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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 contractual 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 ad-~anced liquid-cooled Electrochemical Depolarized 
Carbon Dioxide Concentrator integrated with a Sabatier Carbon Di- 
oxide Reduction Subsystem in a laboratory breadboard Oxygen Recovery 
Sys tem . 

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

2 

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- 
sys tern 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 lb/d) . 



A f i v e - c e l l  module was s u c c e s s f u l l y  t e s t e d  a s  p a r t  o f  an  i n t e g r a t e d  Oxygen 
Recovery System which a l s o  included a  Sabat ier-based Carbon Diox i ie  Reduction 
Subsystem and an Oxygen Generation Subsystem. A 30-day t e s t  o f  t h i s  Oxygen 
Recovery System was performed. The t e s t  demonstrated t h e  long-term, m u l t i c e l l ,  
l iquid-cooled,  advanced Electrochemical  Depolarized Carbon Dioxide Concentra tor  
Module opera t ion  and v e r i f i e d  s a t i s f a c t o r y  opera t ion  wi th  t h e  hydrogen generated 
by t h e  Oxygen Generation Subsystem. A t  an o p e r a t i n g  c u r r e n t  d e n s i t y  o f  30.1 mA/ 
cm2 (28 ASF) t h e  average c e l l  vo l t ages  obta ined were 0.40 V f o r  t h e  Electrochemi- 
c a l  Depolarized Carbon Dioxide Concentrator and t h e  module e x h i b i t e d  an average 
carbon dioxide  t r a n s f e r  e f f i c i e n c y  of 76% f o r  t h e  dura t ion  o f  t h e  t e s t .  The 
S a b a t i e r  r e a c t o r  a l s o  demonstrated e f f i c i e n t  o p e r a t i o n  wi th  t h e  Elect rochemical  
Depolarized Carbon Dioxide Concentrator exhaust  gas .  The hydrogen conversion 
e f f i c i e n c y  of t h e  S a b a t i e r  r e a c t o r  throughout t h e  t e s t i n g  averaged 97%. 

The second l iquid-cooled module, c o n s i s t i n g  of s i x  c e l l s ,  was f a b r i c a t e d  and 
i n t e g r a t e d  wi th  o t h e r  a i r  r e v i t a l i z a t i o n  func t ions  t o  form a  se l f -con ta ined ,  
one-person A i r  R e v i t a l i z a t i o n  System. Cabin humidity c o n t r o l  subsystem hard- 

I! ware supplying precondi t ioned a i r  t o  t h e  Elect rochemical  Depolarized Carbon 
I Dioxide Concentrator a s  we l l  a s  c o n t r o l l i n g  cabin  humidity was designed and 

f a b r i c a t e d  t o  be an i n t e g r a l  p a r t  of t h e  Elect rochemical  Depolarized Carbon 
Dioxide Concentrator Subsystem. 

The combined carbon dioxide  and water 2 ~moval  hardware was f u n c t i o n a l l y  i n t e -  
g ra ted  wi th  o t h e r  major A i r  R e v i t a l i z a t i o n  System components such a s  a  Con- 
t ractor-developed S a b a t i e r  Reactor ,  water handl ing and d i s t r i b u t i o n  hardware 
and l i q u i d  coolant  loop components. Also, a  c e n t r a l i z e d  Control  and Monitor 
Ins t rumentat ion,  inc lud ing  one-button s t a r t u p  and shutdown of  t h e  t o t  - i n t e -  
g r a t e d  system, was designed and f a b r i c a t e d .  An Oxygen Generation Subsystem 
and a  Nitrogen Supply Subsystem being developed under o t h e r  NASA Ames Research 
Center c o n t r a c t s  were i n t e g r a t e d  wi th  t h e  hardware developed under t h i s  program 
t o  complet,? t h e  Air R e v i t a l i z a t i o n  System. 

During a  30-day i n t e g r a t e d  t e s t ,  e x c e l l e n t  Elect rochemical  Depolarized Carbon 
Dioxide 'oncentra tor  performance was demonstrated. A t  a c u r r e n t  d e n s i t y  of 

!i! 23 rnA/cm (21 ASP), t h e  average c e l l  vo l t age  obtained was 0.46 V and t h e  
module exh ib i t ed  an average t r a n s f e r  e f f i c i e n c y  of 87%. A s u b s t a n t i a l  r e -  
duc t ion  i n  t h e  t o t a l  number of components, in te rconnec t ions  and subsystem 
i n t e r f a c e s  was demonstrated by t r e a t i n g  t h e  requ i red  A i r  R e v i t a l i z a t i o n  System 
processes  a t  t h e  f u n c t i o n a l l y  i n t e g r a t e d  system l e v e l  r a t h e r  than a s  a  s e r i e s  
o f  i n d i v i d u a l  subsystems t h a t  must be i n t e g r a t e d .  Also,  genera t ion  of "--eal  
world" da ta  (by t e s t i n g  i n  t h e  p ro jec ted  f i n a l  a p p l i c a t i o n  conf igura t ion)  a s  
well a s  demonstration of savings  i n  t e s t i n g  c o s t s  and T e s t  Support Accessor ies  
hardware were demonstrated. 

A three-person preyrototype Electrochemical  Depolarized Carbon Dioxide Concen- 
t r a t i o n  Subsystem was designed, f a b r i c a t e d ,  t e s t e d  and de l ive red  t o  t h e  Nat ional  
Aeronautics and Space Adminis t ra t ion t o  be i n t e g r a t e d  and t e s t e d  i n  t h e  Regen- 
e r a t i v e  L i f e  Support Evaluat ion experiment.  The 15 c e l l ,  aiz-cooled subsystem 
exh ib i t ed  a c e l l  v o l t a g e  performance of 0.40 V a t  30.1 rnA/cm (28 ASF) and an 
average t r a n s f e r  e f f i c i e n c y  of 80%. 



Support of o t h e r  i n t e g r a t e d  subsystem t e s t  programs i n  t h e  a r e a  o f  carbon 
dioxide  removal was provided a s  p a r t  o f  t h e  program. A four-person capac i ty  
l abora to ry  breadboard Oxygen Recovery System c o n s i s t i n g  o f  an  a i r -coo led  
Electrochemical  Depolarized Carbon Dioxide Concentra tor ,  a  Bosch-based Carbon 
Dioxide Reduction Subsystem and an Oxygen Generation Subsystem was success- 
f u l l y  t e s t e d .  A t o t a l  of 3,000 hours of t e s t i n g  inc lud ing  checkout, shake- 
down, des ign v e r i f i c a t i o n  and endurance t e s t i n g  was accomplished. 

New s i n g l e  c e l l ,  subsystem and system l e v e l  Tes t  Support Accessor ies  were 
designed and cons t ruc ted .  The s i n g l e  c e l l  f a c i l i t i e s  were modi f i ca t ions  and 
refurbishments of p rev ious ly  developed t e s t  s t a n d s .  A new A i r  Supply Uni t  
with automatic c o n t r o l s  was cons t ruc ted  f o r  subsystem t e s t i n g .  This  c losed-  
loop A i r  Supply Unit  s imula tes  s p a c e c r a f t  environments and provides  t h e  capa- 
b i l i t y  f o r  c o n t r o l l i n g  and monitoring t h e  a i r  temperature,  dew p o i n t  tempera- 
t u r e ,  carbon dioxide  p a r t i a l  p r e s s u r e ,  oxygen p a r t i a l  p r e s s u r e  and a i r  flow 
r a t e .  This f a c i l i t y  provides  a  long-term test c a p a b i l i t y  f o r  Electrochemical  
Depolarized Carbon Dioxide Concentrator Subsystems ranging from a  one- t o  s i x -  
person capac i ty .  Addi t iona l ly ,  T e s t  Support Accessor ies  f o r  t h e  one-person 
A i r  R e v i t a l i z a t i o n  System were developed. 

The tecllnology advancement s t u d i e s  included i n v e s t i g a t i o n s  i n t o  n ine  s p e c i f i c  
a reas  r e l a t i n g  t o  t h e  Electrochemi 11 Depolarized Carbon Dioxide Concentrator 
process .  These a r e a s  were: 

1 .  The in f luence  of t h e  Tef lon c a t a l y s t  b inder  loading i n  t h e  e l e c -  
t r o d e s  on performance of t h e  Elect rochemical  Depolarized Carbon 
Dioxide Concentrator.  

2 .  The development of a  h igher  performance, lower c o s t  a l t e r n a t e  anode 
c u r r e n t  c o l l e c t o r  des ign.  

3. The scale-up and f a b r i c a t i o n  of a  c e l l  matr ix  f a b r i c a t o r .  

4.  An a p p l i c a t i o n  s t u d y  of us ing t h e  c e l l  hardware . t o  perform a mois- 
t u r e  removal func t ion .  

5. The i d e n t i f i c a t i ~ n  of t h e  causes o f  occas iona l ly  observed p e r f o r -  
mance dev ia t ions  assoc ia ted  wi th  m a l d i s t r i b u t i o n s  of carbon dioxide  
removal r a t e ,  water evo lu t ion  r a t e  and d r : ~  bulb temperature v a r i a -  
t i o n s  over t h e  c e l l  e l e c t r o d e  s u r f a c e .  

6 .  A s tudy t o  determine t h e  optimum c u r r e n t  d e n s i t y  of an Electrochemi- 
c a l  Depolarized Carbon Dioxide Concentra tor  when used a s  an e l e c t r i -  
c a l  power source a s  we l l  a s  a  carbon dioxide  remover. 

7 .  The development of c e l l  hardware conf igura t ions  and concepts t h a t  
enable  t h e  a t ta inment  of h igher  l e v e l  performance g o a l s ,  i . e . ,  c e l l  
vo l t age  of 0.50 V and a  carbon j i o x i d e  removal e f f i c i e n c y  o f  82% a t  
a  c u r r e n t  d e n s i t y  of 21.5 mA/cm (20 ASF). 



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 9 carhon dioxide removal efficiency of 
82% at 3 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 

I 

of metabolically-generated carbon dioxide aboard manned spacecraft. Continued , , 
development of related technology is recommended to further improve performance, i 
decrease equivalent weight and increase hardware reliabiiity. Successful , 
completion of this development will produce timely technology necessary to 
plan future advanced environmental 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- 2 based, advanced Control/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 2 was accumulated. 

o 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. 

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

o 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 (OGS). Over 900 hours of integration testing was 
accumulated. 

o Successfully completed several studies expanding the technology base 
for the EDC. 
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Established and de~onstrated new EDC performance standards for 
future EDC development. These standards include a 0.50 V2cell 
voltage and a GO2 removal efficiency of 82% at 21.5 mA/cm (20 ASF) . 

INTRODUCTION 

Regenerative processes for the revitalization of spacecraft atmos s are 
essential in making long-term manned missions in space a reality. PFU An 
important step in this overall revitalization process is the collection and 
concentration of the metabolically-produced CO for oxygen (0 ) recovery. 2 2 

The subject program continued the development and advancement of an electro- 
chemical CO concentrating process, a techniqu. that allows for the continuous 2 and efficient removal of CO from a spacecraft's cabin atmosphere and delivery 
of the CO premixed with hyarogen (HZ) to a C02 Reduction Subsystem (CRS) for 
subsequen$ 0 recovery. 

2. 

Background 

The Skylab program marked the beginning of the use of regenerative techniques 
for C02 collection using cyclic absorption/desorption beds containing commer- 
cial zeolites. The emerging requirement for maintaining the CO content of a 
spacecraft', atmosphere at a CO partial pressure (pC02) below 200 Pa (3 mm Hb) 

2 made the zeolite fgrtems unattractive due to their resulting high weight and 
volurne penalties. 

The electrochemical technique o f4~ffjentrating CO from an air environment has 
evolved over the past 13 years. 2 During this time the concept has pro- 
gressed from single cell operation through the fabrication, testing and integra- 
tion of multi?erson, self-contained subsystems for spacecraft application. 

The electrochemical removal technique works as follows: CO is continuously 
2 removed from a flowiyg 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 containicg an aqueous carbonate electrolyte 
solution. Plztes adjacent to the electrodes provide passageways for distribu- 
tion cf gases . ~ d  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 + 2C0 + 2H2 = 2CO + 2H 0 + electrical energy + heat 2 2 2 (1) 

Two moles of CO are theoretically transferred for one mole of 0 consumed. 
''.he vbserved razio of CO transferred to 0 consumed represents $he process 2 2 removal efficiency with a defined efficiency of 100% occurring when 2.75 kg 
(6.05 lb) of CO i.s removed for each kg (2.2 lb) of O2 consumed. 2 

(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 2 by increasing CO removal efficiencies at pC02 levels below 400 Pa 2 (3  nun Hg), increasing cell power output and broadening the tolerance 
of electrochemical cells for operation over wide ranges of cabin 
relative humidity (RH) ; 

2. 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 C02 
removal needs of a spacecraft ARS; 

3. 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; 

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

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

Program Organization 

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

1.0 Design, fabricate and assemble development hardware to evolve the 
EDC's technology from the existing level to an advanced level capable 
of efficiently removing C02 from a spacecraft's atmosphere and 
integrating with other Environmental Control/Life Support System 
(ECILSS) subsystems to form a spacecraft ARS. 

2.0 Design, develop, fabricate, assemble, functio~lally 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. 

3 .0  Establish, implement and maintain a mini-Product Assurance program 
through a11 phases of contractual performance including design, 
fabrication, purchasing, assembly, testing, packaging and shipment 
consistent with a program in the early stages of development. 

4.0 Perform a variety of subsystem and integrated systemis~tbs~~stem 
testing required to demonstrate readiness of the EDC concept. 

5.0 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. 



Report Organizat ion 

Th i s  F i n a l  Report covers  t h e  work performed dur ing  t h e  pe r iod  February,  1975 
through Narch, 1979. P o r t i o n s  of  t h e  work docum t?!:f2jn t h i s  r e p o r t  a r e  
covered i n  g r e a t e r  d e t a i l  i n  two Annual Reports .  The fol lowing f i v e  
s e c t i o n s  of t h i s  r e p o r t  p r e s e n t  t h e  t e c h n i c a l  r e s u l t s  grouped according t o  (1)  
Subsystem Developments, (2)  System I n t e g r a t i o n  Developments, (3)  TSA Develop- 
ments, (4) t l ini-Product Assurance Program and (5) Technology Advancement 
S t u d i e s .  These s e c t i o n s  a r e  followed by Conclusions and Recommendations based 
on t h e  work performed. 

The subsystem development a c t i v i t i e s  performed a s  p a r t  of  t h i s  program included 
( 1 )  con t inu ing  advancement o f  l iquid-cooled EDCs and (2) developing a  t h r e e -  , ., . 

person p repro to type  EDC subsystem. 

Liquid-Cooled EDC 

A c t i v i t i e s  completed under previous  EDC development programs had shown t h a t  
l iqu id -coo led  EDC c e l l s  e x h i b i t e d  s u b s t a n t i a l l y  h igher  CO oval  e f  f i c i e n -  

2(f6q The r e s u l t  o f  c i e s  than  a i r -coo led  c e l l s ,  e s p e c i a l l y  a t  low pC02 l e v e l s .  
such t e s t i n g  is demonstrated i n  F igure  3. The CO removal e f f i c i e n c y  is 
p l o t t e d  ve r sus  p rocess  a i r  i n l e t  pC0 f o r  a  l iqu ia -coo led  s i n g l e  c e l l  and 2 compared t o  a  l e a s t  squares  f i t  of  previous  a i r -coo led  EDC performance d a t a .  

The i n i t i a l  iquid-coo ed c e l l  t e s t i n g  had been performed v i t h  a  modified o l d  1' . -  - 3  s t y l e  2 .3  dm (0.23 k t  ) c e l l .  Subseqyent deve opment a c t i v i t i e s  r e s u l t e d  i n  3 t h e  des ign  and f a b r i c a t i o n  of  a  4.6 dm (0.5 f t  ) a c t i v e  c e l l  a r e a ,  l ightwe-ght ,  
advanced EDC c e l l  frame capable  of being i n j e c t i o n  mold i t h  p rov i s ions  f o r  
e i t h e r  i n t e r n a l  a i r  coo l ing  o r  i n t e r n a l  l i q u i d  cool ing.  ? f l y  A s  p a r t  of t h i s  

program, a  one-person c a p a c i t y ,  l iquid-cooled module was f a b r i c a t e d  us ing t h e  
advanced l iquid-cooled c e l l s  and t e s t e d  a s  p a r t  of a one-person l abora to ry  
breadboard Sabat ier -based 0  Recovery System (LBS-S/ORS-1(L)). To t e s t  t h e  

2  module, t h e  hardware eloped f o r  a  one-person, se l f -cdn ta ined  CO concentra-  
t i n g  subsystem (CX-l)P'Y vas  re fu rb i shed  and modified.  s i m i l a r l y T 2 t h e  TSA 
prev ious ly  used wi th  t h e  CX-1 was modified t o  suppor t  t h e  p ro jec ted  l i q u i d -  
cooled module t e s t i n g .  

P a s t  l iqu 'd-cooled performance d a t a  had i n d i c a t e d  t h a t  a  f ive -c  11 module wi th  2 2 
an 4 . 6  dm (0.5 f t  ) a c t i v e  c e l l  a r e a  and opera t ing  a t  30 mA/cm5 (28 ASF') 
could remove t h e  1  kg/d (2 .2  lb /d )  CO m e t a b o l i c a l l y  genera ted by one person.  

2  
Five advanced l iqu id -coo led  c e l l  frames s e r e  f a b r i c a t e d .  The(f6ymes used t h e  
advanced l igh twe igh t ,  plated-anode c u r r e n t  c o l l e c t o r  concept.  F igure  4 
shows a  f u n c t i o n a l  schematic of i n t e r n a l l y  l iqu id -coo led  advanced c e l l  frames. 
Figure  5 shows t h e  l iquid-cooled c e l l  frame and p a r t s  t h a t  make up a n  advanced 
l iqu id -coo led  c e l l .  The f i v e  c e l l s  were assembled us ing p l e x i g l a s s  end p l a t e s .  
Following assembly 'he module was charged wi th  61.57; cesium carbonate  (Cs CO ) 

2 3 e l e c t r o l y t e .  The module was then i n t e g r a t e d  wi th  t h e  CX-I and i t s  TSA f o r  
t e s t i n g .  This  a c t i v i t y  is  f u r t h e r  descr ibed under t h e  System I n t e g r a t i o n  
Developments s e c t i o n .  

A second module c o n s i s t i n g  of s i x  advanced, l iquid-cooled c e l l s  of t h e  cons t ruc -  
t i o n  d i scussed  above was f a b r i c a t e d .  S t a i n l e s s  s t e e l  end p l a t e s  were used. 
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Figure 6 is  a photograph of t he  assembled s i x - c e l l  module. This EDCM was used 
t o  support t he  one-person ARS development and t e s t i n g  which is  a l s o  discussed 
below. 

Three-Person Preprototype Subsystem 

A major hardware development performed under t h i s  program was t h e  design, 
f ab r i ca t i on ,  t e s t i n g  and de l ivery  of a three-person preprototype EDC Subsystem. 
A math model of t he  subsystem was a l s o  developed. Termed t h e  CS-3, t h i s  
sumystem was designed t o  operate  i n  t h e  NASA's Regenerative L i f e  Support 
Evaluation (RLSE) experiment i n  conjunction with o the r  a i r  r e v i t a l i z a t i o n  
s ~ b ~ y s t e m s .  The objec t ive  of t he  RLSE experiment was t o  demonstrate, poss ib ly  
by a Spacelab f l i g h t ,  t h e  opera t iona l  readiness  of regenerable l i f e  support  
hardware. 

The CS-3 design requirements a r e  given i n  Table 1 and r e f l e c t  t h e  Spacelab 
cabin conditions.  The CS-3 i s  designed t o  remove the  C02 generated by th ree  
persons i n  a Spacelab cabin environment. A s  such, it is  designed t o  remove 
the  C02 a t  a r a t e  corresponding t o  0.125 kg/h (0.275 lb/h)  . 
CS-3 Schematic and Operation 

The schematic of t he  preprototype CS-3 is  shown i n  Figure 7. Process a i r  i s  
drawn from an ac tua l  o r  simulated cabin a i r  source through an i s o l a t i o n  valve 
(V2), a f i l t e r  (AF1) and the  EDCM (EMI) by a s i n g l e  process a i r  fan  (Bl). The 
process a i r  is returned t o  t h e  source through an o u t l e t  i s o l a t i o n  valve (Vl). 
The i s o l a t i o n  valve prevents t he  module fr3m drying out  during nonoperational,  
low RH periods.  I n t e rna l ly ,  t he  process a i r  is manifolded t o  flow i n  p a r a l l e l  
through the  process a i r  c a v i t i e s  of  t he  15-cel l ,  a i r -cooled module. 

A dew poin t  sensor (Dl) and a t r i p l e  redundant temperature sensor (TI) monitor 
the  i n l e t  process a i r  t o  p ro t ec t  t he  subsystem from out-of-tolerance condi t ions 
of temperature and RH. The temperature of t h e  module i s  monitored using a 
t r i p l e  redundant temperature sensor (T2) located i n  t h e  process a i r  stream 
ex i t i ng  from the  electrochemical c e l l  c a v i t i e s .  A cooling a i r  f an  (B2) draws ' 

a i r  through the  cooling a i r  c a v i t i e s  of t he  15 c e l l s  of  t he  module t o  cont ro l  
module temperature. Cooling a i r  is drawn from the  cooling a i r  supply, e n t e r s  
t he  subsystem a t  the  bottom and is  returned t o  t h e  cooling a i r  stream a t  t h e  
top. The cooling a i r  temperature i s  measured upstream and downstream of t h e  
module using temperature sensors T3 and T4, r e ~ p e c t i v e l y .  

Hydrogen supplied by the OGS of the  RLSE passes through a flow sensor  (F l )  
p r i o r  t o  enter ing the  module. The H /C02 exhaust stream from the  module then 
passes through a second flow sensor ~ F Z ) ,  pressure sensors (P2 and P3) and 
exhausts the  subsystem e i t h e r  through a backpressure regula tor  (PR1) and a 
valve (V5) or  t o  the  CRS through V6. Pressure i n  t he  H l i n e ,  a s  sensed by 
P I ,  i s  maintained a t  g r ea t e r  than o r  equal t o  108 kPa (35.7 p s i a )  during 
operat ion t o  ensure t h a t  any poss ib le  H leakage would be from in te rna l - to -  
ex te rna l .  2 

Nitrogen (N2) purge gas i s  provided through valve V3. The N2 flow i s  cont ro l led  
by an o r i f i c e  (RX1) and i s  pressure  monitored by PI. The purge gas stream i s  
exhausted through V5 t o  vacuum vent .  





TABLE 1 CS-3 DESIGN SPECIFICATIONS 

Crew S i z e  

C02 Removal Rate ,  kg/h ( l b / h )  

Cabin pC02, Pa (nun Hg) 

Cabin p02, kPA ( p s i a )  

Cabin Temperature, K (F) 

Cabin Pressure ,  kPa ( p s i a )  

Process  Air 
R e l a t i v e  Humidity, % 
Dry Bulb, K (F) 

Cooling A i r  Temperature, K (F) 

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

H2 R e l a t i v e  Humidity, qb 

Purge Gas 

Purge Gas Pressure ,  kPa ( p s i z )  

E l e c t r i c a l  Power, VAC 

95 Max 

N2 

311.0 (45) 

115/200, 400 Hz, 3$? 

Gravi ty  





Hardware D e s c r i ~ t i o n  

The hardware t o  accomplish t h e  CS-3 func t ion  i s  c o i t a i n e d  i n  two s e p a r a t e  
packages. The mechanical hardware con ta ins  t h e  i 5 - c e l l  EDCM, a c t u a t o r s ,  
s e n s o r s ,  duc t ing  and frame. The second package con.cains t h e  C!M I. They a r e  
in te rconnec ted  by e l e c t r i c a l  cab l ing .  

Mechanical H a r J ~ ~ r e .  A f r o n t  view of  t h e  CS-3 mechanical hardware i s  shown i n  
F igure  8 .  I t  is  43 x  46 x  66 cm (17 x  18 x  26 i n )  and weighs 06 kg (102 l b ) .  
one f e a t u r e  of  t h e  mechanical des ign i s  t h a t  a l l  ancil lary-components a r e  l i n e  
rep laceab le  u n i t s  (LHU) and a r e  loca ted  near  t h e  f r o n t  of  t h e  subsystem. A l l  
a r e  mainta inable  from t h e  f r o n t .  The EDCM i s  no t  an LRU b u t  employs a n  i n  
s i t u  c e l l  maintenance concept.  This means t h a t  a n  i n d i v i d u a l  c e l l  can be 
e l e c t r i c a l l y  jumpered o u t  of o p e r a t i o n  wi thout  p h y s i c a l l y  d i smant l ing  t h e  
module. 

A r e a r  view of  t h e  CS-3 i s  shown i n  Figure  9 and i l l u s t r a t e s  t h e  mechanical 
and e l e c t r i c a l  i n t e r f a c e s .  Four f l u i d  l i n e s  s u p ~ l y  H , F2 and exhaust  t h e  
H2/COZ t o  e i t h e r  ven t  o r  t h e  CRS. The process  a i r  i n ? e t  and o u t l e t  duc t ing  
connect  t o  a  3 .8  cm (1.5 i n )  diameter f l ange  which mates t o  t h e  i s o l a t i o n  
va lves .  A 12.7 cm (5 i n )  duc t  i s  a t t a c h e d  t o  t h e  coo l ing  a i r  i n l e t  duct  
f l a n g e  loca ted  beneath t h e  CS-3. The o u t l e t  coo l ina  a i r  can be vented d i r e c t -  
l y  t o  t h e  ambient o r  a  r e t u r n  duc t  can be connected t o  t h e  f a n  o u t l e t .  

Control jNoni tor  Ins t rumenta t ion .  The CS-3 C/M I provides  automatic mode and 
mode t r a n s i t i o n  c o n t r o l ,  automat ic  shutdown p r o v i s i o n s  f o r  s e l f - p r o t e c t i o n ,  
p rov i s ions  f o r  monitoring t y p i c a l  subsystem parameters and p rov i s ions  f o r  
i n t e r f a c i n g  wi th  ground t e s t  ins t rumenta t ion ,  inc lud ing  a  Data Acqu is i t ion  
System (DAS). I n  i t s  normal o p e r a t i n g  mode t h e  CS-3 i s  cont inuously  removing 
C02 from t h e  process  a i r  pass ing  through it. I n  a d d i t i o n  t o  t h i s  mode, t h e r e  
a r e  f o u r  o t h e r  modes t h a t  t h e  subsystem can be i n .  These a r e  i l l a s t r a t e d  i n  
Figure  10 which a l s o  shows t h e  a l lowable  mode t r a n s i t i o n s  which can occur.  
The Derated Mode permits  o p e r a t i o n  a t  t h e  one-person l e v e l  by reducing module 
c u r r e n t  and opera t ing  wi th  seven c e l l s .  The o t h e r  modes a r e  s e l f - d e s c r i p t i v e .  
The sequences which occur when t h e  subsystem is changing from one mode t o  
another  a r e  governed by t h e  C/M I .  

The preprototype C/M I hardware, excluding i n t e r f a c e  cab l ing ,  i s  contained i n  
a  53 x  56 x  73 cm (21 x  22 x  28.6 i n )  enc losure .  Included w i t h i n  t h e  enc losure  
a r e  s i g n a l  cond i t ion ing ,  power s u p p l i e s  and computer a n a l o g / d i g i t a l  i n t e r f a c e  
c i r c u i t r y .  

The CS-3 C/M I i s  a  minicomputer-based automat ic  ins t rumenta t ion .  The mini-  
computer of t h e  C/M I c o n s i s t s  of  a  16-b i t  Cen t ra l  Process ing Uni t  (CPU), 16K 
core  memory, a  Real-Time Clock, Power-Fail c o n t r o l  c i r c u i t s ,  a  communication 
l i n k  t o  an  e x t e r n a l  DAS and a  communication l i n e  t o  a  l i n e  p r i n t e r .  The CPU 
executes  t h e  control /moni tor  programs s t o r e d  i n  t h e  16K core  memory. The 
Real-Time Clock a l lows t h e  programs t o  be executed on a r ea l - t ime  b a s i s .  The 
Power-Fail c o n t r o l  c i r c u i t s  a l low t h e  computer t o  decec t  and d i f f e r e n t i a t e  
between a  shor t - term power i n t e r r u p t i o n  and a  long-term power f a i l u r e .  The 
communication l i n k  t o  t h e  DAS al lows t h e  sensor  d a t a  t o  be recorded on t h e  
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DAS. The l i n e  p r i n t e r  communication l i n k  allows the  operator/subsystem mes- 
sages displayed on the  CRT t o  be pr in ted  on the  l i n e  p r i n t e r .  

The C/M I hardware and software a r e  organized t o  permit real- t ime communica- 
t i on  between the  operator  and the  mechanical subsystem. On the  process s i d e ,  
an analog and d i g i t a l  i n t e r f a c e  board is used f o r  communication of t h e  mini- 
computer with t he  sensors  and the  ac tua tors  on the  mechanical por t ion  of the  
subsystem. On the  operator/subsystem in t e r f ace  s i d e ,  t h e  C/M I provides t he  
operator  with a f ron t  panel and keyboard designed t o  accept  opera tor  comnlands 
and d isp lay  subsystem messages. 

Figure 11 shows the operator/subsystem f r o n t  panel of  t h e  CS-3 C/M I.  All 
commands, cont ro l  and s t a t u s  information of t h e  CS-3 a r e  communicated through 
t h i s  paff$) Detailed desc r ip t i on  of its operat ion is contained i n  a s epa ra t e  
report .  

CS-3 Test ing 

Parametric and endurance t e s t i n g  was conducted following f ab r i ca t i on ,  checkout 
and sensor ca l i b r a t i on .  The nominal test condi t ions a r e  shown i n  Table 2. 
Two s e t s  of  process a i r  dry bulb temperature and RH conditions were explored. 
I n i t i a l  data  was accumulated a t  the  design spec i f i ca t i on  range of 75 t o  85% 
W. Later t e s t i n g  indicated a 12% improvement i n  CO removal e f f i c i ency  could 
be achieved by operat ing a t  60% RH. The 60% RH l e v e l  was adopted a s  a new 
basel ine.  

A s  p a r t  of charac te r iz ing  CS-3 performance i n  both HH ranges, a process a i r  
pCO span was performed. The r e s u l t s  a r e  shown i n  Figure 12 where CO removal 2 2 
e f f i c i ency  and c e l l  vol tage a r e  p lo t t ed  aga ins t  process a i r  i n l e t  pC02. The 
data  shows t h a t  the  performance was a t  o r  above the  design poin ts .  S imi la r ly ,  
a cur ren t  dens i ty  span was obtained recording CO removal e f f i c i ency  and c e l l  

2 voltage as  a funct ion of cur ren t  densi ty .  The results a r e  shown i n  Figure 13. 

-. - Again t h e  performance was a s  predicted.  

A t o t a l  of 72 hours of operat ion with t he  CS-3 were accumulated i n  t he  Derated 
ilode (one-person capaci ty) .  I n  t h i s  mode a l l  c e l l s  had gas flows but  e i g h t  
c e l l s  were e l e c t r i c a l l y  switched o t and d id  not car ry  cur ren t .  The remaining Y seven c e l l s  operated a t  20.5 mA/cin (19 ASF). The performance is shown i n  
Figure 14 and was as  expected, i . e . ,  s u f f i c i e n t  CO was removed t o  s a t i s f y  t he  
metabolic needs of  one person. Control of  it.odule Zemperature and e x i t  RH t o  
s i n g l e  value l e v e l s  while s a t i s f y i n g  c e l l s  with and without cur ren t  was found 
t o  be extremely d i f f i c u l t .  In general ,  it required operat ion s o  t h a t  t he  
o u t l e t  RH was i n  the  wet region (88% RH compared t o  68% RH f o r  Normal Mode) t o  
prevent dry ou t  of t h e  noncurrent-carrying c e l l s .  A s  a r e s u l t ,  e l e c t r o l y t e  
was l o s t  from the operat ing c e l l s ,  a s  observed following completion of the  72 
hours of t e s t i ng .  I t  was recommended t h a t  t h i s  mode of operat ion be modified 
by operat ing a l l  c e l l s  but  a t  a reduced current  densi ty .  The reduced cur ren t  
dens i ty  should however be s u f f i c i e n t l y  high t o  minimize c e l l  subcooling t o  
prevent e l e c t r o l y t e  l o s s .  
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TABLE 2 NOflINAL CS-3 TEST CONDITIONS 

Number o f  C e l l s  

3 - Process Air Flow R a t e l c e l l ,  dm /min (scfm) 

pC02, Pa (mm Hg) 

I n l e t  Re la t ive  Humidity, % 

I n l e t  Process Air Temperature, K (PI 

Cooling Air Flow R a t e l c e l l  (Nax. ) , dm3/min (scfm) 

Cooling Air Temperature, K (F) 

Current, A 

2 Current Density,  mA/cm (ASF) 

H2 Supply Flow Rate, kg/h ( lb/h)  
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Figure  15 summarizes t h e  CS-3 performance over  t h e  e n t i r e  t e s t i n g  per iod .  
Nodule performance (average c e l l  vo l t age  and CO removal e f f i c i e n c y )  as  we l l  
a s  i n l e t  process  RH and pC02 a r e  p l o t t e d  agains$ cumulative o p e r a t i n g  t ime. 
The dera ted  mode and pCO t e s t i n g  gaps shown were d i scussed  above. Operation 
o f  t h e  CS-3 i n  t h e  ~ o r m a 3  Node reached a cumulative t o t a l  of 840 h (35 d ) .  
Cumulative subsystem opera t ing  t ime i n  a l l  of  i t s  modes p r i o r  t o  d e l i v e r y  was 
2,232 h (93 d ) .  I t  was demonstrated t h a t  a t  t h e  des ign  pCOZ l e v e l  o f  400 Pa 
(3.0 mm Hg) and t h e  modified RH range,  t h e  CS-3 could surpass  i t s  goa l  o f  
removing 3 kg/d (6.6 l b / d )  o f  Cop. An average CO removal l e v e l  equ iva len t  t o  
t h a t  generated by 3.4 persons was achieved.  2 

CS-3 Math Model 

A s  p a r t  of t h e  CS-3 program, a s t e a d y - s t a t e  computer s imula t ion ,  o r  math 
model, was developed t o  desc r ibe  t h e  subsystem performance. The model combined 
mathematical express ions  desc r ib ing  t h e  performance of t h e  EDC ce1l.s wi th  
express ions  t h a t  c h a r a c t e r i z e  t h e  maj r r  mechanical components of t h e  subsystem. 
Expressions f o r  o v e r a l l  mass and energy balances  were included.  The model was 
capable of p r e d i c t i n g  performance over  wide opera t ing  ranges and t h e  computer 
s imula t ion  r e s u l t s  agreed wi th  exper imental  d a t a  over t h e  p r e d i c t i o n  range. 

The computer program c a l c u l a t e d  t h e  s t e a d y - s t a t e  performance c h a r a c t e r i s t i c s  
of t h e  subsystem and i t s  components s u b j e c t  t o  a given s e t  o f  i n p u t  cond i t ions .  
The c a l c u l a t i o n s  included module parameters,  intercomponent and subsystem 
f l u i d  i n t e r f a c e  parameters ( f lows,  temperatures and p r e s s u r e ) ,  component and 
subsystem power and h e a t  gef i - ra t ion and subsystem equ iva len t  weight. 

Several  experiments were conducted wi th  t h e  hardware components t o  support  t h e  
computer module. These (1) e s t a b l i s h e d  t h e  performance c h a r a c t e r i s t i c s  of t h e  
hardware and (2 )  v e r i f i e d  t h e  p r e d i c t i o n s  of t h e  model. The experiments 
charac te r ized  t h e  EDCN, t h e  p rocess  and cool ing a i r  blowers,  t h e  N2 flow 
o r i f i c e  and t h e  H solenoid  va lve .  2 

The math model computer program was organized t o  read a set of i n p u t  cond i t ions ,  
perform t h e  c a l c u l a t i o n s  and p r i n t  t h e  r e s u l t s .  The program can be used a s  a 
subrou t ine  i n  a l a r g e r  program which would s imulate  t h e  i n t e g r a t e d  opera t ion  
of t h e  CS-3 subsystem a s  w i l l  occur wi th  t h e  RLSE hardwar D e t a i l s  of t h e  
math model and r e s u l t s  can be f ~ u n d  i n  a s e p a r a t e  r e p o r t .  e 14)  

SYSTEM INTEGRATION DEVELOPMENTS 

The system i n t e g r a t i o n  development a c t i v i t i e s  performed a s  p a r t  of t h i s  program 
focused on t h e  EDC as  p a r t  of l abora to ry  breadboard i n t e g r a t i o n  of ORSs o r  
ARSs. These a c t i v i t i e s  included (1) t h e  f i v e - c e l l ,  l iquid-cooled EDCP1 i n t e -  
g ra ted  with an OGS and a Sabat icr-based C02 Reduction Subsystem (S-CRS) t o  
form the  LBS-S/ORS-l(L), ( 2 )  an a i r -coo led  EDC i n t e g r a t e d  wi th  an OGS and a 
B-CRS t o  form a four-person Bosch-based ORS (LRS-B/ORS-4(A)) and (3) t h e  
s i s - c e l l ,  l iquid-cooled EDC combined wi th  o t h e r  components t o  form a s e l f -  
conta ined,  one-person, experimental  ARS. The fol lowing s e c t i o n s  d i s c u s s  t h e  
des ign ,  f a b r i c a t i o n  and t e s t i n g  of these  i n t e g r a t e d  systems. 





One-Person Laboratory Breadboard System 

The f i v e - c e l l ,  one-person c a p a c i t y ,  l iqu id -coo led  EDC i n s t a l l e d  i n  t h e  CX-I 
was i n t e g r a t e d  wi th  an  OGS and a n  S-CRS t o  form a  LBS-S/ORS-1(L) and was 
t e s t e d  f o r  a  30-day pe r iod .  The o v e r a l l  o b j e c t i v e s  of  t h e  t e s t  were t o :  

Demonstrate long-term, m u l t i c e l l ,  l i qu id -coo led  EDC o p e r a t i o n  us ing  
advanced c e l l  hardware 

Tes t  t h e  EDC wi th  OGS-generated Hz 

T e s t  t h e  Contractor-developed S a b a t i e r  r e a c t o r  wi th  EDC exhaus t  gas ,  
i . e . ,  Hz ,  CO and wa te r  vapor 2  

Expand i n t e g r a t i o n  technology by o p e r a t i n g  t h r e e  subsystems a s  one 
ORS 

The i n t e g r a t e d  t e s t i n g  followed ref1,rbishment and modi f i ca t ion  t o  t h e  CX-I and 
i ts  TSA. The major modi f i ca t ions  includ5d upgrading t h e  ~ y s t e m ' s ~ c a p a b i l i t  !i! t o  a l low o p e r a t i o n  of  t h e  l a r g e r  (4.6 dm (0.5 f t  ) versus  2.3 dm (0.25 f t  ))  
advanced c e l l s  a t  e l e v a t e d  c u r r e n t  d e n s i t i e s .  Also,  p r o v i s i o n s  f o r  l i q u i d  
cool ing,  inc lud ing  feedback c o n t r o l l e d  temperatures ,  were added t o  t h e  sub- 
system and TSA. 

Figure  16 is  a  b lock diagram of t h e  one-person ORS. A s  F igure  16 shows, t h e  
i n t e g r a t e d  system had a  c a p a b i l i t y  t o  va ry  t h e  amount of  H2 e n t e r i n g  t h e  EDC 
o r  t h e  S a b a t i e r  r e a c t o r  by supplying an e x t e r n a l  H source .  This could simu- 

2 l a t e  even tua l  i n t e g r a t i o n  wi th  t h e  Ni t rogen (N ) Supply Subsystem (NSS) based 
on hydrazine (N H ) technology.  2 

2  4 

F igures  17,  18 and 19 a r e  photographs o f  t h e  EDC (CX-I), OGS and S a b a t i e r  r e -  
a c t o r  used a s  p a r t  of  t h e  one-person ORS. The S a b a t i e r  r e a c t o r  was developed 
and f a b r i c a t e d  a s  p a r t  of  a  Contractor-funded a c t i v i t y  b u t  was t e s t e d  a s  p a r t  
of t h e  p r e s e n t  program. Figure  20 shows t h e  i n t e g r a t e d  one-person ORS t e s t  
f a c i l i t i e s ,  inc lud ing  TSA. Following i n d i v i d u a l  subsystem shakedown t e s t i n g ,  
a  30-day i n t e g r a t e d  endurance t e s t  was performed. P r i o r  t o  t e s t  i n i t i a t i o n ,  
b a s e l i n e  o p e r a t i n g  cond i t ions  f o r  t h e  i n t e g r a t e d  system were e s t a b l i s h e d .  
These cond i t ions  a r e  l i s t e d  i n  Table 3 .  The endurance t e s t  was performed by 
mainta ining t h e  b a s e l i n e  cond i t ions  a t  c o n s t a n t  v a i u e s .  

The performance of t h e  one-person, l iqu id -coo led  EDC and t h e  S-CRS f o r  t h e  30 
days of  t e s t i n g  i s  shown i n  F igure  21. Of s p e c i a l  i n t e r e s t  i s  t h e  high c e l l  
vo l t age  o f  0 . 4  V p e r  c e l l  f o r  t h e  EDC and t h e  high average t r a n s f e r  e f f i c i e n c y  
of 76% f o r  t h e  d u r a t i o n  of  t h e  i e s t ,  s i n c e  t h e  advanced module was opera ted a t  
a  c u r r e n t  d e n s i t y  of 30.1 mA/cm (28 ASF). A s  shown, t h e  H conversion e f f i -  
ciency of t h e  S a b a t i e r  r e a c t o r  averaged approximately 97% t i roughou t  t h e  t o t a l  
t e s t  t ime.  

In  a d d i t i o n  t o  t h e  performance c h a r a c t e r i s t i c s  obta ined from t h e  t e s t i n g ,  
s i g n i f i c a n t  c o n t r i b u t i o n s  t o  t h e  o p e r a t i o n  of i n t e g r a t e d  systems were e s t a b -  
l i s h e d  i n  t h e  a r e a s  of s t a r t u p  sequence,  shutdown sequence,  common system 
purge and subsystem performance moni tor ing.  
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Four-Person Laboratory Breadboard System 

A four-person capaci ty ,  air-cooled EDC (CXA-4(A)) was modified and refurbished 
t o  support t e s t i n g  oflkbf6$BS-BIORS-4(A) being evaluated under a s epa ra t e  
NASA-funded program. The ove ra l l  ob jec t ives  of t h e  t e s t  were to :  

a Demonstrate t h e  compatibi l i ty  of t h e  EDC with a B-CRS pr imar i ly  a t  
t h e  H2/C02 EDC exhaustlB-CRS feed i n t e r f a c e  

Tes t  t h e  EDC with OGS-generated Hz 

Extend in t eg ra t i on  technology by opera t ing  th r ee  subsystems a s  one 
ORS 

Figure 22 is a block diagram showing the  closed 0 loop system with an i n t e -  
g ra ted  EDC, B- S and OGS. A previously developea six-person capaci ty ,  s e l f -  
contained EDC'" was refurbished and modified t o  form t h e  CXA-I(A). Only 
t h r ee  of  t h e  s i x  one-person design capaci ty  modules were used t o  provide t he  
CO removal capaci ty  f o r  four  men, e.g. ,  4.0 kg C02/d (8.8 l b  C02/d). To 
acaieve t h e  e x t r a  CO removal r a t e ,  t he  modules wer o e r a t ed  a t  t h e  higher E than design cur ren t  8ens i ty  (26.9 versus 22.6 mA/cm (25 versus  21 ASF)) . The 
electrochemical c e l l s  were n9t  of t he  dvanced, l ightweight  s t y l e  but  were 2 ex te rna l ly  air-cooled 2.3 dm (0.25 f t  ) c e l l s .  

The CXA-4(A) and i ts assoc ia ted  TSA were assembled t o  po r t  t he  in tegra ted  
t e s t i n g  program. Figure 23 is  t h e  block diagram of t h  BS-BIORS-4(A) ind i -  
ca t i ng  t h e  t h r ee  subsystems and t h e i r  TSA. The EDC TSi ~ o n s i s t e d  of modifi- 
ca t ions  t o  t h e  e x i s t i n g  Fluid Supply Unit (FSU) and Te Accessories Control 
Unit and addi t ions  of a new Coolant Supply Unit (CSU). f C )  ~ l s o ,  a new EDC 
t e s t i n g  f a c i l i t y ,  an A i r  SuppAy Unit (ASU), was added. This  TSA is f u r t h e r  
discussed below. 

Table 4 l ists the  operat ing condi t ions and c h a r a c t e r i s t i c s  f o r  t he  EDC used i n  
t e s t i n g  t h e  LBS-BIORS-4(A). A t o t a l  of 900 hours were accumulated through 
subsystem l eve l  and in tegra ted  system l evc l  t e s t i n g .  Figure 24 shows t h e  
ove ra l l  performance of t he  EDC over t h e  900 hours of operat ing time. Shown 
a r e  average c e l l  vol tage,  C02 removal e f f i c i ency ,  cur ren t  dens i ty  and i n l e t  
a i r  pCO a s  a fun t i o n  of tame. The performance is  cons is ten t  with ex t e rna l ly  5 air-coo3ed 2.3 dm (0.25 f t  ) c e l i s .  Successful operat ion of t h i s  EDC through- 
ou t  the  t e s t i n g  was i n  p a r t  responsible  f o r  t h e  success fu l  completion of the  
t e s t i n g  of t h e  Bosch-based ORS. 

One-Person A i r  Rev i t a l i za t i on  System 

A p a r t  of t h i s  program had shown t h a t  ind iv idua l ly  developed subsystems such 
as an EDC, S-CRS aad OCS can bc succcssfu??y in tegra ted  i n t o  z laboratory 
breadboard ORS a t  t he  one-person l eve l  (see above). The 30 days of endurance 
t e s t i n g  of t he  ORS showed t h a t  the  th ree  subsystems would remove and reduce 
metabolically-generated C02 and produce the  required 0 l eve l s  f o r  one person. 

2 

The next s t e p  i n  t he  development of t he  EDC f o r  spacecraf t  ARS app l i ca t i on  was 
completed a s  p a r t  of t he  program a c t i v i t i e s .  This a c t i v i t y  was t he  design,  
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TABLE 4 BASELINE OPERATING CONDITIONS OF THE 
FOUR-PERSON LABORATORY BREADBOARD EDC 

Operating Time, h 

Number of Cells 

2 Current Density, rnA/cm (ASP) 

Current, A 

pC02 Range, Pa (mm Hg) 

3 Process A i r  Flow Rate, dm /min (cfm) 

Process A i r  Temperature, K (F) 

Process A i r  Dew Point ,  K (F) 

C02 Removal Eff iciency,  % 

Transfer  Index 

Average Cel l  Voltage, V 

Power Generated, W 

Heat Generated, W (Btu/h) 

(a) Includes Famil iar izat ion,  Integrated Checkout and Shakedown, Design 
Ver i f ica t ion  and Endurance Tests .  





fabrication and testing of a one-person, experimental Air Revitalization 
System (ARX-1). The philosophy for this next-step approach was differeut 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 int 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 providinb 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 O2 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 H provides for N lost 2 4 through cabin leakage. Also, the NSS supplies extra Hz required by $he S-CRS. 
A Cabin Humidity Control Subsystem (CHCS) is used to supply conditioned air to 
the EDC at RH for optimum efficiency and to remove the metabolic- and E9C-pro- 
duced .noisture 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 opera tion. 

Table 6 lists the design speciffcations and characteristics established for 
the ARX-1. Each of the elements of the ARX-1, with the exception of the OGS 
and NSS, are discussed in the following subsections. The activities associated 
with the development of the OGS and(47 r 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 -2 concept 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 A I R  REVITALIZATION SYSTEM 
DESIGN CHARACTERISTICS 

Crew S i z e  

C02 Removal Rate ,  kg/d ( l b / d )  

0 Generat ion  Xate,  kg/d ( l b / d )  2 

Water Vapor Removal Rate ,  kg/d ( l b / d )  

Liquid  Water Product ion Ra te ,  kg/d ( i b / d )  

Methane Product ion Rate ,  kg/d ( l b / d )  

Ni t rogen Product ion Rate ,  kg/d ( l b / d )  

(a)  Cons i s t s  of  0.84 kg/d (1.84 l b / d )  O2 metabol ic  and 0.19 kg/d 
(0.43 lb /d )  f o r  l eakage  requirements .  



A s  a r e s u l t ,  t h e  l iquid-cooled EDC concept combined wi th  t h e  cabin  humidity 
c o n t r o l  f u n c t i o n  was s e l e c t e d  f o r  t h e  ARX-1. Other reasnns  f c r  c l o s e l y  group- 
i n g  t h e  CO removal and cabin  a i r  mois ture  c o n t r o l  & r e  t h a t  t h e  major components 
i n t e r f a c e  8 i r e c t l y  wi th  a f lowing s t ream of  cabin  a i r  and t h e  a i r  processed by 
a condensing h e a t  exchanger i s  i d e a l l y  s u i t e d  f o r  achieving r e l ;  ~ b l e  and 
e f f i c i e n t  EDC opera t ion .  Also, redundant components such a s  a p rocess  a i r  f a n  
can be  e l imina ted ,  

F igure  26 i s  a block diagram of t h e  combined CHCS/EDC func t ions .  Basel ine  
o p e r a t i n g  cond i t ions  a r e  given i n  Table 7. F i l t e r e d  cabin  a i r  e n t e r s  a condens- 
i n g  hea t  exchanger where mois ture  is  removed t o  c o n t r o l  t h e  cab in  dew p o i n t .  
A p o r t i o n  o f  t h e  a i r  passes  through t h e  EDCM f o r  CO removal. The EDC exhaust  
a i r  and t h e  remaining process  a i r  a r e  re tu rned  t o  t i e  cabin.  The mois ture  
removed by t h e  condensing h e a t  exchanger, a long wi th  some cabin  a i r ,  i s  passed 
t o  t h e  WHS components Hydrogen requ i red  by t h e  EDC i s  obta ined from t h e  OGS 
and i s  s e n t  mixed wi th  t h e  C02 t o  t h e  S-CRS. A N2 purge of t h e  H -ca r ry ing  
c a v i t i e s  of t h e  EDC i s  provided.  Oxygen from t h e  GGS 2nd makeup gq from t h e  
NSS a r e  added t o  t h e  a i r  upstream of  a f i l t e r  p r i o r  t o  d e l i v e r y  t o  t h e  cabin .  

The EDCM c o n s i s t s  of s i x  advanced l iquid-cooled c e l l s .  This  module was d i s -  
cussed p rev ious ly  and shown i n  Figure  6. 

.-h;. 
The major component of t h e  CHCS i s  t h e  condensing h e a t  exchacger shown i n  
F igure  27. The one-person condensing h e a t  exchanger des ign was based on t h e  
p rev ious ly  e s t a b l i s h e d  concepts.  D e t a i l s  o f  c o n s t r u c t i  nd c p e r a t i o n  o f  t h e  
11.4 kg (25.0 l b )  u n i t  a r e  d iscussed i n  a p r i o r  r e p o r t .  

CO Reduction Subsystem Hardware. The Sabat ier-based CO reduct ion process  
~8 s e l e c t e d  f o r  t h e  ARX-I. This p rocess  i s  i d e a l l y  su ized  f o r  an ARS using a 
N H4-based NSS which produces H a s  a byproduct. S u f f i c i e n t  H i s  then a v a i l -  2 a a l e  t o  convert  a l l  of t h e  metaaol ic  C02 f o r  subsequent O2 recovery. The 
S a b a t i e r  process  i s  based on t h e  r e a c t i o n  of 

4H2 + C02 = 2H20 + CH4 + h e a t  

F igure  28 i s  a block diagram of t h e  S-CRS. Carbon dioxlde  and H2 from t h e  EDC 
e n t e r  t h e  q a b a t i e r  r e a c t o r  where t h e  r e a c t a n t s  undergo conversion t o  methane 
(CH ) and water.  The water i s  condensed i n  a ze ro-grav i ty  compatible,  l i q u i d -  
cooked, porous plaque condenser /separator  and is  removed t o  t h e  WHS. The 
r e a c t o r  exhaust  gases ,  prirn7,rily CB4, a r e  passed t o  an  A t t i t u d e  C o n t r d  System 
(ACS) o r  s t o r a g e .  Howelrrr, p rov i s ions  have been made f o r  ven t ing  t h e  product  
gases  minus t h e  water t o  overboard vacuum. A v e n t  t o  c a b i n ,  fo l lowing an N2 
s a f e t y  purge,  i s  provided t o  depressur ize  t h e  S-CRS f o r  maintenance. The 
S a b a t i e r  r e a c t o r  i s  a i r -coo led .  The main component of t h e  S-CRS, t h e  S a b a t i e r  
r e a c t o r ,  was shown i n  Figure  19. The opera t ing  c h a r a c t e r i s t i c s  and a n t i c i p a t e d  
performance of t h e  one-person l e v e l  S-CRS a r e  shown i n  Table 8. 

Water Handling Subsystem Hardware. Water i s  generated and consumed a t  v a r i o u s  
l o c a t i o n s  i n  t h e  ARX-1. For purposes of des ign  and f a b r i c a t i o n ,  t h e  water 
handling components were t r e a t e d - a s  a s e p a r a t e  subsystem. A block diagram of 
t h e  WHS i s  shown i n  Figure  29. The two p r i n c i p a l  water sources  a r e  from t h e  





TABLE 7 EDCICHCS OPERATING CONDITIONS FOR OW-PERSON 
A I R  REVITALIZATION SYSTEM 

EDC 

Number of Cells 
C02 Removal Rate,  kg/d ( lb /d )  
Current ,  A 

2 Current  Density,  n4/cm (ASi ) 
C e l l  Voltage,  V 
A i r  I n l e t  Temperature, K (F) 
Pressure ,  kPg (ps i a )  
A i r  Flow, dm /min (scfm) 
pC02, Pa (m Hg) 
C02 Removal Ef f i c iency ,  2, 
Power Generated , W 
Heat Generated, W 

CHCS 

Water Removal Rats ,  kg/d ( lb /d )  
Cabin A i r  Flow, m /min (cfm) 
Cabin Air  Temperature, K (F) 
Cabin Min. Dew Po in t  Temperature, K (F) 
Cabin Yax. Re la t ive  Humidity, % 
 NO^.^ ' n a l  La t e n t  Heat Removed, W (Rtu/h) 
Nominal Sens ib le  Heat Removed, W (Btu/h) 







TABLE 8 S-CRS OPERATING CONDITIONS FOR ONE-PERSON 
- A I R  REVITALIZATION SPSTEfl 

3 H2 I n l e t  Flow, cm /min ( lb /d )  

3 C02 I n l e t  Flow, ca /min ( lb /d )  

3 Water I n l e t  Flow, cm /min ( l b / d )  

I n l e t  Volumetric Flow R a t i o ,  fi /CO 2. 2 
3 H2 O u t l e t  Flow, cm /.in ( l b / d )  

3 C02 O u t l e t  Flow, cn  l a i n  ( l b / d )  

3 CH4 O g t f e t  Flow, cm /min ( lb /d )  

3 Water O u t l e t  Flow, cm /min ( l b / d )  

Reactor  Temperature, K (F) 

Heater  Temperature, K (F) 

CO Reduction E f f i c i e n c y ,  % 
2 

H Conversion E f f i c i e n c y ,  % 
2 





condensing hea t  exchangers i n  t h e  CHCS and t h e  S-CRS. The condensed water  
from t h e  CHCS is separa ted  from t h e  a i r  by a hydropllobic sc reen  l i q u i d / g a s  
s e p a r a t o r .  SyfP)a component was s i z e d ,  designed and f a b r i c a t e d  a s  p a r t  o f  
t h i s  program. A photograph of t h e  s e p a r a t o r  is shown i n  F igure  30. The 
water vapor i n  t h e  o u t l e t  gas s t ream of  t h e  S a b a t i e r  r e a c t o r  i s  condensed and 
sepa l t ed  by a porous piaque l i q u i d l g a s  condenser /separator .  Th i s  u n i t  i s  
shown i n  Figure  31. The l i q u i d  ou tpu t s  from t h e s e  two dev ices  flow t o  a water  
ac.-umulator which is  p e r i o d i c a l l y  emptied i n t o  a water s t o r a g e  tank.  A s  i s  
shown i n  Figures  25 and 29, t h i s  l i q u i d  water  i s  a l s o  supp l ied  t o  t h e  OGS f o r  
conversion t o  11 and 0 t h u s  completing t h e  water  loop. 

2 2 

Coolant Loop 3ardware. A d i s t i n c t  advantage o f  developing a se l f -con ta ined  
ARS i s  t h e  c a p a b i l i t y  f o r  redscing t h e  number o f  components and t h e  i n t e r f a c e s  
wi th  t h e  TSA. One o i  t h e  p r i n c i p a l  a r e a s  where t h i s  was implemented i n  t h e  
ARX-1 was wi th  t h e  l i q u i d  coo lan t  Flow and supply.  

Figure  32 shows t h e  block diagram of  t h e  coo lan t  loop hardware. The t h r e e  
p r i n c i p a l  components t h a t  i n t e r f a c e  wi th  t h e  coo lan t  flow a r e  t h e  S a b a t i e r  
condenser /separator ,  t h e  condensing h e a t  exchanger i n  t h e  CHCS and t h e  EDCP1 
h e a t  *xchanger. A combination o f  s e r i e s / p a r a l l e l  flows and secondary coo lan t  
loops was designed and implemented t o  provide t h e  requ i red  coo lan t  a t  t h e  
d e s i r e d  temperatures t~ t h e  proper  components. A key component t h a t  pe rmi t s  
t h i s  approach was a coo lan t  flow d i v e r t e r  v a l v e ,  shown i n  F igures  33 and 34. 
This  component was develo under t h i s  program and has  been d i scussed  i n  
d e t a i l  i n  a p r i o r  r e p o r t .  PFP 1 

ilRX- 1 Hardware Mechanical Summary 

The d e s c r i p t i o n  o f  t h e  f u n c t i o n a l  concept and major components of t h e  ARX-1 
was presented above. F igure  35 is  t h e  over311 schematic of t h e  system. 
F igure  36 shows t h e  major components i n  t h e  packaged mechanical hardware. The 
t o t a l  weight of t h i s  breadboard system, inc lud ing  a l l  components, wi r ing ,  
plumbing and frame, i s  281 kg (619 l b )  and occupies  an  envelope of 71 x 96 x 
114 cm (28 x 38 x 45 i n ) .  The ARX-I mechanical hardware wi th  i t s  C/M I and 
TSA, which comprise t h e  test f a c i l i t y ,  is shown i n  F igure  37. 

Control/Monitor Ins t rumentat ion 

The C/M I s e l e c t e d  i o r  t h e  ARX-1 was an advanced ins t rumenta t ion  des ign  us ing 
minicomputer/software technologies .  This C/M I ,  inc lud ing  a n  advanced o p e r a t o r /  
subsystem i n t e r f a c e  panel ,  was designed t o  be packaged i n  a s e p a r a t e  s e l f - c o i  
t a i n e d  enclosure  (Figure 38) .  The f u n c t i o n  o f  t h e  C/Pl I was t o  provide auto- 
mat ic  mode and mode t r a n s i t i o n  c o n t r o l ,  automat ic  shutdown prov i s ions  f o r  
s e l f - p r o t e c t i o n ,  p rov i s ions  f o r  monitoring system parameters and p rov i s ions  
f o r  i n t e r f a c i n g  wi th  ground test ins t rumenta t ion .  

Operating Modes and Mode T r a n s i t i o n s .  --- The C/M I provided f i v e  opera t ing  
modes: (1 )  Shutdown, (2) Normal, (3) Purge, (4)  Standby and (5) Unpowered. 
These opera t ing  modes and a l lowable  mode t r a n s i t i o n s  a r e  shown i n  F igure  39. 
I n  t h e  Normal Mode t h e  system provides t h e  func t ion  of removing and reducing 
C02, genera t ing  0, and Ni, c o n t r o l l i n g  cab in  humidity and d i s t r i b u t i n g  o r  - 
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. . s to r ing  water, a s  required. I n  t he  Shutdown Hode these  funct ions a r e  inopera- 
t i v e  but  t he  system is powered and a l l  sensors  a r e  working. During Purge, a l l  
H -carrying l i n e s  throughout t h e  system a r e  being purged with N . I n  t h e  
dandby  tiode the  system is powered and maintained a t  operat ing Zemperatures 

, and pressures;  however, ac tua l  conversion processes a r e  not taking place. 
F ina l ly ,  i n  t he  Unpowered Hode, no e l e c t r i c a l  power is appl ied t o  t h e  system 
and the re  a r e  no f l u i d  flows. 

System Control and Monitoring. There a r e  16 software/hardware cont ro ls  needed 
t o  operate  t he  hardware. These include con t ro l s  f o r  EDCH temperature and 
cur ren t ,  S-CRS temperature, CHCS temperature, water accumulator f i l l  and/or 
empty, OGS temperature, pressure and cu r ren t  and N2 Generation nodule (NGY) 
pressure and temperature. 

Sensors a r e  required t o  i n t e r f ace  with t h e  C/H I t o  provide f o r  cont ro l  and 
monitoring of subsystem parameters and performance. Over 100 sensors  a r e  
implemented i n  t he  ARX-1. These monitor flows, pressures ,  temperatures, cur- 
r en t s ,  vol tages,  l i q u i d  l eve l s ,  combustible gas presence and valve pos i t ions .  

Operator/Systea In te r face .  The operator/system i n t e r f a c e  of t h e  C/H I is 
shown i n  Figure 40. The operator  can ccmunica te  witlr t h e  ARX-1 through t h i s  
i n t e r f a c e  panel. The panel is subdivided i n t o  th ree  major areas:  System 
S ta tus ,  Operator Comands and System Control. 

Overall  system s t a t u s  is provided i n  the  upper left-hand port ion of t h e  panel. 
The s t a t u s  summary is given a s  Normal, Caution, Warning o r  Alarm and is  de ter -  
mined by the  worst case condition f o r  any c r i t i c a l  parameter. A Reset but ton 
is provided t o  c l e a r  the  s t a t u s  summary and r e s e t  t h e  subsystem monitoring 
functions. Messages and information concerning the  system a r e  displayed on a 
CRT located below the  s t a t u s  surmtary ind ica tors .  The CRT is used t o  d isp lay  
f a u l t  diagnost ic  messages, present  s t a t u s  and values of se lec ted  sensors,  
operator/system input/output da ta ,  operator-to-system comnunications, elapsed 
times and system-to-operator connnunications. 

The operator  commands sec t ion  i n  t he  lower left-hand corner provides t he  
capab i l i t y  of t he  operator t o  comunicate  with the  C/M I. Capabi l i ty  e x i s t s  
f o r  en ter ing  da ta ,  examining cur ren t  values,  updating s c a l e  f ac to r s ,  modifying 
se tpo in t s  o r  allowable ranges and cont ro l  of t h e  CRT. 

Manual i n i t i a t i o n  of t he  four  operat ing modes (Normal, Standby, Purge and 
Shutdown) is provided i n  t he  upper right-hand corner of the  panel.  The cont ro ls  
automatically prevent the  operator  from i n i t i a t i n g  an i l l e g a l  mode t r a n s i t i o n ,  
e - g . ,  Normal t o  Purge. The subsystem w i l l  not respond t o  an i l l e g a l  mode 
t r a n s i t i o n  command. Accidental mode i n i t i a t i o n  is prevented by providing a 
Mode Change Permit button which must be simultaneously depressed with the  
desired mode button. 

The control  s t a t u s  is  located d i r e c t l y  below the  operat ing mode/commands 
sect ion.  Three l i g h t s  a r e  provided t o  ind ica te  whether one of the  automatic 
protect ion overr ides  o r  an ac tua tor  overr ide has been ac t iv i a t ed .  A l i g h t  is 
a l s o  provided t o  ind ica te  when the panel switches have been disabled,  a condi- 
t i o n  used t o  prevent unauthorized personnel t o  a c t i v a t e  any button. 
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Nanual cont ro ls ,  designed pr imari ly  f o r  use during system debug o r  off-design 
operat ion,  a r e  provided behind an access  panel located i m e d i a t e l y  below the  
operator  commands and system cont ro l  sec t ions .  Overrides a r e  provided f o r  a l l  
a c tua to r s  i n  t he  form of toggle  switches.  The ac tua to r  overr ides  must be + 
placed i n  an automatic pos i t i on  f o r  t he  system t o  opera te  normally. Also, 
manual adjustments a r e  provided f o r  ad jus t i ng  c e r t a i n  s e tpo in t s  such a s  EDCH 
cur ren t  and Saba t i e r  reac tor  temperature. The access  panel is normally closed 

i 

t o  prevent unauthorized ac tua t ions .  i 

ARX-1 Tes t ing  

The M!!-1 t e s t i n g  was conducted f o r  a per iod of 120 days and included t e s t i n g  
a t  t he  component, subsystem, C/H I (hardware and software) and t o t a l  system 
l eve l s .  Spec i f i c  t e s t i n g  a c t i v i t i e s  which occurred during t h e  checkout, 
shakedown and endurance phases a r e  shown i n  Figure 41. 

A t o t a l  of 480 h (20 d) of success fu l  in tegra ted  caperation i n  t h e  Normal mode 
was achieved. Normal mode excludes the  time required f o r  t he  t r a n s i t i o n s  
Shutdown t o  Normal and Normal t o  Shutdown. These t r a n s i t i o n s  t y p i c a l l y  requi re  
0 .5  h each and pr imari ly  involve t h e  pressur iza t ion  o r  depressur iza t ion  of t h e  
OGS. Of the  t o t a l  normal operat ion,  two seven-day per iods of  continuous opera- 
t i o n  were achieved. 

The ove ra l l  system performance is shown i n  Figure 42. I t  is  seen t h a t  t he  
ARX-1 removed CO a t  g r ea t e r  :ban the  one-person l e v e l  and generated 0 above 2 .  2 t he  design l eve l  which accounted f o r  one person 's  metabolic consumption p lus  
an allowance f o r  overboard leakage. The curve f o r  ne t  water recovered is the  
a lgeb ra i c  t o t a l  of t h e  water (1) removed by t h e  CHCS from the  simulated cabin 
atmosphere, (2) removed by the  S-CRS candenserlseparator and (3) suppl ied t o  
the  OGS. The majori ty  is t h a t  removed by t h e  CHCS. 

While Figure 42 presents  t h e  performance of  the  ove ra l l  MU-1 system, ind iv i -  
dual subsystem performances f o r  t h e  EDC, CHCS and S-CRS a r e  given i n  Figures 43, 
44 and 45, respec t ive ly .  The s i x - c e l l ,  l iquid-cooled EDCM performed exception- 
a l l y  well with an average c e l l  vol tage c, 0.46 V and CO t r a n s f e r  e f f i c i ency  
of 82%. The CHCS r e l i a b l y  cont ro l led  dew po in t  t o  the  ZDC a t  286 K (56 F) i n  
response t o  varying i n l e t  RH condi t ions.  The S-CRS maintained H2 conversion 
e f f i c i e n c i e s  cons i s t en t ly  near 100%. This was t o  be expected s ince  t he  H /C02 
mole r a t i o  a t  t he  S-CRS i n l e t  was about 2.6 ins tead  of t he  4 required f o r  2 

s to ich iomet r ic  operat ion.  

In summary, the  -4RX-1 t e s t i n g  demonstrated t h e  following: (1)  dupl ica te  sub- 
system in t e r f ace  components can be el iminated by t r e a t i n g  the hardware from a 
s i n g l e  system viewpoint, (2)  TSA and expendable usage can be reduced ( e .g . ,  
OGS H2 used by EDC), (3) a s ing l e  in tegra ted  C/M I can s implify t he  co l l ec t i on  
and d isp lay  of engineering da t a ,  (4) s i n g l e  one-button s t a r t u p  of severa l  
subsystems can be achieved, (5) the  system provides r e a l - l i f e  test condi t ions 
by determining the  e f f e c t s  of changes i n  t he  cabin s imulator  on the  system a s  
a whole and (6) development and t e s t i n g  cos t s  were saved. To i i l u s t r a t e  the  
l a s t  po in t ,  Figure 46 shows the  t o t a l  t e s t  time accumulated on the  major 
subsystems and components of t he  .W-1. Over 10,000 hours of t e s t i n g  have 
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beer1 achieved f o r  some components us ing t h e  ARX-1 a s  a  t e s t  bed. Development 
of t h e  ARX-1 a s  a  system permit ted p a r a l l e l  t e s t i n g  of key hardware elements.  

TEST SUPPORT ACCESSORIES DEVELOPMENTS 

T e s t  Support Accessories were designed and developed t o  support  t h e  test 
o b j e c t i v e s  o f  s i n g l e  c e l l ,  subsystem and i n t e g r a t e d  system EDC t e s t s .  S i n g l e  
c e l l  TSA supported t h e  advanced performance l e v e l  iB l e v e l )  t e s t i n g .  Sub- 
system TSA was developed f o r  t h e  CS-3. The i n t e g r a t e d  system EDC TSA focused , 

on (1) developing an  EDC ASU which was used t o  s imula te  a  s p a c e c r a f t  cabin  
environment f o r  EDC subsystem t e s t i n g  now and i n  t h e  i u t u r e  and (2) .developing 
t h e  TSA t o  support  t h e  ARX-1 t e s t i n g .  

S ing le  C e l l  T e s t  Stands  

A s  p a r t  of t h e  o v e r a l l  TSA support  a c t i v i t i e s ,  p rev ious ly  f a b r i c a t e d ,  mul t i -  
p o s i t i o n  s i n g l e  c e l l  t e s t  f a c i l i t i e s  were re fu rb i shed  and upgraded. Two 
phases of refurbishment a c t i v i t i e s  were performed: i n i t i a l  upgrading and f i n a l  
r e f  ineme~l t  t o  meet t h e  requirements f o r  advanced performance l e v e l  (B l e v e l )  
t e s t i n g .  

I n i t i a l  Refurbishment and Upgrading 

The s i n g l e  c e l l ,  t h r e e - p o s i t i o n  t e s t  s t and  previously  f a b r i ~ a t e d ' ~ '  was r e f u r -  
bished and upgraded t o  rep lace  worn components and t o  i n c r e a s e  t h e  l e v e l  of 
con t ro l  and monitor s o p h i s t i c a t i o n  c o n s i s t e n t  wi th  t h e  advancement i n  EDC 
tech~lology . 
The i n i t i a l  t e s t  s t and  had a  c a p a b i l i t y  t o  simultaneously t e s t - t h r e e  d i f f e r e n t  
i n d i v i d u a l  s i n g l e  c e l l s .  One of t h e  t e s t  p o s i t i o n s  was e l iminated t o  a l low 
f o r  t h e  a d d i t i o n  of t h e  components and p a r t s  needed t o  incorpora te  d e s i r e d  
improvements. Each of t h e  two remaining p o s i t i o n s ,  however, were upgraded t o  
a l low t e s t i n g  a t  t h e  submodule l e v e l ,  e .g . ,  s tac$ing from one t o  f i v e  c e l l s  
between one s e t  of end p l a t e s .  

The major improvement incorporated i n t o  t h e  t e s t  f a c i l i t i e s  included upgrading 
t h e  c u r r e n t  c o n t r o l l e r s  t o  a l low f o r  h igher  c u r r e n t  o p e r a t i n g  ra-lges cor ls is tent  
wi th  t h e  advar'ced c e l l s ,  a d d i t i o n  of p rov i s ions  t o  a l low f o r  i n t e r n a l l y  a i r -  
cooled c e l l s  and incorpora t ion  of p o s i t i v e  feedback c o n t r o l  of i n l e t  process  
a i r  humidity, a s  we l l  a s  module temperature d i f f e r e n t i a l s  ( i n l e t  dew p o i n t  t o  
o u t l e t  d ry  bulb  temperature d i f f e r e n t i a l ) .  I n  a d d i t i o n ,  s a f e t y  shutdowns f o r  
H backpressure,  a s  we l l  a s  humidity and temperature d i f f e r e n t i a l  bands were 
a ided t o  t h e  a l ready  e x i s t ~ n g  c e l l  vo l t age  monitoring c a p a b i l i t y .  Table 9 is  
a  summary comnarison o f  t h e  updated t e s t  s t and  compared t o  its previous  
c a p a b i l i t i e s .  

i2 

Advanced Level Technology Tes t  C a p a b i l i t y  

To prepare  f o r  t h e  advacccd performance l e v e l  s i n g l e  c e l l  t e s t i n g  (descr ibed 
f u r t h e r  below), a d d i t i o n a l  improven~ents were added t o  t h e  two submodule t e s t  
f a c i l i t i e s .  I n  a d d i t i o n ,  a  s e p a r a t e  t e s t  f a c i l i t y  was f a b r i c a t e d  t o  a l low f o r  
sinlultaneous pzrametr ic  t e s t i n g  i n  p a r a l l e l  with s i n g l e  c e l l  endurance t e s t i n g  
a t  t h e  o r i g i n a l  two t e s t  p o s i t i o n s .  



TABLE 9 SUMMARY OF SINGLE CELL TEST STAND IMPROVEMENTS 

O r i g i n a l  Stand Updated Stan+ 
,:I ," 

1. Increased c u r r e n t  c a p a b i l i t y  0 t o  10 A 0 ti 25 A 

2 .  Increased vo l tage  range,  nega t ive  -1.9 V t o  +4.5 V .-&5 V t o  +7.5 V 
and p o s i t i v e  

.L, 
3 .  Replacemerlt of  temperature. Mechanical S@id S t a t e  

c o n t r o l l e r s  Relays 

4. Improved l i q u i d  coolant  Dependent Independent 
t empera twe  s t a b i l i t y  Control  

2 o f  3 ii' 
5. Addition of a i r  cool ing Nonexis t e n t  , 

c a p a b i l i t y  Positie3ns I- 

6. Replaccinent of a l l  l i q u i d  pumps H20 Submergible Nonsubmergible . . 

7 .  Relocat ion and rewir ing of 
e l e c t r o n i c s  

Table Top 
Mounting 

Above Tes t  
Bed Area 

8. Relocat ion of e l e c t r i c a l  module 
connections 

Table Top 
Mounting 

Above T e s t  
Area 

9. Addit ion of anode gas  p r e s s u r e  
shutdowns 

None 1 of  3 
P o s i t i o n s  

10. Replacement of worn va lves ,  
h e a t e r s  and r e l a y s  

& 

Funct ional  Improved 
R e l i a b i l i t y  

I n - l i n e  Cooling 
and Heating 
(Feedback 
Control led)  

11. Updated p rocess  a i r  h e a t  
exchanger 

Coolant and 
Tape Heaters on 
Copper Pipe  

12. Improved c o n t r o l  of process  
a i r  d ry  bulb  temperature 

None AT Control  
(3ry Bulb-Dew 
Poin t )  o r  
Constant Level 

13. Improved module temperature 
c o n t r o l  
u 

Constant Level AT Control  
(Dry Bulb-Cew 
P o i n t )  o r  
Constant Level 

14. In~proved temperature sensors  
f o r  c o n t r o l  and monitor 

Thermocouples Resis tance 
T e ~ ~ ~ p e r a  t u r e  
Sensors 

None 

7 4 

15. Dew Poin t  temperature readout D i g i t a l  



The requirer~lents of tile advanced per f  or~nance l e v e l  t e s  t i n s  (B  l e v e l '  were 
e s t a b l i s h e d  t o  meet t h e  needs of t h e  t e s t  program and a r e  l i s t e d  i n  Table 10.  
As Table 10 shows, t h e  opera t ing  ranges s e l e c t e d  a r e  c o n s i s t e n t  wi th  app l ica -  
t i o n  of t h e  EDC t o  p r o j e c t e d  s p a c e c r a f t  environments. Also, s p e c i a l  emphasis 
was placed on def in ing  and implementing automatic p r o t e c t i o n ,  feedback c o n t r o l s  
and opera t ing  parameter monitoring.  Design and Cabr icat ion of t h e  test f a c i l i -  
t ies were completed and a l l  requirements incorporated.  

Three-Person P r e p r o t o t y ~ e  EDC Subsystem 

The TSA developed f o r  t h e  CS-3 supp l ied  p rocess  and cool ing a i r ,  H2, N2 purge,  
vent  f o r  the  H2/C02 exhaust  stream, e l e c t r i c a l  power (60 and 400 Hz power), 
p rov i s ions  f o r  parametr ic  d a t a  d i s p l a y  and p rov i s ions  f o r  c o l l e c t i o n  of para-  
m e t r i c  d a t a  v i a  a  24-hour DAS. To perform t h e  f l u i d  supply and ven t  f u n c t i o n s ,  
a s  well as  s a r a i r ~ e t r i c  d a t a  d i s p l a y  and e l e c t r i c a l  power, e x i ~ ' i n g  TSA p r e v i o u s l y  
used wi th  t h e  CX-1 was modified t o  meet t h e  requirements f o r   he CS-3 t .es t ing.  
Modif icat ions  cons i s ted  p r i m a r i l y  of i n c r e a s i n g  t h e  capac i ty  from t h e  p r e v i o u s l y  
used one-person t o  t h e  three-person l e v e l .  A s e p a r z t e  tern!:-rature c o n t r o l l e d  
coo l ing  a i r  stream, inc lud ing  a  l i q u i d / a i r  h e a t  exchanger, was provided.  

A d a t a  c o l l e c t i o n  and s t o r a g e  c a p a b i l i t y  was developed i n  terms of a 24-hour 
DAS. This u n i t  was designed t o  c o l l e c t  out-of-range parametr ic  va lues  from 
a l l  t h e  sensors  of t h e  CS-3 and s t o r e  them un a  f loppy d i s k  memory. R e c a l l  
and d i s p l a y  i n  engineer ing u n i t s  was pro\rided t o  a  CRT. Data was c o l l e c t e d  by 
except ion,  i - e . ,  any parameter f a l l i n g  o u t  of p r e s e n t  b u t  c o n t r o l l a b l e  l i m i t s  
were s t o r e d  f o r  i z t e r  r e t r i e v a l .  The capac i ty  of t h e  24-hour DAS was such 
t h a t  a l l  sensors  of t h e  CS-•3 could be recorded a t  two-mi.nute i n t e r v a l s  and 
t h e i r  values  s t o r e d  f o r  a  24-hour pe r iod .  Figure  47 i s  a  photograph of t h e  
24-hour DAS showing i ts  minicomputer, dual  f loppy d i s k s ,  CRT d i s p l a y  u n i t ,  
s t andard  alphanumeric o p e r a t o r  keyboard and l i n e  p r i n t e r .  The l i n e  p r i n t e r  
permit ted  hard-copy record keeping of t h e  out-of- to lerance o r ,  i f  d e s i ~ e d ,  
normal sensor  da ta .  

A i r  Supply Uni t  

The ASU of t h e  EDC TSA i s  a  closed-loop a i r  supply and cond i t ion ing  systen? 
designed t o  s imula te  t h e  va r ious  a i r  temperature,  gas composition and humidity 
cond i t ions  t h a t  could be encountered i n  a  s p a c e c r a f t  cabin.  The ASU i s  used 
p r i m a r i l y  t o  supply process  and cool ing a i r  t o  t h e  EDC; however, it can a l s o  
be used f o r  numerous o t h e r  a i r  t rea tment  and a i r  c o ~ t r o l  t e s t s .  

The design approach taken was s i m i l a r  t o  s tandard a i r  condi t ioning p r a c t i c e .  
The h e a r t  of t h e  ASU is t h e  contractor-provided,  s ix-person,  l iquid-cooled 
condensing h e a t  exchanger. Process a i r  a t  L dew p o i n t  temperatu1.e h igher  than  
t h a t  des i red  i s  c h i l l e d  t o  t h e  d e s i r e d  dew p o i ~ l t  and subsequer-tly post -heated 
t o  o b t a i n  t h e  d ry  bulb  e l e v a t i o n ,  i . e . ,  d e s i r e d  RH. I n  ordor  t o  nave t h e  pro- 
c e s s  a i r  dew p o i n t  above t h e  d e s i r e d  l e v e l  be fore  e n t e r i n g  t h e  hea t  exchanger, 
water i s  sprayed i n t o  t h e  loop. The ASU i s  a  c losed loop system so  t h a t  a l l  
of t h e  a i r  is f i r s t  c h i l l e d ,  then heated dur ing each pass  around t h e  loop. 

i A". 
' 



TABLE 10 B LS'JEL TSA REQUIREHENTS 

Number of Test  Posi t ions 
(Single-Cell) 

Cell Hardware 

Cooling 

Operating Ranges 

Current, A 
~ C 0 2 ,  't'a (m Hg) 
RH, X 
Temperature, K (F) 
H + CO Backpress 2 2 A i r  Flow per  Cell, 

Automatic Protect ion 

Controls 

Monitor 

! 
Three (One f o r  Checkout and Para- 
metric Tes ts  anti Two f o r  Endurance i 

Tes t s )  i 
Advanced Configuration 

Liquid o r  A i r  
8 .  
, I' 

0 t o  20 
Ambient t o  1330 (Ambient t o  10) 
26 t o  80 
291 t o  300 (65 t o  80) 

u r e ,  ' ? 'psi?) 0 t o  68.9 (0 t o  10) 
d1ri3.t .), ,- .,cfm) 0 t o  0.94 (0 t o  2) 

Low Cell Volt-ge 
High Temperature 
High Backpressure 
Low Backpressure 

Constant Current 
Cell Temperature 
In l e t /Ou t l e t  Dew Point  
Automatic Sa tura tor  R e f i l l  

Current 
Voltage 
In l e t /Ou t l e t  Dew Points  (Air) 
In l e t /Ou t l e t  Temperatures (Air) 
In le t /Out le t  pC02 (Air) 
Outlet  pCO? (Hz) 
A i r  Flow " 

HZ Flow 
H + C02 Flow 
ca Flow 
1nfe t /0u t le t  Temperature (Coolant 1 



FIGURE 47 CS-3 DATA ACQDISITION SYSTEH 
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The p r i n c i p a l  components o f  t h e  ASU a r e  shown schemat ica l ly  i n  F igure  48. 
Phys ica l ly ,  t h e  ASU is  divided i n t o  two p a r t s .  The f i r s t ,  t h e  a i r  p rocessor ,  
includes  t h e  co~.densing h e a t  exchanger, c i r c u l a t i o n  blower, sp ray  chamber, 
sp ray  pump, water r e s e r v o i r ,  a i r  h e a t e r  and a s s o c i a t e d  duct ing,  p i p i n g  and 
support  s t r u c t u r e .  These components a r e  p i c t u r e d  i n  F igure  49. The ASU 
design s p e c i f i c a t i o n s  a r e  l i s t e d  i n  Table  11. The flow is e s t a b l i s h e d  by t h e  
cons tan t  speed blower and t h e  s e t t i n g  of t h e  damper valves .  While t o t a l  3 c i r c u l a t i o n  may be  17.0 m /min (600 cfm), it is p o s s i b l e  t o  draw o f f  t h e  
d e s i r e d  q u a n t i t i e s  o f  process  sqd coo l ing  a i r  t o  t h e  EDC. A s  shown i n  t h e  
schematic, t h e  ASU has  t h e  c a ~ a b i l i t y  of supplying two systems under test 
s iau l t aneous ly .  

The water i s  supp l ied  t o  t h e  a i r  through a pump and s p r a y  nozzle .  Excess and 
condensed water is g r a v i t y  re turned t o  t h e  r e s e r v o i r .  The 5000 W e l e c t r i c  
h e a t e r  caa  g ive  a 1 4  K-(20 F) e l e v a t i o n  i n  d r y  bulb  temperature  a t  a nominal 
flow r a t e  o f  14.2 m /min (500 cfm). 

Aside from t h e  sensors ,  a l l  ins t rumenta t ion  is  housed i n  t h e  ASU c o n t r o l  and 
monitor c a b i n e t  p i c t u r e d  i n  Figure  50. This  inc ludes  t h e  c o n t r o l s  t o  o p e r a t e  
t h e  blower, water pump and h e a t e r ;  t h e  ins t rumenta t ion  and sensors  t o  monitor 
and c o n t r o l  temperature,  p ressure ,  humidity, CO and 0 l e v e l s ;  and t h e  capa- 

2 2 b i l i t y  t o  p e r i o d i c a l l y  c a l i b r a t e  t h e  ins t ruments .  I n  a d d f t i o n ,  shutdown 
c a p a b i l i t y  both wi th in  t h e  ASW and t o  and from o t h e r  subsystems e x i s t s .  The 
shutdown parameters a r e  d ry  bulb  and dew p o i n t  t eEpera tu re ,  a i r  flow, H2 
concentra t ion and an  e x t e r n a l  s i g n a l .  

The ASU was t e s t e d  ex tens ive ly  and met o r  exceeded a l l  des ign s p e c i f i c a t i o n s .  3 A i r  flow c a p a b i l i t y  was from 0 t o  20 m /min (750 cfm). Dew p o i n t s  were main- 
t a ined  from 279 t o  301 K (42.5 t o  82 F) and dry  bulb  temperatures from 279 t o  
302 K (42.5 t o  85 F) .  Resu l t ing  RH l e v e l s  ranged from 26% t o  100% s a t u r a t i o n .  
The ASU was operated f o r  more than 900 hours i n  support  of t h e  LBS-B/ORS-4(A) 
t e s t i n g  and f o r  over  8,000 hours i n  support  of t h e  ARX-1 t e s t i n g .  

One-Person A i r  R e v i t a l i z a t i o n  System 

Tes t  Support Accessories were developed t o  support  t h e  t e s t  program of t h e  
AM-1. A block diagram of t h e  t o t a l  TSA s e r v i c i n g  t h e  one-person ARS with  i ts 
C/M I and N2H4 Supply, is shown i n  F igure  51. Some of t h e  TSA hardware was 
developed o r  refurbished a s  p a r t  of t h i s  program; o t h e r  9ardware was provided 
from p r i o r  programs and mod;-fied. Th is  hardware included p a r t  o r  a l l  o f  t h e  
FSU, t h e  ASU and i t s  c o n t r o l ,  t h e  CSU, t h e  water source  wi th  l i q u i d  l e v e l  
monitoring,  the  v e n t / v a c ~ . m  source ,  t h e  high N p r e s s u r e  supply f o r  purging,  
t h e  DAS and t h e  Parametr ic  Datc Oisplay.  2 

A major p o r t i o n  of t h e  TSA a c t i v i t i e s  was involved wi th  t h e  development o f  t h e  
Parametric Data Display.  The t o t a l  u n i t ,  packaged i n  a s e p a r a t e  c a b i n e t ,  i s  
shown i n  Figure  52. I t  s e r v i c e s  a l l  o f  t h e  func t ions  of t h e  ARX-I. S p e c i f i -  
c a l l y ,  i t  con ta ins  d i s p l a y s  f o r  temperatures ,  c e l l  vo l t ages  and c u r r e n t s ,  
flows and p ressures .  Also shown i n  t h e  lower p o r t i o n  o f  t h e  cabinet. a r e  power 
s u p p l i e s  required f o r  y-ra t ion of t h e  parametr ic  d a t a  d i s p l a y  c a b i n e t  and t h e  
ARX- 1. 







Crew Size 

TABLE 11 ASU DESIGN SPECIFICATIONS 

Processed Air . 
Flow Rate, r /min (cfm) 
Dew Point Range, K (F) 
Dry Bulb Rangc, K (F) 
Humidity Range, X 

Condensing Heat Exchanger 
Heat Removal Capacity, kJ/s (Btu/h) 
Effectiveness 

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

Sys tea Pressure 
Nominal, kPa (psiaj 
Deviation, Wa (in H20) 

Nominal Gas Composition, kPa (m Hg) 
0 

c62 
H2 
N2 

Physical 
Air Processor 

Size, WxDxH, m (ft) 

3 3 Envelope Volume, m (ft ) 
Weight, kg (lb) 
Power, W 

Control and Monitor Cabinet 
Size, WxDxH, m (ft) 

3 3 Envelope Volume, m (ft ) 
Weight, kg (lb) 
Power, W 

21.3 (160) 
0 to 0.93 (0 to 7) 
0.76 (5.7) 
Makeup 



A i r  Processor 
Controls 

D w  Point 
Sensor 

O2 
Ana Lyzcr 

FIGURE SO ASU CONTROL AND MONITOR RJSTRITMENTATLOM 
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Analysis Sample 
Control 

Cali  brat ilon 
Gas C ~ n t r o l  
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FI- 52 ONE-PERSON AIR REVITALIZATION SYSTYM 
PARAMETRIC DATA D T S P M  CABINET 

C e l l  Voltages 
and Currents 

Flaws and 
Pressures 

Power 
Supplies 



MINI-PRODUCT ASSURANCE PROGRAkl 

A mini-Product Assurance Program was e s t a b l i s h e d ,  implemented and maintained 
throughout a l l  phases of c o n t r a c t u a l  performance inc lud ing  design,  purchasing,  
f a b r i c a t i o n  and t e s t i n g .  

Qua l i ty  Assurance 

Q u a l i t y  Assurance a c t i v i t i e s  were included dur ing  t h e  Resign s t u d i e s ,  i n t e r -  
f a c e  requirement d e f i n i t i o n s  and dur ing inspec t ion  o f  f a b r i c a t e d  and purchased 
p a r t s .  The o b j e c t i v e  was t o  sea rch  o u t  q u a l i t y  weaknesses asd providr  spyropr i -  i 

a t e  c o r r e c t i v e  ac t ion .  Also, a  q u a l i t y  assurance e f f o r t  was involved : r ~  t h e  
i 

p r e p a r a t i o n  of t h e  F i n a l  Report wi th  t h e  o b j e c t i v e  o f  i d e n t i f y i n g  an.: r e s c l v i n g  
d e f i c i e n c i e s  t h a t  could a f f e c t  t h e  q u a i i t y  o f  fu ture .equipment .  

R e l i a b i l i t y  i : 

R e l i a b i l i t y  personnel p a r t i c i p a t e d  i n  t h e  program t o  ensure  (1) proper  c a l i b r a -  
t i o n  of t e s t  equipment and TSA ins t rumenta t ion ,  (2) adherence t o  test proce- 
dures  and (3) proper  recording and r e p o r t i n g  of test d a t a  and o b s e r v ~ t i o n s .  A 
survey o f  t h e  component, subsystem and TSA designs  was performed t o  determine 
t h e  c a l i b r a t i o n  requirements f o r  t e s t i n g .  Appropriate components were c a l i -  
b ra ted  dur ing assembly and a f t e r  i n s t a l l a t i o n .  

A t e s t  procedure was e s t a b l i s h e d  t o  ensure  t h a t  a l l  c r i t i c a l  parameters were 
proper ly  monitored and t h a t  t h e  t e s t i n g  conformed t o  t h e  program's q u a l i t y  
assurance and s a f e t y  procedures.  A l l  major t e s t i n g  requ i red   hat a test p l a n  
be completed and reviewed. 

S a f e t y  

A Safe ty  Program was i n i t i a t e d  t o  ensure  adherence t o  s a f e t y  s t andards  and 
procedures e s s e n t i a l  t o  p r o t e c t  personnel  and equipment. The program con- 
s i s t e d  of i d e n t i f y i n g  p o s s i b l e  adverse  subsystem and TSA c h a r a c t e r i s t i c s ,  
reviewing designs  and design changes f o r  p o t e n t i a l  s a f e t y  hazards ,  reviewing 
NASA A l e r t s  f o r  s a f e t y  informat ion and incorpora t ing  t h e  equipment 's  protec-  
t i v e  f e a t u r e s .  

N a t e r i a l s  Control  I 

t - 
A mini-Platerials  Control  Pro ram was i n i t i a t e d  t o  provide assurance t h a t  t h e  & 

: 
: 'L 

CS-3 and ARX-1 hardware d i C p r e c l u d e  t h e  e f f i c i e n t  a p p l i c a t i o n  c f  a  more . .  
i ,  

d e t a i l e d  m a t e r i a l s  c o n t r o l  program dur ing subsequent developmer~ts.  A s  a goz l ,  i '  1 .  
mater ia l s  of cons t ruc t ion  were s e l e c t e d  t o  c o i ~ l p l ~  wi th  p ro jec ted  s p a c e c r a f t  I _ 
mater ia l  s p e c i f i c a t i o n s .  I .  . 'I. 

t .  

Configurat ion Control  
.I' 

A mini-Configuration Management Propram was e s t a b l i s h e d ,  implemented and 
maintained.  This  prograsi provided f o r  documentation concerning i n t e r f a c e  i 

requirements f o r  t h e  ARX-I t e s t i n g  and t h e  CS-3 development and t e s t  a s  a  p a r t  



of t h e  RLSE Program. The program was implemented with a primary goal t o  pro- 
vide assurance t h a t  t h e  e f f i c i e n t  appl ica t ion  of a more de t a i l ed  configurat ion 
management program can be applied duting subsequent develo~ment  of ARX hardware. 

TECHNOLOGY ADVANCEMENT S T U D I E S  

A s  p a r t  of t he  contractual  e f f o r t  several  s tud ie s  were completed t h a t  were 
d i rec ted  toward t h e  advancement of the  EDC technology, The s tud ie s  were 
grouped i n t o  nine d i f f e r e n t  areas .  A sho r t  descr ip t ion  and major r e s u l t s  of. 
the  s tud ie s  a r e  l i s t e d  i n  Table 12 and f u i t h e r  described below. These s tud ie s  
provided valuable information which led  t o  improved EDC c e l l  hardware and 
performance and subsystem operat ion,  a s  w e l l  a s  t he  establishment of f u r t h e r  
technology goals.  

Electrode Teflon Loading Study 

The Teflon loading, i - e . ,  t he  percentage of Teflon i n  t h e  c a t a l y s t  binder  on 
t h e  EDC e lec t rode  sur face ,  s i g n i f i c a n t l y  a f f e c t s  CO removal e f f ic iency  and 2 c e l l  vol tage.  The Teflon loading of t he  e lec t rode  cont ro ls  t h e  hydrophobic 
nature of the  e lec t rode  and r e s u l t s  i n  a l t e r i n g  t h e  e lec t rode  gas d i f fus ion  
layer  thickness and the  number of ava i lab le  reac t ion  s i t e s .  .2 study was 
conducted t o  determine i f  improvements i n  EDC performance were possible  by 
d t e r i n g  the  Contractor 's  basel ine e lec t rode  Teflon loading. 

Three cathodes with varying amounts of Teflon were fabr ica ted  and t e s t ed .  O f  
the  three  e lec t rodes ,  one contained the previously es tab l i shed  Contractor 's  
basel ine Teflon composition, one contained a 10% lower than basel ine loading, 
while the t h i r d  contained a 10% higher than base l ine  Teflon composit$on. The 
electrodes were mounted and parametr ical ly  t e s t e d  i n  standard 2.3  dm (0.25 f t  ) 
LDC s i n g l e  c e l l s  with i n t e r n a l  a i r  cooling. 

The r e s u l t s  of t he  t e s t i n g  a r e  shown i n  Figures 53 and 54, showing C 0 2  removal 
and vol tage performance of t he  three  cathodes a s  a funct ion of i n l e t  pCO 
l eve l  and cur ren t  densi ty ,  respect ively.  2 

The 10% higher  than base l ine  Teflon e lec t rode  exhibi ted poor C02 removal 
e f f ic iency  and extremely poor electrical performance, f a i l i n g  t o  maintain a 
pos i t i ve  vol tage and caused an ea r ly  termination of t he  t e s t .  The 10% lower 
than base l ine  Teflon e lec t rode ,  while exhib i t ing  a CO removal e f f ic iency  2 s l i g h t l y  l e s s  than base l ine ,  d id  show a higher than normal c e l l  voltage. 

From these  t e s t s  i t  was concluded t h a t  tlie optimum Teflon loading f o r  C02 
removal occurs a t  the  base l ine  loading while an e lec t rode  (cathode) more 
optimized f o r  power output (higher c e l l  voltage) would require  a composition 
s l i g h t l y  l e s s  than basel ine.  

Alternate  Anode Gurrent Collector  Design 

A development e f f o r t  was conducted t o  s e l e c t  an a l t e r n a t e  technique t o  apply 
the anode current  co l l ec to r  t o  advanced EDC c e l l  frames. The objec t ive  of 
t h i s  study was t o  i den t i fy  and demonstrate a technique t h a t  would prevent 
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polysulfone crazing, occasional ly  observed a f t e r  extended times (g rea t e r  than 
. .. one year)  with t he  presen t ly  used p l a t i n g  process.  I n  add i t i on  t o  crazing,  

t he  u n i t  cos t  per  frame was a l s o  high. The base l ine  design incorporated 
p l a t i ng  of the  anode cur ren t  c o l l e c t o r  d i r e c t l y  onto t h e  polysulfone cell 
frame. This process consis ted of a s e ~ i e s  of s t eps  including e l e c t r o l e s s  
n icke l  p l a t i n g  followed by s i l v e r  and gold p la t ing .  

Three a l t e r n a t e  techniques f o r  applying anode cur ren t  c o l l e c t o r s  t o  t h e  c e l l  
frames were invest igated.  One, ca l l ed  ion deposi t ion p l a t i ng ,  was evaluated 
and was found t o  be inadequate due t o  t h e  b r i t t l e n e s s  of t h e  r e su l t i ng  p l a t i ng .  
A second p l a t i ng  technique, ca l l ed  plasma deposi t ion,  was found t o  be unaccept- 
ablf  due t o  2-"icul ty  i n  achieving t h e  required thickness  and uniformity.  

The t!;rd technique evaluated proved acceptable  and is p re sen t ly  projected f o r  
t he  Czbrication of fu tu re  EDC c e l l s .  The design uses t h i n  metal f o i l ,  s ized  
f o r  the required cur ren t  conduction, inser ted  i n t o  t h e  anode cav i ty  of t h e  
c e l l  and electron-beam welded t o  t h e  cur ren t  c o l l e c t o r  t abs .  Modificatiocs t o  
t h e  polysulfone frame design were made t o  accept  t he  metal f o i l ,  and t h e  
In j ec t i on  mold f o r  t he  frames was modified t o  be compatible with t h e  new 
process.  

E l e c t r i c a l  res i s tance  checks were made from the  ex te rna l  t abs  t o  t he  i n t e r n a l  
f o i l .  A reduction of one order  of magnitude i n  i n t e r n a l  r e s i s t ance  losses  was 
obtained compared t o  the  p la ted  design. Also, while mater ia l s  c o s t s  a r e  
s imi l a r ,  the  electron-beam welding process i s  subs t an t i a l l y  lower i n  t o t a l  
cos t  than p la t ing .  

Matrix Fabricator  

Previously used f u e l  c e l l  grade asbestos  matrices a r e  no longer c o m e r c i a l l y  
ava i l ab l e .  For t h i s  reason LSI had previously defined a step-by-step proce- 
dure f o r  f ab r i ca t i ng  recons t i tu ted  fue l  c e l l  grade asbestos  matrices from 
commercially ava i lab le  raw asbestos  f i b e r s .  A matrix f ab r i ca to r  was required 
t o  ve r i fy  t he  procedure a t  t he  scaled-up l eve l  required by fu l l - s i zed  EDC 
c e l l s .  

Based on the  ex i s t i ng  matrix manufacturing procedure and requirements, a new 
asbestos  matrix f ab r i ca to r  was designed. The un i t  i s  of a welded aluminum 
construct ion t o  r e s i s t  de t e r io ra l i on  due t o  f l u i d s  used during the  matrix 
f ab r i ca t i on  procedures. The f ab r i ca to r  u t i l i z e s  a rubber gasketed porous 
n icke l  plaque t o  support the  matrix mater ia l  during the  vacuum deposi t ion 
phase. 

Combined Humidity/C02 Control Concept 

During normal operat ion of an EDC, the  water produced by t h e  electrochemical 
react ion i s  t ransfer red  i n t o  the  process a i r  stream and exhausts i n to  t he  
cabin atmosphere f o r  subsequent removal by a separaLe humidity cont ro l  subsystem. 
For long-term space missions t he  water generated by the  crew and by the  reac t ions  
of  the CO removal process must be reclaimed f o r  use within the  spacecraf t .  2 This suggests a concept of combining the  humidity control  function with the  
CO removal funct ion by removing both water and CO from the  process a i r  2 2 



stream taken from the  cabin. The combined concept could p o t e n t i a l l y  r e s u l t  i n  
ove ra l l  system weight and volume savings. Two d i f f e r e n t  approaches of  combined 
humidity/CO2 cont ro l  were invest igated.  

One approach is modification of t he  base l ine  EDC cell t o  incorporate  hardware 
t o  simultaneously f m v e  water and C02 This concept was ex tens ive ly  discussed 
i n  a p r i o r  report .  A water removal cav i ty  is located adjacent  t o  t he  
cathode a i r  compartment. The pressure i n  t h i s  coapartrsent is maintained by 
vacuum vent a t  t h e  vapor pressure corresponding t o  t he  des i red  cabin a i r  dew 
point .  Tes t s  showed t h a t  t h e  concept is f e a s i b l e  but  was l imi ted  due t o  (1) 
d i f f i c u l t y  i n  maintaining t h e  absolute  pressure l eve l s  i n  t h e  1.06 t o  1.60 kPa 
(8 t o  12 m Hg) range which corresponds t o  dew po in t s  i n  t h e  281 t o  287 K (45 
t o  53 F) range, (2) s t r u c t u r a l  cons t r a in t s  on t he  cell  hardware design and (3) 
overboard l o s s  of  water. Any advactage obtained i n  combining water and CO 
removal within t h e  c e l l s  is o f i s e t  by increased s i z e  and complexity of  t he  2 

EDCH . 
The second approach is t h e  combined CHCSIEDC concept s i m i l a r  t o  t h a t  developed 
f o r  t h e  ARX-I. Two separa te  components, t h e  CHCS hea t  exchanger and the  EDCH, 
perform the  d r s i r e d  funct ions of  humidity and CO removal. The CHCS is  designed 
t o  cont ro l  t o  t h e  des i red  dew poin t  l eve l  and ye$ maintain t h e  proper RH condi- 
t i ons  t o  t he  EDC. 

The ARX-1 hardware permitted t e s t i n g  of t h i s  concept. Figure 55 shows the  
r e s u l t s  of varying the  RH of t he  i n l e t  t o  t he  CHCS i n  terms of  t he  EDC average 
RH response. The average RH i s  computed from t h e  process a i r  i n l e t  and o u t l e t  
RHs. I t  i s  seen t h a t  t h i s  parameter was maintained f a i r l y  constant (desired 
value is  80%) over the  range of CHCS i n l e t  RHs te s t ed .  The test was conducted 
over 30 days of operat ion with both CHCS and EDCM coolant  temperature s e tpo in t s  
maintained a t  t h e  base l ine  i eve l s .  The r e s u l t s  i nd i ca t e  t h a t  both CO and 
moisture removal was achieved with t he  hardware arrangement t e s t ed  an8 t h a t  
a l t e r i n g  i n l e t  condi t ions t o  t he  CHCS had minimal e f f e c t  on t h e  EDC operat ing 
conditions.  

Performance Deviation Study 

During pas t  EDC developments c e r t a i n  c e l l s  exhibi ted deviat ions from the  
expected base l ine  performance, i - e . ,  subnormal CO removal and e l e c t r i c a l  
e f f i c i enc i e s .  These same c e l l s  a l s o  exhibi ted matd is t r ibu t ions  of CO, removal, 
water evolution and dry bulb temperature increases  over the  sur face  aZea of 
t he  electrode.  A performance deviat ion study was conducted t o  ana ly t i ca l l y  
and experimentally i nves t i ga t e  the  observed mald is t r ibu t ions .  The study 
examined previous test da t a ,  then analyzed the  data  t o  i d e n t i f y  a possible  
cause(s) f o r  the  subnormal CO removal and e l e c t r i c a l  e f f i c i e n c i e s .  

2 

The reason f o r  low performance was t r a r ed  t o  cur ren t  mald is t r ibu t ions  caused 
by e l e c t r o l y t e  (Cs CO ) prec ip i t a t i on .  S t a r t  of p r ec ip i t a t i on  i s  normally 

2 3 caused by out-of-tolerance i n t e r f ace  condi t ions (process a i r  RH, coolant 
temperature, H o r  N RH, e t c . )  o r  lack of automatic cont ro ls  (module tempera- 

2 .  2 t u r e ,  cooling a17 flow, e t c . ) .  Reversal t o  base l ine  performance is  not poss ib le  
once p rec ip i t a t i on  has occurred. A s  a r e s u l t  of t he  s tudy,  provisions were 





were included i n  t h e  C/M 1's of E D C ' s  (such a s  t h e  CS-3 and ARX-1) t o  monitor 
f o r  ou t -o f - to le rance  i n t e r f a c e s  and o p e r a t i n g  c o n d i t i o n s  and automat ic  shutdown 
of  t h e  EDC should p r e s e t  l i m i t s  be exceeded. Also, a n  advanced e l e c t r o l y t e  
(LSI-D) has  been developed by LSI t o  i n c r e a s e  t o l e r a n c e  t o  low RH process  a i r  
s t  reams. 

Optimum EDC Current  Densi ty  

A s tudy was conducted t o  determine t h e  optimum EDC c u r r e n t  d e n s i t y  t h a t  would 
r e s u l t  i n  t h e  lowest  t o t a l  e q u i v a l e n t  weight f o r  s p a c e c r a f t  a p p l i c a t i o n  when 
t h e  EDC was used a s  a power g e n e r a t o r  a s  w e l l  a s  a CO remover. 

2 

A computer program was w r i t t e n  t o  f a c i l i t a t e  c a l c u l a t i o n  o f  t o t a l  e q u i v a l e n t  
v e i g h t s  based on given inpu t  parameters .  The e q u i v a l e n t  weight was determined 
"om s e v e r a l  f a c t o r s .  These included CO removal r a t e  o r  capac i ty  which re- 2 .  !ated t o  f i x e d  hardware weight.  Also, weight p e n a l t i e s  incur red  because of  
t h e  power used,  h e a t  r e j e c t e d  and t h e  0 consumed by t h e  EDC were included.  

2 

Computer r e s u l t s  o f  t o t a l  e q u i v a l e n t  weight ve r sus  c u r r e n t  d e n s i t y  curves  f o r  
1-, 3-, 6- and 12-person EDCs a r e  shown i n  F igure  56. I n  t h e s e  and o t h e r  test 
c a s e s ,  t h e  optimum c u r r e n t  d e n s i t y  f o r  t h e  lowest  t o t a l  e q u i v a l e n t  weight 
occurred s l i g h t l y  below t h e  c u r r e n t  d e n s i t y  t h a t  maximized CO removal e f f i -  

2 ciency.  Using t h e  EDC geae ra ted  power i n  o t h e r  e l ec t rochemica l  subsystems of  
an  ARS reduces o v e r a l l  power bu t  has on ly  a smal l  impact on optimum EDC c u r r e n t  
d e n s i t y .  I n  g e n e r a l ,  a  s l i g h t l y  lower c u r r e n t  d e n s i t y  than t h a t  f o r  optimum 
CO removal r e s u l t s .  

2 

E l e c t r o l y t e  Mixture Study 

To expand t h e  c a p a b i l i t y  o f  EDCs t o  o p e r a t e  e f f i c i e n t l y  a t  t h e  low process  a i r  
RHs encountered i n  s p a c e c r a f t  atmospheres ( a s  iow a s  26% RH) ,  e l e c t r o l y t e s  
composed of  mixtures  o f  ca rbona te  s a l t s  were s t u d i e d .  The premise f o r  t h e  
s tudy  was t h a t  two d i s s i m i l a r  s a l t s  can produce concentra ted  s o l u t i o n s  of  
g r e a t e r  i o n i c  s o l u b i l i t y  than  t h e  concen t ra ted  s o l u t i o n  of  e i t h e r  s i n g l e  s a l t .  
This inc reased  i o n i c  s o l u b i l i t y  could main ta in  an  inc reased  i o n i c  water  bind- 
i n g  f o r c e  r e s u l t i n g  i n  dec reas ing  t h e  wa te r  vapor p r e s s u r e  (pH 0 )  of  t h e  2 
s o l u t i o n .  For EDC e l e c t r o l y t e s  i t  is nece.;sary t o  coqs ide r  t h e  dew p o i n t  
depress ion  c h a r a c t e r i s t i c s  of  both  t h e  ca rbona te  (CO -) and b ica rbona te  (HCO -) 3 3 
forms of t h e  e l e c t r o l y t e  mixture  s i n c e  bo th  s p e c i e s  a r e  p r e s e n t  i n  a n  o p e r a t i n g  
EDC c e l l .  

Hixture  S e l e c t i o n  Techniques 

To match t h e  low s p a c e c r a f t  atmosphere R H ' s  (26% RH) r e q u i r e s  e l f  : t r o l y t e s  
which e x h i b i t  a  high dew p o i n t  depress ion .  The e l e c t r o l y t e s  musL s t i l l  be 
ca rbona tes  t o  s a t i s f y  t h e  b a s i c  EDC requirements.  I n  t h i s  s tudy  t h e  s a l t s  of  
t h e  a l k a l i  meta l  family  were considered.  

Both a n a l y t i c a l  and exper imenta l  e v a l u a t i o n  of  p o t e n t i a l  mixtures  of t h e  s a l t s  
were used i n  o r d e r  t o  p r e d i c t  p o t e n t i a l l y  promising r a t i o s .  I n i t i a l l y ,  
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p o t e n t i a l  mixtures  were eva lua ted  f o r  optimum s o l u b i l i t y  based on t h e  a c t i v i t y  
c o e f f i c i e n t s  o f  t h e  independent s a l t  c o ~ ~ c e n t r a t i o n s  i n  t h e  s o l u t i o n .  The dew 
p o i n t  depress ion  c h a r a c t e r i s t i c s  of  s e v e r a l  o f  t h e s e  mixtures  were then  exper i -  
menta l ly  determined.  C o r r e l a t i o n  between a n a l y t i c a l  p r e d i c t i o n  and exper imenta l  
r e s u l t s  were d i f f i c u l t  t o  e s t a b l i s h  and were inconc lus ive .  Analyses i n d i c a t e d  
t h a t  an  equ i l ib r ium wi th  25% RH a i r  was p o s s i b l e .  IIowever, p r a c t i c a l  EDC c e l l  
o p e r a t i o n  would be  s u b s t a n t i a l l y  more l i m i t e d  due t o  o p e r a t i o n a l  g r a d i e n t s  and 
mass t r a n s p o r t  l i m i t s .  F u l l - s i z e d  c e l l  t e s t i n g  was t h e r e f o r e  s e l e c t e d  f o r  
f i n a l  de te rmina t ions .  

S i n g l e  C e l l  T e s t i n g  

A test program was performed i n  an  a t t empt  t o  p r e d i c t  e l e c t r o l y t e  mixture  
e f f e c t s  on EDC opera t ion .  The o b j e c t i v e s  o f  t h e  test were t o  q u a n t i f y  p o s s i b l e  
e f f e c t s  of t h e  e l e c t r o l y t e  mixtures  on t h e  CO removal and e l e c t r i c a l  e f f i c i e n -  

2 c i e s  of an  EDC c e l l  a s  a  f u n c t i o n  of  i n l e t  a i r  pCO l e v e l ,  c u r r e n t  d e n s i t y  and 
2 i n l e t  RH. The e l e c t r o l y t e  mixture  wi th  t h e  p o t e n t r a l l y  h i g h e s t  dew p o i n t  

depress ion  was s e l e c t e d .  A s i n g l e  c e l l  EDC was assembled u t i l i z i n g  t h e  CS-6 
type hardware and charged wi th  t h e  e l e c t r o l y t e .  The charge c o n c e n t r a t i o n  was 
a d j u s t e d  t o  an  i o n i c  concen t ra t ion  e q u i v a l e n t  t o  t h e  b a s e l i n e  FDC Cs2C03 
charge s o l u t i o n .  

Tke t e s t  r e s u l t s  i l l u s t r a t e d  on ly  b a s e l i n e  performance, i n d i c a t i n g  t h a t  t h e  
o v e r a l l  e f f e c t s  o f  mixed e l e c t r o l y t e s  on performance and RH c a p a b i l i t i e s  a r e  
n e g l i g i b l e  wi th in  t h e  b a s e l i n e  o p e r a t i n g  ranges of  an  EDC. 

Hydrated S a l t  E l e c t r o l y t e s  

A s tudy  was conducted t o  determine i f  hydrated s a l t  e l e c t r o l y t e s  cos ld  be  used 
t o  improve EDC v o l t a g e  performance s i n c e  hydrated s a l t s  a l low g e n e r a l l y  f o r  
inc reased  o p e r a t i n g  temperatures .  Higher o p e r a t i n g  temperatures  h. e  been 
shown t o  r e s u l t  i n  h igher  c e l l  v o l t a g e  performance of  t h e  EDC c e l l .  

A s e a r c h  o f  p o t e n t i a l  hydrated s a l t s  was made. Metal carbonates  ( e - g . ,  L i  CO 
2  3' K2C03) have too  high of  a  me l t ing  temperature  t o  be a p p l i c a b l e .  The d e s i r e d  

mel t ing  temperature  is  below 366 K (200 F) .  A group of  o rgan ic  carbonates  had 
p r o p e r t i e s  t h a t  m e t  t h i s  requirement.  For example, tetramethylammonium c a r -  
bonate  wi th  va r ious  hydra t ion  s t a t e s  has  mel t ing  p o i n t s  a t  342 K (156 F) and 
nea r  368 K (203 F).  From t h i s  c o n s i d e r a t i o n  a l o n e ,  c e r t a i n  o rgan ic  ca rbona tes  
a r e  p o t e n ~ i a l  EDC e l e c t r o l y t e s .  F u r t h e r  i n v e s t i g a t i o n ,  however, i n d i c a t e d  
t h a t  t h e i r  vapor p r e s s u r e  c h a r a c t e r i s t i c 2  may not  be compatible wi th  p rocess  
a i r  mois tu re  c o n t e n t .  I n  a d d i t i o n ,  e l e c t r o d e  poisoning due t o  e l e c t r o l y t e  
decomposition i n  a  b a s i c  s o l u t i o n  was a  p o t e n t i a l  problem. 

On a  subsystem l e v e l  t h e  h igh temperature  EDC opera t ion  would r e q u i r e  h e a t i n g  
t h e  i n l e t  process  a i r .  Even us ing  a  r egenera t ive  hea t  exchanger ( i . e . ,  recover-  
i n g  t h e  hea t  i n  t h e  p rocess  a i r  o u t l e t )  would p lace  excess ive  weight ,  s i z e  and 
power p e n a l t i e s  on t h e  concept .  The inc reased  p e n a l t i e s  more than o f f s e t  t h e  
advantage ob ta ined  from h igher  c e l l  v o l t a g e  opera t ion  on an e q u i v a l e n t  launch 
weight b a s i s .  For t h i s  and t h e  above reasons ,  f u r t h e r  s t u d i e s  o f  hydrated 
s a i t  e l e c t r o l y t e s  were no t  recommended. 
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B-Level Performance Technology Study 

This s tudy a c t i v i t y  was d i r e c t e d  toward t h e  t e s t i n g  and a n a l y s i s  of LSI-generated 
hardware concepts which i n d i c a t e d  improvement i n  performance. Performance 
l e v e l s  were s e l e c t e d  a s  g o a l s  t o  judge and compare EDC c e l l  opera t ion .  These 
performance l e v e l s  were termed B-level performance goa l s .  Previous EDC p e r f o r -  
mance goa l s ,  t f n e d  A-level ,  had been e s t a t b j s h e d  p r i o r  t o  t h e  development o f  
t h e  one-person and t h e  s ix-person EDCs. These goa l s  were demonstrated 
and exceeded dur ing t h e s e  developments. Therefore,  t h e  es tab l i shment  of 
B-level performance goa l s  was requ i red  t o  f u r t h e r  d i r e c t  EDC technology advance- 
ment. 

Comparisons of A- and B-level  performance a s  a f u n c t i o n  of i n l e t  a i r  pCO 
opera t ing  c u r r e n t  d e n s i t y  and i n l e t  a i r  RH a r e  p resen ted  i n  F igures  57, $6 and 
59, r e s p e c t i v e l y .  The opera t ing  cond i t ions  f o r  t h e s e  comparisons a r e  shown i n  
Table 13. 

Study Approach 

The t e s t i n g  t o  demonstrate B-level technology cons i s ted  of eva lua t ing  f o u r  EDC 
hardware conf igura t ions  o r  concepts ( s e l e c t e d  from e i g h t  p o t e n t i a l  cand ida te  
conf igura t ions ) .  Three l e v e l s  of t e s t i n g ,  c o n s i s t i n g  o f  c ~ e c k o u t / a c c e p t a n c e ,  
parametr ic  and endurance t e s t i n g  were conducted. The checkout/acceptance test 
screened t h e  performance o f  each o f  t h e  f o u r  concept-s. Two were s e l e c t e d  f o r  
f u r t h e r  parametr ic  t e s t i n g  t o  determine t h e  e f f e c t s  of t h e  i n l e t  a i r  pC02, 
c u r r e n t  d e n s i t y  and i n l e t  a i r  RH. 

Concept S e l e c t i o n  Approach 

The f o u r  c e l l  hardware concepts t e s t e d  dur ing t h e  B-level  technology s tudy  
were chosen from a l i s t  of e i g h t  LSI-generated hardware conf igura t ions  us ing 
shor t - term screening tests ( l e s s  than s i x  hours) a s  requ i red .  The approach 
f o r  t h e  s e l e c t i o n  of hardware concepts was based on t h r e e  f a c t o r s .  The f i r s t  
f a c t o r  was t h e  a b i l i t y  of t h e  EDC hardware concept t o  demonstrate t h e  complete 
range of B-level  performance goa l s .  The second f a c t o r  was t h e  a b i l i t y  of t h e  
concept t o  improve o p e r a t i o n a l  r e l i a b i l i t y  through inc reased  c e l l  vo l t age  and 
increased to le rance  t o  wide ranges i n  a i r  RH. The l a s t  f a c t o r  was t h e  p o t e n t i a l  
of t h e  concept t o  perform b e t t e r  i n  any s i n g l e  one o f  t h e  performance charac te r -  
i z a t i o n  a r e a s  ( e - g . ,  c e l l  v o l t a g e ,  C02 removal e f f i c i e n c y )  o f  t h e  B-level  
performance goa l s  e s t a b l i s h e d .  

Table 14 i s  a l i s t  o f  th?  f o u r  concepts s e l e c t e d  f o r  t h e  B-level  technology 
s tudy .  This t a b l e  a l s o  de f ines  t h e  b a s i c  c e l l  hardware s tackup,  t h e  type of 
e lect rochemical  c e l l  hardware u t i l i z e d  and t h e  primary reason f o r  t h e  s e l e c -  
t i o n  of t h e  concept. 

Tes t  Resu l t s  and Analvsis 

The f o u r  concepts s e l e c t e d  a l ~ d  l i s t e d  i n  Table 14 were eva lua ted  according t o  
t h e  approach def ined above. 









TABLE 13 BASELINE OPERATING CONDITIONS FOR 
A AND B LEVEL PERFORMANCE COMPARISONS 

2 .  Current Density, mA/cm (ASF) 21.5 (20)'~) 

Air Flow/Cell, dm3/min (scfm) 4.5 (1.6) 

Inlet Process Air Temperature, K (F) 294 23 (70 +5) 

Inlet RH, % 

A Level 
B Level 

H + C02  Backpressure, Pa (psig) 2 Ambient 

(a) Variable for Figure 57 
(b) Variable for Figure 59 

2 
(c) For a 4.6 dm (0.5 ft ) active cell area 
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High bloisture Tolerance C e l l  Design. The i n i t i a l  checkout t e s t i n g  of t h e  h igh 
m o i s t ~ : r ~ t o l e r a n c e  c e l l  demonstrated s u f f i c i e n t l y  h igh performance l e v e l s  t o  
be accepted f o r  pa ramet r i c  t e s t i n g .  The b a s e l i n e  o p e r a t i n g  cond i t ions  s e l e c t e d  
f o r  a l l  t e s t s  of t h i s  concept a r e  def ined i n  Table 15. The pa ramet r i c  t e s t  
r e s u l t s  of t h i s  c e l l  des ign  a r e  shown i n  F igures  60 through 63. The dashed 
l i n e s  i n  each f i g u r e  r e p r e s e n t  t h e  B-level  technology goa l s  e s t a b l i s h e d  f o r  
EDC performance. 

The performance of  t h e  high mois ture  t o l e r a n c e  c e l l  des ign  a s  a  func t ion  of 
i n l e t  pCO matched, wi th in  exper imenta l  e r r o r ,  t h e  des ign  g o a l ,  a s  i n d i c a t e d  2 i n  F igure  60. A s h i f t  i n  t h e  peak of t h e  per' .lrmance curve  a s  a  f u n c t i o n  of  
c u r r e n t  d e n s i t y  f o r  t h e  high mols ture  t o l e r a n c e  des ign i s  i n d i c a t e d  i n  F i g u r e  61. 
Th- maximum removal e f f i c i e n c y  of  85% occl'rred a t  a  c u r r e n t  d e n s i t y  of 26.92d./ 
cm2 (25 ASF) compared t o  t h e  B-level  goa l  of  82% a t  a  c u r r e n t  of  20.4  mA/cm 
(19 ASF). E l e c t r i c a l  perfornlance of  t h e  c e l l  was approx i~na te ly  0 . 1  V below 
t h e  g o a l .  

The high mois ture  t o l e r a n c e  c e l l  was opera ted over  a  wide range of i n l e t  RH 
cond i t ions  a s  i l l u s t r a t e d  i n  F igure  b2. The c e l l  performance a s  a  f u n c t i o n  of 
i n l e t  a i r  RH i s  shown i n  F igure  63. The c e l l  showed e x c e l l e n t  o p e r a t i n g  
t o l e r a n c e  aver  a  range of i n l e t  a i r  RH (33 t o  72%). The c h a r a c t e r i s t i c a l l y  
curved shape of  EDC performance ve r sus  RH was observed,  wi th  decreases  i n  
performance both  a t  h igh and low Ril ranges.  For t h e  c e l l  t e s t e d  over  t h e  
i n d i c a t e d  range i n  RH, t h e  CO removal performance va r i ed  from 60 t o  85%. The 2  peak C02 removal e f f i c i e n c y  occurred a t  an i n l e t  RH l e v e l  of 52%. 

Based on t h e  r e s u l t s  of t h e  pa ramet r i c  t e s t i n g ,  t h e  h igh mois ture  t o l e r a n c e  
c e l l  was s e l e c t e d  f o r  endurance t e s t i n g .  The c e l l  was s u c c e s s f u l l y  opera ted 
f o r  75 days.  

E-10 EDC C e l l  D e s i p .  - The E-10 EDC i s  s i m i l a r  t o  t h e  C o n t r a c t o r ' s  high mois- 
t u r e  t o l e r a n c e  c e l l  des ign  except  t h e  b a s e l i n e  cathode i s  exchanged f o r  an 
E-10 type e l e c t r o d e .  This  e l e c t r o d e  has a  modified c a t a l y s t  composition which 
was p rev ious ly  demonstrated a s  an e f f i c i e n t  0  e v o l u t i o n  e l e c t r o d e .  The 

2  p o t e n t i a l  f o  inc reas ing  EDC opera t ing  v o l t a g e s  was p r o j e c t e d  usink t h i s  
e l e c t r o d e  a s  tile cathode of an  EDC. However, dur ing  t h e  i n i t i a l  checkout 
t e s t i n g  t h e  E-10 EDC showed very  high vo l t ages  ( g r e a t e r  than 0 . 5  V )  b u t  f a i l e d  
t o  mainta in  p o s i t i v e  vo l t age  o p e r a t i o n  a f t e r  2'+ hours and t h e  t e s t i n g  was 
d i scon t inued .  

I n t e r n a l  E l e c t r o l y t e  Reservoir  C e l l  Design. The i n i t i a l  checkout t e s t i n g  of  
t h e  i n t e r n a l  e l e c t r o l y t e  r e s e r v o i r  c e l l  des ign was performed a t  t h e  b a s e l i n e  
cond i t ions  def ined i n  Table 16. The r e s u l t s  of ihe  checkout t e s t i n g  demon- 
s t r a t e d  promising performance and, hence, acceptance f o r  pa ramet r i c  t e s t i n g .  
The r e s u l t s  of t h e  pa ramet r i c  c h a r a c t e r i z a t i o n s  a r e  shown i n  Figures  64 through 
6 7 .  

Carbon d iox ide  removal e f f i c i e n c y  of t h e  i n t e r n a l  e l e c t r o l y t e  r e c e r v o i r  c e l l  
a s  a  func t ion  of  i n l e t  pC02 i s  shown i n  Figure  64.  A s  shown, B-level  t ech-  
nology performance above an i n l e t  pCO l e v e l  of 400 Pa ( 3  mm Hg) was ob ta ined .  2 A t  lower pC02 l e v e l s ,  t h e  c e l l  performance was s l i g h t l y  below t h e  e s t a b l i s h e d  
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TABLE 15 HIGH HOISTURE TOLERANCE CELL BASELINE 
OPERATING CONDITIONS 

Number of Cells 

Current, A 

2 2 Active Surface Area, dm ( f t  ) 

Electrolyte 

Temperature, K (F) 

A i r  I n l e t  Dew Point,  K (F) 

A i r  Pressure 

A i r  I n l e t  pC02, Pa (m Hg) 

3 A i r  Flow Rate, dm /min (scfm) 

3 - 3 H2 Flow Rate, dm /min ( f t  /h) 

1 

9.76 

4.6 (0 .5 )  

LSI-D 

299 21.6 (78 23) 

285 A2.2 (54 24) 

Ambient 

400 (3.0) 

56 (2.0) 

0.20 (0.42) 











TABLE 16 INTERNAL ELECTROLYTE RESERVOIR CELL 
BASELINE OPERATING CONDITIONS 

Number of Cel l s  

Current, A 

2 Active Surface Area, cm2 ( f t  ) 

Elec t ro ly t e  

Temperature, K (F) 

A i r  I n l e t  Dew Point,  K (F) 

A i r  Pressure 

A i r  I n l e t  pC02, Pa (mm Hg) 

3 - A i r  Flow Rate, dm /min (scfm) 

3 - 3 H2 Flow Rate, dm /min ( f t  /h) 

1 

9.4 

438 (0.47) 

LS I -D 

299 21.5 (79 23) 

285 20.5 (54 21) 

Ambient 

400 (3.0) 

59 (2.1) 

0.22 (0.46) 











technology goa l .  A s  shown i n  Figure  65, no peak i n  CO removal e f f i c i e n c y  was 
2 observed a s  a  func t ion  of c u r r e n t  d e n s i t y  over  t h e  range t e s t e d .  As i n d i c a t e d ,  

performance was s t e a d i l y  i n c r e a s i n g  wi th  decreas ing  c u r r e n t  d e n s i t y  l e v e l  and 
exceeded t h e  goal  above 19.4 mA/cm (18 ASF). Above t h a t  c u r r e n t  d e n s i t y  t h e  
performance was s l i g h t l y  l e s s  than t h e  performance goa l s  e s t a b l i s h e d .  The 
range of i n l e t  RH over which t h e  e l e c t r o l y t e  r e s e r v o i r  c e l l  was t e s t e d  i s  
def ined i n  F igure  66 and t h e  performance r e s u l t s  a r e  shown i n  F igure  67. The 
c e l l  was s u c c e s s f u l l y  operated over  a  range of 33 t o  65% RH. A performance 
peak was observed a t  an i n l e t  RH l e v e l  of 56% r e s u l t i n g  i n  a  CO removal e f f i -  
c iency of 80%. Voltage l e v e l s  were g e n e r a l l y  l e s s  than  t h e  goafs  e s t a b l i s h e d .  

While t h e  i n t e r n a l  e l e c t r o l y t e  r e s e r v o i r  c e l l  d i d  n o t  expand t h e  o p e r a t i o n a l  
t o l e r a n c e  t o  RH, it demonstrated b e t t e r  performance l e v e l s ,  both  C02 removal 
and c e l l  v o l t a g e ,  a s  a  func t ion  of a i r  RH. Also, opera t ion  a t  lower a b s o l u t e  
dew p o i n t s  and d ry  bulb  temperatures s t i l l  y i e l j e d  good performance. Also, 
wi th  an  i n c r e ~ s e d  c u r r e n t  dens i ty  of 32.3 nlA/cm (30 ASF), ve rsus  a  b a s e l i n e  
of 21.5 mA/cm (20 ASF), t h e  c e l l  s u c c e s s f u l l y  t o l e r a t e d  28% M. 

The c e l l  was s e l e c t e d  f o r  endurance t e s t i n g  based on t h e  B-level  o f  performance 
demonstrated by t h e  e l e c t r o l y t e  r e s e r v o i r  c e l l  dur ing t h e  pa ramet r i c  t e s t i n g  
and was s u r c e s s f u l l y  t e s t e d  f o r  67 days.  

Membrane E lec t rode  C e l l  Desigq. The f o u r t h  c e l l  des ign p ro jec ted  t o  demon- 
s t r a t e  B-level  performance was t h e  membrane e l e c t r o d e  des ign.  This concept 
was p r o j e c t e d  a s  a  method f o r  a l t e r i n g  t h e  moisture content  of an o p e r a t i o n a l  
EDC without changing t h e  i n l e t  a i r  RH condi t ion .  

During t h e  i n i t i a l  sc reen ing  t e s t s  t h e  membrane e l e c t r o d e  concept demonstrated 
two major e f f e c t s  on EDC c e l l  performance. F i r s t ,  t h e  p r o j e c t e d  change i n  
moisture c o n t e n t ,  hence p o t e n t i a l l y  wide RH t o l e r a n c e ,  was demonstrated.  
Second, an  i n c r e a s e  i n  CO removal performance was observed. For example, a  

2  20% i n c r e a s e  i n  C02 removal e f f i c i e n c y  from 75 t o  90% was demonstrated. The 
c e l l ,  however, demonstrated v o l t a g e  s t a b i l i t y  problems and f u r t h e r  a n a l y s i s  
and t e s t i n g  i s  required t o  f u l l y  c h a r a c t e r i z e  t h e  p o t e n t i a l  of t h i s  concept. 

CONCLUSIONS 

The fol lowing conclus ions  a r e  a  d i r e c t  r e s u l t  of t h e  program s t u a i e s .  

1 .  The s t a t e  of technology development f o r  t h e  EDC concept has reached 
a  l e v e l  where a  f u n c t i o n a l l y  se l f -con ta ined  ARS design centered 
around t h e  advanced, l iquid-cooled EDC has been demonstrated.  The 
ARS design incorpora tes  a  S-CRS, OGS, CHCS and NSS and water handl ing 
and coolant  flow hardware. This e n t i r e  system i s  c o n t r o l l e d  and 
monitored by a  s i n g l e ,  multipurpose C/M I .  

2 .  The e lect rochemical  CO removal concept can be r e a d i l y  i n t e g r a t e d  2 with an OGS and e i t h e r  a  S-CRS o r  a  B-CRS with  only  a  minimum number 
of i n t e r f a c e  components and us ing s t a t e - o f - t h e - a r t  hardware. No 
problems have been i d e n t i f i e d  wi th  us ing  OGS-generated H i n  t h e  
EDC, nor e i t h e r  of t h e  CRSs us ing t h e  EDC exhaust  gases .  

2 



2 
3 .  A five-celj, liquid-~ooied EDC operating at 30 mA/cm (28 ASE) with 

the 4 .6  dm (0.50 ft ) advanced ielis n remove the CO metabolically 
generated by one person. High cell vclLages (0.4 V) an? C02 transfer 
efficiencies (76%) have been demonstrated over a 30-day erldurance 
test. I 

i 
4 .  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 Srovided by the development of 
several h~~midity control subsystem components including diverter 
valves, heat exchangers and two types of liquid/gas separators. 

I 
I 
I 

5 .  A closed-loop spacecraft cabin environment simulator or ASU capabi- * I  
lity exists which will permit long-duration testing of future EDC 1. 
subsystems. This ASU can cover a wide range of environmental condi- ! 1'' 
tions including changing temperature, humidity, CO and O2 levels. 2 1: 

6 .  An alternate anode current collector design, integral to the cell 
frame, is feasible and can be implemented with the advanced EDC cell 
hardware. The design uses a metal foil, metallurgically bonded to t 

the current collector tabs. The new current collector design has , . 
1.. 

shown significant reduction in internal resistance losses and fabri- 
cation cost of the cell. I 

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

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

8. Electrolyte (Cs CO ) precipitation, caused by out-of-toierance 
interface or op$ra?ing conditions, causes apparent current density 
maldistributions in EDC cells. These maldistributions result in 
subnormal CO removal and electrical efficiencies. Development of 2 advanced C/M I to monitor and control within preset limits prevents 
subnormal performance. An LSI-developed electrolyte, LSI-D, greatly 
increases operating ranges. 

9. Electrode Teflon loading studies have indicated that the optimum 
Teflon loading for maximum CO removal is at the baseline loading 2 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. 

10. 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. 2 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 approxima$ely 0.1 V less than the goal established for the 
B-level . 



RECOMMENDATIONS 

The following recommendations are a direct result of the program's conclusions. 

integration technology of an EDC with an OGS and a Bosch and/or 
Sabatier-based CO reduction process has been demonstrated. A 
one-person capacizy, experimental, laboratory breadboard ARS inte- 
grat-i11g the EDC with a CHCS, S-CRS, OGS and NSS and water handling 
and distribution hardware has been designed, fdbricated and assembled 
and tested. A centralized C/M I approach for all ARS fcr~ctions 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 exp+ril;lcn+. to be 
flown aboard Shuttle/Spaceldb, with emphasis beiilg placed on design- 
ing for Spacelab interfaces, developing optimum packa~ , minimiz- 
ing crew involvement and developing required ancillar! . . ,orients, 
(2) continue testing of the existing ARX-1 to broaden I . -chnol~gy 
base for the flight experiment ARS and (3) verify the ~....~~cibility 
of the regenerated atmosphere with living organisms such as mammals 
and/or any negative effects of the mammal-genzrated contaminants oc 
the equipment. 

2 .  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 C02 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 O2 
recovery in the form of pioduct 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 simplifica~ion at the subsystem level 
is possible and recommended by combining actuator and sensor functions 
into single hardware assemblies. For example, the fluid control 
function now performed in an EDC by four solenoid valves, one orifice, 
three pressure transducers, two flow sensors 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 lalger 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 
CO removal efficiency could be met. Following establishment of a 2 



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. 
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