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FOREWORD

The exploratory development described in this report was conducted by
Xerox Corporation, Electro-Optical Systems, Pasadena, California, and

was performed under Air Force Contract F33615-70-C-1671, Project No. 3145,
Task No. 314521. The period of performance was 22 June 1970 through

22 December 1971,

This report was submitted by the authors on 15 December 1971 as Electro-
Optical Systems Report 4058-FR. The work was done under the direction of
L. S. Harootyan, Jr. and I. F. Luke, AFAPL/POE-1, Air Force Aero Propulsion
Laboratory, Air Force System Command.

The publication of this report does not constitute Air Force approval of
the report's findings or conclusions. It is published oniy for the ex-
change and stimulation of ideas.

James D. Reams, Chief
Energy Conversion Branch
Aerospace Power Division
Aero Propulsion Laboratory
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ABSTRACT

Xercx Corporation, Electro-Optical Systems, has conducted an analytical
and experimental program in the continued exploratory development of
regenerative hydrogen-oxygen fuel celis. All work was on cylindrical
single cells rated at 40 ampere-hours actually delivered, with the
charge~discharge sequence simulating that of a satellite in synchronous
orbit. It was demonstrated that regenerative fuel cells of the design
described in the report are capable of cyclical storage and release of
20 watt-hours of electrical energy per pound of energy storage system.
Preliminary envirommental tests indicated that lightweight cells will

withstand vibrational, thermal, and space vacuum conditions. A four-cell

breadboard system was fabricated and tested through 23 cycles of a sim-

ulated synchronous orbit eclipse period prior to delivery of the breadboard

as a contract hardware item,
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. Air Force Aero Propulsion Laboratory, Air Frcce System Command.

SECTION I

INTRODUCTION

‘The electrolytically regenerative fuel cell is an electrochemical energy

storage device, wherein the energy density per unit weight substantially
exceeds present acceptable power sourcss.™ This concept of an energy
storage device, offering reduced weight for a given required energy
storage package, is potentially attractive for orbital and intorplanetsry
space application. Xerox Corporation, Electro-Optical Systems, has been
conducting 2 program to design, -dévelop, and test a Regenerative Fuel
Cell Energy Storage System (ESS), utilizing the available technology
gained in.the development of the EUS-RHO-24 A.H. cylindrical fuel cell.
The éffort of this program has bLeen conduct.d under the auspices of the
The EOSvcylindrical regenerative hydrogen oxygen fuel celi‘is a basic
electrochemical cell serving the dual function of a primary fuel cell
and a water elecurolysis cell.- The cell consists of a capillary matrix,
containing electrolyte, sandwiched between two catalytically activated
porous eclectrodes. The configuration of the cell is cylindrical, which
utilizes the inner core volume as the hydrogen gas reservoir and the
space external to the core and within the outer pressure vessel as the
oxygen gas reservoir. During the charge operation, the cell functions
as a4 water electrolysis cell, whereby water in the electrolyte contained
matrix is electrolyzed producing hydrogen at the cathode and oxygen at
the anode. The gases so evolved are stored at pressure in intimate con-
tact with the respective eloctrodes. During discharge, in the fuel cell
mode, the stored gases react at the electrodes to form water, which is

. absorbeu into the electrolyte containing matrix. The electrolyte employed

is a 30 percent aquenus potassium hydroxide solution of a quantity which
i3 completely absorbed in the matrix with no free liquid in the syste..
The entire fuel cell is a completely scaled self-contained unit. The
design of a Regenerative Fuel Cell Energy Storage System requires the
grouping of a number of individual cells in a circuitry pattern to de-
liver power at some desired voltage-amperage level.

The Program Flan, as initiated, consisted of the design, development,
and testing of a 20 watt hour per pnund r.generative fuel cell energy
storage system. During the program, a number of modifications and
additions to the work scope had to be made. The scope of work is shown
in Appendix I.

Task I of the program involved thorough review of Contract F33615-70-C-1671
and preparation of a program master schedule as a milestone forecast. Tasks
I1, II1, and IV entailed the design and fabrication of boilerplate test
cells to allow greater flexibility and simplicity for test cell fabrication.
The boilerplate test cells were usad for parametric studies of the
electrochemical performance of the materials and components used in
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the EOS regenerative fuel cell. Cell optimization of the various cell
components, both mechanical and electrochemiczl components, was uander-
taken during this porticn of the work scope. Task V and Task VI comprised
the design effort of a complete breadboard regenerative fuel cell energy
storage system, modular at the single cell level, that would be fully
representative of a larger system in all performance aspects. Tiis effort
was to include the selection and identification of all componants of the
ESS.

Task VII involved the desigr of lightweight cells and was divided irnto
two major subtasks. The first includes the work required to optimize the
single cell configuration, with special emphasis on stress and dynamic
analysis, thermodynamic analysis, material analysis, and the incorporation
of the recommendations of the analyses into documentation as required for
the manufacture of the breadboard cells. The second effort of this task
included parametric analyses, spacecraft integration considerations, and
the generat.ion of a conceptual design of a 1 kw energy storage system.
Functional and environmental testing of the critical components cf the
energy storage system was undertaken in Tasks VIII and IX. This effort
included the fabrication of several prototype lightweight cells. Tasks X
and XI constituted the fjaal design and design review, based on the tech-
nological data and info.mation generated during all previous tasks. The
complete breadboard svstem, fabrication and assembly, was accomplished in
Task XII; and the system was cested to the cyclic regime as specified in
the contract, modified to pernit two cycles per day. The delivery of the
tested breadboard regenerative fuel cell energy storage system to the

&ir Force Aero Propulsion Laboratory was the scope of Task XIII.
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SECTION II

SUMMARY OF THE ACTIVITIES

This report describes the effort and results of a program to develop a 20
watt hour/pound regenerative fuel c~jl energy storage system under Contract
F33615-70-C-1671 for the United S’.ates Air Force, Air Force Systems Command,
Alr Force Aero Propulsic Laboracory, Wright-Patterson Aic Force Base, Ohio
45433,

The program initially concentrated on electrochemical performance of the
materials and components used in the EOS Rechargeable Fuel Cell Mcdel
RHO-24AH-Mod. I, The cylindrical configuratior of the Model RHO-2¢AH fuel
cell was retained, but an increase in the length of newly d<signed boiler-
plate shells and core assemblies increased the cell rating to 40 A.H.

Using the boiler-plate configuration, cells weve test>d using Allis-Chalmers
Type VI oxygen electrodes, an EOS composite potassium titanate matrix, an
EOS platinized sintered nickel plaque for the hydrogen electrcde, and a 30
percent by weight potassium hydroxide solution as the electrolyte. The
materials and components of the test cells have been selected, bared on the
results of previous development and evaluation work done at Electro-Optical
Systems. Parametric studies >f cell performance at varying envircwmental
temperatures and increased prossure for added capacity were made to deter-
mine the optimum conditions for enhancing increased cycle life. The test
cells were cycled on a 10 hour charge at 4.0 amps/72 minute discharge at
33.3 am.s test regime. The results of these tests was the attai ment of
some cells to be life tested for over 100 cycles and one cell to surpass
200 cycles with some degree of perfoirmance deterioration. An an-lysis orf
the failure modes of the cells indicate a catastrophic combustion within
the cells due to the combination of hydrogen and oxygen gas. The cross
leak sources in the cell have been through the matrices, due to loss of
liquid (electrolyte) or excessive pressure differentials, or through the
edge seals of the inner core cell assembly.

During the final phase of the program, it was determined that it would be
more advantageous to deemphasize the effort required to deliver the speci-
fied hardware (12 cell breadboard ESS), and utilize this effort to advance
the integrity of the cells as to cycle iife. This contract modification
resulted in a more thorough analysis of tre failure modes of the cell, with
a resultant edge seal design modification which greatly reduced the seal
leak problem. The final hardware delivory was reduced to a 4 cell bread-
board SS, made up of cells incorporating the new edge seal design. The
breadboard has been subjected to a limited number of test cycles and yielded

approximately 16 to 17 watt hours per pound without an investigation into
weight op_.imization.
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The feasibility of using the cylindrical regenerative fuel cell concept
as a modular huilding hlock to fabricate large energy storage systems has
been demonstrated in this contract, but further technological advancements

are raquired, on the cell level, to increase cycle life and minimize per-
formance degradation.
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SECTION III

SINGLE CELL EVALUATION

3.1 ZIEST CELL DESIGN

Early in the program, it was determined that a heavy weight or "boiler-plate"
cell assembly would be beneficial as a test ted for accumulating necnssary
data for the anticipated many cells to be tested. The "boiler-plate" sasembly
has the advantage of being reusable, less effort in assembly, and readily
accessible for internal cell modification or inspection. The design ot the
"boiler-plate” shell included the capability of the vessel to withstand
internal pressures of at least four times the pressure anticipated in the
fully charged condition of lightweight cells. Pressure tests of the shell

at 2500 psig showed no leaks or deformatiun. For simplicity of fabricationm,
the boiler-piate shell is comprised of a heavy walled stainless steel pipe
with flanges at both ends, perforated for all connactions to be made at the
top. The support core is a perforated inconel sheet which is rolled and
welded into a tube, .pon which the cylindrical cell assembly (R electrode,
matrix, Oy electrode) is assembled. A bellows is employed at the base of

the support tube which isolates the hydrogen and oxygen gases, and allows

for pressure compensation due to thermal gradients. The bellows employed

i1s made of Hypalon, and has been tested for a total of over 3500 cycles

with no damage to the diaphragm. The cycle test comprised subjecting the
diaphragm to pressure differentials, in alternate direccions, from 3 psid

. to a maximum of 15 psid, in 1 psi increments.

it etk e i i G R BT
S L P e s ST SRR SR
- .

The design of the boiler-platz cell was based on a 40 A.H, capacity (200 to
60C psig total gas pressure) at a 33.3 amperes discharge current rate at
0.85 volt for a duration of 72 minutes. The internal volume of the core
assembly (Hydrogen reservoir) is  36.4 in3 and the remaining volume of the
pressure vessel (oxygzen reservoir) {s 17.95 in3. The schematics of the
"boiler-plate" cell components are illustrated in Figures 1, 2, 3, and 4.
Additional monitoring and control components have been applied to the ex-
terna! plumbing portion or the cell as schematically shown in Figure 5.

This section of the "boiler-plate" is comprised of a pressure switch which
is activated at 600 psip to shut off the source of power during the charging
mode. In addition, a burst diaphragm has been incorporated into the vessel
as a safety measure with a 1000 psig rupture rating. The total pressure
within the cell, which i{s related to the state of charge of the cell, is
mwonitored with a pressure transducer., A differential pressure transducer

is incorporated to monitor the pressure ditferential of the hydrogen and
oxygen gases across the cell. 1t is Important to closely control the pres-
sure differential to prevear icakage and consequent intermixing of the gases
which recombine slowly to torm water and a resultant pressure drop, or which
recombine quickly 5 an explosion and & catastrophic cell tailure.
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A preliminary "boiler-plate" desigr analysis task was undertaken which is
included in this ceport - Appendix II. The analysis report includes volume
calculations to establish proper component dimensions, stress analysis of
the pressure vessel, and thermodynamic analysis of the EOS regenerative
iuel cell,

3.2 PARAMETRIC STUDIES OF ELECTROCHEMICAL PERFORMANCE

Using the boiler-plate shell and internal configuration as previously de-
scribed, 15 c21ls have been assembled for evaluation of the electrochemiral
per formance of the materials and components used in EOS Rechargeable Fuel
Cell Model RHO-24AH-Mod I.

These are:

Oxygen Electrode Allis Chalmers Type VI, or equivalent. 2

Hydrogen Electrode EOS sintered nickel plaque with 20 mg Pt/cm”.

Matrix - EOS composite, containing 80 percent potassium
titanate (KT), 10 percent Teflon, and 10 per-
cent asbestos fiber.

Electrolyte - Potassium hydroxide solution, 30 percent by
weight, with no additives.

The materials and components listed above have been chosen based on the
results of extensive test work and evaluation performed under Contract No.
NAS 3-10948, 'Development of Hvdrogen-Oxygen Electrolytic Regenerative
Fuel Cell", for National Aeroniutics and Space Administration, Lewis
Research Center. The Final Renort on this work has been approved by NASA
an¢ has been published for preliminary distribution.

The inicial portion of the test program was devoted to tasks of evaluating
EOS regenerative fuel cell nerformance characteristics as a function of
environmental temperature, pressure, and life cycle capabilities. The
secondary phase of the test program consisted of fabricating and testing
cells to optimize various cell components and/or design modifications to
advance the technological state-of-the-art and subsequently increase cycle
life and reliability. Table I is & complete list of all the cells which
were fabricated during this program, with cell description and results
ootained. Table I includes the pro*.cype and deliverable flight hardware
(lightweight) cells as well as thz: "boiler-plate” test cells,

The test cells were operated or a 12 hour cycle, which consists of a 4.0
ampeve charge rate for approximatelv 10.3 hours duration, followed by a

72 minure discharge at a rate cf 33.3 amperes. The total pressure of the
ceil ranges from approximately 100 psig at the end of discharge and begin-
ning of charge, te approximatelv 600 psig at the full charge mcde. A

600 psig rated pressure switch automatically removes the cell irom the
charging power source. During this described cycle regime, tue cell is
continually monitored and the data recorded periodi._-'1, througt each test,
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