction to resist deterioracion due to fluids used during the matrix
fabrication procedures. The fabricator utilizes a rubber gasketed porous

nickel plaque to support the matrix material during the vacuum deposition
phase.

Combined Humidity/CO2 Control Concept

During normal operation of an EDC, the water produced by the electrochemical
reaction is transferred into the process air stream and exhausts into the

cabin atmosphere for subsequent removal by a separare humidity control subsystem.
For long-term space missions the water generated by the crew and by the reactions
cf the CO, removal process must be reclaimed for use within the spacecraft.

This suggests a concept of combining the humidity control function with the

CO2 removal function by removing both water and 002 from the process air
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stream taken from the cabin. The combined concept could potentially result in
overall system weight and volume savings. Two different approaches of combined
humidity/co2 control were investigated.

One approach is modification of the baseline EDC cell to incorporate hardware
to simultaneously fiusve water and CO,. This concept was extensively discussed
in a prior report. A water removal cavity is located adjacent to the
cathode air compartment. The pressure in this compartment is maintained by
vacuum vent at the vapor pressure corresponding to the desired cabin air dew
point. Tests showed that the concept is feasible but was limited due to (1)
difficulty in maintaining the absolute pressure levels in the 1.06 to 1.60 kPa
(8 to 12 mm Hg) range which corresponds to dew points in the 281 to 287 K (45
to 57 F) range, (2) structural constraints on the cell hardware design and (3)
overboard loss of water. Any advartage obtained in combining water and CO

removal within the cells is of{set by increased size and complexity of the
EDCH.

The second approach is the combined CHCS/EDC concept similar to that developed
for the ARX-1. Two separate components, the CHCS heat exchanger and the EDCM,
perform the dcsired functions of humidity and CO, removal. The CHCS is designed
to control to the desired dew point level and yet maintain the proper RH condi-
tions to the EDC.

The ARX-1 hardware permitted testing of this concept. Figure 55 shows the
results of varying the RH of the inlet to the CHCS in terms of the EDC average
RH response. The average RH is computed from the process air inlet and outlet
RHs. It is seen that this parameter was maintained fairly constant (desired
value is 80%) over the range of CHCS inlet RHs tested. The test was conducted
over 30 days of operation with both CHCS and EDCM coolant temperature setpoints
maintained at the baseline ievels. The results indicate that both CO, and
moisture removal was achieved with the hardware arrangement tested ana that

altering inlet conditions to the CHCS had minimal effect on the EDC operating
conditions.

Performance Deviation Study

During past EDC developments certain cells exhibited deviations from the
expected baseline performance, i.e., subnormal CO, removal and electrical
efficiencies. These same cells also exhibited ma%distributions of CO, removal,
water evolution and dry bulb temperature increases over the surface area of
the electrode. A performance deviation study was conducted to analytically
and experimenially investigate the observed maldistributions. The study
examined previous test data, then analvzed the data to identify a possible
cause(s) for the subnormal CO2 removal and electrical efficiencies.

The reason for low performance was trared to current maldistributions caused

by electrolyte (Cs, CO,) precipitation. Start of precipitation is normally
caused by out-of-tolerance interface conditions (process air RH, coolant
temperature, H, or N, RH, etc.) or lack of automatic controls (module tempera-
ture, cooling air flow, etc.). Reversal to baseline performance is not possible
once precipitation has occurred. As a result of the study, provisions were
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wvere included in the C/M I's of EDC's (such as the CS-3 and ARX-1) to monitor
for out-of-tolerance interfaces and operating conditions and automatic shutdown
of the EDC should preset limits be exceeded. Also, an advanced electrolyte
(LSI-D) has been developed by LSI to increase tolerance to low RH process air
streams.

Optimum EDC Current Density

A study was conducted to determine the optimum EDC current density that would
result in the lowest total equivalent weight for spacecraft application when
the EDC was used as a power generator as well as a 602 remover.

A computer program was written to facilitate calculation of total equivalent
weights based on given input parameters. The equivalent weight was determined
“rom several factors. These included CO, removal rate or capacity which re-
iated to fixed hardware weight. Also, weight penalties incurred because of
the power used, heat rejected and the 02 consumed by the EDC were included.

Computer results of total equivalent weight versus cnrrent density curves for
1-, 3-, 6- and 12-person EDCs are shown in Figure 56. In these and other test
cases, the optimum current density for the lowest total equivalent weight
occurred slightly below the current density that maximized CO, removal effi-
ciency. Using the EDC generated power in other electrochemical subsystems of
an ARS reduces overall power but has only a small impact on optimum EDC current
density. In general, a slightly lower current density than that for optimum
CO2 removal results.

Electrolyte Mixture Study

To expand the capability of EDCs to operate efficiently at the low process air
RHs encountered in spacecraft atmospheres (as ilow as 26% RH), electrolytes
composed of mixtures of carbonate salts were studied. The premise for the
study was that two dissimilar salts can produce concentrated solutions of
greater ionic solubility than the concentrated solution of either single salt.
This increased ionic solubility could maintain an increased ionic water bind-
ing force resulting in decreasing the water vapor pressure (pH,0) of the
solution. For EDC electrolytes it is necessary to comsider the dew point _
depression characteristics of both the carbonate (CO, ) and bicarbonate (HCO., )
forms of the electrolyte mixture since both species are present in an operating
EDC cell.

Mixture Selection Techniques

To match the low spacecraft atmosphere RH's (26% RH) requires el¢ :trolytes
which exhibit a high dew point depression. The electrolytes musc still be
carbonates to satisfy the basic EDC requirements. In this study the salts of
the alkali metal family were considered.

Both analytical and experimental evaluation of potential mixtures of the salts
were used in order to predict potentially promising ratios. Initially,
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potential mixtures were evaluated for optimum solubility based on the activity
coefficients of the independent salt councentrations in the solution. The dew
point depression characteristics of several of these mixtures were then experi-
mentally determined. Correlation between analytical prediction and experimental
results were difficult to establish and were inconclusive. Analyses indicated
that an equilibrium with 25% RH air was possible. However, practical EDC cell
operation would be substantially more limited due to operational gradients and
mass transport limits. Full-sized cell testing was therefore selected for

final determinations.

Single Cell Testing

A test program was performed in an attempt to predict electrolyte mixture
effects on EDC operation. The objectives of the test were to quantify possible
effects of the electrolyte mixtures on the CO, removal and electrical efficien-
cies of an EDC cell as a function of inlet ai¥ pCO, level, current density and
inlet RH. The electrolyte mixture with the potentlally highest dew point
depression was selected. A single cell EDC was assembled utilizing the CS-6
type hardware and charged with the electrolyte. The charge concentration was
adjusted to an ionic concentration equivalent to the baseline FDC C82003

charge solution.

The test results iilustrated only baseline performance, indicating that the
overall effects of mixed electrolytes on performance and RH capabilities are
negligible within the baseline operating ranges of an EDC.

Hydrated Salt Electrolytes

A study was conducted to determine if hydrated salt electrolytes could be used
to improve EDC voltage performance since hydrated salts allow generally for
increased operating temperatures. Higher operating temperatures h. e been
shown to result in higher cell voltage performance of the EDC cell.

A search of potential hydrated salts was made. Metal carbonates (e.g., L12C03,
K.CO,) have too high of a melting temperature to be applicable. The desired
meélting temperature is below 366 K (200 F). A group of organic carbonates had
properties that met this requirement. For example, tetramethylammonium car-
bonate with various hydration states has melting points at 342 K (156 F) and
near 368 K (203 F). From this consideration alone, certain organic carbonates
are potential EDC electrolytes. Further investigation, however, indicated
that their vapor pressure characteristicc may not be compatible with process
air moisture content. In addition, electrode poisoning due to electrolyte
decomposition in a basic solution was a potential problem.

On a subsystem level the high temperature EDC operation would require heating
the inlet process air. Even using a regenerative heat exchanger (i.e., recover-
ing the heat in the process air outlet) would place excessive weight, size and
power penalties on the concept. The increased penalties more than offset the
advantage obtained from higher cell voltage operation on an equivalent launch
weight basis. For this and the above reasons, further studies of hydrated

sait electrolytes were not recommended.
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B-Level Performance Technology Study

This study activity was directed toward the testing and analysis of LSI-generated
hardware concepts which indicated improvement in performance. Performance

levels were selected as goals to judge and compare EDC cell operation. These
performance levels were termed B-level performance goals. Previous EDC perfor-
mance goals, tfg?ed A-level, had been esta?éished prior to the development of

the one-person and the six-person EDCs. These goals were demonstrated

and exceeded during these developments. Therefore, the establishment of

B-level performance goals was required to further direct EDC technology advance-
ment.

Comparisons of A- and B-level performance as a function of inlet air pCO,,
operating current density and inlet air RH are presented in Figures 57, §8 and
59, respectively. The operating conditions for these comparisons are shown in
Table 13.

Study Approach

The testing to demonstrate B-level technology consisted of evaluating four EDC
hardware configurations or concepts (selected from eight potential candidate
configurations). Three levels of testing, consisting of c.ieckout/acceptance,
parametric and endurance testing were conducted. The checkout/acceptance test
screened the performance of each of the four concepts. Two were selected for
further parametric testing to determine the effects of the inlet air pCOz,
current density and inlet air RH.

Concept Selection Approach

The four cell hardware concepts tested during the B-level technology study

were chosen from a list of eight LSI-generated hardware configurations using
short-term screening tests (less than six hours) as required. The approach

for the selection of hardware concepts was based on three factors. The first
factor was the ability of the EDC hardware concept to demonstrate the complete
range of B-level performance goals. The second factor was the ability of the
concept to improve operational reliability through increased cell voltage and
increased tolerance to wide ranges in air RH. The last factor was the potential
of the concept to perform better in any single one of the performance character-
ization areas (e.g., cell voltage, CO2 removal efficiency) of the B-level
performance goals established.

Table 14 is a list of the four concepts selected for the B-level technology
study. This table also defines the basic cell hardware stackup, the type of
electrochemical cell hardware utilized and the primary reason for the selec-
tion of the concept.

Test Results and Analysis

The four concepts selected and listed in Table 14 were evaluated according to
the approach defined above.
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TABLE 13 BASELINE OPERATING CONDITIONS FOR
A AND B LEVEL PERFORMANCE COMPARISONS

pCOZ, Pa (mm Hg)

Current Density, mA/cm2

(ASF)

) {(c) 3, .
Air Flow/Cell, dm~/min (scfm)
Inlet Process Air Temperature, K (F)

Inlet RH, %

A Level
B Level

H2 + 002 Backpressure, Pa (psig)

(a) Variable for Figure 57
(b) Variable forzFigure 5
(c) TFor a 4.6 dm

100

(0.5 ft%) active cell area

400 (3.0)@)
21.5 (20)®)
4.5 (1.6)

294 13 (70 15)

70 to 80
50 to 60

Ambient
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High Hoisture Tolerance Cell Design. The initial checkout testing of the high
moistiure tolerance cell demonstrated sufficiently high performance levels to

be accepted for parametric testing. The baseline operating conditions selected
for all tests of this concept are defined in Table 15. The parametric test
results of this cell design are shown in Figures 60 through 63. The dashed
lines in each figure represent the B-level technology goals established for

EDC performance.

The performance of the high moisture tolerance cell design as a function of
inlet pCO, matched, within experimental error, the design goal, as indicated
in Figure®60. A shift in the peak of the per’ rmance curve as a function of

current density for the high moisture tolerance design is indicated in Figure 61.

Th§ maximum removal efficiency of 85% occurred at a current density of 26.9 mA/
cm” (25 ASF) compared to the B-level goal of 82% at a current of 20.4 mA/cm
(19 ASF). Electrical performance of the cell was approximately 0.1 V below

the goal.

2

The high moisture tolerance cell was operated over a wide range of inlet RH
conditions as illustrated in Figure &2. The cell performance as a function of
inlet air RH is shown in Figure 63. The cell showed excellent operating
tolerance over a range of inlet air RH (32 to 72%). The characteristically
curved shape of EDC performance versus RH was observed, with decreases in
performance both at high and low RH ranges. TFor the cell tested over the
indicated range in RH, the CO, removal performance varied from 60 to 85%. The
peak CO2 removal efficiency o€curred at an inlet RH level of 52%.

Based on the results of the parametric testing, the high moisture tolerance
cell was selected for endurance testing. The cell was successfully operated
for 75 days.

E-10 EDC Cell Design. The E-10 EDC is similar to the Contractor's high mois-
ture tolerance cell design except the baseline cathode is exchanged for an
E-10 type electrode. This electrode has a modified catalyst composition which
was previously demonstrated as an efficient O, evolution electrode. The
potential fo- increasing EDC operating voltagés was projected using this
electrode as tae cathode of an EDC. However, during the initial checkout
testing the E-10 EDC showed very high voltages (greater than 0.5 V) but failed
to maintain positive voltage operation after 2% hours and the testing was
discontinued.

Internal Electrolyte Reservoir Ce.l Design. The initial checkout testing of
the internal electrolyte reservoir cell design was performed at the baseline
conditions defined in Table 16. The results of :he checkout testing demon-

strated promising performance and, hence, acceptance for parametric testing.

The results of the parametric characterizations are shown in Figures 64 through
67.

Carbon dioxide removal efficiency of the internal electrolyte re<ervoir cell
as a function of inlet pCO, is shown in Figure 64. As shown, B-level tech-
nology performance above afll inlet pCO, level of 400 Pa (3 mm Hg) was obtained.
At lower pCO2 levels, the cell perforfance was slightly below the established
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TABLE 15 HIGH MOISTURE TOLERANCE CELL BASELINE
OPERATING CONDITIONS
Number of Cells 1
Current, A 9.76
Active Surface Area, dn’ (ftz) 4.6 (0.5)
Electrolyte LSI-D
Temperature, K (F) 299 *1.6 (78 *3)
Air Inlet Dew Point, K (F) 285 2.2 (54 #4)
Air Pressure Ambient
Air Inlet pCOz, Pa (mm Hg) 400 (3.0)
Air Flow Rate, dm3/min (scfm) 56 (2.0)
H, Flow Rate, dn’/min (ft>/h) 0.20 (0.42)
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TABLE 16 INTERNAL ELECTROLYTE RESERVOIR CELL
BASELINE OPERATING CONDITIONS

Number of Cells

Current, A

2

Active Surface Area, cm2 (ft
Electrolvte

Temperature, K (F)

Air Inlet Dew Point, K (F)
Air Pressure

Air Inlet pCO,, Pa (mm Hg)

2.’
Air Flow Rate, dm3/min (scfm)

H, Flow Rate, dm>/min (ft3/h)

2

108

1

9.4

438 (0.47)

LSI-D

299 1.5 (79 13)
285 0.5 (54 1)
Ambient

400 (3.0)

59 (2.1)

0.22 (0.46)
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technology goal. As shown in Figure 65, no peak in CO, removal efficiency was
observed as a function of current density over the range tested. As indicated,
performance was steadily increasing with decreasing current density level and
exceeded the goal above 19.4 mA/cm”® (18 ASF). Above that current density the
performance was slightly less than the performance goals established. The
range of inlet RH over which the electrolyte reservoir cell was tested is
defined in Figure 66 and the performance results are shown in Figure 67. The
cell was successfully operated over a range of 33 to 65% RH. A performance
peak was observed at an inlet RH level of 56% resulting in a CO, removal effi-
ciency of 80%. Voltage levels were generally less than the goa%s established.

While the internal electrolyte reservoir cell did not expand the operational
tolerance to RH, it demonstrated better performance levels, both CO, removal
and cell voltage, as a function of air RH. Also, operation at lower absolute
dew points and dry bulb temperatures still yielged good performance. Also,
with an increised current density of 32.3 mA/cm” (30 ASF), versus a baseline
of 21.5 mA/cm” (20 ASF), the cell successfully tolerated 28% RH.

The cell was selected for endurance testing based on the B-level of performance
demonstrated by the electrolyte reservoir cell during the parametric testing
and was successfully tested for 67 days.

Membrane Electrode Cell Design. The fourth cell design projected to demon-
strate B-level performance was the membrane electrode design. This concept
was projected as a method for altering the moisture content of an operational
EDC without changing the inlet air RH condition.

During the initial screening tests the membrane electrode concept demonstrated
two major effects on EDC cell performance. First, the projected change in
moisture content, hence potentially wide RH tolerance, was demonstrated.
Second, an increase in CO, removal performance was observed. For example, a
20% increase in CO, removal efficiency from 75 to 90% was demonstrated. The
cell, however, demonstrated voltage stability problems and further analysis
and testing is required to fully characterize the potential of this concept.

CONCLUSIONS
The following conclusions are a direct result of the program studies.

1. The state of technology development for the EDC concept has reached
a level where a functionally self-contained ARS design centered
around the advanced, liquid-cooled EDC has been demonstrated. The
ARS design incorporates a S-CRS, 0GS, CHCS and NSS and water handling.
and coolant flow hardware. This entire system is controlled and
monitored by a single, multipurpose C/M I.

2. The electrochemical CO, removal concept can be readily integrated
with an OGS and either”a S-CRS or a B-CRS with only a minimum number
of interface components and using state-of-the-art hardware. No
problems have been identified with using 0GS-generated H, in the
EDC, nor either of the CRSs using the EDC exhaust gases.
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10.

A five-cel%, liquid-Eooled EDC operating at 30 mA/cm2 (28 ASF) with
the 4.6 dm“ (0.50 ft“) advanced cellis n remove the CO, metabolically
generated by one person. High cell vel:iages (0.4 V) anﬁ CO, transfer
efficiencies (76%) have been demonstrated over a 30-day endurance
test,

The capability for operating an EDC directly with a varying space-
craft environment in terms of CO, and humidity loading conditions
now exists. This capability is %rovided by the development of
several humidity control subsystem components including diverter
valves, heat exchangers and two types of liquid/gas separators.

A closed-loop spacecraft cabin environment simulator or ASU capabi-
lity exists which will permit long-duration testing of future EDC
subsystems. This ASU can cover a wide range of environmental condi-
tions including changing temperature, humidity, 002 and 02 levels.
An alternae anode current collector design, integral to the cell
frame, is teasible and can be implemented with the advanced EDC cell
hardware. The design uses a metal foil, metallurgically bonded to
the current collector tabs. The new current collector design has
shown significant reduction in internal resistance losses and fabri-
cation cost of the cell.

The optimum EDC current density required to minimize total equivalent
weight of a spacecraft CO, removal subsystem is that current density
that optimizes CO remova% efficiency. This is true (within less

than 2%) when conSidering use of the electrical power generated by
an EDC.

Electrolyte (CsZCO ) precipitation, caused by out-of-tolerance
interface or opera%ing conditions, causes apparent current density
maldistributions in EDC cells. These maldistributions result in
subnormal CO, removal and electrical efficiencies. Development of
advanced C/M”I to monitor and control within preset limits prevents
subnormal performance. An LSI-developed electrolyte, LSI-D, greatly
increases operating ranges.

Electrode Teflon loading studies have indicated that the optimum
Teflon loading for maximum CO, removal is at the baseline loading
presently being used. RelatiVely minor changes in cell performance
would be obtained by either increasing or decreasing the Teflon
loading, i.e., cell voltage can be increased by up to 0.1 V with
decreased Teflon loading of 5 to 10% from baseline.

A series of supporting technology studies have verified that higher,
termed B-level, performance goals for EDC technology advancement

are achievable especially with respect to CO, removal efficiency.

New EDC cell concepts and designs, including”a high moisture tolerance
cell design and internal electrolyte reservoir cell design, have

shown that cell voltages above 0.4 V can be achieved over fairly

wide ranges of pCO,, cu rent density and RH. This level, however,

is still approximagely 0.1 V less than the goal established for the
B-level.
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RECOMMENDATIONS
The following recommendations are a direct result of the program's conclusions.

1. integration technology of an EDC with an OGS and a Bosch and/or
Sabatier-based CO, reduction process has been demonstrated. A
one-person capaci%y, experimental, laboratory breadboard ARS inte-
grating the EDC with a CHCS, S-CRS, OGS and NSS and water haundling
and distribution hardware has been designed, fabricated and assembled
and tested. A centralized C/M I approach for all ARS functions has
been implemented. The next steps recommended for advancing EDC

' technology as part of an ARS are to (1) initiate the development of
a preprototype, one-person ARS leading to a fligiit experipea- to be
flown aboard Shuttle/Spacelab, with emphasis being placed on design-

ing for Spacelab interfaces, developing optimum packag . minimiz-
ing crew involvement and developing required ancillavy . . .onents,
(2) continue testing of the existing ARX-1 to broaden . . -chnology

base for the flight experiment ARS and (3) verify the c¢. .paribility
of the regenerated atmosphere with living organisms such as mammals
and/or any negative effects of the mammal-generated contaminants or
the equipment.

ro

The development of an independent EDC subsystem for integration with
other RLSE components at the three-person level has been achieved.
For extended duration Shuttle missions, the regenerable CO, removal
concept based on the EDC offers significant advantages over any
nonregenerable approach. It is recommended that a seven-person
capacity EDC subsystem be developed for the extended Shuttle missions.
A Sabatier reactor should be packaged with the EDC to provide 02
recovery in the form of product water.

3. Integration of the EDC with other EC/LSS subsystems demonstrated the
simplification of the overall ARS function by the elimination of
redundant components. Further simplification at the subsystem level
is possible and recommended by combining actuator and sensor functions
into single hardware assemblies. TFor example, the fluid control
function now performed in an EDC by four solenoid valves, one orifice,
three pressure transducers, two flow sensorc and one pressure regulator,
should be packaged into one assembly.

4. High performance levels have been demonstrated by individual, advanced
cells or a low number (less than 16) of advanced cells packaged into
modules. Fabrication techniques and cell configurations should be
developed to ensure reproducibility at a la.ger scale of the EDC
cell characteristics responsible for the high performance levels.

5. Performance improvement experiments should be continued to more
fully establish the new advanced B-~level of EDC technology. This
effort should focus on (1) increasing cell voltage to greater than
or equal to 0.5 V and (2) achieving constant performance over wide
ranges in RH. Previous testing established that the new goal for
CO2 removal efficiency could be met. Following establishment of a
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new baseline EDC cell electrode/matrix/electrolyte combination
through the B-level test activities, it should be incorporated and

tested at a scaled-up level using the EDC hardware of the ARX~1 as a
test bed.

10.

REFERENCES

Samonski, F. H. and Neel, J. M , "Atmosphere Pevitalization for Manned . :
Spacecraft - An Assessment of Technology Readiness,” presented at the !
24th Congress, Baku USSR; October, 1973. ’

Quattrone, P. D., "Spacecraft Oxygen Recovery System," Astronautica Acta
18, No. 4, pp. 261-272; October, 1973.

Quattrone, P. D.; Babinski, A. D. and Wynveen, R. A., "Carbon Dioxide
Control and Oxygen Generation," presented at the ASME Conference, Paper
No. 70-AV/S~T-8, Los Angeles, CA; June, 1970.

Wynve.i, R. A. and Quattrone, P. D., "Electrochemical Carbon Dioxide
Concentrating System" presented at the SAE/ASME/AIAA Conference, Paper
No. 71-Av-21, San Francisco, CA; July, 1971.

Wynveen, R. A.; Schubert, F. H. and Powell, J. D., "One-Man, Self-Contained i
CO, Concentrator System," Final Report, Contract NAS2-6118, NASA CR-114426, N
Life Systems, Inc., Cleveland, OH; March, 1972,

Powell, J. D.; Schubert, F. H.; Marshall, R. D. and Shumar, J. W., '"Six-Man,
Self-Contained Carbon Dioxide Concentrator Subsystem," Final Report,
Contract NAS2-6478, NASA CR-114743, Life Systems, Inc., Cleveland, OH;

June, 1974.

Kostell, G. D.; Schubert, F. H.; Shumar, J. W., Hallick, T. M. and Jensen,
F. C., "Six-Man, Self-Contained Carbon Dioxide Concentrator Subsystem for
Space Station Prototype (SSP) Application," Final Report, Contract NAS2-
6478, NASA CR-114742, Life Systems, Inc., Cleveland, OH; May, 1974.

Schubert, F. H. and Quattrone, P. I., "Development of a Six-Man, Self-
Contained Carbon Dioxide Collection Subsystem for Spacecraft Application,"
Paper No. 74-ENAs-16, Intersociety Conference on Environmental Systems,
Seattle, WA; July, 1974.

Winnick, J.; Marshall, R. D. and Schubert, F. H., "An Electrochemical
Device for Carbon Dioxide Concentration, I. System Design and Performance,"
I&EC Process Design and Development, Volume 13, pp. 59-63; January, 1974.

Schneider, J. J.; Schubert, F. H.; Hallick, T. M. and Woods, R. R.,
"Electrochemical Carbon Dioxide Concentrator Advanced Technology Tasks,"
Final Report, Contract NAS2-64°4, CR-137732, Life Systems, Inc., tleveland,
OH; October, 1975.

116



>

RAah G

Life Systems, Jne.

11.

12.

13.

14.

15.

16.

17.

18.

Schubert, F. H.; Woods, R. R.; Hallick, T. M. and Heppner, D. B., "Tech-
nology Advancement of the Electrochemical CO, Concentrating Process,"
Annual Report, Contract NAS2-8666, NASA CR-1§1995, Life Systems, Inc.,
Cleveland, OH; April, 1977.

Schubert, F. H.; Wecods, R. R.; Hallick, T. M. and Heppner, D. B., "Tech-
nology Advancement of the Electrochemical 0. Zencentrating Process,"
Annual Report, Contract NAS2-8666, CR-152098, Life Systems, Inc., Cleve-
land, OH; March, 1978.

Yang, P. Y.; Gyorki, J. R. and Wynveen, R. A., "Instrumentation for Con-
trolling and Monitoring Environmental Control and Life Support Systems,"
Paper No. 78-ENAs-40, Intersociety Conference on Environmental Systems,
San Diege, CA; July, 1978.

Heppner, . B.; Sharma, M. P. and Schubert, F. H. "Preprototype Electro-
chemical CO, Concentrater Subsystem," Computer Math Model User's Manual,
Contract NA§2-8666, Life Systems, Inc., Cleveland, OH; September, 1978.

Schubert, F. H.; Quattrone, P. D. and Clark, D. C., "Integrated Testing
of an Electrochemical Depolarized CO, Concentrator (EDC) and a Bosch CO
Reduction Subsystem (BRS)," Paper No. 76-ENAs-35, Intersociety Conference
on Environmental Systems, San Diego, CA; July, 1976.

Heppner, D. B.; Hallick, T. M. and Schubert, F. H., "Integrated Operation
of a Bosch-Based Oxygen Recovery System," Final Report, Contract NAS8-30891,
Life Systems, Inc., Cleveland, OH; September, 1977.

Schubert, F. H. and Wynveen, R. A., "Technology Advancement of the Static
Feed Water Elect.olysis Process,”" Final Report, Contract NAS2-8682, NASA
CR-152073, Life Systems, Inc., Cleveland, OH; November, 1977.

Marshall, R. D. and Knebel, W. J., "Evaluation of a Spacecraft Nitrogen

Generator," Annual Report, Contract NAS2-8782, NASA CR-151983, Life
Systems, Inc., Cleveland, OH; January, 1977.

117



	0001A02.TIF
	0001A03.TIF
	0001A04.TIF
	0001A05.TIF
	0001A06.TIF
	0001A07.TIF
	0001A08.TIF
	0001A09.TIF
	0001A10.TIF
	0001A11.TIF
	0001A12.TIF
	0001A13.TIF
	0001A14.TIF
	0001B01.TIF
	0001B02.TIF
	0001B03.TIF
	0001B04.TIF
	0001B05.TIF
	0001B06.TIF
	0001B07.JPG
	0001B07.TIF
	0001B08.TIF
	0001B09.JPG
	0001B10.TIF
	0001B11.TIF
	0001B12.TIF
	0001B13.JPG
	0001B14.JPG
	0001C01.TIF
	0001C02.TIF
	0001C03.JPG
	0001C03.TIF
	0001C04.TIF
	0001C05.TIF
	0001C06.TIF
	0001C07.TIF
	0001C08.TIF
	0001C09.TIF
	0001C10.TIF
	0001C11.TIF
	0001C12.TIF
	0001C13.JPG
	0001C14.JPG
	0001D01.JPG
	0001D02.TIF
	0001D03.TIF
	0001D04.TIF
	0001D05.TIF
	0001D06.TIF
	0001D07.TIF
	0001D08.TIF
	0001D09.TIF
	0001D10.TIF
	0001D11.TIF
	0001D12.TIF
	0001D13.TIF
	0001D14.TIF
	0001E01.TIF
	0001E02.JPG
	0001E03.TIF
	0001E04.TIF
	0001E05.TIF
	0001E06.TIF
	0001E07.JPG
	0001E07.TIF
	0001E08.JPG
	0001E09.TIF
	0001E10.JPG
	0001E11.JPG
	0001E12.TIF
	0001E13.JPG
	0001E14.JPG
	0001F01.JPG
	0001F02.TIF
	0001F03.TIF
	0001F04.TIF
	0001F05.TIF
	0001F06.TIF
	0001F07.TIF
	0001F08.TIF
	0001F09.TIF
	0001F10.TIF
	0001F11.JPG
	0001F11.TIF
	0001F12.TIF
	0001F13.TIF
	0001F14.TIF
	0001G01.TIF
	0001G02.JPG
	0001G02.TIF
	0001G03.TIF
	0001G04.TIF
	0001G05.JPG
	0001G06.TIF
	0001G07.JPG
	0001G08.TIF
	0001G09.JPG
	0001G10.TIF
	0001G11.TIF
	0001G12.TIF
	0001G13.TIF
	0001G14.TIF
	0002A02.TIF
	0002A03.TIF
	0002A04.TIF
	0002A05.TIF
	0002A06.TIF
	0002A07.TIF
	0002A08.TIF
	0002A09.TIF
	0002A10.TIF
	0002A11.TIF
	0002A12.TIF
	0002A13.TIF
	0002A14.TIF
	0002B01.TIF
	0002B02.TIF
	0002B03.TIF
	0002B04.TIF
	0002B05.TIF
	0002B06.TIF
	0002B07.TIF
	0002B08.TIF
	0002B09.TIF
	0002B10.TIF
	0002B11.TIF
	0002B12.TIF
	0002B13.TIF
	0002B14.TIF
	0002C01.TIF



