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PREFACE

This document.contains the proceedings of the 20th annual Battery Workshop held
at Goddard Space Flight Center, Greenbelt, Maryland on November 4-5, 1987. The
Workshop attendees included manufacturers, users, and government
representatives interested in the latest developments in battery technology as they
relate to high reliability operations and werospace use. The subjects covered
included lithium cell technology and safety improvements, nickel-cadmium
electrode technology along with associated modifications, flight experience and life
testing of nickel-cadmium cells, and nickel-hydrogen applications and technology.
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INTRODUCTION

Thomas Y. Yi
Goddard Space Flight Center

On behalf of George Morrow, I would like to thank you for your continuing interest
in the annual NASA Battery Workshop. We sincerely hope that the 1987 Workshop
was as informative and enlightening as the past Workshops.

As in the past workshops, we have placed emphasis on the existing test programs
and recent improvements/events in the aerospace cells and batteries. The first day
was devoted to two sessions on general overview of the aerospace batteries and on
lithium cell technology. The overview section was opened by an enlightening
presentation on “Lessons Learned - Pay Attention” by Mr. Gilbert Roth of
NASA/HQ, and concluded with an overview of the NiCd and NiH2 battery program
in Japan. The afternoon lithium session covered the cell and battery technology for
both the aerospace and terrestrial usage. The second day began with the NiCd session
with presentations on both the on-ground life testing and on-orbit data. This was
followed by the afternoon session on the NiH2 technology with emphasis on the
cell/battery design evaluation and simulated orbital cycling. The Workshop was
concluded with a panel discussion on the merits of the KOH concentration on the
NiCd and NiH2 cells. The panel discussion was moderated by Dr. Lawrence Thaller
of NASA Lewis Research Center, with opening remarks by Dr. Hong Lim of Hughes
Aircraft and Mr. James Dunlop of COMSAT Labs.

We would like to thank all the people that helped making the 1987 Workshop a
success. We would like to thank the attendees, presenters, and especially the session
chairmen for the time and effort they have put in, for making the Workshop an
active forum for discussion of aerospace cells and batteries.

November 4-5, 1987
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"LESSONS LEARNED-PAY ATTENTION"
GILBERT ROTH

The first speaker was Gilbert Roth from NASA Headquarters on
"Lessons Learned-Pa Attention!" Roth heads the Aerospace
Advisory Panel (ASAP) established by Congress in 1967 and in
continuous existence since then. There are nine members in the
Panel--none from NASA other than Roth--and five consultants.

Roth pointed out that we must use our experience base--we
never seem to learn from what should have been lessons learned.
He called attention to the "under 40, over 40" syndrome: Those
under the age of 40 find it difficult to imagine that those over
40 have been through what they are going through, and conversely
those over 40 find it difficult to imagine that others may not
know of their successes and failures. Lessons learned do appear
as standards in company documents. Roth cautioned against
excessive use of acronyms because they can 1lead to loss of
intelligibility. In briefings, the audience may not wish to admit
its ignorance of insider acronyms and therefore miss the point
that is being made. (See viewgraph in the form of a letter from
the office of the NASA Administrator, Roth [Figure 4].)

Roth cautioned against excessive reliance on review
procedures to catch errors before they become disasters.

Regarding safety issues, Roth said that ignoring "small
problems” can wultimately lead to big problems. There is a
tendency to try to solve extremely unlikely but potentially
catastrophic problems, and to ignore the more likely problems
that do not appear to be catastrophic.

Roth presented a viewgraph based on a letter from
E. Schmerling, which described the possibility of an explosion
due to Lithium batteries in AT-type computers, (Roth [Figure
10]1).

The Power Information Center issues summaries of the status
of R & D for electrochemical systems (Roth [Figure 11]).

PRECEDING PrcE BLANK NOT FR.MED
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NASA

National Aeronautics and
Space Administration

Washington, D.C.

20546

Office of the Administrator September 1, 1987
TO: Officials-in-Charge of Headquarters Offices

FROM: AE/Exeutive Officer

SUBJECT: Acronymous

"At a recent GMSR, the 0STS and the 0SS discussed with A, AD, and AD-P
the ALS, ASRM, SDV, and ELV aspects of the Shuttle and the Station. A
part of this discussion was the need for an FRR to be conducted prior
to the FRF but after the CDDT for STS-26 or STS-71-A, and that the FRR
be held at JSC, NSTL, or KSC. J.R. thought it should be conducted at
MSFC at the same time as the OMSF-MC meeting. Having or not having an
FRF for STS-26 might not be important to CRAF, AXAF, or even HRSO, but
it is nevertheless tru that 0STS could use more OA for the test and
hence more BA than first envisioned."

The above paragraph is a fake; it is unreal, inaccurate, and unintelligible
to most people who read it. However, it is representative of where our
internal use of acronyms are jargon is taking the reader. In short, our
communications are becoming uncommunicative to most people.

It is requested that both internal as well as external written and oral
communications explain the acronym or the vernacular terms the first time
they are used in the written correspondence or in a briefing.

Otherwise, we may never reach the people who could add a suggestion, agree
with the precept, or praise our good, intelligent, and original work
simply because they cannot understand us.

Aoy fo-linr

Henry E. Clements
Executive Officer

November 4-5, 1987
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Posted: Fri Apr 10, 1987 .. 9:12--pPM -EST Msg: JGIH-2551-4701
From: "ESCHMERLING

To: ha_ ,

igggj:3SLCaution;9nLcomgg5er“bSEtegggib

I have no personal experience cf Lithium battery explesions, but ‘have now
heard warnings from several, usually reliable, sources. I therefore pass
on the following, courtesy o a local computer bulletin board:

YOU MAY HAVE A TIMEBOMB IN YOUR COMPUTER....

I1f you have an AT type machine, it may literally contain a timebomb!
The warning ccmes froa Alex Papakyriakou, General Manager, of Inter-
national Battery Corporation, Reseda, CA, and exclusive marketer

of Tadiran lithium replacerent batteries. (Tadiran supplies about
80% of the AT's, coupatibles, and clones.) I, a battery ergineer, am
also adding tc this warning

High rate lithium Datteries may explode when they reach a very low
level of charge due to internal gas pressure buildup. This can be cre-
ated by shorts within the ceils occurring from dendritiec calcium
growths that can take place when the battery nears the end of life
External short circuits can cause explosions as well. The problem is
potentially inherent in high rate lithium batteries because of their
particular chemical system. The problem does NOT affect low rate sys-
tems such as found in watches

When the battery is discharged--in anywhere from a few months to a few
years, depending on quality--the clock will begin flashing the incor-
rect time, and you will receive configuraticn error messages on bootup
It is important that you dispose of the battery immediately! It is also
important that You replace the unit with one that is UL approved and
has undergone rigsrous aging, short circuit, crush and heat testing
Better batteries will often include an internal resistor to limit cur-
rent flow

Batteries which are not UL approved tend to be supplied with lower cost
clones. It is worth taking you machine apart to look for the UL logo,
2 reverse "R" joined to a %“U." IBC's Tadiran batteries are guaranteed
for 3 years in use and a shelf life of 10 years. Por info, call Sonja
durty at IBC, (818) 609-03516 (6860 Canby Ave, Suite 113, Reseda, CA,
31335)

Mel Morganstein

FIGURE 10. ROTH

November 4-5, 1987
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"JPL FLIGHT PROGRAM REVIEWS"
KARLA CLARK

Karla Clark (JPL), gave the presentation "JPL Flight Program
Reviews." Five flight programs were described along with a Nicd
RTOP program.

The Magellan mission will map 90 percent of the Venusian
surface during which the batteries will be subjected to
18003.1lhour day/night cycles. There will be a 1.5 vear cruise to
Venus. The battery design consists of 2/26.5AH batteries with a
28V unregulated bus. There are 22 cells per battery. The
batteries will face highly variable Venusian orbit cycles, for
the DOD varies from 7 to 35 percent.

The Galileo Orbiter is a planetary mission to Jupiter
baselined for the 1991 1launch. The Dbattery which will be
subjected to a 6 year cruise are planned to be used only twice.
It will supplement the RTG as well as provide 1load leveling
capability. It will consist of 18 15AH cells.

The Galileo Probe will have 3 LiSO; battery modules which
will provide 19.4AH capacity. The probe will be released 150
days prior to arrival at Jupiter. The Dbatteries will provide
6.25 hours of pre-entry power as well as 48 minutes of discharge
during descent.

TOPEX 1is scheduled for a 3-year LEO orbit which may be
extended to 5 years. It will have a 102 minute orbit {77 min
charge/35 minute discharge). It will wuse 3 50AH NASA Standard
Batteries of the MPS design built by McDonnel Douglas. The
batteries will be subjected to a nominal DOD of 12 percent.

Although the Mars Observer is baselined for a 1990 launch,
the actual date has slipped to FY92. It will wuse 2/26.5AH
batteries of the DMSP/TIROS design. There will be a 1 year
cruise, followed by 700 earth days of orbital mapping Mars. This
is equivalent of a total 8400 day/night cycles (79/39 minute
day/night). The batteries will have a DOD of 24 to 27 percent.
There is independent charge control of the 2 batteries. The

batteries will be charged with constant potential with a set C/D,
then trickle.

Mariner Mark II (CRAF) is in the pre-project phase and will
be built in-house at JPL. It will fly in formation for 4 years
with the comet Temple 1II, and during the time, it will send a
penetrator down to the comet surface. A three year cruise is
anticipated, followed by a 4 year mission. The battery design
consists of 32 cells with 30V regulated bus. There will be a
partial reconditioning capability.

November 4-5, 1987
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The last topic is the NiCd RTOP in which JPL intends to
understand the NiCd technology by developing a prediction model
and an accelerated test regime. A number of items such as
electrochemical principles, manufacturing data, and performance
data will be compared to generate the prediction model.

NASA/GSFC Battery Workshop
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"ENERGY STORAGE CONSIDERATIONS FOR A
ROBOTIC MARS SURFACE SAMPLER (MARS ROVER)"

ROBERT CATALDO

Bob Cataldo NASA Lewis Research Center) discussed "Energy

Storage Considerations for a Robotic Mars Surface Sampler (Mars
Rover)." )

Possible power sources for the mission are Radioisotope
Thermal Electric Generator (RTG), beamed microwave power, and
photovoltaic (PV) (Cataldo [Figure 1]). There are safety
concerns with the RTG, and the chance of having beamed microwave
power in time for the mission is slight.

The PV solar array will be deployable. It will be
susceptible to Martian dust storms (there can be 300 mph winds)
although they will not be as significant as they are on Earth
because of the low-density atmosphere. Another problem is that
the Rover, if it is autonomous, could get "boxed in" behind a
hill, causing a shadow to fall across the array thus decreasing
power to the rover. (Cataldo [Figure 2]).

A strong motivation for the Rover mission is to bring back 5
kg of rocks and core samples, possibly drilling into the
permafrost, possibly to find fossilized types of life. °93/°94
technology will be used for a~98 launch. After the rock sampling
is over, the Rover could continue to explore the Martian surface.
The Lander could be powered by a solar array, and the Rover could
go back and forth using the Lander as a "filling station." The
"Trade Analysis" viewgraph, (Cataldo [Figure 4]) shows power
System mass vs battery type for a 500W Rover and brings out the
conclusion that an RTG system is always a weight saver compared
to a PV system. On a volume basis, (Cataldo [Figure 5]) both the
integrated and the dedicated fuel cells have the advantages. The
advantages of the bipolar nickel hydrogen battery over the sodium
sulfur battery include a 35 percent reduction in volume and the
demonstrated 10,000- cycle life. The integrated fuel cell and
the bipolar battery are primary candidates for this scenario.
Cataldo concluded that PV with electrochemical storage can do the
job overall for the Rover with the possible need for modifica-
tions in operations on a day-to-day basis, because night
operation and long troverses would increase the storage weight.

Q. Broderick (GTE): How do you determine the environmental
temperature? What are the design criteria?

A, Mars has a -40 degree C temperature. This implies the need
for heaters. The onboard computer will set the heating
requirement as well as other instrumentation. Equatorial
temperatures of 20 degrees C may create a need for cooling
as well.

NASA/GSFC Battery Workshop



Margalit (Tracor Battery): You say temperatures will be
lower, but atmospheric densities will also be lower. How
will the system lose heat? Have You considered the reduced
heat transfer rates in the presence of lower atmospheric
density?

Thermal management must be looked at, but it hasn't been
examined yet.
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LEGEND:

RECHARGE /SCIENCE SITES (SO KM RANGE SHOWN)
EXTENDED MISSION AFTER SAMPLE RETURN

RECHARGE AT LANDER (50 KM RANGE SHOWN)
RECHARGE ON ROYER

FIGURE 2. CATALDO ROVER TRAVERSING OPTIONS
BASED ON POWER SOURCE LOCATIONS
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ENERGY STORAGE CONSIDERATIONS FOR A
ROBOTIC MARS SURFACE SAMPLER

P.M. 0'Donnell, R.L. Cataldo,
0.D. Gonzalez-Sanabria
NASA Lewis Research Center
Cleveland, Ohio 44135

INTRODUCTION

Manned exploration of Mars is being proposed by the National Commission on
Space for the next century (Ref. 1). To accomplish this task with minimal
resupply cost for extended stay times, use of Mars' resources is essential.
Methods must be developed to manufacture or extract water and oxygen from
elements indigenous to Mars before we send explorers to the planet.
Therefore, we must send precursor surveying equipment to determine Mars'
resources to a greater extent than is now known from Viking 1 and Viking 2
data. A 1992 launch is planned for the Mars Observer that will contribute
greater mapping resolutions and to expand the scientific data base. However,
the Observer will not be able to ascertain sub-surface resources such as water
in the form of permafrost. A Mars Rover and Sample Return (MR/SR) precursor
mission has been identified to accomplish the task of determining surface and
sub-surface mineral and chemical resources that will be utilized by future
explorers. In addition, geological data of Mars can be.obtained to better
understand the planet's evolution and possible clues to the history of the
solar system. The geological features of Mars include; impact craters, vast

canyons, huge volcandes, shifting sand dunes and polar ice caps.
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The proposed rover will provide scientists with the necessary information
about abundant resources that would guide the required technology development
needed to support a manned Mars infrastructure. This infrastructure would
include ecological systems, power generation facilities, manufacturing plants
and construction materials. For example, if water in the form of permafrost
is present on Mars, the resource would be used for drinking and used in the
production of oxygen and hydrogen. These gases would be produced by
electrolysis units or possibly by direct thermal decomposition. The oxygen
would be used for life support and both gases would be used in a fuel cell
energy storage device. The fuel cell plant could provide utility
load-leveling in a nuclear power generation system or supply night time power
in a photovoltaic power system. In addition, the fuels could be utilized for
motive power in a Martian Roving Vehicle (MRV) similar in function to the

Lunar Roving Vehicle (LRV) to transport astronauts on the surface of Mars.

The precise scenario for the MR/SR mission is not defined at present. One
such scenario is to collect surface mineral samples and drill for sub-surface

core specimens.

These samples will undergo in-situ analysis and will be stored on the rover
and transported to the Earth Return Vehicle (ERV), which will return about 10
Kgs of samples for further in-depth analysis. The rover could transverse
hundred's of Kms during one year while collecting the samples. At first, the
rover will travel short distances to collect samples and safely return them to

the ERV. As confidence is developed in rover operations, longer, slightly
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riskier, terrain will be covered. Once the rover has collected and returned
the allotted samples, the ERV will return to earth and the rover will be left
behind to expliore high risk terrain near canyons, volcanoes and possibly the
polar regions. On-board laser instrumentation could be used to scan and
analyze areas of geological interest such as canyon and crater walls not
readily accessible to the rover. Data of the Martian globe could be recorded
and relayed for many years. The actual rover operations plan for both the
sample return and extended mission will have a large impact on rover
capabilities and the power system supplying power for transversing and

scientific instrumentation.

POWER SOURCE AND CONVERSION

Several power source/conversion and location options for the rover have been
identified (Figure 1). These include power generation on the lander, Entry
Vehicle (EV), Mars Orbiter (MO) and on the rover itself. Power from the
lander would require the rover to return to the landing site to recharge the
energy storage system, which limits rover excursions to one-half the range of
the storage capability. Power from the EV or MO could be beamed microwave or
laser power converted from photovoltaic cells on the orbiting spacecraft. The
probability of advances in this power transmission technology, to increase
efficiency and reduce mass may be beyond the mission technology cut-off date

of the 1992-93 time frame.

For on-board rover power, a radioisotope thermoelectric generator (RTG) has
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been considered with energy storage to handle peak power demands. However,
the availability of isotopes for NASA's use is in question, in addition to
high cost, low power density and the politically unfavorable use of reactive

materials.

Another method for power generation on board the rover employs rover housed
deployable photovoltaic arrays and rechargeable energy storage. The array
would be deployable for several reasons, which include:
1) larger area than could be body mounted for faster recharge times
2) sun pointing.capability for optimum solar collection
3) Retracted during transversing to increase rover stability and
maneuverability

4) Protection during dust storms if necessary.

The rover essentially carries its own motive power energy source and utility,

and the deployable array, to supply power for “on-location" recharging, and to

perform in-situ scientific analysis. The rover's sampling area is not limited

in size by a required return to a fixed "gas-station" as in the scenario of

having only recharge capability at the landing site.

Rover operation would occur as follows:
Step 1: deploy array and recharge
Step 2: retract array and transverse to next science site if within
range, if not repeat step 1

Step 3: deploy array to power science experiments and recharge.

November 4-5, 1987

39



Figure 2 shows a graphic representation of the two location options for power

generation; 1) fixed and 2) portable.

In addition to motive power the rover's energy storage system must have
peaking power capability for high power demand operations such as drilling,
coring, instrument operation, steep incline maneuvers and maneuvering out of

difficult terrain.

STORAGE SYSTEMS

The storage systems considered in this study are listed in Table 1 along with
relevant characteristics; the development status at the present time, the peak

power capability of the system and cycle life.

Depending on the driving cycle of the rover, instrument power and reserve
power, the power systém will require about 1.0 to 5.0 kWh of capacity. The
driving cycle profiles will be similar to those used for terrestrial electric
vehicles. Extensive work was done between 1975 to 1982 on both lead-acid and
nickel-zinc battery systems for electric vehicles sponsored by DOE at the NASA

Lewis Research Center (Ref. 2).

However, since battery change-out cannot be considered, battery systems with
greater charge/discharge cycle capability (D1000 cycles) will be required for
the rover. Both nickel-cadmium and nickel-Hydrogen systems have demonstrated

many cycles (D10,000) in space use at charge and discharge rates more severe
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than required for a rover. Therefore, rover operations could span a 5-10 year
life time., State-of-the-art advancements are continuing to be made projecting
energy densities of 40-50 Wh/Kg in the near term, and even higher in the
future. Battery assembly techniques using bipolar technology in
nickel-hydrogen systems have improved high rate pulse performance, thermal
management and battery volume and weight. Prototype batteries of this type
have demonstrated 1000's of LEO cycles that are one hour charges/half hour
discharges, presently with 8000 cycles on an actively cooled 12.0 volt battery
and over 1500 cycles on a passively cooled 70.0 volt battery. Increases in
cycle life can be projected when considering the less demanding rover

operating regime.

The primary fuel cell has been traditionally the power choice for manned space
missions because it is compatible with the life sucport system and has a high
energy density. For the rover application one would need to have recharge
capability. The regenerative fuel cell was examined for Space Station and
both the fuel cell and the electrolyzer have thousands of hours of testing as
individual units, however, very limited testing has been done on the two
systems operating in a closed cycle unit, referred to as a regenerative fuel

cell (RFC).

The regenerative fuel cell with separate hardware for the fuel cell and the

electrolyzer is referred to as a dedicated fuel cell system.
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Recent studies of fuel cells for GEQ missions (Ref. 3) have examined the
possibility of combining the fuel cell and electrolyzer into one set of
hardware. This system could be a completely passive system with the advantage

of increased reliability. This system is just in the development stage.

Among the other systems considered, Na/S has a high energy density of about
100 Whr/kg. It is at the prototype stage of development and could be a

candidate for a Mars Rover when developed to its full potential.
The reversible lithium systems and the bipolar lead-acid system are in the
laboratory demonstration stage of development and are not considered viable

for the proposed technology cut-off date.

ROVER CHARACTERISTICS

Several design options for the rover can be consiozred depending on the final
ambitiousness of the MR/SR mission. The most reliable scenario, with a small
increase in versatility over Viking, would involve a small tethered rover that
would receive power and control commands via it's umbilical cord. The rover's
limited range would tend to increase the lander's capability to touchdown in
higher risk terrain that may accompany a potentially rewarding site

selection. In addition, the rover would always find its way back to the

lander by following it's cord.
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Untethered rovers will require a high level of sophistication to accomplish a
more ambitious mission. A "high tech" autonomous rover with an extensive
range would allow a safe touchdown site selection for the lander while still
accessing rewarding, remote science sites nestled in possibly risky terrain.
-This level of rover capability requires particular consideration for local and
global navigation and guidance, data compression, storage and transmission,
communications and control, artificial intelligence, propulsion, aerobraking

and power conversion and storage.

Local navigation, guidance and hazard avoidance is of particular concern
during rover operation due to the 10 to 20 minute delay in the communication
link between Earth and Mars. Rover navigation and guidance may need support
from a Mars communication infrastructure comprised of low altitude orbiters
and aerosynchronous orbiters. Uninterrupted communication at the Martian
poles would require a "pole sitter" satellite, which is placed in a libration
point high above the planet that only requires small amounts of electric
propulsion for station keeping. In addition, a satellite placed in Earth
orbit at an Earth-Sun libration point, 60 degrees leading or trailing the

Earth, would allow continuous communication during Earth-Mars occultation.

Local navigation options include tele-operation from Earth, based on rover
and/or orbiter mounted cameras and autonomous navigation using artificial
intelligence and precursor mapping data files. An autonomous system would
allow the rover to know where it had been, it's current location, and the

return path to the lander. The autonomous system would require more power to
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operate, however, it could also save power by retracing it's path back to the

lander.

POWER PROFILE

The power profile considered for this study is shown in Figure 3 for the
PV/storage option. This scenario allows the rover eight hours of traversing
and scientific study, eight hours of scientific study while immobile and eight
hours for recharging the energy storage system. The total rover power demand
was 500W of which 150W was used to power the scientific instruments. As noted

on the figure, the rover operations could be segmented over several days.

TRADE STUDY ANALYSIS AND RESULTS

Two different power system options were evaluated in this paper. One option
consisted of an RTG/energy storage device, where the energy storage was used
to provide power for peaking and load leveling, and the second one consisting
of a photovoltaic array (PV)/energy storage power system where storage is used
for motive power. Only storage systems with demonstrated cycle life, peaking
capabilities and those that might be available by the technology cut off date
were evaluated. These were compared for each power system design and then the
two power systems were compared for the advantages and disadvantages of each

particular design with respect to total system weight and volume.

Average energy densities were used for the storage systéms, since the
particular elements of the design have not been established at this point.
The energy densities are shown 1in Table 1. A deployable Galium-Arsenide

(GaAs) solar array was used as the basis of comparison with an average power
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density of 110 N/rn2 and 10 Kg/KW. A state-of-the-art RTG with a 250W power

output and a total system weight of 55 Kg was used.

A total storage capability of 2 KWhr was required for the RTG/storage system.
For this small storage capability only batteries were considered. The results
of the total system weight and volumes for the different storage systems are
shown in Figures 4 & 5. The preliminary analysis shows that Sodium-Sulfur
(Na-S) has the lowest total weight and highest volume while the Advanced
Nickel-Cadmium (Ni-Cd) has the lowest total volume but highest weight. To
reduce both system weight and volume concurrently, the Bipolar Nickel-Hydrogen

(Ni-H,) battery would be the storage system of choice.
2

The PV energy storage power system option needs to provide 5.2 kWhr of
storage. This higher storage capacity makes it viadle to include regenerative
fuel cells as part of our studies. To calculate the total array size and
weight the efficiencies of the storage systems were taken into consideration.
This accounts for the substantially heavier solar array needed when fuel cells
are used. The results show (Figures 4 & 5) that fuel cells will offer
definite weight and volume advantages over any other storage system
considered. A fuel cell system results in over a 50% weight and volume
savings. Looking at the other storage systems, the previously found trends
were maintained with the Bipolar Ni-H2 being the next overall system of

choice.
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When the two power systems are compared the PV/storage system could provide a

lighter weight yielding a 30% weight savings. It will also provide a total

overall lower volume with a 40% reduction when the system is optimized for

both weight and volume. Other system advantages and disadvantages should be

considered when a more detailed analysis is performed taking into account the
1

integration, single point failure reliability issue, safety and complexity of

these two power systems.

CONCLUDING REMARKS

The power system options examined in this paper for a MR/SR mission show that
there are certain weight and volume advantages associated with specific

systems.

For the RTG/storage system the bipolar nickel-hydr:ogen battery and the sodium-
sulfur battery are both candidates for storage. Tne bipolar nickel-hydrogen
technology is further advanced, more than 8000 LEQ cycles have been
demonstrated at the battery level along with peak power capability of 25C.

The bipolar nickel-hydrogen storage occupies 35% less volume than the sodium-
sulfur battery, while increasing the system weight by only 8% for the same
power level. It also has the benefits of low temperature operation and less

complexity.

For the PV/storage system, the integrated fuel cell and the bipolar
nickel-hydrogen battery are the primary candidates for storage. The fuel cell
becomes a more weight and volume efficient option as rover traverse times

exceed several hours. Rover power system requirements must be finalized so

NASA/GSFC Battery Workshop



November 4-5, 1987

that hardware development can be initiated on system components to meet the
mission schedule. The bipolar nickel-hydrogen battery is at the prototype
technology level while the integrated fuel cell is at the beginning of a

development program.

The MR/SR and extended mission can be accomplished utilizing photovoltaics and
electrochemical storage. The most promising systems from a weight and volume
consideration should be brought to a technology readiness level of six by the
1992-93 time frame in order to be a serious contender for system selection for

this mission.
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"PROGRESS IN NICd AND NIH; BATTERIES
FOR SPACE USE IN JAPAN"

KOICHI YAMAWAKI

The final speaker for the overview session was Koichi Yamawaki
(National Space Development Agenc of Japan) who spoke on
"Progress in NiCd and NiH, Batteries for Space Use in Japan." He
listed the NASDA satellite programs from FY 57 to 87. NASDA
of Japan has been devoted in the H20 Rocket development Program
since 1983. The H20 Rocket would have the ability to put a 2 ton
weight satellite in a geostationary orbit. NASADA has initiated
The Advance Engineering Satellite named ETS-VI to be launched in
1992. In order to meet ETS-VI mission the batteries are
requested to be high performance, having a long 1life over ten
years and also a high energy density. Yamawaki presented a
large number of viewgraphs depicting spacecraft plans and related
battery research and development plans. The major requirements
for a Nicd battery cell are listed in Yamawaki [Figure 4]). This
battery will be used in the future for long term low earth orbit
satellites. The main factors of the Advanced NiCd batteries are:

® Electrodes - electrochemically deposited substrate
high density up to material implementation.

® Diminished substrate corrision for long life.

® Separators - diminished degradation in alkaline
solution.

He then discussed the first trials of a new Nicd battery.
There was a leakage in the cell due to alkaline corrosiocn; A new
brazing technique has been found to be more effective in
combating this corrosion. ge found a burst pressure for the Nicd
cell of about 100 kg/cm (Yamawaki [Figure 6]). In the
organization of Battery Development, last year three battery
manufactures in Japan joined the program. As a result of global
judgement from this year a decision was made to select Sanyo
Electric Co., LTD as the battery integration maker. Under Nicd
development electrodes, hermetic terminal, and the cell structure
are elements that have been researched since 1985. He followed
this discussion with a similar discussion of the NiH, battery R
and D. NiH will be used for larger capacity applications,
(Yamawaki Figure 111). Toshiba Corporation is the main
contractor for the development of the NiH5; cell integrator. A
nickel hydroxide impregnation system is used (Yamawaki [Figure
12]). There has been some research on dual-pore Hydrogen
electrodes, (Yamawaki [Figure 13]).

Results of performance tests for the first trial 35 AH NiH

cell appear in (Yamawaki [Figure 18]). A fuel-cell study for the
Japanese shuttle is to be finished by next June.
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Koehler (Ford Aerospace): What is the status of the ETS-5
NiCd battery?

Battery performance is "fine." The battery is in operation
and is working well in orbit.

Gentry (Johnson Controls) What has been your experience
with the mild steel pressure vessel? Does mild steel work
as well in fatigue tests as Inconel?

I will address this in the break (Mild steel was his
misreading from Yamawaki's OHP. )

Andrasik (NASA Lewis): What material was used for the
pressure vessel in the hydrogen cell?

Inconel 718.

Youngblood (GE America): Wwhat reconditioning procedure was
used for the NiCd cells on ETS-67?

It was the same procedure used for ETS-5. It's not so
special.

November 4-5, 1987
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FIGURE 7. YAMAWAKI

VIBRATION TEST OF
BREADBOARD Ni-Cd BATTERY
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LITHIUM

Chairman: Dr. Gerald Halpert, JPL
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"THE USE OF LITHIUM BATTERIES IN SPACE"
GERALD HALPERT

After the break Gerald Halpert of JPL took over as chairman of
the Lithium session.

Gerald Halpert (JPL) gave the presentation "The Use of Lithium

Batteries in Space" in which he listed past applications of

lithium batteries along with technology issues, goals, and future
NASA plans.

The obvious advantages of 1lithium batteries over other
chemical energy storage devices include higher specific energies,
higher volumetric energy density, and longer activated shelf
life. All these result in a battery that is lighter, smaller,
and longer lasting during the cruise phase.

The lithium batteries have been used in:

Long Duration Exposure Facility (LDEF) - Liso,
Galileo Probe - LiSOz

Shuttle - There are several shuttle applications
which use the 1lithium system. They
include helmet light, EMU TV Camera,
Mineoscope, various recorders, etc.

Centaur Launch Vehicle - LiSOC12

Due to inherent weight/volume advantages, the 1lithium
batteries can be used in many JPL applications. The planetary
observer missions need 1light weight/low volume batteries.
Although RTG's are satisfactory for the providing continuous
power, they are inadequate for Pulse power. Probes are ideal
applications for primary lithium batteries.

Halpert presented a NASA OAST chart on future spacecrafts
which may require 1lithium chemistry. The chart covers from

1980's to 2010's, enveloping transportation systems, spacecrafts,
and large space systems.

For the specific goals of lithium primary cells, a LiSoOCl
cell be developed by EOFY '88 with 300 Ah/Kg, activated storage
life of 10 years, and safe operation at -40 degrees C.
Similarly, for the secondary cells, 100-125 Wh/Kg energy density
will be demonstrated by 1992. This reflects 4 to 6 times that of
the state-of-the-art rechargeable systems. By 1997, 150-200
Wh/Kg will be demonstrated, and by 2002, 200-500 Wh/Kg. The
system shall be capable of safe operations, and for 1000 cycles
(GEO). Halpert envisions using primary lithium cells on the
launch vehicles such as Centaru and IUS- standby emergenc

' pmE BLANK NGT FiLmED Y !
PRECENING PRT o
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equipment such as Crew Emergency Return Vehicle; on astronaut
power such as MMU and EMU; on probes such as Saturn Orbiter Titan
Probe; and experiments such as GAS.

A road map outlining the development of primary LiSOClZ cell
was presented for years 1982 to 1992. By that time, a L1SOCl,
cell with 300 Wh/Kg and 10 vyear active storage life will be
developed. '

Halpert envisions using secondary 1lithium cells on pPlanetary
missions for prime power and RTG segmentation. He also sees the
lithium usage for GEO orbits as well as for mobile equipment
vehicles such as a rover. The lithium system may of course be
used in the equipment used by an astronaut.

Like for the primary system, a road map outlining the
development of rechargeable lithium cell was presented for years
1984 to 1994. By the time, a lithium cell with 100 Wh/Kg and 10
year active storage life will be developed.

Halpert presented various charts on specific programs and
other JPL development works on lithium cell. A chart on
technology issues and developments for wuse of LiTis, was
presented. Various options which may require the usage of
lithium cells for Mars Sample Return mission were summarized in
one of the charts.

Halpert concluded by saying that because of lighter weight,
smaller volume, and long storage 1life requirements, lithium
batteries are becoming a viable alternative as its technology and
safety are improved.

Q. : Are we pushing 1lithium into crystal? Lithium is
thermodynamically unstable. Going into and out of cathodes
depends on kinetics. Can we go in and out at high rates?

A. The limiting electrode has been lithium. TiS; electrodes
are being studied. We have four years to go.

Q. Mackowski (McDonnell Douglas): Is the work taking place at
JPL?

A, The Li and NiCd work takes place at JPL. Lewis does the
fuel cell and NiH, work.

NASA/GSFC Battery Workshop
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“"THE SELECTION OF SAFE BATTERIES
FOR SARSAT 406 MHz BEACONS"

DAVID PERRONE presented by GERALD HALPERT
Gerald Halpert (JPL) gave the presentation "The Selection of

Safe Batteries for SARSAT 406 MHz Beacons." This talk was
originally scheduled to be given by David Perrone (JPL).

The Search and Rescue Satellite (SARSAT) is a joint venture
among United States, Canada, France, and Soviet Union. Both
marine and aeronautical vehicles as well as persons who carry
Emergency Locator Transmitter (ELT) or Emergency Position
Indicating Radio Beacon (EPIRB) will be able to send signals on
emergency to the SARSAT satellite. The intercepted signal is
then relayed to a Local User Terminal which then coordinates the
rescue with Mission Control Center and the Rescue Coordination
Center. Batteries which are safe and have long storage life are
needed for the ELT and EPIRB.

The battery requirements for the digital logic is:

power 20mw
nominal voltage 12v
minimum voltage 7.5V

duty cycle continuous
capacity 0.1ah

The battery requirements for the homing beacon load is:

power 100mw
nominal voltage 12v
minimum voltage 7.5V

duty cycle continuous
capadIE&s: ' 0.5Ah

Two classes of beacons were identified based on the operation
temperature requirements. Class 1 beacons operate at -40 degrees
to 55 degrees C; this is a long term development. A near term
work concentrated on class 2 beacons which has an operating
temperature requirement of -20 degrees to 55 degrees C. The
storage life for both classes is for 2 to 5 years at -40 degrees
to 71 degrees C. Safety was critical, for no hazard must be
posed by the batteries to operating or non-operating ships,
aircrafts, or their personnel. -
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The JPL work centered around identifying the candidate
electrochemical systems for the SARSAT batteries. It then
conducted limited testing of the candidate systems, followed by
recommending a battery system as a near term alternative to the
lithium-liquid cathode systems. It then recommended an approach
to obtain an optimum battery system.

Various commercially available power sources were evaluated
with a numerical rating system. The cell chemistries were rated
on safety, operating temperature requirements, energy density,
rate capability, and charge retention. The rating are summarized
in Figures 8 and 9. From this evaluation, 5 candidate systems
were chosen: 2/3A size LiMnO,, 2/3A size Li(CF)n, prismatic
LiAgVy05 5, C size CdHgO, and D size alkaline. The
characteristics of these selected candidates are outlined in
Figure 10.

To evaluate the 5 systems, Peronne and Attia examined the
manufacturer's data. They also obtained voltage~-pulse current
profile to determine the maximum current capability for puse mode
operation and to size the battery to beacon power demands. An
experimental evaluation of the beacon simulation was done to
evaluate cell performance using beacon duty cycle. Other areas
tested included capacity loss test to ascertain cell shelf life
under severe storage conditions, and abuse tests to investigate
the most likely events associated with beacon application (short
circuit, overdischarge, charge, recharge, etc.).

From these tests two safe, commercially available cells have
emerged which can meet all requirements for the near term beacon
application: 2/3A size LiMnO5;, and 2/3A size Li(CF),. Two other
safe systems have potential for the long term beacon application,
but they require further development: prismatic LiAszos.s, and C
size CdHgO. Alkaline cells cannot meet the SARSAT requirements
for unattended storage and have marginal pulse capability at low
temperatures.

Q. Broderick (GTE): What is the timeline for selecting the
battery?

A, We recommended the carbon monofluoride and the manganese
dioxide cell. The SARSAT people at GSFC will decide. They
are concerned about safety on passenger aircraft. This is a
DOT issue.

Q. Stearns (GE Astro Space): Lithium thiochloride is good. Do
we want a ventless cell?

A. Nonvented cells are wanted in space. Vented cells would
make the ordinary consumer nervous. Other countries do
recommend them.

Q. : How many cycles are wanted?
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These are primaries only. We want the beacon to survive for
three to five years and have 48 to 96 hours of operationms.

Sulkes (USALABWM): Suppose the satellite acquires the
beacon; does the beacon turn off?

The beacon can't be turned off until the next satellite pass

Krehl (Electrochem): Is there an active program for the
safety of the thionylchloride cell?

We're working on safety. Determining whether a system is
truly safe is tough.

Willis (AT&T): Could we cut down the pulse signal frequency
to 10 Hz to save the batteries?

It sounds 1logical. There is a trend to adopting a 2 W
beacon but the signal may be too weak. For now we adhere to
5 w.

Maurer (AT&T): The system has a major problem -- 98 percent
false alarms. Rescue crews have been injured pursuing false
alarms. :

NASA/GSFC Battery Workshop
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"SOLID - SOLID PHASE CHANGE MATERIAL FOR THERMAL
MANAGEMENT OF LITHIUM BATTERY PACKS"

ERIC DARCY

Eric Darcy (JSC) spoke on "Solid - Solid Phase Change Material
for Thermal Management of Lithium Battery Packs." Thermal

management is the main problem for 1lithium battery packs.
Lithium thionyl chloride is the highest energy density system
that has flown but it has a problem with inherent heat generation
(Darcy [Figure 31). The goal, then, is to find a material
suitable for space flight which will provide effective heat sink
mass and be safe. Solid-solid phase-change materials that were
looked at were stycast and polyalcohols (Darcy [Figure 5}).
Stycast is an epoxy casting resin that is commercially available.
Polyalcohols are low-density derivatives of neopentane.
Neopentyl glycol (NPG) forms polyalcohol. It has the solid-solid
phase-change property and has the advantage of latent heat of
transformation in going from phase 1 to phase 2 (Darcy [Figure
6]). Solid phase-change materials (PCM) have the advantage over
liquids of not posing a containment problem (Darcy [Figure 7].)
The specific heat of NPG is being studied now.

JSC is now trying to determine the specific heat and the
sublimation rate of NPG and also its performance in a lithium
cell. There is a program to correlate simple experimental results
with theory, and then to apply the theory to larger battery packs
(Darcy [Figure 81]).

Evaluation is to be completed by November 1987 and there will
be further work to improve on poor conductivity and a high
sublimation rate.

Q. Koenig (Chloride Silent Power): Was the weight disadvantage
considered?

A. For vacuum conditions we need to provide a heat sink mass.
We have compared stycast and polyalcchols and other
materials such as aluminum. We consider NPG to be a
lightweight material.

Q. Waggoner—Catalyst Research): How reversable is that
paging??? over a period time?

A. This material has gone through a considerable number of
cycles but it is intended for a primary battery.

?: What about flammability properties?
Our materials 1laboratory has tested it. It's full
compatible with materials that have been used on the

Shuttle; it is non-toxic; and can be used for consumer
applications.

NASA/GSFC Battery Workshop



Q. Kardarpa (General Dynamics): What about volume change with
phase change?

A. It's minimal. I couldn't detect it.
Smith (Altus Corp.): How available is NPG?

It's relatively inexpensive. It has been used before in
solar dynamics applications in liquid form.

Q. George (MSFC): What is the thermal conductivity?

A. 0.1 W/m-degree C. This needs to be improved.

Q. George (MSFC): What is the reactivity of NPG with lithium?
This will be studied later.

Q. Youngblood (GE Americom): Have you considered using a heat
Pipe to improve the thermal conductivity?

A. This has been considered.
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"THERMAL PROPERTIES AND EFFECTS FOR LI/BCX CELLS"
WILLIAM CLARK

William Clark (Wilson Greatbatch Limited) spoke on "Thermal
Properties and Effects for Li/BCX Cells."

This is a two-part study funded by JSC. BCX has undergone
extensive study for Space applications. Storage at 149 degrees C,
for fifteen minutes, is a new requirement for D cells.

A test program was run in which 40 standard D cells were
built. Thirty of these were run up to 149 degrees C for fifteen
minutes and then cooled to room temperature. Twenty of the thirty
cells that had been heated developed leaks.

Changes in cell height indicated that there was insufficient
void volume in the cells (Clark [Figure 3]).

Redesigns included: reducing the thickness of the anode and
the cathode; increasing the thickness of the header; and
shortening the wound cell stack. All the redesigns were tried,
and they passed the 149 degrees C storage test (Clark [Figure
5]). The discharge curves were excellent following the redesign.
(Clark [Figure 6]).

An experimental determination showed that the heat capacities
of BCX 72 D sSize batteries were independent of the state of
discharge (Clark [Figure 11]).

During adiabatic discharges, cells were subjected to various
loads and there were differences between running voltages and
OCVs (Clark [Figure 13]). Also there was a roughly linear
relation between temperature rise and heat evolved leading to a
heat capacity of 0.28 cal/ g deg (Clark [Figure 14 and 15).

Q. Bis (Advanced Power Sources): Were there any safety tests
performed after the 149 degrees C heating?

A, No

Q. Margalite- (Tracor): Did you detect any additional parasitic
chemical reactions? We would have needed a
microcalorimetric.

A. No, we were not set up to do this.

Q. Stannick (HAC): Was the heat capacity just that of LiTiCl,5?
A, We looked at heat capacities due to all the compeonents. We

could get close to 0.24 cal/g deg. These might be
fortuitous inputs.
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List of the Redesigns

* Reduce thickness of anode and cathode
* Increase thickness of header
» Shorten wound cell stack

FIGURE 4, W. CLARK

November 4-5, 1987 : 131



Results of Temperature Exposure Tests for Redesign Il Celis

Cel 8 State Height Gt
(inches)
2059 BoL 005 v——
23860 BOL -003 Passed
23061 BOL 0 Passed
poesed soL -008 Passed
23863 8oL 003 Passed
23864 80L -002 Passed
23865 B80L -001 Passed
23866 8oL -002 Passed
23867 8oL Py Passed
23868 8oL 005 Passed

FIGURE 5. W. CLARK

32 NASA/GSFC Battery Workshop
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FIGURE 6. W. CLARK
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Results of Temperature Exposure Tests for Redesigned C Cells

Cell # State Height Change Result
(inches)
27993 BOL .009 Passed
27994 BOL .015 Passed
27995 BOL .012 Passed
27996 BOL .022 Passed
27998 BOL 012 Passed
27999 BOL .013 Passed
28001 BOL 011 Passed
28002 BOL 016 Passed
28009 BOL .002 Passed
28010 BOL .023 Passed
FIGURE 7. W. CLARK
NASA/GSFC Battery Workshop
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Results of Temperature Exposure Tests for Redesigned DD Cells

Cell# State Height Change Result
(inches)
28021 BOL .005 Passed
28022 BOL 022 Passed
28023 BOL 011 Passed
28024 BOL .004 Passed
28025 BOL 013 Passed
28026 BOL .002 Passed
28027 BOL .024 Passed
28028 BOL .006 Passed
28029 BOL 014 Passed
28030 BOL 015 Passed
FIGURE 9. W. CLARK
NASA/GSFC Battery Workshop
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20 Q constant load.

FIGURE 10. W. CLARK

November 4-5, 1987 137



138

ExpaﬁneﬂalyDetemﬁnedVamsbnmmaCapacﬁesowcanSize

Batteries.
Battery Experimentally Measured Heat Capadities (cal/ g *K)
anl __an2  and avecage  precision 06 difference)

BOL 1 0.251 0243 0245 0.246 2.03%

BOL 2 0239 0.241 023t 