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1.0 SUMMARY

The overall objectives of Phase V of the SPE Fuel Cell
Technology Development Program were to:

e Establish SPE fuel cell life and performance at tempera-
tures, pressures and current densities significantly
highexr than those previously demonstrated in sub-scale
hardware.

e Continued operation of single-cell (1.1 ftz) Buildup
No. 1 to establish life capabilities of the full-scale
hardware.

® To design, fabricate and test-evaluate a multi-cell
full-scale unit (Buildup No. 2), laying the gfoundwork
for the construction of a reactor stack.

e Design, fabricate and test-evaluate a reactor stack to
demonstrate the readiness of SPE fuel cell technology
for future space applications.

During this phase, significant progress was made toward
the accomplishment of these objectives. In the area of sub-scale
fuel cell life, for instance, the 0.7 £t2 cell stack demonstrated
over 11,000 hours of operation at intermediate current densities,
temperatures, and low pressures. A 0.05 £t®, laboratory-size
cell demonstrated over 4300 hours of stable life at high pressure
and high current density. Both of these cells utilized the
conductive cathode wetproofing, a configuration which provides
significant performance and weight benefits when scaled to large-
size cells.

Buildup No. 1 accumulated over 3200 hours of invariant
performance over the current density range between 100 and 500
ASF. The unit ultimately shut down due to failure of a facility-
associated oxygen solenoid valve. All testing was performed
utilizing commercial-grade reactants. A teardown analysis of
Buildup No. 1 revealed no evidence of materials degradation.

Buildup No. 2 featured the same basic design as Buildup
No. 1, only in a 4-cell configuration. Minor modifications were
incorporated into the end plate, the oxygen flow field, and the
coolant cartridge frame. The design modifications all resulted
in an improved condition for Buildup No. 2. During the over

1
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1000 hours of Buildup No. 2 operation, several design and
fabrication shortcomings were identified and corrective actions
subsequently implemented.

The lessons learned and corrective measures taken during
operation of B/U Nos. 1 and 2 were applied to the design of the
18-cell reactor stack, which was successfully fabricated and
passed all checkout tests. This 7 kW unit designated Buildup No.
3, is displayed in Figure 1. Operational testing of this unit
is planned under NASA Contract MAS 9-15831l. Under this Orbital
Energy Storage Contract, Builecup No. 3 will be operated as a
primary fuel cell for approximately 2000 hours, followed by
integration and operation with an electrolysis unit as a bread-
board demonstration of the regenerative energy storage system.

The progress made during this and previous program
phases produced sufficient information for GE/DECP to confidently
propose an SPE Fuel Cell Development Program for a second-genera-
tion Space Shuttle power plant. Among the significant features
projected for this 14 kW fuel cell power plant are:

Dry weight including accessories - 135 lbs.
Average HHV efficiency - 52%.

Operation on propulsion~grade reactants.,

Estimated minimum uzeful life - 10,000 hrs.
Estimated production costs - $170K (1979 dollars).
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Figure 1. 7 kW Reactor Stack (Build Up No, 3)
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2.0 TECHNICAL BACKGROUND

2.1 General Background

The solid polymer electrolyte fuel cell technology was
first developed into a viable product in 1960, Over the past 20
years, improvements in both the solid polymer electrolyte and
electrode technologies resulted in an increase in the field of
applications to include electrolysis systems, oxygen concentrators
and regenerative fuel cells. All four electrochemical devices
utilize the same basic solid polymer electrolyte and electrode
components. Thus, the experience gained from one application
can be used in the further improvement of the other devices.

The heart of these devices is the solid polymer electro-
lyte, which is a plastic film approximately 5 to 10 mils thick,
fabricated from ion exchange material. The material currently
used as the solid polymer electrolyte has a chemical structure as

followw:

{ CFZ— F - CC )
S03H

This material, called Nafion¥, is essentially a sul-
fonated analog of Teflon*, with physical properties very similar
to those of Teflon.

The use of the solid polymer electrolyte as the sole
electrolyte in an electrochemical system offers the following
advantages:

Minimum weight,

Immobile and invariant during life.
Minimum volume.

Ease of handling during assembly.

Capability of handling high pressure differentials
across the membrane.

No tendency te react with COp to form carbonates,
* ®Registered trademarks wf E. I. duPont Company.
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2.1.1 Solid Polymer Electrolyte Technology

The Nafion solid polymer electrolyte described above is
a product of duPont and has been utilized extensively by GE/DECP
in electrochenical applications since 1968. This membrane is
extremely stable bhoth physically and chemically, while exhibiting
excellent physical and electrochemical properties. The wpecifica-
tion of these properties is given below:

Property Value

Tensile Strength > 2500 psi (> 17.235 kN/m?)
Elongation > 120%

Burst Strength, Unsupported »>100 psig (>689 kN/mz gauge)

Water Content 25-40 Weight %

Resistivity > 15 ohm-cm

Life in Electrochemical > 57,000 hours demonstrated to date
System (hours) in fuel cells.

Thermal Stability >300%F (> 149°C)

The Nafion solid polymer electrolyte is the latest in a
series of GE/DECP membrane systems that included phenol-formalde~
hyde sulfonic, polystyrene sulfonic, and trifluorostyrene sulfonic
acids, and is the only membrane that offered the excellent
combination of physical and chemical stability required in the
electrochemical environments,

The first Nafion solid polymer electrolytes did tend to
degrade slowly in an electrochemical environment as evidenced by
a slow generation of HF and COp from the operating device.
However, this problem has been rigorously researched by both
duPont and GE/DECP and has culminated in a stack of 0.38 ft2
(354 cm?) cells that has been operating for over 57,000 hours,
with a projected life of over 100,000 hours.

2.1.2 Electrode Technology

The GE/DECP electrode structures are thin catalyst layers
pressed onto the solid polymer electrolyte surface. The catalyst/

5
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solid polymer electrolyte electrode also contains a thin (3-4
mil) (.0762-.1016 mm) current collector screen. In order to
prevent water masking of the fuel cell oxvgen alectrode where
product water is formed, a wetproofing film jis placed on top of
the catalyst/current collector, The perforuunce of thesa
electrode structures has been invariant for over 57,000 hours
with performance decay of <1 uvolt per cell hour.

2.2 Major Fuel Cell Programs

The Geminl Spacecraft Program marked the first operational
use of a solid polymer electrolyte fuel cell unit. The General
Electric GE/SPE fuel cells used during the program successfully
completed all neven spacecraft missions, accumulating a total of
850 hours (5000 stack~hours) of flight operation with an excellent
record of performance and reliability. The spacecraft system
included two l-kW modules, each containing three 32-cell stacks,

A total of 250 stacks of the production configuration
waere built Auring the Gemini Program. Most of these were used
for reliability, endurance, and over-stress testing, accumulating

more than 80,000 stack-hours of oparating experience in addition
to that accumulated during fiight operation.

Subsequent to the Geminli Program, a second~generation
model of this fuel cell design successfully operated in orbit
continuously for over 40 days (planned mission of 30 days) on
Biosatellite Spacecraft 501, The unit stopped functioning only
after the reactants had been depleted, An additional application,
the so-called "back-to~back" cell design concept in which cathodes
of adjacent cells faced each other, was initially devel.oped for

Air Force satellites., Development was continued under NASA's
sponsorship,

During the NASA Space Shuttle Technology Development
Program, General Electric fabricated and evaluated flightweight
fuel cell hardware. Noteworthy is the fact that a 3-cell
assembly completed over 6500 hours of life testing, a 38-cell
stack operated for 5000 hours, and a 32~cell stack with ancillary
components in a prototype flight configuration achieved 2000
hours of operation. The technology developed during the Space
Shuttle Development Program was then repackaged as a 3 kW fuel

cell for the Navy's High Altitude Super-Pressurized Powered
Aerostat (HASPA).

6
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Subsequently, under sponsorship of NASA's Lewis Research

Center, initial development of a new solid polymer electrolyte
concept was started., The ‘ujor feature of this concept was the
removal of product water via a dynamic recycling oxygen system,
as opposed to the traditlonal wick and separacor approach used
since the Gemini Program. The advantages of this concept are

in the areas of weight, cost and efficilency. This NASA/LRC
effort led directly into the NASA/USC Advanced Fuel Cell Tech-

nology Program.

Figures 2 through 4 display the various products described
above. Figure 5 is a graphical presentation of the past 18 years
of progress in development of GE's solid polymer electrolyte fuel

cell technology.

7
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Figure 2,

350-Watt Fuel Cell Module for Biosatellite Spacecraft

~

DIRECT ENERGY CONVERSION PROGRAMS




R B e e

(OSr/VSY¥N) swwouodwo) Lieqpouy yim

SMPOI 119D PN MY €

‘¢ 2and1 g

DIRECT ENERGY CONVERSION PROGRAMS




SWVYHOO0Hd NOISHIANOD ADHINI 103410

0T

COMPLETE FUEL CELL POWER SYSTEM, INCLUDING CRYOGENIC TANKS, IN THE
PROCESS OF ASSEMBLY FOR U.S. NAVY BALLOON PROGRAM

The Fuel Cell Performance Remains at Specification Levels Following 1000 Hours Operation and 2 Years
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3.0 TECHNOLOGY ACTIVITIES

The major efforts of the Phase V Program were directed
in the following technological areas:

e Task 1.0: Continued Evaluation of Laboratory-Size
(3" % 3") cells

e Task 2.,0: 8Single-Cell Evalaatisn (Full-Scale Hardware)
e Task 3.0: Small Stack Evaluation (4 Full-Scale Cells)

® Task 4.0: Reactor Stack Evaluation (18 Full-Scale
Cells)

Figure 6 shows the overall Phase V Schedule of Efforts.

3.1 Task 1.0 - Continued Testing of Laboratory-Size (3"x 3")
and Bench~Scale (.7 ftz) Cells and Hardware

During both Phase III and Phase IV of this program, a
series of endurance and performance tests were begun on labora-
tory~size cells, the primary purpose of which was to confirm the
life and performance characteristics of the SPE fuel cell at
temperatures, pressures, and current densitites above those
previously demonstrated. These tests were continued in Phase V
under Task 1.0. This task was supplemented by efforts under the
GE/DECP IR&D Program.

3.1.1 Endurance Bvaluation (3" x 3" Hardware)

In order to characterize the performance of any given
cell and thus accomplish the goals of this evaluation testing,
a baseline configuration was established during Phase III
utilizing the state of the art as of 1977. Table I contains a
summary of the characteristics of the 1977 baseline cell con-
figuration. Figures 7 and 8 contain performance data as
demonstrated during testing under this task during Phase III.

By the end of Phase III, the results of this testing
and other developmental efforts led to a reassessment of the
configuration being analyzed. It was determined that future
performance and endurance analyses under Phase IV would be
conducted on cells containing the then recently developed
conductive wetproofing configuration. The factors pointing

12
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NASA/JSC SOLID POLYMER ELECTROLYTE FUEL CELL TECHNOLOGY PROGRAM
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PHASE V - TASKS

1978

1979

1980

M

N

M

1.0 LABORATORY TESTS
3 x 3 Hardware

2.0 SINGLE CELL EVALUATION
2.1 Test Evaluation

3.0 SMALL STACK EVALUATION
3.1 Hardware Fabrication
3.2 Test Evaluation

4.0 REACTOR STACK EVALUATION
4.1 Reactor Stack Design
4.2 Test Facility Preparation
4.3 Reactor Stack Fabrication

5.0 NASA/JSC REVIEW

6.0 DOCUMENTATION
6.1 Monthly Reports
6.2 Tinal Report
6.3 Test Report

>hr

A

A A AAAAAALAAAADS

Figure 6

v T VTP NN SR 17 SO ETC . - 2 SIS SO

s it




TABLE I
A SUMMARY OF THE 1977 BASELINE CELL CONFIGURATION IS AS FOLLOWS:
e SOLID POLYMER ELECTROLYTE
e DU PONT'S NAFION
e 5 MILS THICK
e 35-40% H0
e 1200 EQUIVALENT WEIGHT
e PLATINIZED
® ANODE
® FPFC-5 CATALYST

e 15% T-42 (TEFLON)

I
I
I
.
|
!
i
1

® GOLD SCREEN (DISTRIBUTION) ASSEMBLY

gl

ook o st
®

CATHODE

e PLATINUM CATALYST

e 12.5% T-30 100% PT (TEFLON)

e 1/4 INCH STAND PIPE

e 3 MIL GOLD SCREEN

® CHEMPLAST WETPROOFING (POROUS TEFLON)
e CURRENT COLLECTION

® BIPOLAR

® OPEN CATHODE GAP
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toward this approach included:

e A cell incorporating this system had demonstrated
over 2000 hours of completely stable performance on
scaled-up unit NT-03, dispelling the concern that the
conductive wetproofing graphite structure might
oxidize at operating voltages.

e A conductive wetproofing was desirable for scaled-up
hardware to minimize IR losses.

e The conductive wetproofing configuration provided full
support to the electrolyte polymer on both sides, and
thus facility failures of the type involving oxygen
loss would not damage the cells.

e Extrapolated performance from Cell NT-03 and from the
10-mil-thick cells in the IR&D Program with conductive
wetproofing demonstrated an equivalent performance
between the non-air activated baselines and the non-air
activated conductive wetproofing configuration.

e Because the conductive wetproofing configuration
eliminated the cathode current collection screen and
its 2-3 mil penetration into the polymer, greater
structural strength of the polymer resulted by
increasing the minimum cross section from approximately
2 mils to 4 mils.

For the above reasons, it was decided to accelerate the
conductive wetproofing effort as it continued into Phase IV, and
to uase cells so configured in the testing under Task 1.0. Figure
9 compares the configuration of the 1977 baseline 3" x 3" cell
and hardware to the configuration of the 3" x 3" cell with
conductive wetproofing, both as initially developed and as the
configuration existed at the end of Phase IV. The initial and
final Phase IV conductive wetproofing configurations are
pictorially represented in Figures 10 and 11, respectively.

The introduction of the conductive wetproofing configura-
tion into the 3" x 3" endurance test program eliminated the
problem of reversed pressure failures resulting from any one of
several facility-type malfunctions. However, the endurance
testing of the conductive wetproofing cells did exhibit several
modes of performance loss and failure not observed in the

17
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Configuration of 1977 Baseline (3 x 3 Hardware)

O
L Gasket
/4
Feed Plato / Membrane/ Electrodes (M and E)
/ — Cathode Gap (Open)
Anode Gap ——i )
(Tight) . Feed Plate

H, OgandH,0

Configuration of Initial Conductive Wetproofing Configuration of Final Phase IV Conductive
Wetproofing
Hy Oy H, o
{ t
4 7
Gasket Feed Plate —ipt/7 1™ __ Teed Plate

Feed Plate

Feed Plate /
// N ___ Cathode Gap

Cathode Gap (Tight)

(Tight) Ny
. Compression.—

Pillow % 2%;

Anode Gap /1

(Tight)

Anode Gap
(Tight)

N
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Figure 9. Comparison of Configurations: Baseline vs. Initial Types ORIGINA]L Az 1
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Final Phase IV Conductive Wetproofing Configuration

Figure 11.
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non~-conductive wetproofing configuration. The timing of these
events was fortunate, however, in that it was goaaible to apply
corrective actions to the design of the 1.1 £t% cell, The major
deficiencies identified and corrective actions taken werxe as
follows:

e The solid polymer elactrolyte tended to creep with
time through the anode expanded-metal flow field screen,
eventually resulting in cuts in the membrane. The high
compression pressure needed to obtain a perimeter seal
and the low cell resistance accelerated this creep
process, Corrective actions included incorporation of
an independent seal and active area compression configura-
tion, and the introduction of an anode support plate
of wetproofed graphite (ST-4).

e Product water flooding of the cell resulted in lower
performance. In the previous non-conductive wetproofing
configurations, water had been removed by wicks or by
gravity. Corrective action included increasing through-
cell flow rates of oxygen reactant and redesign of the
flow fields.

The culmination of this task under Phase 1V was the test
of Cell NT(IV)1l.1l-13, which successfully ran for 3,926 hours at
the operational conditions planned for the 1.1l ££2 cells. The
cell developed a cross-electrolyte leak at this point in the
test and was shut down for a teardown analysis conducted at the
start of Phase V. The analysis revealed that the cross-electro-
lyte leakage was due to a pinhole in the central area of the
membrane (i.e., not near any reactant porting.,)

Removal of the catalyst electrodes revealed:

e Membrane flow around the anode 5/0 2Zr support
screen.

e General evidence of central area (not ports)
degradation of the membrane.

The postulated cause of failure was the combined effect
of partially degraded membrane and membrane flow around the 5/0
screen support. The membrane flow condition was subsequently
mitigated by the use of a porous graphite flow field support,
later incorporated into the 1.1 £t2 design. The presence of
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general degradation raised some concern, in that this condit'on
had previously been observed only ut reactant inlets where
gubsaturated reactants were utilized,

The central area degradation suggested that some heat
and mass deviation had occurred in the dual compression hardware.
A thermal analysis of the hardware indicated that 5 to 10 times
as much waste heat produced was removed from the cathode side as
from the anode side, The major reason for this condition ayrose
from the nitrogen gap in the anode pressure pad which was located
hetween the cell and the anode side coolant. fThe cathode heat
removal was in the opposite diraection from that desired, and
produced a drying gradient within the cell, It was well estab-
lished from previous studies that the rate of membrane degradation
is influenced in a major way by the degree of membrane drying.

The process of cathode heat removal, which causes drying
of the membrane was prevented in the scalad-up 1.1 f£t2 design
by having a slightly higher thermal impedance from the cell to
the cathode side coolant than from the cell to the anode side
coolant.

As a result of the adverse thermal gradients identified,
a revision of the 3" x 3" test hardware was conducted. The
major features of the revision included:

e Nearly ecual heat removal from the anode and cathode
sides.

® Use of distilled water as a coolant instead of oil,
which had been utilized for all previous 3" x 3" tests.

®» Use of an anode support sheet of porous ST-4 graphite
instead of expanded-metal screens.

The above corrective actions in the laboratory-scale
3" x 3" hardware actually produced a design with a close
resemblance to the scaled-up 1.1 £t2 hardware design.

A 3" x 3" cell designated NT(V)1l-1l was cut from a 1.1
£t2 cell for a performance analysis of a section of that full-
scale cell, Activation and operation of Cell NT (V)1l-l revealed
a performance level approximately 0.010 volt higher than that of
Buildup No. 1 (see Figure 12). Life endurance testing of Cell
NT (V)1-1 at 180°F and 115 psia remains in-process as of this
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writing, the cell having accumulated over 4300 hours of virtually
invarient performance to date (see Figure 1l3). Continued
endurance testing of this cell is being conducted as part of the

GE/IR&D Program.

3.1.2 NT-03 (.7 £f£2 Development Cell) Performancge

The purpose of this subtask was to demonstrate that the
advances made in 3 x 3 laboratory-sized cells and hardware could
be scaled up and applied to larger cells, The size of .7 £t2
was established early in the program (Phase I) as a likely inter-
mediary between the 3 x 3 cells and full operational size.

NT-03 began load operation on October 4, 1977, during
effort under Phase III. This cell incorporated new design features
generated as a result of the GE/DECP IR&D effort on conductive
wetproofing. These modifications to the earlier NT-02 design
included:

@ Corrugated titanium coolant system trusses to replace
the polypropylene screens.

e Conductive wetproofing to replace the interrupted
Teflon wetproofing.

e Frame porting to replace port trusses for improved
stack up.

® Reduction in thickness of Nafion electrolyte from
10 mils to 5 mils.

Figure 14 shows a cross-section of this stack.

By the end of Phase III, Cell NT-03 had accumulated
3,388 hours of extremely stable performance at 16 psia and 165°F,.
Testing of this cell continued into Phase IV, the cell operating
for a total of 5,819 hours before a facility power loss resulted
in a shutdown and normal oxygen takeover., Figure 15 displays
cell NT-03 performance levels during the test. The HF release
rate had remained in the 50 - 150 PPB range throughout.

During checkout prior to reactivation, both excessive
cross~electrolyte and overboard oxygen leakage were observed.
Teardown analysis revealed two factors which were related to the

leakage conditions:
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e The Teflon double~sided adhesive frames had undergone
some creep with operational time, and the stack
compression load in the perimeter seal area was
considerably reduced.

® An original time-zero screen puncture, which had bheen
successfully patched with Teflon and silicone adhesive
before initial activation, was found to leak at tear-
down. This original screen puncture resulted from
misalignment of the oxygen flow distribution screen
package.

The overboard leakage was undoubtedly the result of the
loss of seal area compression, whereas the cross-electrolyte
leakage could have arisen from either of two probable causes:

e With decreased seal area compression, cross-manifold
02~to~Hy leakage could have occurred.

e The original puncture could have opened during the
flexing of the electrolyte as the automatic oxygen
takeover shutdown proceeded.

The electrolyte damage which occurred as a result of
the facility power failure was repaired with Teflon and silicone
adhesive, and the unit was reassembled with tie rod springs.
Following installation of the unit into the test facility, a
series of leakage, flow and electrical checkout testis indicated
that all was normal.

The unit was activated, and performance appeared normal
at room temperature. As the operational temperature of the unit
was increased, the normal performance improvement was noted.
After approximately nine hours of operation in an unattended mode,
a slow performance decrease developed. This decay continued over
a two-hour period until a low-voltage shutdown resulted.

An analysis of the NT-03 shutdown was conducted at the
beginning of Phase V. A coolant system leakage check showed a
substantial leakage from the coolant to the hydrogen chamber,
Small cracks were identified as the leakage source in the 3-mil
niobium anode flow field.

Samples of the leaking 3-mil niobium hydrogen/coolant
separator sheet were subjected to tensile~test evaluation.
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Samples of unused 3-mil niobium from the same lot, and from the
3-mil niobium oxygen/coolant separator sheet, were also tensile-
tested. The unused material and the oxygen separator material
demonstrated approximately the same tensile strength. However,
the hydrogen separator sheet demonstrated only 50% of the tensile
strength of the oxygen and unused samples. Hydrogen embrittle-
ment was therefore considered a potential failure mode to bhe
addressed in the desired life range over 5000 hours. Previous
experience of embossed 3-mil niobium up to the 5000~6000 hour
range had been 3ood (i.e., no metal sheet failures identified).
The NASA 1.1 ft“ design incorporated a 5-mil separator for
hydrogen and coolant in an effort to mitigate the embrittlement
to the extent that design life of >10,000 hours may be achieved.

New niobium separator sheets were fashioned for NT-03
utilizing the thicker 5-mil material. Re-assembly of NT-03
utilizing these new sheets was completed and the unit was re-
activated. Life testing was continued at the previous tempera-
ture and pressure conditions of 165% and 16 psia. As of this
writing, over 11,000 hours have been accumulated on the unit,
approximately 5000 hours of which involve the new 5-mil flow
field collectors. The endurance testing of NT-03 is continuing
under the GE/IR&D Program.

3.2 Task 2.0 - Single-Cell Evaluation

The objectives of the design and development testing of
Buildup No. 1 were to incorporate recent laboratory advances
into a full-size cell and to duplicate the performance obtained
in laboratory-sized cells. B/U No. 1, featuring electrically
conductive wetproofing and 5-mil thick Nafion electrolyte,
performed slightly better than the performance goal based on
laboratory cell tests. Figure 16 displays the goal and the
actual performance of B/U No. 1.

The active area of the B/U No. 1 cell design was select-
ed at 1.1 ft2 by computer optimization which considered the
potential near-term space applications. A 14 kW module would
require 36 cells of this size, and it is estimated that such a
module will have a total weight of approximately 150 pounds
(10.7 1b/kW), including the weight of end plates and ancillaries
as well as the weight of the coolant.

Buildup No. 1 accumulated over 3200 hours of invariant
performance over the current density range hetween 100 and 500
ASF. The unit ultimately shut down as a result of a failure of
a facility-associated oxygen solenoid valve. All testing was
performed utilizing commercial-grade reactants.
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gained on the 1.1 £t2 cell test in B/U No. 1l:

3-3

The following are the highlights of the experience

® The performance level of B/U No. 1, having duplicated
and slightly exceeded the goal set by lab-size cells,

verified the scalability of the solid polymer electro-
lyte technology.

® The stable performance exhibited by B/U No. 1 for over

3200 hours verified previous evaluations displaying
<1l uvolt decay per cell-hour of operation at high
current densities (see Figures 17 and 18),

e The low HF release rate in the B/U No. 1 product water

(<50 pPB) is within the same range exhibited by B/U

AFPC~6, which has a demonstrated life to date in excess
of 57,000 hours.

® Through independent bench-testing, the higher-than-

desired oxygen AP observed in B/U No. 1 was discovered

to be located largely within the internal cell manifolds.

Repositioning the ports from the corners to the mid~side
reduces the AP significantly by cutting the max flow
path in half, and the max volume flow in each manifold
in half. This reconfiguration was introduced into

B/U No. 2, and thus it was possible to eliminate the
cathode expanded-metal screen on this unit.

The teardown and destructive analysis performed after
over 3400 load hours of operation showed no evidence of

any materials degradation, further confirming long-term
life capabilities.

Task 3.0 ~ Small Stack Evaluation

Buildup No. 2 featured the same basic design as Buildup

No. 1, only in a 4-cell configuration, Minor modifications were

incorporated into the end plate, the oxygen flow field, and the
coolant cartridge frame.

The oxygen flow field and end plate modifications were

introduced into Buildup No. 2 to reduce this oxygen flow field
pressure drop and to eliminate end plate leakage, respectively.
The coolant cartridge frame modifications were made to reduce

cost,
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Over one thousand hours of test experience were accumu~-

lated on Buildup No, 2, The following amre the highlights of the
small stack evaluation task:

® The double "0"-ring and piston modifications to the
pressurization end plate eliminated the leakage problem
encountered with the elastomeric~sealed end plate on
Buildup No. 1,

e The re~positioning of the oxygen manifold had the
effect of approximately halving the oxygen flow field
AP as compared to that of Buildup No. 1.

e The use of the low~cost single piece coolant cartridge
frame with separate coolant manifold ports appeared
to provide normal functions without difficulty.

e It was learned that component stack-up tolerances must
be maintained without exception in order to assure a
leak~tight stack configuration.

3.4 Task 4.0 - Reactor Stack Evaluation

Buildup No. 3 utilized the same basic design as Buildup

No. 2 while inecreasing the number of cells from 4 to 18. 1In

addition, the following modifications were introduced as a result

of the short stack evaluation task:

® Closer tolerance on the coolant cartridge frame thick-~
ness variations, to improve cell sealing.

® Increased seal area on reactant manifold buttons, to
accomodate minor stack-up variations.

e Improved membrane and electrode processing, to assure
consistant cell resistance and electrical performance.

In parallel with the Buildup No. 3 design task, a
GE/DECP IR&D effort to develop a failure isolation device was
in-process., The isolation concept involved installing an "Q"-
ring check valve in the inlet and outlet cell manifcld buttons.
In this concept, with the oxygen reactant always at a higher
pressure than the hydrogen reactant, any failure resulting from
cell leakage would be confined to the failed cell and the
hydrogen outlet manifold only. Propagaticn of mixed and/or hot
combustion gases to other cells is thus prevented and damage to
other cells avoided. Figure 19 displays the configuration of
the hydrogen manifold buttons, while Figure 20 exhibits the
same buttons with the O-ring check valves.
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The GE/DECP IR&D testing of thies concept included flow
and simulated failure tests. The results of which verified that
propagation of a failure could be prevented by this technique.
Thus, it will only be necessary to replace the cell that actually
gziled in the event of a cxoss-electrolyte leakage during opera-

on.

The hydrogen manifold buttons in Buildup No. 3 were
fashioned with the "QO"-ring grooves in place; however, the actual
"O'~rings were not installed as variable normal flow direction
pressure drops would probably result. With the high-purity fuel
cell or propulsion-grade hydrogen fuel, the minor variations in
pressure drop would have no consequence. In the testing at GE/
DECP, using commercial-grade hydrogen, the uniformity of flow
field pressure drop is of more importance in the inert removal
process. Additional evaluations of pressure~-drop variability
must be completed prior to incorporation of the O-rings. The
O-ring grooves were added, such that the hardware can be retro-
fitted to include the O-rings at a later time without replacing
on reworking the coolant cartridge assemblies.

Buildup No. 3 was assembled with the aforementioned
design modifications into a 7 kKW ~ 18 cell reactor stack. All
electrical tests were performed, with satisfactory results. The
results of cross~electrolyte and overboard leakage checks were
also as required, Buildup No. 3 is currently available for
operational testing under NASA Contract NAS 9-15831.
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CONCLUS IONS

The conclusions reached during Phase V of this Technology
can be summarized as follows:

The scale-up capability of the solid polymer electrolyte
technology has been confirmed by the demonstration of
performance levels in 1.1 ft? cell hardware equivalent
to those previously obtained in laboratory-size hard-
ware.,

The sclid polymer electrolyte fuel cell performance
stability has been verified: laboratory-size cell NT
(V)1-1 and full-scale unit Buildup No. 1 have demonstra-
ted over 4300 and 3200 hours of operation, respectively,
without any detectable loss in performances at 500 ASF
lead.

All test evaluations at GE/DECP were and continue to be
conducted utilizing commercial-grade reactants (i.e.,
99.95% pure H2 and 99.6% pure Ojp). Since such reactants
can have several ppm of carbon-bearing gases, the
invarient performance demonstrated attests to the SPE
fuel cell's tolerance to COp, CH4 and CO at the levels
commonly found in commercial-grade reactants.

A determination of the useful life of the SPE fuel cell
can be broken down into estimates regarding the life nf
the electrolyte, electrodes, and cell structures:

o The electrolyte life in the 5-mil configuration has been
demonstrated in Buildup No. 1. The lack of any visual
polymer degradation after >3400 hours, combined with
the very low HF loss rate (<50 ppbk in the product H0)
over the test period, allows a projected polymer life
in excess of 40,000 hours.

0 Although the same electrode catalyst configuration has
been on test for over 57,000 hours in Buildup AFC #6,
the elactrically conductive cathode wetproofing has
been on test only a portion of that time. NT-03, with
a 5-mil polymer electrolyte and electrically conductive
wetproofing, has demonstrated over 11,000 hours of
trouble-free, electrically-conductive cathode wetproof-
ing. Since a means of assessing the rate of degradation
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¢€f this material is not available at this time,

an

estimate of total projected life must await the results

of endurance testing,

The sheet metal anode flow sheet (currently niobium) is

the life-limiting component of the fuel cell stack.

Demonstrated life is in the range of 5000 to 6000 hours

using 3-mil stock, after which hydrogen embrittlement

may resuvlt in crack failures. The 5-mil flow sheets of

the scaled-up 1.1 £t:2 design have a projected useful
life in excess of 10,000 hours. A useful life in excess

of 10,000 hours will require demonstration and,
deemed necessary, design modification.
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5.0 RECOMMENDATIONS

It is a recommendation of GE/DECP that the solid polymer
electrolyte fuel cell be further developed in order to meet
future space electrical power needs. The following paragraphs
describe such a development program which is a logical extension
of the work performed in Phase V.

5.1 Milestone Schedule

The following program plan describes the tasks to be
accomplished in order to establish the readiness of the solid
polymer electrolyte fuel cell technology for space shuttle power
plant development qualification. A logical extension of the work
performed under Phase V, the approach will be to design, fabri-
cate and test-evaluate a 14 kW engineering model which represents,
as closely as possible, fuel ¢ell power plant (FCP) that could
interface directly with the Space Shuttle vehicle as it is
presently configured.

The characteristics of this FCP would be as described
in Table II.

Completion of twelve tasks is required to demonstrate
an engineering model, as shown in Figure 21. These tasks are
costed separately, such that NASA may, if financial conditions
warrant, fund the program on a task-by-task basis. It is
expected that the original program can be accomplished within
‘18 months of the actual start of work.

5.2 Task Descriptions

Task 1.0 -~ Continued Devealopment of Phase V Hardware

Further design refinement and subsequent demonstration
will be accomplished under this task using the three sets of
stack hardware and test facilities developed in Phase V of
Contract NAS 9-15286. Among the objectives of this task will
be:

® Extended endurance demonstration of multi-cell
stack hardware.

® Integration and endurance demonstration of internal
reactant humidification in multi-cell hardware.
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Toltage at
Current at
Efficiency
{incl. 260
Efficienc,
Joltage at

maximur cont, rating
mazinmum cont. rating

at maximum cont. rating
W parasitic power*)

at minimum rating

minimum rating

4

W

Cell size (active area)
Hunber of cells

Size

Dry Weight

Parasitic diffusion loss
(incl. in efficiency calculations)

Instantaneous peak short circuit
current for .006 ohm short

Ho flow at maximum rating

0, flow at maximum rating
Reactant pressures
Condensate flow

Cogirant flow

Coolant inlet temp.
Shutdown time

Start up time

Est. production unit price

32.2 vpC
1.1 Fe.2 (1022 cm?)
36

14.3%%x 1l4.3%x 24"
(36.3 cm x 36.3 cm x 6lan

135 pounds (61.2 kg)
10 ASF (10.8 ma/cm?)

1750 A

1.5 ILb/Hr (.68 kg/Hr)

12.3 Lb/Hr (5.58 kg/Hr)
85-90 psia

13.8 Lb/Hr (6.26 kg/Hr)
9.5 GPM

180°F

Instantaneous

30 seconds

$170 K (1979 Dollars)

*pPower required for coolant pump, controls, valve actuation, etc.

g

i
t
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SPACE SHUTTLE ENGINEERING MODEL

Demonstrate an Engineering Model
Suitable for Retrofit into the Current
Space Shuttle Fuel Cell Interfaces.

MONTHS ARO 1723456789 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Ll | SN S S S B | i | 1 i 1 1 1 ] b I 1 1 L i 1
1.0 Continued Development o A
Phase V Hardware d
2.0 Complete Design of 36 0 .
Celi Stack
3.0 Generate Component - A
Specifications
4.0 Design Monitoring and O——aA
Control Unit (MCU)
5.0 Design Integrated O A
Engineering Model
6.0 Procure System Components O— A e A
(3 Sets)
7.0 Fabricate 36 Celi Stack O
8.0 Endurance Test Components
(1 Set) O- D
9.0 Fabrica* MCU & Checkout o—aA
10.0 AssembLfe Engineering Model oO—=A
11.0 Checkout Engineering Model (@ o AY
12.0 Perform 2000 Hour (E.M.) O A
Test

Figure 21.

Program Milestone Schedule
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e Design of a refined oxygen flow field for product
water removal at lower parasitic power.

® Demonstration of higher-temperature operation (i.e.,
220°F coolant inlet temperature).

Task 2.0 - complete Design of 36-Cell Stack (FCS)

The hardware designs established during Phase V will be
modified and upgraded to provide a definition of the 14 kW fuel
cell stack (FCS). Major among the design analyses to be per-
formed, will be a reevaluation of the preferred location of the
reactant humidifier fluid plate (i.e., central to the stack or
as part of one end plate).

Task 3.0 - Generate Component Specifications

A specification will be generated for each of the fuel
cell power plant auxiliary components, for the most part consist-
iny of revisions to the existing specifications for auxiliary
components generated during the NASA/JCS Space Shuttle Tech-
nology Program (NAS 9-12332), taking into account the specific
interfaces as they exist in the Space Shuttle vehicle. However,
changes that have evolved both in the fuel cell configuration

and the SPE fuel cell packaging require that some new specifica-
tions be generated. These include:

® High-pressure reactant pressure regulators must be
developed. The original Space Shuttle technology
concept was to utilize propulsion-grade cryogenic
reactants at low storage pressure. The oxygen reactant
was to be fed, unregulated, directly to the FCP while
the hydrogen reactant, also at low pressure, was to be
regulated at 4 psi or more below the oxygen pressure.
With the present Shuttle configuration, utilizing
supercritical cryogenic reactant storage, high reactant

pressures must be regulated down to FCP operational
pressures,

® The development of electrically conductive wetproofing
has enabled elimination of the wicking system for
water removal and the pressure container for oxygen
containment, producing significant advantages in both
specific weight and efficiency. However, two new
functions must now be performed in order to remove
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product water from the operating FCP: First, the
oxygen reactant must be circulated, such that the
product water is dynamically carried from the stack in
the zero gravity condition., Second, the ligquid phase
of the product water must be separated from the oxygen
discharge stream.

e The circulation and separation functions may be per-
formed in two independent devices, as described in the
technical approach section, or there may be advantage
to combining the functions into one device (i.e., a
dynamic phase separator). This will be evaluated in
this task. The technical approach also describes an
electric motor-driven blower as the means of oxygen
recirculation. Use of the energy in the high-pressure
oxXygen to drive the recirculator will also be consider-
ed as part of this task,

Task 4.0 - Design Monitoring and Control Unit (MCU)

The monitoring and control unit will be designed,
utilizing the output of Task 3.0 ("Component Specifications").
This electric mechanical design will include such items as motor
inverters, automatic control logic, and a means of removing
generated heat in the space environment. The output of this
task will be a set of electrical schematics and engineering
drawings of the packaged monitoring and control unit.

Task 5.0 - Design Integrated Engineering Model (EM)

This task will utilize the outputs of Tasks 2.0, 3.0
and 4.0, as well as a detailed analysis of the existing Space
Shuttle vehicle/fuel cell installation and operational inter-
faces, for the purpose of designing the integrated FCP. This
design will include the FCS, the auxiliary components and the
MCU. 1Integrating structures, wiring harnesses, etc. will also
be part of this design effort. The task output will be a set
of engineering drawings.

Task 6.0 - Procure System Components

It is presently envisioned that all the auxiliary
components will be purchased items except for the MCU, which
will be assembled in-house from purchased components (Task 9.0).
The generated component specifications (Task 3.0) will be
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submitted to established high-performance vendors for quotation.
An attempt will be made to obtain at least three quotations for
each component. Cost, delivery and previous performance will be
factors utilized in the evaluation of the quotations. Oxders
fur 3 sets of components will be placed, with the first set due
in-house within 8 months of program start.

Tagsk 7.0 ~ Fabricate 36~Cell Stack (FCS)

Raw material will be ordered for the engineering model
of the 14 kW FCS. The cells and other stack components will be
fabricated and assembled, utilizing the designs generated in
Task 2.0. The assembled stack will undergo a series of non-
operational tests including leakage (both internal and outboard)
and flow checks and electrical resistance and shorting tests.
Upon successful completion of these tests the FCS will ke ready
for integration with the auxiliary components to form the FCP.

Task 8.0 - Endurance Test, Components

Following acceptance tests of all components, one set
of components will be selected for endurance testing. The
purpose of this task will be to uncover any component design
deficiencies hefore integration of the components with the FCS.
Facilities will be prepared and the components will be subjected

to operating conditions in simulation of those expected when part

of the integrated FCP. The major emphasis of the endurance

testing will be on the new types of components and those contain-

ing rotating parts. A goal of 2000 nours of successful simula-
tion testing has been established for each component before
integration with the FCS.

Task 9.0 - Fabricate and Check Out Monitoring and
Control Unit (MCU)

High-reliability components will be procured and the
monitoring and control unit subsequently assembled. Following
the normal continuity and resistance checkout, functional tests
of the assembly will be made. In many cases these tests may be
conducted in conjunction with the simulated component endurance
testing (Task 8.0). Following successful checkout, the MCU
will be ready for integration with the FCS.

Task 10.0 ~ Assemble Engineering Model (EM)
This task consists of the actual integration of the
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various FCP components which were all previously checked for
suitability:

e Fuel Cell stack (Task 7.0).
e Auxiliary Components (Task 8.0).
e Monitoring and Control Unit (Task 9.0).

Following the assembly, a confirmation of the FCP mass
will be performed.

Task 11.0 -~ Check Out Engineering Model (EM)

The completed engineering model will undergo a series
of checkout tests that will include:

® Leakage Tests.

® FPlow Tests.

® Electrical Resistance Checks.
® Electrical Shorting Checks.

e Component Function Tests.

A formal checkout procedure and check-list will be
generated to assure the appropriate sequence of checkout testing.

Task 12.0 - Perform 2000-Hour Engineering Model (EM)
Test

The initial efforts in this task will involve preparation
of the test facility and procedures. The test facility will be
designed and fabricated with features that will allow unattended
operation of the hardware (i.e., safe shutdown upon malfunction).
Formal test procedures and check-lists will be generated to
assure smooth operation of the hardware.

Following facility checkout, the 14 kW engineering model
will be set up in the test facility and an integrated checkout
performed.

The FCP will then be activated and operated through
mission load profiles as determined appropriate by NASA/JSC. Test~
ing to simulated mission profiles will continue with a goal of

2000 accumulated load hours.
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COMPLEMENTARY RESEARCH AND

DEVELOPMENT PROGRAMS

47
DIRECT ENERGY CONVERSION PROGRAMS

PRSI . ~S— |

e

v 5



o———— M

o -

NASA/JSC FUEL CELL TECHNOLOGY PROGRAM

GComplementary Research and Develooment Programs

There are research and development programs currently

underway to GE/DECP which are related to the fuel cell technolegy
development effort and which represent significant potential
beneficial spin~offs to the NASA/JSC Fuel Cell Technology Program.
Several of these efforts are funded through the IR and D Program
or internal Future Benefit Programs, while others are funded
through contracts with other Government agencies of industrial
corporations. Summarized helow are the mest significant of these
efforts currently in-process:

1.

2.

lo.

Evaluation of life capabilities of fuel cells operating on
02/H2 and air/H,; in the 40,000 to 60,000-hour range. (GE IR&D)

Evaluation of the technology needed to run electrolysis cells
for life at current densities in the range of 2,000 to 6,000
ASF, (GE IR&D)

Evaluation of cell life capabilities under conditions of
increased operating temperature (240 to 300°F). (Industry)

Development of alternate cathode conductive wetproofing
configurations with improved electrical and mechanical
characteristics. (GE IR&D)

Development of lower catalyst loadings on both anode and
cathode to reduce material costs by a factor of 6 to 8.
(Industry)

Scale-up of manufacturing capabilities and evaluation of
process flow and equipment development needed to reduce labor
involved in fabrication of membrane and electrode assemblies
by a factor of 2 to 3. (GE/DECP)

Improve platinum plating procedures employed on current
collectors *o reduce high contact resistances associated
with long-life capabilities. (GE IR&D)

Evaluation of starting and stopping procedures for fuel
cells utilizing gas switching techniques. Start-up in a
few milli-seconds is the goal. (GE IR&D)

Evaluation of alternative high-stress frame materials to
develop a more effective cell sealing capability. (GE IR&D)

Development of a cell failure isolation device. A significant
cost impact results when requiring the replacement of only one

cell of a multi cell stack in the event of a cell cross-~leak.
(GE IR&D)
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