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Preface

This document contains the proceedings of the 27th annual NASA Aerospace Battery Workshop,
hosted by the Marshall Space Flight Center on November 15-17, 1994. The workshop was attended
by scientists and engineers from various agencies of the U.S. Government, aerospace contractors, and
battery manufacturers, as well as international participation in like kind from a number of countries
around the world.

The subjects covered included nickel-cadmium,-nickel-hydrogen, nickel-metal hydride, and lithium-
based technologies.
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Introduction

The NASA Aerospace Battery Workshop is an annual event hosted by the Marshall Space Flight
Center. The workshop is sponsored by the NASA Aerospace Flight Battery Systems Program which
is managed out of NASA Lewis Research Center and receives support in the form of overall
objectives, guidelines, and funding from Code Q, NASA Headquarters.

The 1994 Workshop was held on three consecutive days and was divided into four sessions. The first
day consisted of a General Session and a Nickel-Hydrogen Design Session. The second day consisted
exclusively of an Advanced Technologies Session. The third and final day was devoted to a Nickel-
Hydrogen / Nickel-Cadmium Test and Flight System Data Session.

On a personal note, I would like to take this opportunity to thank all of the many people that
contributed to the organization and production of this workshop:

The NASA Aerospace Flight Battery Systems Program, for their financial support as well
as their input during the initial planning stages of the workshop.

Bob Bechtel and Eric Lowery, NASA Marshall Space Flight Center; Michelle Manzo,
NASA Lewis Research Center, and Gerald Halpert, Jet Propulsion Laboratory, for serving
as Session Organizers, which involved soliciting presentations, organizing the session agenda,
and orchestrating the session during the workshop;

Huntsville Marriott, for doing an outstanding job in providing an ideal setting for this
workshop and for the hospitality that was shown to all who attended;

Marshall Space Flight Center employees, for their help in stuffing envelopes, registering
attendees, handling the audience microphones, and flipping transparancies during the
workshop.

Finally, I want to thank all of you that attended and/or prepared and delivered presentations for this

workshop. You were the key to the success of this workshop.

Jeff Brewer
NASA Marshall Space Flight Center
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A RE-EXAMINATION OF THE CAPABILITIES
OF SILVER-OXIDE/ZINC CELLS FOR
POTENTIAL AEROSPACE APPLICATIONS

HARLAN LEWIS, MARK THOMAS, AND WM. JOHNSON
NAVAL SURFACE WARFARE CENTER DIVISION, CRANE

1994 NASA AEROSPACE BATTERY WORKSHOP
HUNTSVILLE, ALABAMA
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v TABLE 1
COMPARISON OF RUSSIAN AND DOMESTIC CELLS

DOMESTIC CELLS RUSSIAN CELLS

U-Wrap Positives U-Wrap Negatives

Negatives use no visible binder Negatives use porous paper and a
PVA binder

Plates are placed parallel to face of Plates are perpendicular to face of
cell cell

Grid collector on dry charged Wire loop collector on dry uncharged

Positive plates use a nylon wick Positive plates use a nylon slip cover
stagger folded sonic weld sealed

Electrolyte uses few/no additives Electrolyte uses ZnO, LiOH, and
Na,B,0, additives

Cellophane separator 1.0mil wood Cellophane separator is 1.5mil cotton
pulp type/silver treated linter type/non-treated

Plates are specially designed for each | Plates are standardized and selected
application for each application (?)

Cases are specially designed for each | Cases are standardized and selected
application for each application (?)

1994 NASA Aerospace Battery Workshop -126- General Session



TABLE 2
COMPOSITION OF RUSSIAN ELECTROLYTE

Potassium Hydroxide 530+10g/1
Zinc Oxide 40£5g/1

Lithium Hydroxide 15+3g/1
Sodium Tetraborate (anhydrous) | 55+5g/1

1994 NASA Aerospace Battery Workshop -127- General Session



, TABLE 3
CHARGED CATHODE COMPOSITIONS '

AgO AgZO Ag,CO, Ag Hg Cu(ppm)
Domestl 60.72 25.12 498 4.43 5.8
Domest2 63.27 28.17 425 4.03 5.4
Domest3 58.36 31.83 3.47 4.52 5.3
Avg 60.78 28.37 423 4.33 5.5

Russl 46.88 38.86 9.82 3.03 0.08 1.3
Russ2 61.25 28.13 4.93 2.67 0.11 1.5
Russ3 48.46 35.74 8.73 3.29 0.11 1.2

Avg 5220 | 3424 | 1.83 3.00 0.10 13

@l 7 After top-off and two conditioning cycles, composition in percent unless
indicated otherwise

1994 NASA Aerospace Battery Workshop -128- General Session



TABLE 4
CHARGED ANODE COMPOSITIONS?

Sample

Total Zn

Zn0O

ZnCO,

Hg

Ag(ppm)

Domest!

94.54

17.38

1.88

1.10

202.3

Domest2

93.94

16.76

1.81

1.10

1445

Domest3

92.54

19.06

2.04

1.14

73.7

Avg

93.81

17.73

1.91

1.11

140.3

Russli

§8.81

23.09

1.54

1.68

13.89

Russ?2

85.83

24.26

1.42

1.47

7.83

Russ3

88.95

28.57

1.27

1.72

7.61

Avg

87.86

25.31

1.41

1.62

9.78

TAfter top-off and two conditioning cycles, composition in percent unless
indicated otherwise

1994 NASA Aerospace Battery Workshop

-129-

General Session



SAIRDN 33343

WY R o

2 le\, tot (321 391 yrt nzt
B JRR SO S . — e e
v : e

45T ¥IILT Ly WAY AT XOTFS QTRG 1132
RYY 31010 LY L¥OHY (BN ¥CRE 1332

t
T S e g s v m e m e e e e e B i e e e e e e e me e g e W e G m e m b -
-t Trtmreel .
-|2u.nf\....:,. S~ 3
& P “
\ R el ¢ Tt
L.l s e~ p - b -
SR mf-lr«fou § -~ _ I3
’ Tt e ;ufl.:\lurll‘ * ’ .wi L - : < :
. s T Yt heean T 1
o ~ e SRR
| G 1 IR BT R I e T
wwa Saam o TR . J . A 3 .....#;l.!».. u
¥ s meia—e T TR
RG34 TR N .
g mmmm . h
1y =

485 7@~ 1240 43 .

‘wyrog~  TN4LYE 902
€@

8 AL 98

ADOTONHDHIL

NUAZ

- »

———

(24

o e 4 a v b et et vt | e e 4 bt ] $ e Sy by 3 e, o k)

4521

isue

NOIHIOA ANV DILSHIWNOA HLOY A0 JALLVINASHYdH Y

STIAD 4V 001 A0 SNOSTIVIWOD ADYVHISIA HOINVINIOAdHd

Rxan e

< XA W R

1
Is

General Session

-130-

1994 NASA Aerospace Battery Workshop



‘ . ‘ TEE S S PYC I
LTS SRR 1:3 S 1 3 zat bt sre 26t as g

< e + .

* * ¢ M ;ﬂo e /v“. 0. s

. kS . bl ™"

. % PR

Yoo 4 ‘,,,m.liw, .

_ . e |
. s
wit 4 -
IS RN ’ ru
4ia s .

WG R

© (LH)AWATOA AWVS HL A0 STTHD DILSANOA YHYV 007

ANV ‘SADINOS IILSTNOA WOYA STITD YHY 001 ‘STIYN0S NOIFIOA
WOHA STIHD HHV 001 40 SNOSTIVIINOD ADAVHISIA AONVIWNYO LY Hd

QG:AL PA

GE IS
ROOR QUALITY

General Session

-131-

1994 NASA Aerospace Battery Workshop



T ¥I0RRNY 3YDA3

L] »? v a b £3 [3 H § 3 [ ¥ € z 4 ¢

e SRl S S e e R R R T T SR S e P

+ 4 4
+r -
-
. %
.2
LR 4 "Kh
»der b
Podindinin
1% w
(= o
-

LR

-
=N

o s
CoHed
R ¥

L]
a
m
-

Y
0
n
2 +

< T oA w

-
“ o~ e
“ B N

“- ke
L]

cedeegienfies

wn o

- -

-

AR s A
*®

(L) ANTOA HWVS HHUI A0 STIHD DILSHWOA
AHV 002 ANY ‘DLLSHWNOA YHV 00T ANY ‘SHIYNO0S DIISHNOA
WOYA STTHAD HHY 001 10 SNOSTIVAINOD HOAVHISIA HATTLHM

f
;

General Session

-132-

1994 NASA Aerospace Battery Workshop



ALITEVd VO
ILLSHNOA A0 FAILVINASTIdTY LON A¥AM STTAD JDLLSANOA #

HIMOYD HALINANAA A0 NOLLONAFy
ANV HAdVHS., HAGONV J0 NOLINFLTY NI LINSTY SAHL
ANV ALIIEIOS ONIZ dVIFY AVIN NOLLISOdWNOD HIXTONIDHTT #

H4I'T T140 O1 NOILNGIIINOD INVOLINDIS V 40 3T1dVdV,D 49 OL
ATSNIOIAHYd NMOHS NHA4 SYH NOLLISOdIWO/AD¥N0S JOLVIVIAS #

STAVANVLS ADOIONHOAL O
HIVIdOdddYV HIOW SHILISNAA INFH 1D LV AT TTOAD JILIVAID

HO H'TVdVI XTdVE0dd Y STIHD ADOTONHIAL NOIFHOL #

aod »0S OL SHTIAD 00 ISVAT LV 40 ATdVdVO
SHVAddV ADO'TONHDIAL HTIVADAVHOIOT A ONIZ/AAQIXO JATIS #

SNOISITIONOD  *

General Session

-133-

1994 NASA Aerospace Battery Workshop






Primary Zinc-Air
Batteries

Ron Putt, MATSI
Terrill Atwater, ARL
Bob Bragg, NASA-JSC

MATSI 11/15/94 NASA
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OVERALL CELL
REACTION

. s e, 2R SIEHI ST

Zn+ %0, >2Zn0 1.2V

MATSI 11/15/94 NASA
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CHARACTERISTICS

® Excellent Specific Energy
—300-500 Wh/kg

® Moderate Power
—C/10 - C/100 Rates Preferred

® Safe
— Rate-Limited By Oxygen Transport

® Inexpensive
— Lowest Cost Per Wh In Production

® Low Environmental Impact
— Factory Recycling Will Be Available

MATSI 11/15/94 NASA
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CELL COMPONENTS

ks

® Anode
—67.5% Battery-Grade Zinc Powder
— 35 W% Potassium Hydroxide
—0.6% Gellant

® Separator
— EPM Impregnated PVA

@ Cathode

— Two-Layer PTFE-Bonded Gas
Diffusion Electrode

MATSI 11/15/94 NASA
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CELL DESIGN*

e - (sia g,
Sy PR e It
i i e u.;mv?.?:_
r|mmaLs I

CATHODE AIR ACCESS HOLES CATHODE
SHEET // \ TERMINAL
ZZZ%ZZZ\. / AN V4 //

. : — : : ' ; ".‘-_'n'nf-’»'»‘-' ''''''''' """','.","1":‘:"'_"""""7"’ ) ey

-------

o0 L FoGulVatl Ve Gull s A

ANODE ANODE COLLAPSABLE GAS CURRENT
TERMINAL FOAM LAYER VENT COLLECTOR

*U.S. PATENT 5,328,778. FOREIGN AND OTHER U.S. PATENTS PENDING.

MATSI 11/15/94 NASA
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Average Cell Voltage
-vs. Current Density
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ANODE UTILIZATION
vs. CURRENT DENSITY
U=97+325In(1-i/70)
100
90 - - - Cee
O\E 80 - -
% TO - N
60 - -
50 .
0 10 20 30 40 50
Current Density (ma/cm*2)
MATSI 11/15/94 NASA
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M-6 BATTERY CELL
LAYOUT

SR IR LT iy

0.5” thick

MATSI 11/15/94 NASA
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M-6 ALKALINE-AIR™
BATTERY

o T

MATSI 11/15/94 NASA
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CARBON-ZINC “D” CELL
PERFORMANCE

e
e o

—

Cell Voltage

0 5 10 15 20 25 30 35 40 45
Run Time in Hours
T LyeOmATT T T T LlizsmA T T =250 mA
MATSI 11/15/94 NASA
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HEAVY DUTY “D” CELL
PERFORMANCE

Cell Voltage

Practical limit e
IS reached at
about 360 mA

o0 0 5 10 15 20 25 30 35 40 45
Run Time in Hours
——125 mA ——250 mA -o—-500 ma ]
MATSI 11/15/94 NASA
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ALKALINE “D” CELL
PERFORMANCE

Practical limit
B is reached at

Cell Voltage

0.6

about 1000 mA e
02 . . o
0.0
0 5 10 15 20 25 30 35 40 45
Run Time in Hours
MATSI 11/15/94 NASA

1994 NASA Aerospace Battery Workshop -147- General Session




MATSI “M” CELL
PERFORMANCE

S et T “-w.u

16 !
1.4 f, S : o
Q
> ‘ ‘ . . . ‘
T oo — | Practical limit E—
0a | is reached at
N . B about 3000 mA
0.0 | |
0 5 10 15 20 25 30 35 40 45
Run Time in Hours
—— 1000 mA T —2000mA —=— 3000 MA ]
MATSI 11/15/94 NASA
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Nickel-Hydrogen Design Session
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Progress Towards Computer Simulation of NiH,
Battery Performance Over Life

Albert H. Zimmerman and M. V. Quinzio
Electronics Technology Center
The Aerospace Corporation
El Segundo, California 90245

The long-term performance of rechargeable battery cells has traditionally been verified
through life-testing, a procedure that generally requires significant commitments of funding and test
resources. In the situation of nickel hydrogen battery cells, which have the capability of providing
extremely long cycle life, the time and cost required to conduct even accelerated testing has become
a serious impediment to transitioning technology improvements into spacecraft applications. The
utilization of computer simulations to indicate the changes in performance to be expected in response
to design or operating changes in nickel hvdrogen cells is therefore a particularly attractive tool in
advanced battery development, as well as for verifying performance in different applications.

Computer-based simulations of the long-term performance of rechargeable battery cells have
typically have very limited success in the past. There are a number of reasons for the lack in progress
in this area. First, and probably most important, all battery cells are relatively complex
electrochemical systems, in which performance is dictated by a large number of interacting physical
and chemical processes. While the complexity alone is a significant part of the problem, in many
instances the fundamental chemical and physical processes underlying long-term degradation and its
effects on performance have not even been understood. Second, while specific chemical and physical
changes within cell components have been associated with degradation, there has been no generalized
simulation architecture that enables the chemical and physical structure (and changes therein) to be
translated into cell performance. For the nickel hydrogen battery cell, our knowledge of the
underlying reactions that control the performance of this cell has progressed to where it clearly is
possible to model them. The recent development of a relatively generalized cell modeling approach'
provides a framework for translating the chemical and physical structure of the components inside
a cell into its performance characteristics over its entire cycle life. This report describes our approach
to this task in terms of defining those processes deemed critical in controlling performance over life,
and the model architecture required to translate the fundamental cell processes into performance

profiles.

Model Architecture

The general architecture for the modeling method employed here has been described in detail
in Refs. 1 and 2. This modeling approach breaks a nickel hydrogen cell into a number of finite
elements that encompass all internal cell components and materials.? These include gas spaces, wall
wicks, nickel electrodes, separators, and hydrogen electrodes. The reagents that move through these
components are electrolyte, hydrogen gas, and oxygen gas. These materials move throughout the
cell under the combined forces of migration, convection, capillary pressure, and diffusion.

The performance of the nickel electrode, which typically limits cell life, is critical in defining

PREOEDING PAGE BLANK WOT FILMED
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performance over life. The nickel electrode model used here is based on the finite element model
described in Ref 1. This model describes the active material in the nickel electrode as a porous
deposit within pores of a given diameter in a nickel metal substrate. Charge transport is allowed by
movement of holes and protons in the solid active material grains, and movement of ions in the
electrolyte. The charge transfer processes considered at the interface between the active material
grains and the electrolyte include oxidation of B-Ni(OH),, oxidation and reduction of 3-NiOOH,
reduction of v-NiOOH, oxidation and thermal decomposition of a-Ni(OH),, oxygen evolution from
both B-NiOOH and v-NiOOH, and the reaction of hydrogen gas with the charged materials. At the
interface between the sintered nickel substrate and the active material, corrosion of nickel is allowed,
as well as caralytic oxidation of hydrogen gas and catalytic reduction of oxygen gas.

Models that have been previously utilized to describe the nickel electrode’’ are based on a
one dimensional layer of active material placed in contact with a substrate surface. While this is
clearly an excellent local description of the physical structure of the nickel electrode, as indicated in
Fig. 1 there is a wide distribution of layer thicknesses and substrate structures occurring in real nickel
electrodes. We have found that there are significant performance differences between the results from
model simulations for the realistic structure of Fig. 1 and the simplistic one-dimensional approach
that has been used in the past. As indicated in Fig. 2, a model based on the 3-dimensional structure
cross-sectioned in Fig.1 provides much more realistic charge behavior, particularly charge efficiency
as the fully charged state is approached, than does the idealized one-dimensional model. Thus, a key
aspect of simulating performance over life is to include in the simulation the real structure of the sinter
substrate, as well as all other cell components. It is not realistic to expect a model to be capable of
predicting performance over life without also providing that model a complete description of the
internal structure of all cell components. Thus, a three-dimensional model of the pores within the
nickel electrode will be used in this study. The structure of these pores will be measured from actual
nickel electrodes of the same type as those being simulated in the operating cells.

Degradation Modes

The model described in the above paragraphs has been demonstrated'** to be capable of
accurately predicting cell performance for any specific structures within the nickel electrodes or the
nickel hydrogen cell. Thus, the remaining task in simulating performance over life is to predict how
the chemical and physical structure of the internal cell components change over life. The degradation
modes that will be focussed on in this study involve the nickel electrode and are: (1) substrate
corrosion, (2) active material phase changes, (3) substrate swelling, (4) active material extrusion, (5)
electrode cracking, and (6) short-circuiting through the separator. The rate of each of these
degradation processes will be based on the underlying driving forces for the processes, such as
voltage, density changes, pressure differentials, and chemical gradients.

Substrate corrosion is assumed to be occurring on a passivated nickel surface, on which the
rate of corrosion is linearly dependent on the voltage. In addition it is assumed that the volume
changes from oxidation and reduction of the oxides on the nickel surface will periodically fracture the
passivation layer. Thus, corrosion will occur over the surface area of the sintered substrate at a rate
proportional to the active material voltage at the interface with the substrate, and also at an additional
rate proportional to the changes in density of the active material immediately adjacent to the metal
surface. In this model, the layer of active material immediately adjacent to the sinter is about 100
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Angstroms thick. Sinter corrosion will decrease substrate area, increase active material density near
the substrate, decrease cobalt additive levels near the substrate, increase electrolyte concentration,
and increase cell hydrogen pressure. The increase in active material from corrosion can, in some
instances, cause increased capacity to be available in the nickel electrode. The model described
above will be used to determine the combined effect of all these changes on performance when a
realistic three-dimensional sintered structure is used.

Phase changes in the nickel electrode active material will occur during the simulation process
in response to gradients that develop in electrolyte concentration, temperature, and potential through
the cell. The electrochemical reactions discussed above and programmed into the nickel electrode
simulation module will assure that the different phases will interconvert during cycling in the manner
expected in a real battery cell.

Nickel electrode swelling will be allowed to occur at a rate based on the difference between
the positive and negative forces normal to the electrode surface. Forces that drive swelling are
expansion of active matenal duning discharge or phase changes, and electrolyte hydrodynamic forces,
and gas pressure differentials. The swelling of the ¢lectrode structure will be based on the magnitude
of these forces that are calculated by the model, along with the mechanical strength properties of the
electrode itself.  Swelling within each element of the electrode will be assumed to occur via a
homogenous expansion of the three-dimensional structure of the sinter.

Active material extrusion will be driven by essentially the same forces as nickel electrode
swelling, but is based on the elasticity of the active material. Additionally, the active material will be
allowed to extrude not only from one element into another within the nickel electrode, but into the
separator as well. Extrusion of active material into and through the separator can produce short
circuit paths, with the short circuit current being dependent on the resistivity of the active material.
In a properly constructed nickel hydrogen cell, such short circuits are probably the ultimate failure
mode, since they can cause the cell state of charge to drop below that needed to sustain cycling. The
physical extrusion of active material from the sintered substrate will result in a decrease in available
active material for charge discharge cycling.

Cracking of nickel electrodes can occur as a result of swelling if the sintered structure if
forced past its yield point, or if corrosion etches away interconnecting metal. For this approach to
effectively model cell capacity loss due to cracking of the sinter structure, the cumulative deformation
forces in the sinter structure relative to the force needed to cause separation of the sinter must be
modeled. The plan at present is to track these forces as the sinter structure is allowed to swell, and
to adjust the conductivity paths to reflect separation of the conductive matrix. Cracking of the
conductive matrix will force more current to be carried through the active material, thus will result

in earlier depletion and lower utilization.

Present Degradation Model Status

The present life cycle degradation model consists first of a three dimensional cell model, that
includes a three dimensional microscopic model of the nickel electrode. The nickel electrode model,
which is most critical to modeling the performance of the nickel hydrogen cell, can track the
formation of different active material phases through the cell stack (or stacks), the charge efficiency,
the self-discharge, and the voltage vs. capacity behavior during cycling if it has the physical and
chemical state of the internal cell components well defined. The second part of this life cycle model
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defines how the physical and chemical state of the internal cell components are to be adjusted as the
cells cycles. This portion of the model is now under development, with the adjustments in sinter
structure due to corrosion having been put into a preliminary simulation model. This preliminary
model is consistent with about 40% corrosion of a typical sinter structure after 40,000 LEO cycles
at 80% depth of discharge. The various degradation modes discussed above are each being
developed as individual modules that are capable of making small adjustments to the state of the cell
components after each cyclic interval.

The computational approach used here for simulating a nickel hydrogen cell life test is to
utilize two work-stations. These networked work-stations will be programmed to run a cell model
through a life test, periodically calculating updated cell performance and stress forces. The stress
forces a2 used to adjust the physical and chemical state of the cell components, with these
adjustments being typically 0.1 to 1% over a cyclic interval. Cyclic intervals would vary according
to the rate of change of cell performance parameters. Early in the cycling the computers will update
cell performance every few cycles, while after thousands of cycles, 10-100 cycles may be allowed to
elapse between computational updates. When the cell begins to fail after extensive cycling,
computational updates will again be performed relatively frequently. This approach is expected to
give a full life test in about | month of time using a two-processor approach, assuming that individual
cycles can be run at about a real time rate (as suggested in preliminary calculations).

Conclusions

An approach to simulating a life test of a nickel hydrogen battery cell in a computer system
has been outlined. This approach is based on two key elements. The first of these is a model of the
nickel hydrogen cell that can very accurately predict performance from a detailed knowledge of the
physical and chemical states of the internal cell components. This first element is now largely
developed and ready to integrate into a life test simulation. The second key element is a degradation
model that utilizes internal stresses and forces that are obtained from the dynamic cycling of the cell
model, to periodically adjust the physical and chemical state of the cell components to reflect the key
degradation processes. While at present the second part of this effort is not fully developed, we are
confident that this general simulation approach can successfully be used to follow and predict the
performance of battery cells during their operational life. We anticipate applications of this approach
to the characterization and validation of design advances, the design of power systems, and the
operational management of nickel hydrogen batteries in spacecraft power systems.
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LONG LIFE 80Ah STANDARD IPV NiH2 BATTERY CELL
J. D. Armantrout and J. S. Waller
Lockheed Missiles & Space Company, Inc.
1111 Lockheed Way
Sunnyvale, CA 94089

SUMMARY

A standard Nickel-Hydrogen (NiH2) Individual Pressure Vessel (IPV) battery cell is needed to
meet future low cost, high performance mission requirements for NASA, military, and civil space
programs. A common or standard cell design has evolved from the heritage of HST, Milstar and
other Air Force Mantech cell designs with substantial flight experience, while incorporating some
of the historical COMSAT cell design features described in Reference (1). Key features include
slurry process nickel electrodes having high strength, long life and high yield (lower cost), and
dual layer Zircar separators for improved KOH retention, uniformity and longer life. The cell
design will have a zirconium oxide wall wick inside the pressure vessel to redistribute electrolyte
and extend life. The slurry electrode will be 35 mils thick to take advantage of qualified cell
mechanical configurations and proven assembly and activation techniques developed by Eagle
Picher Industries (EPI) for the Hubble Space Telescope (HST) RNH-90-3 and “Generic HST”
RNH-90-5 cell designs with back-to-back nickel electrodes produced by the dry sinter process.
The 80Ah common cell design can be scaled to meet capacity requirements from 60Ah to 100Ah.
Producibility, commonality and long life performance will be enhanced with the robust cell design
described herein.

BACKGROUND

The battery cell technology flow shown in Figure 1 summarizes evolution of various battery cell
designs at LMSC beginning with the Air Force NiH2 Flight Experiment. This led to development
of the RNH-76-3 cell design by EPI. Back-to-back truncated disk slurry aqueous (Bell) process
nickel electrodes developed in the 1970s by COMSAT were combined with asbestos separator
material for the RNH-76-3 cell design. Back-to-back pineapple slice dry sinter aqueous (Bell)
process nickel electrodes were later developed in the 1980s by EPI for HST and Milstar battery
applications. These applications utilize Zircar separators invoonjunction with cell stack design
concepts developed by Hughes Aircraft Corporation and the Air Force, which were later qualified
for the HST RNH-90-3, “Generic HST” RNH-90-5 and Milstar RNH-76-11 Mantech cells.

PREOEDING PAGE BLANK NOT FILMFN

1994 NASA Aerospace Battery Workshop -185- Nickel-Hydrogen Design Session



Performance advantages of the Mantech cell type used by LMSC include lower cell impedance
from use of Zircar material in place of asbestos separator used for the COMSAT cell, greater yield
in cell build due to decreased sensitivity to electrolyte quantity, and greater energy density due to
the high porosity (84%) dry sinter plaque. The COMSAT cell design, using slurry 80% porosity
plaque with improved strength properties, has improved plate yield (lower cost) versus the dry
sinter plague cell design. A desire to combine the best characteristics of the COMSAT and
Mantech cell configurations has led to the common cell design described herein.

GENERAL CELL DESCRIPTION

The standard cell design described herein has been designated an RNH-90-9 cell by EPI based on
similarity to the RNH-90-5 cell design. The design builds upon heritage of HST, Milstar and other
Air Force Mantech cell designs with substantial flight experience, while incorporating some of the
historical COMSAT cell design features described in Reference (1). The 80Ah NiH2 battery cell
will have 48 slurry process nickel electrodes contained in a 9.0 inch long pressure vessel with a
0.030 inch nominal wall thickness. Key features include slurry process nickel electrodes with 80%
porosity for high strength, long life and high yield (lower cost), and dual layer Zircar separators
for improved KOH retention, uniformity and longer life. The electrolyte concentration will be 31%
KOH in the discharged state for improved low temperature discharge voltage performance. The
cell design will have a zrconium oxide wall wick inside the pressure vessel to redestribute
electrolyte and extend life. While LMSC has chosen a 48-electrode version of the common cell to
avoid mechanical requalification, this design could be easily scaled to meet capacity requirements
from 60Ah to 100Ah. The slurry electrodes will be 35 mils thick to take advantage of qualified
Mantech cell mechanical configurations, and proven assembly and activation techniques identified
in Reference (2) for the HST RNH-90-3 cell design with back-to-back nickel electrodes produced
by the dr;' sinter process. The common cell design will have 5/16 inch terminals and four electrode
tab thicknesses of S, 7, 9 and 11 mils for lower cell impedance at discharge rates greater than 40A.
The cell will weigh approximately 2072g and have a rating of 80Ah at a 40A (C/2) discharge rate to
1.10V/cell (24.2V/Battery) following a standard charge at 0°C. Nickel precharge in the range from
15% to 20% should result in a maximum expected operating pressure (MEOP) of 1075 psi at
beginning of life (BOL) for this cell design. It has been demonstrated that pressure vessels made
with 0.030 inch base Inconel 718 material provide a nominal safety margin of 3X for an MEOP of
1100 psi on RNH-76-3 cells.
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The common cell is not optimized for minimum weight for BOL capacity performance, however,
in theory, stronger plate material should have longer life under similar operating conditions. This
would allow greater DOD operation for the common cell in both geosynchronous and low earth
orbit (LEO) applications which should minimize or eliminate the weight penalty. Test data
summarized in Reference (3) show operational performance characteristics over the temperature
range from -10°C to +20°C for the RNH-90-5 cell design with back-to-back nickel electrodes
produced By the dry sinter process. The common cell, designated as RNH-90-9, should have
similar electrical performance characteristics as the “Generic HST” RNH-90-5 cell design. The cell
would have a rating of 80Ah at a 40A (C/2) discharge rate to 1.10V/cell (24.2V/battery) following
‘a standard charge at 0°C. Testing of the RNH-90-5 cell was accomplished to identify usefulness of
the common cell in a generic LEO application. This short term testing identified advantages over
the COMSAT cell type which the common cell will replace. Other predicted performance and
operating characteristics of the cell are discussed in the following section.

PERFORMANCE PREDICTION

The electrical and thermal performance of an RNH-90-5 cell similar to that used on HST was
initially characterized over a matrix of operating conditions from -10°C to +20°C. Testing included
standard capacity tests and electrical cycling using 12-hour cycling regimens incorporating constant
DOD cycles with step changes in the cell current at three points in the discharge as described in
Reference (3). Subsequently, cycling was performed to characterize cell voltage under both
constant charge/constant discharge conditions required for a LEO operating environment at +10°C.
Four discharge rates (40A, S5A, 75A and 90A) were used in a cyclic scheme which subjected cells
to a constant 44 percent DOD each cycle. Because of the relatively high charge rate (38A) required
to maintain energy balance for the LEO test, it was necessary to raise the voltage/temperature (V/T)
charge termination level to 1.54V/cell (33.9V/battery) to achieve stabilization during the test. Post
+10°C capacity testing shows a usable capacity of 70Ah for a recharge ratio of 1.02 to 1.20V/cell
(26.4V/battery) at a 40A (C/2) discharge rate. V/T optimization should allow for a greater usable
capacity. The discharge scheme for the four distinct cycles was as follows:
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Cycle A: 40A for 13.3 min., 75A for 7.1 min.
55A for 9.7 min., 90A for 5.9 min.

Cycle B: 55A for 9.7 min., 90A for 5.9 min.
40A for 13.3 min., 75A for 7.1 min.

Cycle C: 90A for 5.9 min., 40A for 13.3 min.
75A for 7.1 min., 55A for 9.7 min.

cle D: 75A for 7.1 min., 55A for 9.7 min.
90A for 5.9 min., 40A for 13.3 min.

Cycles were performed in the order A,B,C,D,A,B,C,D etc. Cycling was repeated until “stability”
was reached. Stability is reached when time to charge off for consecutive cycles does not differ by
more than 4 minutes and the discharge voltage is stable. Data shown in Aftachment 1 summarize
test results obtained at the four discharge rates for these operating conditions. These data
demonstrate capability of the “Generic HST” RNH-90-5 cell design to operate at a maximum DOD
of 44% and meet a peak 80A load for a 22-cell battery over a voltage range from 26.4V to 33.9V
at +10°C. It is expected that the standard 80Ah NiH2 battery cell described herein will have similar
electrical performance characteristics as the “Generic HST” RNH-90-5 cell.

REFERENCES

(1) 1. D. Dunlop, G. M. Rao and T. Y. Yi, NASA Handbock for Nickel-Hydrogen Batterjes,
NASA Reference Publication 1314, September 1993,

(#)) D. E. Nawrocki and J. D. Armantrout, “The Hubble Space Telescope Nickel-Hydrogen
Battery Design, “ 25th IECEC, Reno, NV, August 1990.

(3)  J. D. Armantrout and D. P. Hafen, “Performance Characterization of an 80Ah Nickel-
Hydrogen Cell,” 27th IECEC, Atlanta, GA, August 1993.

ATTACHMENTS

(1)  RNH-90-5 Characterization Tests Conducted By Eagle Picher Industries
) Presentation Charts '
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ATTACHMENT 1.

RNH-90-5 CHARACTERIZATION TESTS
CONDUCTED BY EAGLE PICHER INDUSTRIES
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ATTACHMENT 2.

PRESENTATION CHARTS
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High-Rate/High-Temperature Capability of a Single-
Layer Zircar-Separator Nickel-Hydrogen Cell

James R. Wheeler
Eagle Picher Ind., Joplin MO

Abstract

A 50 ampere-hour nickel-hydrogen cell with a single-layer Zircar separator stack design
was fully charged and then discharged at a 2C current rate to an end voitage of 1 volt.
This extreme test resulted in high temperatures which were recorded at three locations
on the cell, i.e., the cell wall, the boss (barrel of the compression seal), and a terminal.
The results provide new information about the high-temperature and high-discharge-rate
capabilities of nickel-hydrogen cells. This information also adds to the growing data
base for single-layer zirconium-oxide-cloth (Zircar) separator cell designs.

Cell Description

The cell used in the tests described here is a 3% inch-diameter RNH 50-49Z ManTech
design with a nominal capacity of 50 Ah. A typical cell is shown in figure 1.

Wy

Figure 1. RNH 50-49 Nickel Hydrogen Cell

By “ManTech” is meant an Eagle Picher design which uses pineapple-slice-shaped
electrodes and stack elements, a central polysulfone core, continuous nickel-foil leads
on electrodes, and a wall-wick to ensure a recirculating path to return and equilibrate

2 BLANK NOU 2.7 1
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electrolyte throughout the cell stack. Other features include a spring washer for uniform
stack compression, a small wall gap and separator/electrolyte contact with the cell wall
to facilitate heat transfer. One feature in this cell that makes it slightly different from
other ManTech production cells is the application of a thin, plated coating of gold to the
hemispheres on either end. The purpose of this is to lower the thermal emittance of the
normally-cooler cell ends and thereby reduce the thermal gradient within the cell.

The development cell chosen for this test differs from the production version in that its
stack contains one layer of zirconium-oxide cloth per positive electrode instead of one
layer of asbestos. The cell was constructed with a production lot and all other materials
were identical to those in the production cells. This design is notable for having the
highest ratio of conductor resistance to area of electrode cf any other 3.5-inch diameter
size cell currently in production at Eagle Picher. The reason for this is weight-savings.
The design. with either separator, successfully met all acceptance-test requirements.

Test Design

The test described here was performed primarily to confirm the 2C current-carrying
rating of a Y4-inch nickel terminal in a 50 Ah nickel-hydrogen cell. Secondary objectives
were to confirm the survivability of the terminal seals and the cell itself at high rates and
temperatures, and to test the robustness of single-layer Zircar separator under the same
conditions.

The test was conducted in the open air of an-air-conditioned test laboratory, and no
special effort was made to cool it during this period of testing. The cell was
instrumented with thermocouples on the cell wall (opposite the cell stack), on the boss
(barrel of the compression seal), and on the tip of the negative terminal. It was given a
standard charge (5.25 amps for 16 hours) and then discharged to 0.7 volts at 100 amps.
Capacity was measured to 1.0 volts, and also to 0.7 volts in anticipation of the voltage
depression caused by high current and the resultant high IR drop in stack and leads.

The cell was then shorted down to below 0.1 volts with a 0.2 ohm resistor, and the test
was repeated. The discharge rate the second time was increased to 125 amps to
provide an over-test and to increase performance confidence. To detect any leakage
which might result from the softening of the Nylon terminal seals by the high test
temperatures, a phenolphthalein leak test was performed on the terminal seals at the
end of all charges and discharges.

Following the high-rate cycles the cell was given a phenolphthalein leak check, placed in
a cooling cart and given a standard cycle using the same charge regime as before, but a
normal 30 amp discharge. This was intended to indicate whether any performance

decline had resulted from the testing.

Test Results

The cell delivered appropriately good capacity on all cycles. No leaks occurred despite
temperatures as high as 189°F. See tables 1 and 2 for summaries of capacity and

temperature. A graph of the thermocouple temperatures on the second high-rate cycle
are shown in figures 2 and 3. The plots for the first cycle were similar, but not quite so
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high. The evident late rise in the terminal temperature in figure 3 was due to a
connection problem with the thermocouple.

Cell Capacity (Ah)

Table 1

0.7 volts | 1.0 volts
Test 1 (100 amps) 60.0 53.3
Test 2 (125 amps) 55.6 41.6
Standard 10°C (30 amps) | ------ 64.4
Table 2

Thermocouple Temperature (°F)

100 amp 125 amp
discharge | discharge
Negative Terminal 110 143
Boss (seal) 156 176
Cell Wall 189 188
Conclusions

The warm starting temperature and the selection of a cell with thin leads made it a
severe test. Despite the fact that the test cell has electrode leads lighter than any other
Eagle Picher production cell, it performed well at the 2C and 2.5C rates without any
decline in performance at a normal temperature. The final standard capacity of 64.4 Ah
compares favorably, within normal test variance, with the cell’s original 10°C ATP
capacity of 65.2 Ah. Finalily, its Nylon seals did not leak despite exposure to at least

176°F.

The results support the conclusion that this type of cell, including its single Zircar
separator design, and the Ziegler Nylon compression seal are robust under harsh
conditions. The seal withstood a temperature of 176°F and the cell a temperature of
189°F. The actual temperatures internal to the seal and cell stack were certainly higher
than this, although they could not be measured directly.

It is generally recognized that temperature has some effect on the cycle life of batteries
in general,’ and it should be reassuring that this type of cell can endure this kind of
exposure with no apparent degradation of performance. The presence of the wall wick
in the design affords a mechanism to re-distribute any water displaced by the
temperature extremes. While a judgment about the long-term effects of high
temperatures is not within the scope of this paper, there is no reason to expect the
uitimate cycle life to be degraded by a short-term exposure as in the test described
here, particularly since this cell design has a wall wick to redistribute any electrolyte
which might be displaced by temperature gradients during testing.
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/ Air Force Ni-H, Cell Test Program \

Presented at: 1994 NASA Aerospace Battery Workshop
Huntsville, AL

Prepared by: Bruce Moore, NSWC Crane Div.

\ Capt. Douglas Smellie, USAF /

Nickel Hydrogen cells are being cycled under a LEO test regime to examine the benefits of
operating the cells at lower States of Charge (SOC) than typically used. A group of four cells are
being cycled using a voltage limiting charge regime that limits the State of Charge that the cells
are allowed to reach. The test cells are being compared to identical cells being cycled at or near
100% State of Charge using a constant current charge regime.
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Air Force Ni-H, Cell Test Program
State of Charge Test

Purpose

Examine the benefits of operating Nickel Hydrogen cells at
lower States of Charge (SOC) than identical cells being cycled
at similar LEO conditions approaching 100% SOC.

Goals

Determine the effects of lower SOC on cell performance.

Exceed the number of cycles that the sister cells reach before
failure.

\- J

Four 50 AmpHr 3.5" diameter cells manufactured by Eagle Picher in Joplin Mo. are being used
for the test, part numbers RNH50-43 and RNH50-53. RNHS50-43 uses a back-to-back stack
design with a 26% KOH electrolyte concentration . RNHS50-53 uses an alternating stack with an
electrolyte concentration of 31% KOH.

Each of the two designs were originally split up into two packs of ten cells each, 3314E and
3214E. They are running an identical constant current test regimes with a C/D ratio of 1.03 to
1.04 at 40% Depth of Discharge and 10 degrees C. Approximately one year or 5000 cycles later
the four cell SOC test pack, 3001C, was started. Two cells from each design were combined into
one pack. The charge and discharge for the SOC test pack are identical to the original packs with
a voltage limit placed on the charge cycle that will cause the current to taper towards the end of
the charge.
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Air Force Ni-H, Cell Test Program

State of Charge Test

Manufacturer Eagle Picher, Joplin
Capacity 50 AmpHr
Size 312"
Separator Asbestos
Part # RNH 50-43 RNH 50-53
Stack Configuration Back to Back | Alternating
KOH Concentration 26% | 31%

Air Force Ni-H, Cell Test Program

State of Charge Test
Pack ID Sg)(?’ll’gst 3214E 3314E
# of Cells 4 10 10
RNHS50-43 .
Part # RNHS50-53 RNHS0-43 | RNHS0-53
DOD 40%
Temperature 10 Degrees C
Discharge 40 A for .5 Hr
26.11 A with 26.11 A for .766 Hr
Charge taper for 1 Hr 2.58 A for 233 Hr
(Voltage Limited)

Recharge = 103% j

Nickel-Hydrogen Design Session
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Air Force Ni-H, Cell Test Program
State of Charge Test

State of Charge Definition

100% SOC - The point during a C/2 Charge that the cell
pressure no longer increases at a linear rate.

0% SOC - The point during a C rate Discharge that the cell
voltage reaches 1.0 voit.

SOC will be checked prior to life cycle and will be checked
every 5000-10000 cycles.

\ J

For the purposes of this test, 100% state of charge is defined as the point during a C/2 charge that
the cell pressure no longer increases at a linear rate. 0% state of charge is the point during a C
rate discharge that the cell voltage reaches 1.0 volts. Prior to starting life cycle, the four cells
destined for the SOC test were cycled to find the zero and one hundred percent SOC points.
According to the results the pressures related to those points are 80 and 590 psi respectively.
Although this data is probably accurate for the cell in its current state it is not useful information
for the purposes of life cycle testing.

An examination of the Trend Plot for 33 14E shows that at the beginning of life, the End of
Charge (EOC) pressures were at the same 590 psi for the SOC test cells. After only 1000 cycles
the EOC pressures were reduced to approximately 425 psi. It appears that changes occur very
quickly during the first 1000 cycles of a life cycle regime. Since the SOC test cells seem to follow

the characteristics of their sister cells, the 425 psi EOC pressure value was assumed for 100%
SOC.

The target SOC for the test cells is 60 to 70%. This value was chosen to keep the cells at
significantly below 100% SOC and to provide for a reserve capacity at the end of discharge, in
this case 20 to 30% of rated capacity. Assuming the previously stated values of 425 psi for 100%
SOC and 80 psi for 0% SOC, the pressure should be maintained at 304 psi for 65% SOC.
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Air Force Ni-H, Cell Test Program
State of Charge Test

1.50T C Rate Discharge to 1.0V 600
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@ : Cell Pressure™~_, ‘e ot
Z 1.00- U -100
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Charge Time (Hrs)

Air Force Ni-H, Cell Test Program

State of Charge Test

1 60 C/2 Charge / Tmo
|
g" 1.50 Cell Voltage W@O g
T 140 1500 &
. 3]
2 1400 &
8 1.30 2
o Cell Pressure 7300 2
g0 1.20- -
g 1200 =
s >
Zz Liog, 0%SOC 1100 ©
0

~0 5 1.0 1.5 2.0 25 3.0
Charge Time (Hrs)
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NSWC Crane Pack ID 3214E 10 cells
Voitage/Pressure/Recharge EOC/EQD Trend Plot 08/05/93 - 10/25/94
EPI 50 AmpHr 3.5 40% DQOD 10 Deg C 26% KOH Back2Back Stack
X V-avg ¢ Hi Voltage & Lo Voitage
Voltage
1.60 T
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NSWC Crane
Voltage/Pressure/Recharge EOC/EOD Trend Plot

Pack ID 3314E

10 cells

07/23/93 - 10/21/94

EPI 50 AmpHr  3.5" 40% DOD 10 Deg C 31% KOH  Alternating Stack
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NSWC Crane Pack ID 3001C 4 cells

Voltage/Pressure/Recharge EOC/EOD Trend Plot 07/21/34 - 10/26/94
Eagle Picher 50 AmpHr 3.5" 40% DOD 10DegC  SOC Test

X V-avg & Hi Voltage £ Lo Voltage
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Air Force Ni-H, Cell Test Program

State of Charge Test
Pre Life Cycle Cell Capacities
C Rate to 1.0 Volt
| RNH50-43 | RNH50-53
Temp 35314E 3001C : 3214E 3001C
-5°C 62.94 60.84 | 65.69 65.23
: 0 °C 68.64 6733 | 74.14 75.60
' 10 °C 58.10 55,68 ' 6498 62.41
- 20<C 51.58 5230 ¢ 5915 58.78
30 °C 49.37 4985 | 5356 55.11

discharged at S degrees C.

Capacities for pack 3001C were measured after | vear standing open circuitj

The SOC test cells will be cycled with a C/2 charge and C rate discharge again at 5000 cycles to
determine the pressure values for 0 and 100% SOC. The SOC/pressure relationship will also be

checked again every 5000 to 10000 cycles.

Prior to life cycle testing the four SOC test cells were stored discharge, open circuit at 5 degrees
centigrade for one year. Comparison of the sister cells that started life cycle testing one year
before the SOC test cells show very little difference in the capacities. The reported capacity
values for the SOC test cells in pack 3001C are after the one year stand. The capacity was not
checked when they were received.
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Air Force Ni-H, Cell Test Program

State of Charge Test

. Discharge/Charge Profiles _
150- Cycle 1000 PP

i 1

S 140-

Y
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z —3314E |
E 1.20-
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10 20 30 40 50 60 70 80 90
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Air Force Ni-H, Cell Test Program

State of Charge Test

Pack 3214E and 3314E Voltage/Current Profile for Cycle 1000
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Air Force Ni-H, Cell Test Program

State of Charge Test

30+
20+

Cell Current

Cells 1-4 Voltage

Pack 3001C Voltage/Current Profile for Cycle 1000

Currentf." \

-1.6

4

6 8 10 12

Cycle Time (Hrs)

Air Force Ni-H, Cell Test Program

State of Charge Test

Cell Voltage

Watt Hrs

+ Pack 3314E WattHr/Cell
+ Pack 3214E WattHr/Cell
= Pack 3001C WattHr/Cell

A A
g8 49 A 8, N
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1000

2000 3000 4000
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Air Force Ni-H, Cell Test Program

State of Charge Test

Concerns

designs.

-

Sample is small. Only four cells are being used for the
comparison of the SOC charge regime.

Possibility of voltage divergence because of the different cell

Possible effect of capacity checks on life of cell.

/
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MARTIN MARIETTA ASTRO SPACE
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Battery Assembly/Spacecraft Interface
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MARTIN MARIETTA

Signal, Command and Telemetry Interfaces
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HISTORY OF USE BY ESA \

% €54

Silver cadmium batteries have been used on a considerable
number of ESA scientific spacecraft where high levels of
magnetic cleanliness were mandatory:

SPACECRAFT LAUNCH DATE  Number of batteries

HEOS -1 Dec. 1968 1(5Ah)

HEOS - 2 Jan 1972 1(5 Ah)

GEOS 1 April 1977 1(16 Ah)
ISEE -B Oct 1977 1(10 Ah)
GEOS 2 July 1978 1(16 Ah)
GIOTTO July 1985 4 (16 Ah)
CLUSTER (x4 S/C) Dec. 1995 4x5(16 Ah)

- J

Yardney silver cadmium cells have been used on all the above spacecraft. Geos, Giotto and
Cluster use the YS16(S)-4 16 Ahcell. The battery design for Cluster is identical to Giotto.

The 4 Cluster spacecraft will be in elliptical 66 hour polar orbits. During the 2.5 year missipn the
batteries will see a total of about 35 charge-discharge cycles with a maximum depth of discharge
of 65%. 32 of these will take place during 4 short eclipse seasons which occur roughly every

6 months.
CLUSTER BATTERIES \

« 7EM+3 QM + 20 FM + 2 FS = 32 BATTERIES

» Each Battery contains 14 16 AH Yardney Ag-Cd cells
(identical battery design to Giotto)

« Min 22 cells required in order to make matched battery of 14
cells. Additional 44 cells procured for special tests

» 748 dry celis fabricated Dec. 1991
+ EM cells activated Jan. 1992. Capacity nominal
* QM ce