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A program to design, develop, fabricate, assemble and test a Fractional Capacity 
Electrolyzer Module based on the solid electrolyte tube cell hardware developed 
under Contract NAS2-7862 was successfully completed. The Fractional Capacity 
Electrolyzer nodule was designed for the oxygen generating requirements of a 
one quarter person. The electrolyzer module was designed to produce 0.24 kg/d 
(0.53 lb/d) of breathable oxygen from the electrolysis of metabolic carbon 
dioxide and water vapor. The Fractional Capacity Electrolyzer nodule was 
successfully designed, fabricated, assembled and tested. 

The developmental Fractional Capacity Electrolyzer nodule design successfully 
incorporated the sealing techniques which were developed and utilized in the 
single cell tests on Contract NAS2-7862. The fractional capacity electrolyzer 
module which is constructed from three electrochemical tube cells contains 
only three critical seals. A critical seal is one which could allow leakage 
from the carbon dioxide/carbon monoxide compartment into the product oxygen 
compartment. The previous solid electrolyte hardware utilized an electrolyzer 
drum design which contained ten critical seals per drum. The Fractional 
Capacity Electrolyzer nodule design illustrated an 84% reduction in the total 
number of seals for a one-person capacity oxygen generating system based on 
the solid electrolyte carbon dioxide and water vapor electrolysis concept. 
The electrolyzer module was successfullg endurance tested for 71 days. 

A task to develop a thin electrolyzer tube for use in the electrolyzer erodule 
was successfully completed. The solid electrolyte tube cell developed and 
tested under NASA Contract NAS2-7862 was 0.152 cm (0.060 in) thick. In an 
effort to decrease the tube cell's internal resistance to ionic transport, a 
minimum thickness tube was fabricated of 0.051 cm (0.020 in) electrolyte 
thickness. This tube was successfully pressure and leak tested, was charac- 
terized as a function of current densitv for the carbon dioxide electrolysis 
performance and was characterized for oxygen purity as a function of carbon 
dioxide feed gas backpressure. The thin electrolyte cell illusted 33% improve- 
ment in terminal cell voltage and product oxygen purities of greater than 
99.53.  

After completion of these tests it was determined that the minimal thickness 
tcbe cell was very fragile and a thicker electrolyte tube should be selected 
for the fabrication of the Fractional Capacity Electrolyzer Module. Therefore, 
a tube cell of electrolyte thickness 0.102 cm (0.40 in) was selected and 
fabricated for the electrolyzer module. 

One position of an existing three-position test stand was modified to accom- 
modate the characterization and endurance testing of the Fractional Capacity 
Electrolyzer Module. The modifications to the test stand included increasing 
the flow capacity while controlling and monitoring flow rates, temperatures 
and individual cell voltages. The modifications to the test stand also included 
the addition of protected shutdown circuitry for protection and safety of the 
Fractional Capacity Electrolyzer Module and of test personnel. 

During the testing of the breadboard Fractional Capacity Electrolyzer Module, 
two areas, which required further developmental evaluation, were identified. 
These included maintaining proper distribution of feed gas between tbe individual 

*, 



electrochemical cells and the need for replacement of the titanium nuts and 
bolts utilized in the assembly of the module housing. 

It was concluded during this developmental program that the electrolyzer 
module design, which incorporates the tube cell hardware, successfully eliminates 
the process gas leakage problems characteristic of the electrolyzer drum. 
Continued development of the one-person, self-contained oxygen generation 
system (SX-1) can be initiated with the fabrication of one-person capacity 
electrolyzer module based on minor modifications of the tube cell approach. 

PROGRAM ACCOHPLISHHENTS 

The following significant accomplishments occurred during the program: 

1. Successfully designed and fabricated a breadboard Fractional Capacity 
Electrolyzer nodule (FCEII) sized for the oxygen (02) generation 
requirements of a one-quarter person. The module again successfully 
illustrated the sealing capabilities of the solid electrolyte tube 
cell design as compared to the early electrolyzer drum approach. 

2. Completed 71 days of FCEH testing demonstrating average module 
voltage of 4.25 V at a current of 2 A and a.module temperature of 
1233 K (1760 F). 

3.  Successfully developed a thin electrolyte tube cell design of mini- 
mum wall thickness of 0.102 cm (0.040 in) and incorporated this cell 
into the breadboard FCEW. Also demonstrated the fabrication of tube 
cell hardware with 0.051 car (0.020 in) electrdlyte thickness but 
these tubes illustrated fragile characteristics in module assembly 
and were not selected to avoid development risk. 

4. Completed pressure testing, carbon dioxide (CO ) electrolyzer para- 
2 metric testing and CO purity testing programs for the thin electro- 2 lyte tube cell with minimum electrolyte wall thickness of 0.051 cm 

(0.020 in). Product O2 purities of greater than 99.53 at 0.1 psid 
C02 to 0 differential pressure and a 99.0% purity at 2.0 psid were 2 demonstrated during the testing. This testing demonstrated a nominal 
IR free cell voltage of 0.88 V and nominal terminal voltage of 
2.08 V at the nominal design baseline current density of 250 mA/cm 
(232 ASF) and module operating temperature of 1233 K (1760 F). 

5 .  Illustrated a FCEII design limitation. Damage was observed to the 
bolts which hold the module housing assembly together and the internal 
heating element in place. The failure was believed to be caused due 
to the exposure to the high module temperature environment. 

INTRODUCTION 

There is a need for systems that can recover 0 from metabolically-produced 2 
C02 for future extended duration manned spaceflights. Such a system will 
decrease launch weight or allow increased payload weight by reducing the need 
for the full flights supply of O2 being on board at launch. 



Several concepts for partially or completely performing this function have 
been proposed and studied. Some of these are the Fused Salt concept, the 
Solid Electrolyte concept, the Bosch Reactor concept, the Sabatier-tlethane 
Dump concept, the Sabatier-Methane Decompositiopljoncept and the Sabatier- 
Acetylene Dump concept. The results of a study for evaluating the selecting 
life support systems for a 500-day, nonresupply mission revealed the most 
promising route for 0 recovery from CO was electrolysis using solid oxide 
electrclyzers and cargon monoxide (CO) 8isproportionators with replaceable 
cartridges. Several features of the Solid Electrolyte concept led to its 
selection. 

The Solid Electrolyte Oxygen Regeneration System (SEORS) combines the function 
of two separate subsystems required iu alternate Oxygen Regeneration System 
(ORS); a C02 Reduction Subsystem (CRS), such as a Bosch or Sabatier reactor 
and an 0 Generation Subsystem (OGS) (water electrolyzer). In the Solid 2 Electrolyte concept, both CO reduction and water electrolysis are simultaneously 

2 carried out in the solid electrolyte electrolyzer cells. As a result, an ORS 
based on the Solid Electrolyte concept has a low equivalent weight, a minimum 
of interfaces, simplified instrumentation and an absence of condenser/separators 
for water removal. 

Under National Aeronautics and Space Administration (NASA) Contract NAS2-7862, 
Life Systems, Inc. (LSI) designed, developed, fabricated and assembled a 
one-person, self-contained SEORS. Leakage of the previously developed elec- 
trolyzer drums provided as Government-furnished equipment (GFE) to the prog 
(KAS2-2810, NAS2-4843 and NAS2-6412) prevented testing of the total system. fV 
A task to develop a superior solid electrolyte cell was, therefore, initiated 
in lieu of the system test effort. This task involved the design abrication, 
assembly and testing of the advanced solid electrolyte tube cell. (3f The 
successfully met design goal for the solid electrolyte tube cell effort was to 
eliminate the process gas leakage problem characteristic of the electrolyzer 
drums. 

The initial development of the solid electrolyte tube cell was successfully 
completed under NAS2-7862. The development was continued under NASA Contract 
NAS2-9862 with the effort expanded to develop a thin tube cell of minimum 
thickness and to design, fabricate, assemble and test a fractional person 
(capacity) Solid Electrolyte Electrolyzer Module. The development activities 
of the thin electrolyte tube cell and the FCEM are the subjects of this report. 

The solid oxide development program consisted of four major activities: 

1 .  The development of a multi-cell electrolyzer module sized for the 0 
generating capacity of a one-quarter person and based on the tube 2 

cell configuration. 

2. The design, fabrication and assembly of a thin electrolyte tube cell 
with minimal wall thickness for improved performance characteristics 
and its incorporation into the FCEH. 

(1) References cited at the end of this report. 



3 .  The testing and evaluation of the thin electrolyte tube cell design 
which included pressure and leak testing, C02 electrolysis parametric 
testing and product 0 gas purity testing. 2 

4. The fabrication, assembly and testing of FCEtl sized for the O2 
generation requirement of a fractional person. The test program 
included design verification testing and endurance testing. 

To accomplish the above, the program was divided into six tasks and the program 
management functions. The specific objectives of the tasks were to: 

1. Design, fabricate and assemble a FCEM. 

2.  To design, fabricate and assemble a thin e1ec:rolyte tube cell with 
minimal wall thickness. 

3. Design, fabricate, assemble and functionally check out the rodifica- 
tions required in the single cell test stand for the evaluation of 
the FCEH. 

4. To implement a product assurance program to integrate maintain- 
ability, safety and quality assurance into the FCEn design and test 
stand. 

5 .  To conduct a test program consisting of test component checkout and 
calibration tt-sting, single cell testing for the thin electrolyte 
tube cell and design verification and endurance testing of a FCEn. 

6 .  Incorporate the data management functions required to document and 
report the results of the development effort. 

FRACTIONAL CAPACITY ELECTROLYZER MDULE 

The objectives of the FCEtl development were to design, fabricate and assemble 
a breadboard electrolyzer module that reduces the number of critical high 
temperature seals as compared to NAS2-6412 technology, improves seal reliability 
with respect to process gas leakage and employs techniques for reducing power 
consumption. This design was successfully accomplished. The following para- 
graphs describe the FCEn. 

Solid Electrolyzer Function and Reactions 

The FCEH, as part of a ORS, is designed to produce pure 0 by the electrolysis 
2 

of CO to CO and O2 and by electrolysis of water vapor to hydrogen (HZ) and 

02. 
descriptive schematic of the cell operation along witb the electrochemical 

reactions is shown in Figure 1. For C02 electrolysis the feed gas (C02) 
enters the cathode compartment of the cell, where two mples of CO react with 
four electrons to form two moles of CO and two oxide (0') ions. h e  0- ions 
migrate through the solid electrolyte and recombine at the anode to produce 
one mole of 0 gas and release four electrons. For water electrolysis, water 
vapor enters ghe cathode compartment of the cell where two moles of water- 
react witb four electrons to form two moles of H and two 0- ions. The 0- 2 
ions migrate through the so?.id electlolyte and react at the anode to produce 
one mole of 0 and release four electrons. 2 

4 
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nodule Design Specifications and Characteristics 

The design specifications of the breadboard FCEM are listed in Table 1. The 
electrolyzer module is sized for the 0 generation requirements of a 3uarter- 

2 person. To satisfy this requirement a three cell electrolyzer module was 
designed. The design characteristics of this module and the tube cells are 
provided in Table 2. 

The most significant design characteristic in Table 2 is the numtzr of critical 
high temperature seals. The definition of a critical seal is one which separates 
the product O2 compartment from the C02 and C02/C0 compartment of the module. 
There is only one critical high temperature seal per cell in the electrolyzer 
module design as compared to 10 for a single NAS2-6412 electrolyzer drum. The 
total number of critical seals for a one-person solid electrolyte ORS based 
the FCEM design is 12 seals and 320 seals for the electrolyzer drum design. (87 
Figures 2 and 3 are sketches of the FCEM tube cell configuration and the 
electrolyzer drum configuration, respectively. In the sketches the high 
ttmperature seals are identified. 

The type of high temperature seals employed in the electrolyzer tube cell 
design are much less prone to deterioration as a result of temperature excur- 
sicns and extended operating life. The elevated temperature seals of the tube 
cells are a gasket seal (noncritical) and a ceramic cement seal (critical) as 
shown in Figure 2. The precious metal brazed seals characteristic of the 
electrolyzer drums have been completely eliminated. The latter's precious 
metal seals suffered from recrystallization and grain growth of the braze 
material and a poor match of thermal coefficient of expansion betwaen the 
precious metal and the ceramic materials. 

Another characteristic of the FCEM design which decreases the probability of 
process gas leakage is the nature of t\e manufacturing process by which the 
electrolyte tube is produced. This process involves slip casing the tube 
followed by a high temperature fire. The resulting electrolyte tube structure 
is impermeable to gas in very thin cross sections. In comparison the elec- 
trolyte discs used in the NAS2-6412 electrolyzer drums were sliced from hot 
pressed slugs. Since it is very difficult to achieve a completely nonporous 
slug with the hot press operation, subsequent slices froa the slug can be 
porous, particularly slices from near the center of the slug. To minimize the 
electrolyte disc porosity, the thickness of the solid electrolyte discs for 
the electrol-yzer drums was maintained at greater than 0.15 cm (0.06 in). 

In sumnary, an electrolyzer module based on tube cells is more reliable relative 
to process gas leakage because (1) the number of high temperature seals h ~ s  
been reduced (2) the type of high temperature seals are not prone to deteriora- 
tion as a result of temperature excursions or extended operating life and (3) 
the structure of the electrolyte material has an extremely low permeability. 

Electrolyzer Module Description 

The FCEM consists of three (3) yttria (Y 0, ) stabilized zirconium oxide (Zr02) 
solid electrolyte tubes with platinum el$cjrodes , platinum current collector 
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TABLE 1 FCEM QESIGN SPECIFICATIONS 

COO Electrolysis 
L. 

Capacity 
Working Fluid 

Flow Rate 
Hass, kg/d (lb/d) 
Volume, lpm (cfm) 

Flow/Stoichiometric Flow 
Products 
Oxygen Flow Rate 

Mass kg/ta{lb/d) 
Vo 1 ume , lpm (cfm) 

Oxygen Purity, Percent C02 
Opecati ng Current Density, mAjcm2 (ASF) 
Operating Temperature, K (F) 

Water Electrolysis 

Capacity 
Working Fluid 

Flow Rate 
Mass, kg 'd (Ib/d) 
vo 1 tune , ta) ~ p m  (cfm) 

Flow/Stoichiometric Flow 
Products 
Oxygen Flow Rate 

Mass, kg/d (lb/d) 
Volume, lpm (cfm) 

Oxygen Purity, Percent C02 2 Operating Current Density, mA/cm (ASF) 
Operating Temperature, K (F) 

114 Person 

C02 

1/4 Person 
H20 (Vapor) 

(a) Standard Conditions: 293 K, 1 atm, pressure 



TABLE 2 FCEH DESIGN CHARACTERISTICS 

mlDULE (Breadboard) 

Oxygen Generating Capacity 
Wuber of Seals  
Nurber of Crit ical  Seqls (a) 

Cucrent Density m A / u  CASF) 

CELL (Thin Electrolyte Tube) 

Number of Cel l s  per h d u l e  
Electrolyte 
Electrolyte Tube Diamater cm ( in)  
Electrolyte T l , i c k n ~ s s ,  a i i n l  
Number of Current Leads per Electrode 
Current Lead Diameter, cm ( in)  

1/6 Person 
4 14 
a - 
250 (232) 

3 
Y 0 Stabil ized Zr02 
0293 ( 0 . ~ )  
0.162 ( 0 .  cGO) 
4 
0 .  i27 (C. 050) 

- 
( a )  A c r i t i c a l  seal  i s  d e f i n e d  as a s e a l  which i t o l a t e s  the 

product 0 compartment from the CO and CO /CO coqartment .  
2 2 2 
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wires, gold  and copper i n t e r c e l l  connect ions ,  t h r e e  compartment g a s  manifolding 
f o r  feed gas  i n l e t  and exhaust  and product 0 exhaus t ,  thermocouples, g r a f o i l  2 g a s k e t s ,  f i r e r o d  h e a t e r ,  ceramic i n s u l a t o r s  and cement, i n s u l a t i o n ,  and f a s t e n e r s  
for  assembly. An assembly drawing o f  t h e  FCEH is showc i n  F igure  4. Photographs 
o f  t h e  assembled and p a r t i a l l y  assembled module a r e  shown i n  F igures  5 and 6,  
r e s p e c t i v e l y  - 

The s c J i d  e l e c t r o l y t e  tubes  a r e  s l i p  case ,  Y 0 s t a b i l i z e d  ZrO and a r e  33.8 cm 
(13.3 in, l o n l  v i t h  a  nominal wa l l  th ickness20 t  0.102 a (0.046 i n ) .  S i n t e r e d  
pla t inum e l e c t r o d e s  a r e  a p p l i e d  t o  both  i n s i d e  diameter  (ID) and o u t s i d e  
diameter  (OD) of  t h e  tubes .  The maximu e l e c t r o d e  l eng th  is 22.9 cm (9 i n )  
measu~ed  f r o a i t h e  c losed  end of t h c  tubc.  The aaximll~n a c t i v e  a r e a  of each L 2 
c e l l  i s  55 am (0.059 f t  1 .  

Four 0.127 cm (0.050 i n )  d iameter  plat inum c u r r e n t  c o l l e c t i o n  wires a r e  imbedded 
i n  both t h e  anode and cathode s i n t e r e d  p1at:nm e l e c t r o d e s  t o  ensure  optimum 
e l e c t r i c a l  c o n t a c t .  The f o u r  c u r r e n t  c o l i e c t i n g  wires a r z  brazed w i t h  pure  
gold  t o  a  0.254 cm (0 .100 i n )  d iameter  gold/3:, palladium (An/-& Pd) wi re  a s  
shown i n  Figure  7. 

The AuI3X Pd wires  a r e  surrounded by ceramic i n s u l a t o r s  t o  e l e c t r j c a l l y  i s o l a t e  
t h e  cur ren t  l eads  from t h e  module housing.  Each i n s u l a t e d  c u r r e n t  c o l l e c t o r  
l ead  i s   the^ threaded through t h i n  tub ing  r a d i a l l y  from t h e  FCEH housing.  The 
s e a l  region f o r  t h e  c u r r e n t  l ead  and its i n s u l a t i o n  is made a t  t h e  end of t h e  
tub ing  which i s  o u t s i d e  :he furnace  a t  ambient temperatures .  The ceramic 
i n s u l a t o r s  and t h e  l e a d s  a r e  s e a l e d  v i t h  a  h igh v i s c o s i t y  gasket  m a t e r i a l  
which c r e a t e s  a  r e a l i a b l e  s e a l  based on i ts  lov  temperature  environment. 

The manifold c o n s i s t s  of  t h r e e  s e c t i o n s  which d i v i d e  t h e  module i n t e r i o r  i n t o  
t h r e e  separa:e compartment: ea,h c o n ~ a i n i n g  a  d i f f e t e n t  g3s. Tnese compartments 
dre t h e  cathode feed compartment (CO );  t h e  cathode exhaust  compartment (CO 
and CO 1 and t h e  anode compartment (6 ) . These compartments a r e  pointed ou t  

2 i n  Figure  4 .  2 

The feed gas is a d a l t t e d  t o  t h e  cathode feed compartment through a  welded 
f i t t i n g .  The gas  is  then d i s t r i b u t e d  t o  t h e  t h r e e  tube  c e l l s  i n  p a r a l l e l  
through ceramic i n l e t  tubes  vh ich  d i r e c t  t h e  feed gas  t o  t h e  bottom of each 
c e l l .  The feed gas ,  a f t e r  e x i t i n g  a t  t h e  bottom of each e l e c t r o l y t e  tubc .  
flows up around t h e  ceramic I n l e t  tube  and r e a c t s  on t h e  cathodes of  t h e  tube 
c e l l s .  The cathode product gas  proceeds u~ t h e  tube and i n t o  t h e  cathode 
exhaust  compar tae , .~ .  The exhaust gas  e x i t s  t h e  module through ano the r  velded 
f i t t i n g .  Oxide ions a r e  t r a n s f e r r e d  through t h e  s o l i d  e l e c t r o l y t e  m a t e r i a l  
and r e a c t  t o  form 0 on t h e  s u r f a c e  of t h e  anode. The product 0. e x i t s  t h e  
anode compartment t i r o u g h  a  t h i r d  welded f  i t t1r .g.  2 

There a r e  t h r e e  c r i t i c a l  s e a l s  inheren t  i n  t h e  module dt-sign.  These a r e  a l s o  
pointed ou t  i n  Figures  2 and 4. The c r i t i c a l  s e a l s  cons:st of ceramic cement 
which is densely p  ed between t h e  Inconel manifold tubes  and t h e  ceramic 
e l e c t r o l y t e  tubes .  PS'f The temperature  of t h e  c r i t i c a l  s e a l s  is maintained 
i e s s  than 553 K (530 F) by emr'oying an i n t e r n a l  ceramlc i n s u l a t i o n  m a t e r i a l .  
The i n s u l a t i o n  temperature from 1733 K (1760 F)  i n  t h e  r e a c t i o n  zone t o  l e s s  











than 553 K (536 F) in the seal area. All remaining seals are not critical and 
are made utiliziw either ceramic cement, gaskets or coepression fittings. 

The process heat is supplied to the reactor by a heating element inserted into 
a welded cavity at the end of the module housing. Two laconel sheathed t h e m -  
couples are inserted through compression fittings for monitoring and control 
of the internal module temperatures. 

The Test Support Activities (TSA) required for the FCEn development program 
was included in two tasks. The first task was to modify the three-positi 
single-cell test stand fabricated and assembled under Contract NAS2-7862. P%,3) 

The second was to cesign, fabricate and asses5le an electrolyzer furnace. 

Test Stand Modifications 

One position of the three-position single cell test stand was modified to 
accotmmdate the FCEM testing. The modifications required an alteration of the 
fluid flow devices to permit a higher flow rate requied by the FCEM and the 
incorporation of an additional parametric data display panel. Front and rear 
view photos of the test stand which was modified to allow for the FCEH testing 
are shown in Figures 8 and 9. 

The block diagram of the test stand indicating the components which &ere added 
or modified for the FCEM testing is shown in Figure 10. A photograph of the 
additional parametric data display panel which incorporates the additional 
instrumentation required to monitor and control the electrolyzer module is 
provided in Figure 11. The summary of the parameters monitored and the shutdcw 
capability of the test stand with the FCEM is presented is Table 3. 

A schematic of the FCEM test stand is illustrated in Figure 12. The solenoid 
valve (Vl) was added to allow automatic isolation of the feed gas if the 
electrolyzer module shut down. The additional parametric data display panel 
provided for monitoring three cell voltages, module voltage and module current. 

A power supply capable of providing the current required for the FCEM was 
added ari replaced the original power supply used for the single cell testing. 
A pressure gauge and a bachpressure regulator were incorporated on both the 
anode and cathode exit lit~es. These allow better control of compartment 
pressures than was possible with the original three-position single cell test 
stand. Although it was felt the increased flow rate due to the scale-up to the 
fractional capacity module would permit the use of a pressure regulator to 
control backpressure, no regulator was avaFlable at the flows. A water column, 
therefore, was used to control cell backpressure. 

Electrolyzer Furnace 

Since the FCEM design incorporates the intergral heater, the only function of 
the electrolyzer furnace is to house the FCEH and to provide the thermal 











TABLE 3 PARAMETERS MONITORED AND CONTROLLED 

Parameter 

Mdule  Current 

Module Voltage 

Cel l  Voltage 

Terqeratures: 
Stean; Temp. 
Humidifier Tern?. 
Mcdule Temp., No. 1 
Module Temp., No. 2 
Module Temp., Seal  
Module Temp., Heater 
Steam Temp. 

Pressures: 
Steam Generator 
Feed Gas Pressure 
Steam Press .  a t  Or i f ice  
0 Pressure 
c6/co2 Pressure 

E low : 
Steam, Venfdjr Valves 
O2 Exhaust 
Feed Gas Exhaust (d 

Feed Gas I n l e t  

Schenst ic  
Ref. No. Range 

TC- 1 0- 500 F 
TC- 2 0-300 F 
TC- 5 0-1000 C 
TC-6 0-1000 C 
TC- 7 0-300 C 
TC-8 0-1200 C 
TC-9 0-500 F 

0-30 p s i  
0-30 p s i  
0-10 p s i  
0 - 5  p s i  
0-5 p s i  

V6 + V7 200-1000 -CUR 

F1 50-250 scan 
F2 200- 1000 sccm 
3C- 1 200- 1150 sccm 

Control 
Set P o i n L  

(a) 
15 p s i  
3 p s i  
(c) 
(4 

(a) Monitor tinly 
(b) Low & high temperature shutdown s e t  po in ts  
i c )  Variable 
(d) Soap bubble flowmeter 





insulation. A 10 em (4 in) insula~ion blanket around the REB was selected 
based on the surface temperature requirements of less than 339 K (150 F). 
This insulation is housed in an aluinu sheet metal cyclindrical eeclosure. 
A drawiog of the electrolyzer furnace is sbovn in F i p n  13. The drawing 
illustrates the electrical intercomections ~f the FCEH cells. 

During the initial transition from d i e n t  to operating tapcratures diffi- 
culties were observed in reaching the design operating tcqcratunr. The 
heating curve of the FCEtl furnace duriq this trursition is provided in F i y n  14- 
The failure of the furnace to reach no-1 operati.- tcqerature was related 
to the evolu~ion of water frcm \;he insulation blanket used for the furnace 
fabrication. The water was applied to the insulation to aid in shaping of the 
insclation blanket and to create solid insulation after rater removal. This 
was a baseline fabricating procedure for the insulation selected. The length 
of tire required for this process illtstratcd that the rue of curt# furnaces 
for breadboard ZZEM was a non-optima decision. It is nc-ed tbat standard 
furnaces be utilized ii: the future for all breadboard developrcnt activities 
such as the FCF34. 

A mini-Product Assurance Program was implemented during the FCEn devtlopmeat 
program. It included Quality Assurance activitxes during the hardware design 
and fabrication and incorporated saintainability and safety into the design. 

Quality Assurance Activities 

Quality Assurance activities for the program consisted of the following: 

. Establishing and implementing ?he parts receiviag inspection program, 
mainta<ning a record of ~nconforming articles and materials and 
their dispositien, implementing control over the special processing 
required in the fabrication of certain cel.1 parts, quality workman- 
ship and coxitrolling configuration to the 'SI's standard drawing and 
change coctrol procedures. 

2 .  Performing of receivirig and final inspection of cqonents. 

3. Maintaining records of all supplier inspections and certifications 
and all nonconforming items and correcLive actions. 

4. Ensuring that tae workmanship is consistent with the program at the 
development level. 

Waintainatility 

A maintaina~ility function was carried ou: during the design phare of the 
prograsi. The einphasis was on configuring the module hardvare and testing 
components with accessihi!ity if unscheduled maintenance were to be requited. 
The alternative electrolyzing module designs were reviewed relative to their 
maintainability. The primary emphasis Gas to ensure the selected design 







allowed for easy access to the heating element and thermocouples and also to 
ensure that the design does not preclude replacement of tube cells. 

The thermocouples are sheath parts that are inserted through welded fittings 
incorporated in the Inconel module housing. thintenance requires loosening a 
connection, rmving the thermocouple and replacing with a new therrocouple 
followed by tightening of the co~ection to effect a gas tight seal. The 
therrocouples, therefore, are easily maintainable. 

A neu concept in the selected FCEH design is the incorporation of an internal 
fire rod heater inserted in a wall which is located along the central axis of 
the electrolyzer module. Haintenancc requires r m v a l  of the four nuts on the 
end of the electrolyzer which permits the withdrawal and replacement of the 
heater without opening the electrolyzer module and removing a large arount of 
furnace insulation. 

The nature of the ceramic seals betweeo the electrolyzer tube and the Inconel 
600 tube prectudes an easy maintainability operation. Past experience with 
single eel?-. have shown, however, that the electrolyzer tubes can be rmved, 
the Iccoriel tube resurfaced and a new tube cemented in place. A cell fatlure 
in a trcdule, theref~re, does not preclude the replacement of that cell as a 
~int.;~nable item. 

Safety 

The Safety Program consisted of identifying and eliminating potential hazards, 
reviewing designs for potential safety problems and incorporating protection 
for the equipment and personnel to ensure safety. The test stand modifications 
and the electrolvzcr module design was reviewed to ensure that zdfety design 
criteria vere incorporated to provide safety features which would lead to 
successful FCEn endurance testing. No personal safety hazsrds were identified. 
Tahle G ii::ts tht- shutdown protectlor. and special power tallurc provisions 
wkich provide for the safety of the electrolyzer module and test stand equlpawnt. 

SUPPORTING TECHNOLOGY STLiiIES 

Two supporting technology studies tasks were cartled out durlng the program. 
These were: (1) The development of a thin electrolyte tube cell and ( 2 )  the 
improvement of the current lead configuration of the cell hardware. 

Thin Electrolyte Tube Development 

The thin elettroly!e tuhe devel~yment consisted of identifying the mitrimm 
wall thickness for the solid electrolyte tuhe cells for use in the FCEH ~pplica- 
tlon. The starting assumptions of this development task were: ( 1 )  Y,O, 
stabilized ZrO will be ut~lized for the tabrlc.ation of the tube cell? Snd ( 2 )  

2 the fabrication would he by the slip casting molding yrocrss detlned under 
Cont r.act NAS2- 7862. 

Rased on Fast fahr~cnt Ion rxpc-r~~ncc ~t was esr~mated that 0.051 1-m ( 0 . 0 2 U  10) 
wall thickness woulti be the mlnlmwn that cnuld he sui~ct.sstu1ly slip c h t  .trtd 



Sbutdcm Cause 

Terp* 
(a) 

I*N Temp. (a) 

U g h  Cell Voltage (b) 

Paver Fa i lu re s  (c) 

Sensor Schematic No. S h u t d m  Set P o h t  

TC-6 980 C 

TC-6 850 C 

E-I, E-2 6 E-3 2.7 V @ 250 ASP 

- - 

- 
(a) Shutdown ac t ion  f o r  high o r  low teap: Turn off  a l l  heatet8,  c lose  

SV-I, tu rn  pcrver supply o f f .  
(b) Shutdown a c t i o n  f o r  high c e l l  voltage: Close SV-1 and tu rn  off  paver 

supply 
(c) For paver f a i l u r e s :  

On power up I f  module temp. - > 850 C, then reset hea te r ,  open SV-1, 
and reset power supply. 

On paver up i f  module teap. < 850 C then turn hea te rs  and power supply 
o f f  and c lo se  SV-I. 



removed from the mold. Several 0.051 cm (0.020 in) ! 15% thick wall electrolyte 
tubes were successfully fabricated. kring the evaluation of these tubes it 
was determined that this wall thickness resulted in a fragile tube. It was 
concluded that cell assembly difficulties could be encountered if the wall 
thickness was reduced thatfurther. No additional slip casting was attempted, 
therefore, to reduce the electrolyte thickness. Electrodes were then fabricated 
onto the inside and outside surface of these tubes by the techniques developed 
in NASA Contract NAS2-7862. These solid electrolyzer cells were then incor- 
porated in a single cell hardware illustrated in Figure 15 and prepared for 
test evaluation. 

After completion of the thin electrolyLe tube testicg it was concluded that 
the electrolyte thickness of 0.051 cm (0.020 in) was too fragile for reliable 
fabrication of the FCEH. It was decided, therefore, that the electrolyte 
thickness would be increased to 0.102 cm (0.40 in) for the tube cells to be 
incorporated in the FCEH. This selection provided an acceptable compromise 
between tube cell strength and cell voltage improvements. 

Improved Current Lead Configurations 

Three modifications to the current le~d configuration were incorporated for 
the solid electrolyte tube cell as compared to the tube cells fabricated under 
NAS2-7862. They were: (I) Increasing the current lead wire diameter from 
0.076 cm (0.030 in) to 0.127 cm (0.050 in), (2) increasing the brazed connection 
length between the four palladium wires of the electrode and the current lead 
wire of the module and (3) extention of the current lead seal region away from 
the module housing into a low temperature region external to the furnace. 

The increasing of the current lead w i r ~  diameter and the utilization of the 
brazed connection between the four palladium wires of the electrode and the 
current lead wire would decrease the terminal voltage of the module, thereby 
decreasing the power required for 0 generation. 

2 

The extension of the current lead seal away from the module to the exterior of 
the furnace (to a low temperature region)Oould create a positive reliable 
seal between the FCEM compartments and the ambient environment. A figure 
illustrating the seal region of the current lead wire is provided in Figure 16. 

TEST PROGRAH 

The test program consisted of two major areas. The testing and evaluation of 
the thin electrolyte tube cell was directed at obtaining the optimwn tube cell 
hardware for the FCEM fabrication. The second test program was the test 
evaluation of the FCEM. 

Thin Electrolyte Cell Testing 

The testing of the thln electrolyte tube cell consisted of three major tests. 
Pressure and leak testing, CO elxtrolysis current densitv testing and product 

2 .  
gas purity testing. The objective of the overall thin electrolyte tube cell 
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test program was to determine the minimum wall thickness for the electrolyte 
tuhes to be utilized in the FCEH and to characterize cell perforunce. After 
the preparation of the thin electrolyte tube cells, as described in the Sup- 
porting Technology section, the test program was initiated. 

Pressuro and Leak Tests 

After fabrication of the 0.051 cm (0.020 in) wall thickness electrolyte tubes 
pressure and leak testing was performed. The tube cells were pressure tested 
at room temperature and at operating temperature (1233 K (1760 F)l The 
pressure test was developed for evaluating the electrolyzer drums and later 
used for initial tube cell characterization. No leakage was observed when 
pressurizing with N gas at 103 Wa (15 psid). Based on this result it was 2 concluded the thin electrolyte tube cells with wall thicknesses of 0.051 cla 
(0.020 in) are impemable. 

After completion of the above testing, the electrolyte tubes were assembled 
into the single cell hardware and leak testing was performed. The Leak Test 
apparatus scher~atic is illustrated in Figwe 17. The leak test requirement 
was that the rr:' ,oxhibit less than or equal to 250 Pa (1 in) of water pressure 
loss in ten einurrzs while pressurized with N gas at 2.5 kPa (10 in of water) 
pressure. The rera:ts of the leak test for the assembled cell was only 15 Pa 
(0.06 in of water) pressure loss during the ten minutes of testing. Therefore, 
the cell satisfied the nominal requirements and was acceptable for continued 
testing. 

Carbon Dioxide Electrolysis Current Density Test 

The results of the CO current density span are presented in Figure 18. Also 
presented in Figure 18 is the E versus I data for the 0.060 inch wall tube 
cell fabricated, assembled and tested under NAS?-7862. The improvement in 
terminal voltage was 33;. Of this improvement, 26% !s attributed to the 
increased lead wire diameter (0.127 cm (0.050 in) versus 0.076 cm (0.030 in)) 
employed with the thin electrolyte tube cell. Only 5% of the terminal voltage 
improvement is attributed to the decrease in electrolyte thickness from 0.152 
to 0.051 cm (0.060 to 0.020 in). 

A greater improvement ia terminal voltage was expected as a result of the 
decrease in electrolyte thickness. The expected improvements are quantified 
by ccmparing curves 1 and 4 on Figure 19, which is a plot of expected tube 
cell performance for various design ccnfigurations. The reason for the dis- 
crepancy between observed performance an? expected performance is attributed 
to an increase in contact resistance between the lead wires and the platinum 
electrodes. 

The increase in contact resistance occurred because of the alteration of the 
press fit parameters while assembling the cell. One tube cell was broken 
while inserting the press fit inlet manifold assembly. TG alleviate this 
problem the press fit was adjusted so that assembly forces on the inside of 
the electrolyte tube due to the press fit could be minimized. The assembly 
adjustment was felt to have caused the increase in contact resistance. 
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3 . 0  .- 

2 . 4  - 



A design improvement f o r  t he  e lec t ro lyzer  module would be t o  s i n t e r  bound the  
lead  wires t o  the  e lec t rode  l aye r  and, thereby, e l iminate  the  need f o r  a press  
f i t  approach. Based on using the  s i n t e r  bounded e l e c t r i c a l  lead concept, the  
e l e c t r o l y t e  tube wall  thickness can be reduced from the  NAS2-7862 base l ine  
(0.152 an (0.060 i n )  wall) .  Experiecce gained with t h e  0.051 cm (0.020 i n )  
wal l  e l e c t r o l y t e  tubes,  however, ind ica tes  these  a r e  j u s t  too f r a g i l e .  Based 
on t h i s  t h i n  e l e c t r o l y t e  tube cel l  t e s t i n g ,  an e l e c t r o l y t e  tube wall  thickness  
of 0.102 cm (0.040 i n )  was proposed f o r  the  FCEM -- a compromise between tube 
s t r eng th  and improved c e l l  voltage. 

PLoduct Gas Pur i ty  Test 

The pu r i ty  of t he  product O2 produced by the  tubc c e l l  was measured a s  a  
funct ion of feed gas backpressure. The t ~ c k p r e s s u r e  was varied from 0 t o  
1328 kPa (0 t o  2 ps id) .  The cur ren t  densi ty  was mainrained constant  a t  108 mA/ 
cm (100 A S ) .  The r e s u l t s  of t h i s  t e s t  a r e  presented i n  Figure 20. The da t a  
i nd ica t e s  t h a t  increasing backpressure does not  produce a  major increase i n  
leak  r a t e  e i t h e r  across  the  ceramic cement s e a l  o r  through the  e l e c t r o l y t e  
tube. 

A t  t he  conclusion of the  0 pu r i ty  t e s t i n g  3 tube c e l l  f a i l u r e  resul ted.  2 Evaluation of the  e l e c t r o l y t e  tube a f t e r  difajsembly of t he  c e l l  revealed t h a t  
some e l e c t r o l y t e  reduction ( Z r O  = Zr + 0 ) occurred. The tube i n  t he  area 2 of the break was powdery. This is typica? of e l e c t r o l y t e  reduction/thermal 
shock f a i l u r e s .  The postulated c e l l u l a r  mechanism is t h a t  e l e c t r o l y t e  reduc- 
t i o n  occurred a t  var ious regiona of the  c e l l ,  most l i k e l y  where lead/electrode 
contact  was good, r e su l t i ng  i n  the c e l l  carrying a higher CL- .t dens i ty  i n  
t h a t  locat ion.  The high loca l ized  current  dens i ty  (during the  CO e l e c t r o l y s i s  2 current  densi ty  span) a l s o  produced local ized r e s i s t a n t  heat ing and created 
thermal gradients  which fu r the r  contributed t o  the  ul t imate f a i l u r e .  

Two design improveme~lts were incorporated based on the  r e s u l t s  of the  tube 
c e l l  t e s t i ng .  The f i r s ,  i s  t o  s i n t e r  bond the  lead wire t o  the  e lec t rode  
surface thereby crea t ing  b e t t e r  contact  between the  current  lead wires and the  
e lec t rode  s t ruc tu re .  The second i s  the  use of 0.102 cm (0.040 19) wall thick-  
ness e l e c t r o l y t e  tubes f o r  the  f ab r i ca t i cn  of t he  FCEX. This modification 
increases  the  s t r eng th  of the  e l e c t r o l y t e  tlrbe of t he  e lec t ro lyzer  module. 

Fract ional  Capacity Elec t ro lyzer  Module Testing 

Tbe t e s t i n g  of the  FCEY consis ted of a  Design Ver i f ica t ion  Test  and on Endurance 
Test .  The objec t ives  of these t e s t s  were t o  evaluate  the  performance of the  
FCEH desian t o  def ine successes and t o  i den t i fy  develoymental e f f o r t s  required 
f o r  a  fu i l - s ca l e ,  one-person capaci ty 0 generating e l ec t ro lyze r  module. 
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Design Ver i f ica t ion  Test 

The performance of the FCEM Design Ver i f ica t ion  Test a s  a function of cur ren t  
densi ty  i s  provided i n  Figure 21. Performance ind ica tes  t yp ica l  e l ec t ro lyze r  
c e l l  performance a s  a  function of cur ren t  denzi ty.  I t  was observed during the  
t e s t i n g  t h a t  maldis t r ibut ions i n  CO feed gas occurred between the  three  ceils 2 of the FCEH. These maldis tr ibut ions l imited the  operat ing current  dens i t i e s  







of cells No. 2 and 3. The uldistribution of % feed gas flow through the 
three solid electrolyaer tubes of the FCgn is a result of variations in the 
gas flo* restriction path due to irregularities in the catalyst coati% @'volucn 
on the inside of the tube. Apparently excess c8talyst coatiw collected at 
the bottom portion at the inside of the electrolyzer tube causiq partial 
cloggiq of tht feed tube which supplies CO Bas to the cathode surface. 
Program funding did not permit further inweftigation of or correction of this 
condition. 

Endurance Tes t 

After cqletion of the Design Verification Test, an Endurance Test was initiated. 
'Ibe FCEn was operated at a nominal current of 2 A over the 71 days of operation. 
The performance of the FCMl is presented in Figure 22. An average d u l e  
terminal voltage of approximately 4.3 V uas obtained for extended periods of 
operation. Thc module teqerrture was maintained at 1233 K (1760 F) throughout 
the Endurance Test. The individual cell terriml voltages illustrated a 0.2 
to 0.3 V spread. This performance is an indication of the C02 f l m  uldistribu- 
tion observed in the Design Verification Testing. 

During the 71 days of endurance testing seven test stand shutdowns occurred. 
A s l r y  of these shutdowas is provxded in Table 5. 

At shutdown No. 7 the internal fire rod heater of the FC6n furnace had failed. 
Tbt module was removed from the test support furnace for replacement of the 
beater element. After removing the FCEn from the furnace the fire rod beater 
could not be removed. The neater elarlt had been oxidized in place creatiag 
a mechanical bond between the heater element and the FCM housiag. Inspection 
of the FCGW housing indicated failure of the titaniu (Ti) bolts holding the 
electrolyzer c w r t w n t  housings together. I'hc Ti bolts and nuts indicated 
swelling and defmtion in shape and illustrated very brittle characteristic$ 
upon disassembly. Figure 23 is a phatograph of the FCEn after removal f r a  
the test support furnace and illustrates tbe damage to the Ti bolts and nuts. 
With the failure of the Ti nuts and bolts, the endurance testing was discontinued. 

1. The breadboard Function Capacity Electrolyzer Xodule design has demonstrated 
its applicability to a one-person capacity module. The sealing concept 
of the FCEn is exceptional compared to the electrolyztr drum concepts of 
WASA Contracts NAS2-2810, -4843 and -6412. The FCEH design illustrated 
the 90X reduction in .the total number of critical seals and an 84% reduc- 
tion in the total number of sealed for a one-person module. 

2. The FCEtl hardware completed a 71-day endurance test program illustrating 
a nominal d u l e  voltage 6.3 V at 1233 K (1760 F) operating temperature 
asd en operating current of 2 A. 

3. The preferred thickness for the thin wall solid electrolyte tube cell was 
determined as 0.102 cm (0.060 in) electrolyte thickness. This thickness 
tube was selected although an electrolyte tube of thickness 0.051 cm 
(0.020 in) can successfully be fabricated. Without more work i t  had 
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4 
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6 
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TABLE 5 P C M  TEST STAND SHUTDOWN SUWHARY 

Description 

Building Power Failure 

&igh Voltage Shutdovn Cell No. 3 

Lou Temperature Shutdown - Heater Failure 

Building Power Failure 

Lcu Temperature Shutdm 

Lou Temperature Shutdovn 

Low Temperature shut do^ 
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fragile mechanicdl characteristics and would not result in reliable 
module assemblies. 

The improved current lead configuration resulted in reliable seal betveen 
the internal compartment of the FCEH and ambient air. lmproved current 
lead configuration demonstrated a 28% irprovement in terminal cell voltage 
which directly indicates a 28% reduction in the power required for oxygen 
generation. 

Future development efforts were defined during the testlog of the FCEH. 
Improved flow distribution characteristics betveen individual cells of 
electrolyzer module must be guaranteed to achieve uniform individual cell 
performance and module operation. .The selection of a different material 
for fabrication of the bolts and nuts for the assembly of the electrolyzer 
module is required as a replacement to the present titanium bolts utilized. 
The titanium bolts illustrated structural degradation during the 71 days 
of enduracce testing. 

In future uevelopment activities a standard off-the-shelf furnace should 
be purchased aad utilized for breadboard electrolyzer mdule testing. 
This conclusion is based on difficulties which were encountered in achieving 
nominal operating temperature with the custom furnace design utilized for 
the FCEW. 

Base2 on the successes of the FCEn developllent and after coqletion of 
the further developeental activities define2 in this program, a one- 
person electrolyzer module should be designed, fabricated and tested. 

A program should be initiated to improve the flow distribution between 
individual cells of an electrolyzer module and to reevaluate the material 
selection for the bolts which are used for module assembly. 

The one-person capacity self-contained, oxygen generating system ( S X - I )  
initially fabricated under NAS2-7862 should be modified for integration 
of the one-person electrolyzer module and a characterization and endurance 
test program conducted. 
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