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PREFACE 

This document contains the proceedings of the 18th annual Battery Work­
shop held at Goddard Space Flight Center, Greenbelt, Maryland on November 
19-21, 1985. 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 aerospace use. 
The subjects covered included advanced energy storage, lithium cell tech­
nology, nickel-cadmium design evaluation and component testing, simulated 
orbital cycling and flight experience, and nickel-hydrogen technology. 
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INTRODUCTION 

George W. ~rrow 
Goddard Space Flight Center 

This year the format of the WOrkshop has remained as it was in the past. 
Questions and comments from the audience were encouraged and will continue to 
be encouraged in future WOrkshops. The discussion periods are no longer 
included in these proceedings. 

The first session, Advanced Energy Storage, dealt with a topic new to the 
Workshop. It was included to provide attendees with an overview of research 
and development taking place at NASA and other government agencies in the 
advanced energy storage field. 

The second session, Lithium Cell Technology, filled out the first day. 
The sessions of the second day addressed Nickel-Cadmium Design Evaluation and 
Component Testing and Simulated Orbital Cycling and Flight Experience. 
Nickel-Hydrogen Technology was the topic of the final day. 

I hope that the 1985 Battery Workshop was as informative and enlightening 
as those in the past. I would also like to thank all of the presenters for 
the time and effort they put in. 
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PREVIOUS BATTERY WORKSHOP PROCEEDINGS PUBLICATIONS 

For your information, we have included a list of the acquisition numbers for 
all Battery Workshop proceedings since 1970. Copies of previous publications 
are available upon request. The document numbers and the addresses are as 
fo 11 ows: 

Year Contents Accession Number 

1984 Workshop N85-31371 
1983 Workshop N84-33668 
1982 Workshop N83-35230 
1981 Workshop N82-20402 
1980 Workshop N81-21493 
1979 Workshop N80-20820 
1978 Workshop N79-28669 
1977 Workshop N79-21565 
1976 Workshop N77-21550 
1975 Workshop N76-24704 
1974 Workshop N75-16976 
1973 Workshop (lst day) N75-15152 

Workshop (2nd day) N75-17808 
1972 Workshop (lst day) N73-21956 

Workshop (2nd day) N73-21957 
1971 Workshop (Vol ume 1) N72-27061 

Workshop (Volume 2) N72-27062 
1970 Workshop (1st day) N71-28569 

Workshop (2nd day) N71-28672 

NASA may contact: 

NASA Scientific and Technical Information Facility (STIF) 
P. O. Box 8757 
BWI Airport 
Baltimore, Maryland 21240 
(301) 859-5300 

All other interested parties contact: 

National Technical Information Services (NTIS) 
U. S. Department of Commerce 
Springfield, Virginia 22161 
(703) 487 -4600 
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Chairman: A. D. Schnyer, NASA/HQ 



AN OVERVIEW OF SOLAR DYNAMIC SYSTEMS FOR 
SPACE APPLICATIONS 

David Namkoong 
Lewis Research Center 

Solar dynamic systems are essentially heat engines. Heat is added to a 
fluid, heat is rejected from the fluid, and the difference is available 
for producing useful work such as electrical power. The energy source 
for the conventional heat engine is hydrocarbon fuel. Solar dynamic 
systems use the sun1s energy as the heat source instead of oil combustion. 

The current interest in solar dynamics is in its application in the Space 
Station. Both solar dynamics and photovoltaics are candidates for the 
initial power system design and for the growth versions. The current 
design power levels are 75kW and 300 kW for the initial and growth 
designs respectively. Much of the present thinking for solar dynamics is 
based on work that NASA-Lewis pursued in the late 1960 ' s. That work was 
to establish the technology that could be used for extended space flight 
requiring large power loads. When such missions failed to materialize, 
the technology was shelved. Today, with little change occurring in the 
intervening years, that technology is being utilized. 

The major change in solar dynamic programs during this interim period has 
been in applications. DOE developed a number of terrestrial systems as 
part of its charge to conserve energy. Though this effort did advance 
the solar dynamic state-of-the-art, the difference in environment largely 
precluded the use of any such advance for space applications. 

The major components of a solar dynamic system are the concentrator, heat 
receiver, energy converter, and the heat rejection system. Figure 1 
shows the concept packaged for space application. The concentrator can 
be a refractor but is conventionally a reflector surface that focuses 
solar energy into the heat receiver. The receiver is usually designed 
integrally with the storage to operate through the shadow part of an 
orbit. The energy converter is the thermodynamic cycle, the output of 
which provides useful electrical power. For the Space Station, Brayton 
and Rankine cycles are being considered. Stirling shows promise for 
growth or for later space applications. The waste heat is rejected by a 
radiator. 

The advantage of the solar dynamic system over the photovoltaic array in 
providing power to the Space Station is its higher efficiency in 
converting solar energy to useful power. The factor is about 4. This 
means that the photovoltaic field must expose 4 times as much area to the 
sun as the solar dynamic system. The contrast can be illustrated in 
Figure 2. The larger area means greater drag even in the rarified 
environment of the orbiting station. The greater drag means greater 
expenditure of fuel to keep the solar array 1n the same orbit as a solar 
dynamic system. 

....k;::~DING PAGE BlANK NOT FtUIiD 
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The drawback to solar dynamics is the paucity of relevant data for such 
systems. None has been flown in space before. The advanced development 
program at NASA Lewis is aimed at developing the relevant technologies to 
maturity. 

Though no solar dynamic system has had space experience, there has been 
data developed for its components and subsystems. 

Most of the experience has been accumulated for the Rankine system, more 
particularly the organic Rankine. Figure 3 shows the schematic of such a 
system. The Rankine cycle is characterized by the working fluid 
undergoing phase changes -- liquid boiled to vapor at heat input and 
returned to liquid in the condenser. Toluene has been used extensively 
in the past and is the Rankine reference fluid for the Space Station. 
Maximum temperature is 6120 K (150°F). 

In thermodynamic cycles, the higher the heat source temperature, the more 
efficient the system (for constant heat sink temperature). Brayton heat 
engines are designed to operate as high as 10890 K (150oPF). Brayton 
systems, however, have not had the experience enjoyed by organic Rankine 
heat engines. Figure 4 is the schematic of the Brayton cycle. Unlike 
the Rankine, the working fluid of the Brayton cycle does not undergo any 
phase change. The Brayton system under consideration uses a He-Xe gas 
mixture as the working fluid. The higher heat source temperature enables 
the cycle efficiency to be several points higher than the Rankine. 

The foregoing discussion has referred specifically to the Brayton and 
Rankine heat engines. This is just a part of an overall evaluation when 
designing solar dynamic systems. Figure 5 lists three typical areas for 
consideration -- trade-off analysis, developing critical technologies, 
and assessing the impact on the overall system (the Space Station in this 
application). 

High turbine inlet temperature, as was mentioned previously, is desirable 
for higher efficiency. The required high operating receiver temperature 
is also desirable in that a smaller volume, smaller area" and smaller 
mass is required. On the other hand, high temperatures can cause 
localized overheating, aperture area becomes more critical to minimize 
re-radiation loss, and thermal stress problems are exacerbated. 

Heat rejection temperature should be low so that in combination with a 
high heat source temperature, the potential for useful work output is 
increased. Any decrease in the heat rejection temperature, however, 
means that the radiator area must be increased to dissipate the required 
heat. 
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The Brayton vs. Rankine issue is one comparing a higher efficiency, less 
data base heat engine with one that has more experience but has a lower 
cycle efficiency. 

These are a few of the principal parameters that are involved in arriving 
at an optimized system. 

Four solar dynamic technologies have been identified as ones that need 
development to demonstrate operation in orbit. Though this list arises 
from the Space Station application, these technologies require similar 
effort in any mission requiring solar dynamics. 

The critical technology issues of concentrators include those that affect 
reflector surface characteristics -- contamination, accuracy, sun/shade 
thermal distortion, coating performance and durability, and pointing 
accuracy; and concentrator designs -- Cassegrainian (double reflecting 
surfaces) vs. single reflectors, fabrication, and space assembly vs. 
deployable approach. 

Critical issues concerning the heat receiver and thermal energy storage 
include the design affecting integral vs. separate storage; volume change 
of thermal storage material with phase change; matching the solar flux 
input with the heat transfer to the working fluid; and structural 
material to withstand corrosion. to operate in vacuum, and to operate at 
high temperature. 

Fluid stability refers to the organic fluid in the Rankine heat engine. 
A closed loop where the maximum temperature approaches the decomposition 
point of the organic needs intensive scrutiny. The other main 
consideration is operation under zero-gravity where the cycle calls for 
the fluid to constantly change from liquid to vapor and back again. 

The radiator will operate between 200°F and 350°F depending whether the 
heat engine operates as a Rankine cycle or Brayton cycle. Virtually all 
experience has been gained by operations at 100°F or less. The higher 
temperature range calls for different heat rejection fluids and an 
investigation of the best type of method for the subsystem -- as a heat 
pipe or as a pumped loop. 

Aside from the narrow solar dynamic considerations, there are space 
station concerns. Stowability is a factor in that the greater compacted 
package requires fewer shuttle launches -- an increasingly important item 
because of the cost concerns of the Space Station. The items of 
extra-vehicular activity and deployability are aimed at making most 
effective use of the shuttle and crew to minimize the time and effort 
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prior to power start-up. An important consideration here also is in the 
safety of astronaut operators. Reliability of deployable mechanisms must 
be high to avoid a situation where a spring-loaded mechanism can 
jeopardize the operator. 

One of the most critical technologies as mentioned before, and is most 
appropriate to this audience is the thermal energy storage, Figure 6. 
The purpose of storage here is to convert the varying heat source 
associated with the sun-shade cycle of a low earth orbit to a constant 
energy output required of the power system. 

Of the several heat storage mechanisms available, two that have received 
consideration for the space station are those using sensible heat and 
latent heat. In sensible heat, energy is stored by an increase in 
temperature of the material, and returned by temperature decrease. In 
latent heat, the energy stored by changing the phase of the storage of 
heat and the energy release occurs at a fixed temperature. This means 
that the transfer of heat from the storage material to the working fluid 
would be under constant conditions over the entire sun-shade cycle. The 
constant energy into the cycle meets the requirement for a constant power 
output of the heat engine. 

The issue of whether heat storage should be integral to or separate from 
the heat receiver was mentioned previously. An integral design is more 
complex. It involves combining two separate functions into a single 
component -- storage and heat transfer to the flowing fluid. A separate 
storage component is simpler since it can be designed only for storage. 
However, there will be more of a fluid temperature fluctuation and 
therefore power fluctuation associated with a separate component. An 
integral design also contributes to lessening the temperature 
fluctuations of the heat receiver itself. 

The function of thermal energy storage will be enhanced if the storage 
material had the desirable characteristics of high heat of fusion and 
high density (for compactness), low volume change with phase change, and 
no corrosive attack on the container material. 

The range of latent storage materials and their properties are listed in 
figure 7. For Space Station applications, three are being considered -­
LiF for the high temperature Brayton system, 46LiF + 44NaF + lOMgF2 for 
the lower temperature Brayton, and LiOH for Rankine. These were chosen 
for the temperatures required for the cycle points of the systems, and 
for their property characteristics. 
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Actual fabrication of a heat receiver with integral thermal storage was 
built in the early 1910's for space applications, though never flown, 
Figure 8. The design features include many of the concerns expressed 
thus far. Solar flux reflected from the concentrator enters the heat 
receiver through the aperture and impinges upon the bank of tubes along 
the inside surface of the receiver. The gas working fluid flows in 
parallel through 48 tubes from the inlet to exit manifolds. The receiver 
was fabricated of columbium (niobium)-zirconium alloy. Because the metal 
is refractory alloy, the receiver was not tested in atmosphere. Instead, 
three tubes were tested in a vacuum chamber under simulated solar 
conditions. Test results indicated that the tube design would operate 
satisfactorily in application. 

Figure 9 shows the detail of the tube design. The diagram indicates that 
there are really two tubes --- an inner one through which the working gas 
flows, and an outer convoluted tube. The volume between the tubes is 
filled with the thermal energy storage material -- LiF salt. This design 
then is an example of an integrated heat receiver-thermal storage 
component. The convolutions are designed primarily to maintain the salt 
distribution along the tube length. Though the tube is initially filled 
with liquid, the salt shrinks in volume as it solidifies. The 
convolution is intended to minimize any migration of the salt by early 
freezing of the material at the neck. The salt then remains distributed 
along the tube even though the liquid can shrink approximately 30% while 
freezing. Heat transfer to the gas is, effectively, the same whether in 
the sun or in the shade. 

This is but one design approach to one solar dynamic concept. Within the 
next few months we expect a decision to be reached on which option, the 
Rankine or Brayton, shall be carried on, and which power system -- solar 
dynamic or photovoltaic -- will be the system of choice. 
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At the present time, the primary focus of the Energy Storage Branch at 
LeRC is the nickel-hydrogen battery, both IPV and bipolar configurations. 
However, relatively low-level efforts have been initiated recently on two 
regenerative fuel cell (RFC) systems. The first of these is the "passive" 
hydrogen-o~gen RFC, indicating a system capable of operating with no rotating 
components, such as pumps or compressors. The rationale for considering the 
development of such a system rests upon the high energy densities projected 
for hydrogen-o~gen RFC's in GEO orbits, the long life requirements for such 
orbits, the assumption that components such as pumps and motors would be the 
life-limiting elements in a conventional hydrogen-oxYgen RFC, and the 
unlikelihood of servicing satellites in GEO orbit. The second RFC being 
considered is the hydrogen-bromine systenl. The most promising characteristic 
of this RFC is that the electrode reactions apparently are reversible, which 
could result in round-trip energy efficiencies of 75% or more. This would be 
very significant for LEO missions, since the smaller PV arrays required for 
the more efficient storage system would cause less atmospheric drag and thus 
require less reboost fuel over the mission life. 

In addition to the advantages which are specific to the respective 
systems, there are also advantages which are generic to flow batteries. 
Perhaps the most significant of these is, that since all reactants and 
products are either liquids or gases, the difficulties associated with solid 
electrode reactants are avoided. These are related to morphology changes, and 
include swelling, shedding and dendrite growth. Flow battery systems also are 
amenable to efficient adaptation to changing mission requirements and growth, 
because the power-related portions of the system (cell stacks, pumps, etc.) 
and the energy-related portions (reactants and tanks) can be independently 
varied. Another characteristic of flow batteries is that they are generally 
constructed in the bipolar configuration, which results in the cells being 
electrically in series, but hydraulically in parallel. The effect of this is, 
that with respect to the concentrations of reactants entering the cells, all 
cells are always electrochemically in balance with respect to one another. It 
thus becomes possible to discharge different cells at different rates, or even 
to charge some cells while discharging others. This allows a great degree of 
operational flexibility with virtually no attendant penalty. Finally, because 
the reactants are liquids or gases, they tend to have quite high energy 
densities. 
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This paper presents a brief discussion of the significant characteristics 
of each of the RFC systems under consideration, and indicates what presently 
is being done to evaluate them. 

THE PASSIVE HYDROGEN-OXYGEN RFC 

The use of pumps and motors in a conventional hydrogen-oxygen RFC is 
associated with the removal of waste heat and the storage of product water. 
Elimination of these dynamic devices will require a system design that 
provides for an efficient static method of thermal control, and a cell design 
that can accommodate internal storage of product water. A block diagram of 
one possible passive RFC configuration is given in figure 1. In this concept, 
intercell heat pipes would transfer heat to a cold plate for radiation to 
space. The rate of heat rejection could be controlled by louvers positioned 
by bimetallic actuators. During the relatively long periods of low-rate 
charging, conservation of heat would probably be required. The system ~ould 
therefore be well insulated, and provision probably would be made for 
parasitic heating of the reactant tanks to prevent condensation of water vapor 
on the tank walls. 

Several options are available with regard to cell and stack configurations 
for the passive hydrogen-oxygen RFC. The first involves the choice between 
acid and alkaline electrolytes. Alkaline cells have been used on the Apollo 
and space shuttle missions. They represent a well-developed technology, and 
are generally more effi cient than the aci d el ectrolyte (SPE) cell s. However, 
acid cells were used on the Gemini mission, and are now considered by some to 
offer the possibility of invarient performance over very long periods of 
time. Low power level SPE electrolyzers have been used in space in 
life-support systems, e.g., for carbon dioxide concentration. Therefore, both 
the acid and the alkaline technologies have been used in space, both have 
advantages and disadvantages, and both have their own advocates. 

Another configuration issue is whether to incorporate separate cells for 
the charge (electrolyzer) and discharge (fuel cell) functions, or to use cells 
which can perform both functions. The latter option, of course, would be 
lighter and simpler, all things being equal. However, because of the 
well-known irreversibility of the oxygen electrode, better round-trip 
efficiencies can be achieved when optimized electrode catalysts are used for 
the charge and discharge modes, respectively, i.e., when separate cells are 
incorporated in the system. Such a configuration, though, would require some 
sort of edge current collection, which well might nullify any potential 
efficiency advantages. 

It can be seen that a careful trade-off analysis must be carried out for 
the competing cell and stack configuration options for the passive 
hydrogen-oxygen RFC. Only after this is accomplished can a judgement be made 
concerning the possible development of the system for GEO missions. 
International Fuel Cells, Inc. (IFC) is presently starting work on this system 
analysis. At the same time, considerable effort continues to be expended on 
the development of oxygen electrode catalysts for fuel cells, electrolyzers 
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and dual-mode cells. This includes current contracts and grants, supported by 
LeRC, with Giner, Inc., the Polytechnic Institute of New York and E1Tech, 
Inc. Results of this work naturally will be factored into the trade studies 
being carried out both at LeRC and at IFC. 

THE HYDROGEN-BROMINE RFC 

This system has been evaluated in some detail in recent years, for several 
potential terrestrial applications. In all cases, the cell configuration has 
been based on the acid, solid polymer electrolyte (SPE) technology. The most 
attractive characteristic of the hydrogen-bromine cell is the apparent 
reversibility of the electrodes in both the fuel cell and the electrolyzer 
modes of operation. As mentioned earlier, this characteristic should be 
reflected in a stack and system design that is simple, lightweight and quite 
efficient. A block diagram of a hydrogen-bromine RFC is presented in figure 
2, indicating a static hydrogen storage/supply system and a circulating 
aqueous bromine/HBr positive reactant. The use of such a system in space 
presents some unique constraints that did not need consideration for 
terrestrial applications. One of these is the absence of a sufficient gravity 
field for the separation of multi-phase fluids: Any gas passing through the 
SPE into the aqueous bromine system, or any liquid passing into the gaseous 
hydrogen system will tend to remain there and probably interfere with normal 
system performance. The evaluation of the membrane transport properties with 
respect to the various operating conditions and the various transportable 
species is thus of significance. Adding to this is the fact that the hydrogen 
electrode catalyst, typically platinum, is susceptible to poisoning or 
dissolution, depending on the electrode potential, in the presence of bromide 
ions which pass through the membrane. 

Another multi-phase fluid situation can arise when the hydrogen-bromine 
system approaches full charge. As the HBr concentration is depleted, the 
solubility of bromine in the existing aqueous solution can be exceeded, 
resulting in a separate, pure bromine phase. The presence of bromine, whether 
in solution or not, creates a highly corrosive environment for the various 
cell components. This includes the bromine electrode itself, which may 
comprise a carbon or graphite structure and therefore be susceptible to 
intercalation and possible attendant damage. 

Membrane transport properties and material compatibilities in the 
hydrogen-bromine cell environment have been studied by quite a few 
investigators. At LeRC we are undertaking an experimental program that 
initially will cover much the same ground as that covered by those 
investigators. One reason for this repetition is, that because of our 
interest in orbital missions and their unique characteristics, we bring a 
different perspective to the studies. Presently, we are carrying out static 
and electrochemical corrosion tests on candidate materials for cell 
construction, we are using electrochemical analytical techniques such as 
cyclic voltammetry for the evaluation of catalysts for the hydrogen and 
bromine electrodes, and we are evaluating single cells based on membrane and 
electrode (M&E) assembly technology developed by General Electric (Now Hamilton 
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Standard Electro-Chern, Inc.). We are also evaluating the transport properties 
of SPE membranes as functions of reactant concentrations, temperature, 
electric field intensity and membrane characteristics. In addition, we hope 
to continue a program with Giner, Inc., for the development of unique 
electrode catalysts for this system. Under a grant to the University of 
Akron, a system model is being developed and evaluated against single cell 
experimental data. 

SUMMARY 

LeRC has begun the evaluation, both in-house and under contracts and 
grants, of two regenerative fuel cell (RFC) systems. The passive 
hydrogen-oxygen RFC offers the possibility of a high-energy density, long-life 
storage system for GEO missions. The hydrogen-bromine RFC offers the 
combination of high effficiency and moderate energy density that could ideally 
suit LEO missions. If successfully developed, either or both of these systems 
would be attractive additions to the storage options available to designers of 
future missions. 
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Power levels for future space missions will be much higher 
than are presently attainable using nickel-cadmium and nickel­
hydrogen batteries. Development of a high energy density rechar­
geable battery is essential in being able to provide these higher 
power levels without tremendous weight penalties. Studies conduc­
ted by both the Air Force and private industry have identified the 
sodium-sulfur battery as the best candidate for a next generation 
battery system. A two to three-fold increase in energy density is 
possible with the sodium-sulfur battery when compared to the 
nickel-hydrogen battery. 

Nickel-cadmium batteries have been a part of our nation1s 
space program since its inception in the 1950 1s. Their reliability 
and 1 ifetime have enabled them to endure throughout the years. 
Deve 1 opment of ni eke l-hydrogen batteri es began in the 1970 1 sand 
today they are available for use. Lifetime and weight advantages 
are gained by going to nickel-hydrogen batteries, but the increased 
capabilities are not enough to meet the requirements of future high 
power missions. 

Future space missions will require much higher power levels 
than the 0.5 - 5 kW we need today (Figure 1). Directed energy 
weapons, ultrahigh resolution radar, and direct broadcast communi­
cations are three missions that will require multikilowatt to 
mUltimegawatt levels of power. Scale up of present battery system 
technology to these high power levels is not practical due to 
tremendous weight penalties. A real need exists now for batteries 
with much higher energy densities capable of achieving these high 
power levels without unacceptable weight penalties. In this paper, 
the advantages of the rechargeable sodium-sulfur battery are 
discussed in light of the shortcomings of current spacecraft 
battery technology. 

The responsibility for providing electrical power aboard 
spacecraft is shared between the solar array and the battery. 
During the time a spacecraft is illuminated by the sun, electrical 
power is provided by the solar array. When an eclipse period 
occurs, the burden of supplying power to the payload shifts to the 
battery. The battery recovers its spent energy by recharging from 
the solar array during the following sunlight periods. 
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Depending upon the orbit, these sunlight periods may be fairly 
continual throughout the year or they may occur at certain inter­
vals of the day. A possible cycling regime for low earth orbit 
(LEO) requires the battery to partially discharge in approximately 
30 minutes and fully recharge in 60 minutes. This cycle will be 
repeated 16 times in a 24 hour day and 5840 times a year. By 
moving to higher orbits, the number of cycles decreases due to a 
lessening in the frequency of eclipse periods. When geosynchronous 
earth orbit (GEO) is reached, the eclipse periods occur only 
during two 45 day periods per year. Discharge times in this orbit 
vary from 12 - 72 minutes during each eclipse period, which results 
in a total battery discharge requirement of 90 cycles a year. 

Apparent from the characteristics of the various orbits is the 
significant decrease in required cycles as the orbit moves from low 
altitude to high altitude. LEO is much more demanding in terms of 
the frequency of cycles required from a battery than is GEO. As a 
result, calendar lives of batteries in the lower orbits are shorter 
than those in higher orbits. Average lifetimes of nickel-cadmium 
batteries in LEO run 3-5 years, while lifetimes in GEO average 7-10 
years. Nickel-hydrogen batteries are expected to last longer on 
the average, but still are life-limited by the same nickel elec­
trode used in nickel-cadmium batteries. 

The sodium-sulfur battery is different in that both the anode 
and cathode are liquids instead of solids (Figure 2). As such, 
they do not experience the fatigue and degradation problems assoc­
iated with the continuous cycling of solid electrodes. Conceiv­
ably, the sodium and sulfur could continue to cycle forever in an 
ideal cell. The life limiting factor in this case is not the elec­
trode, but the solid ceramic electrolyte and the cathode container. 
Shaped in the form of a tube, the electrolyte serves as both an ion 
conductor and a separator in the cell. The cells commonly fail by 
breakage of the tube resulting from flaws in the ceramic. This 
allows the sodium and sulfur to mix, causing irreversible failure 
of the cell. Restriction of the flow of sodium available for 
reaction is necessary to prevent the occurrence of a large 
temperature increase when the liquid sodium contacts the liquid 
sulfur through the crack in the electrolyte. The current Air Force 
cell design, based upon the Ford Aerospace terrestrial cell, uses a 
stainless steel protection tube equipped with a restrictive device 
to limit the sodium flow from the anode compartment. In the event 
of electrolyte failure, the amount of sodium from the reservoir 
able to react with the sulfur is limited by the flow rate through 
the restrictive device. 

Corrosion of the cathode container is the other factor pre­
sently limiting cell lifetime. Terrestrial cells use chromium 
coated stainless steel to contain the sulfur/sodium polysulfide 
catholyte and transport the current. Sodium polysulfides slowly 
react with the chromium to form corrosion products which deposit on 
the electrolyte surface (Figure 3). These harmful deposits appear 
to contribute to cell resistance rise over the life of a cell. 
Evidence also exists for the corrosion of the electrolyte by the 
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sodium chromium polysulfid~s, possibly resulting in strength degra­
dation of the tube's wall. 

Still, substantial reduction in flaw sizes in the ceramic 
electrolyte and the use of corrosion resistant container materials 
will be necessary before sodium-sulfur cells are ready for space. 
Development of the components for terrestrial cells has been driven 
by the need for relatively inexpensive starting materials and low 
cost fabrication methods. Commercialization goals for terrestrial 
sodium-sulfur technology set energy storage costs of the battery at 
between $50 and $100 per kilowatt-hour. Compare these values with 
the average $50,000 per kilowatt-hour cost for a spacecraft battery 
and one can see a great deal of improvement can be made. Higher 
quality starting materials, better fabrication techniques, and 
higher quality assurance standards will improve the lifetimes of 
the cell components. Goals of 30,000 cycles and 10 years life 
should be achievable through advancements in research by the year 
2000. 

A second factor to consider in regard to spacecraft batteries 
is efficiency. Efficiency is the amount of energy withdrawn from 
the battery dur; ng di scharge divi ded by the amount of chargi ng 
energy put into the battery during one typical electrical cycle. 
The energy storage efficiency directly affects the power level of 
the accompanying solar array. Increased efficiency of the energy 
storage system equates to more efficient use of solar array power 
and a subsequent reduction in the size of the solar array. 
Efficiency is important in all orbits, but is especially critical 
in the low altitude orbits where the recharge time is short. Short 
recharge times imply high solar array power and high battery 
efficiency can reduce the size of these large solar arrays. 
Improved energy storage efficiency decreases the energy losses 
during this stage and results in better utilization of solar array 
power, as well as reduced thermal management requirements to 
radiate waste heat. Both nickel-cadmium and nickel-hydrogen 
batteries have efficiencies of 75%, while sodium-sulfur is 85-90% 
efficient. 

The advantage of switching to more efficient batteries is de­
creased solar array size, resulting in a weight reduction of up to 
10%. A decreased solar array size benefits not only the increased 
weight allocable to the payload, but also results in reduced drag, 
smaller radar signature and reduced altitude maintenance propellant 
requirements. The magnitude of these individual benefits is small, 
but it becomes significant when they are combined. 

A third major factor for spacecraft batteries is the trade-off 
between power and weight. Missions outlined in the Military Space 

1 ~l.A. Smaga and J.E. Battles, "Post-Test Examination of Na/S Cell 
ADA23," Private Correspondence to Air Force Wright Aeronautical 
Laboratories, 1985. 
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Systems Technology Plan (MSSTP) project power levels for future 
spacecraft at 50 kilowatts and above. Present spacecraft batteries 
supply power up to 5 kilowatts and comprise on the average about 
10 - 15 percent of the total satellite weight. As spacecraft power 
levels rise and spacecraft weights approach the payload limits of 
boosters and orbital transfer vehicle capabilities, the allowable 
battery wei~ht will place limits on the power available to the 
spacecraft (Fi gure 4). The percentage of spacecraft wei ght occu­
pied by batteries is determined not only by battery technology, but 
by the technology of the other subsystems. This percentage can be 
reduced by improving battery technology through the development of 
more advanced systems. Increases in the percentage of satellite 
weight allocated to the batteries at this time must come at the 
cost of either reduced capabilities of other subsystems or improved 
technologies in those subsystems or the payload. For spacecraft 
using advanced nickel-hydrogen batteries, power in mid-altitude 
orbits will be limited to about 12 kilowatts using the Inertial 
Upper Stage (IUS) and 22 ki 1 owatts using the Hi gh Energy Upper 
Stage (HEUS). In geosynchronous orbit the power drops to 7 
kilowatts with the IUS and 14 kilowatts with the HEUS. When 
requi rements for ha rdeni ng and autonomy of the enti re spacecraft 
are considered, the available power levels will be reduced further. 

In order to achieve the power levels required by the MSSTP and 
overcome the adverse weight effects of hardening and autonomy, the 
sodium-sulfur battery must be developed. Present nickel-hydrogen 
batteries supply approximately 20 watt-hours (Wh) of energy per 
pound of battery weight in GEO and less than 10 Wh/lb in LEO. 
Further improvements in nickel-hydrogen will yield only modest 
increases in these energy density values. 

A significant improvement in the energy density can be made 
through the development of sodium-sulfur batteries. Separate 
studi es performed by AFWAL, Hughes Ai rcraft and Ford Aerospace 
predict the energy density of the sodium-sulfur battery to be 50 
Wh/lb in GEO and 35 Wh/lb in LEO. These predictions represent over 
a two-fold increase in energy density when compared to 
nickel-hydrogen. For GEO using sodium-sulfur batteries with the 
HEUS, 50 kilowatt power levels will be attainable. This value 
assumes the battery will still comprise only about 15% of the total 
satellite weight. 

Part of this reduction in weight can be realized when 
considering the thermal management system of a battery. Hughes 
Aircraft performed a system design of a mid-altitude orbit radar 
satellite. The system design called for a 50 kilowatt, 47 
kilowatt-hour rechargeable battery. Radiators were sized for both 
a nickel-hydrogen and a sodium-sulfur battery. Results 2showed the 
nickel-hydrogen's radiator having a tot~ area of 490 ft while the 
radiator for sodium-sulfur was 47 ft (Figure 5). The large 
disparity is the result of the different operating temperatures of 
the two batteries. Nickel-hydrogen's low operating temperature 
(10-20°C) requires a large radiator to dissipate waste heat. 
Sodium-sulfur, on the other hand, can discharge its waste heat 
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through a smaller radiator at the battery's operating temperature 
of 350°C. Reductions in size and complexity would yield a highly 
reliable thermal management system with greater survivability from 
future threats in space. 

Other lesser factors also deserve consideration when comparing 
characteristics of spacecraft batteries. Depth-of-discharge (DOD) 
is expressed as a percentage of the rated energy capacity removed 
from a battery in a single discharge. Depending on orbit and 
desired lifetime, nickel-cadmium DOD is limited to about 25% in the 
lower orbits, while at GEO the value can increase to 60%. The 
reason for utilizing only a fraction of the rated capacity is to 
extend the battery's lifetime. Greater than recommended depth-of­
discharge results in decl ining battery performance and premature 
failure. Advances in nickel-cadmium and nickel-hydrogen batteries 
may extend DOD to 40% in LEO and 80% in GEO. 

Sodium-sulfur cells again will make an improvement over nick­
el-hydrogen and nickel-cadmium. Cells on test in simulated 
mid-altitude orbit (MAO) and GEO at the Aero Propulsion Laboratory 
have been discharged to 80% DOD with no apparent adverse effect on 
lifetime. The deeper discharge would be a more effective use of 
available energy for low altitude orbit mission, but consideration 
will have to be given to the end of life requirements for battery 
capacity in determining the system's optimum DOD. Since a final 
cell design has not been selected at this time, performance 
degradation with time is unknown. 

The problem of self-discharge by spacecraft batteries on open 
circuit will also be eliminated by the use of sodium-sulfur. 
Charging systems on present satellites are required to perform 
trickle charging to maintain the batteries at full capacity and 
account for small differences in charging efficiencies. Also, 
complicated individual cell controls are required. Sodium-sulfur 
is un 1 ike present spacecraft batteri es in that no se If-di scharge 
occurs while it is an open circuit, as Faradaic efficiency is 100%. 
Transport of sodium ions through the ceramic electrolyte can happen 
only when a load is placed on the system. Once a battery is 
charged to a predetermined voltage limit, the capacity will be 
retained until energy is required. 

Problems, however, do exist with the sodium-sulfur battery in 
its present state. Sufficient lifetime and reliability of the cell 
for GEO and MAO are questionable. Cells on test at AFWAL have 
demonstrated the necessary cycle lifes for GEO and are approaching 
those needed for MAO (Figure 6). Nonetheless, the calendar life 
goal of 10 years is yet to be attained and will not be known for 
several years. Cell reliability is also unacceptable due to the 
percentage (less than 10%) of cell failures still occurring within 
the first 200 cycles. The keys to solving this particular problem 
will be improvement of the quality of ceramic electrolyte tubes and 
cathode containers used in the design. 
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In the area of battery design, several other problems must be 
solved before use in spacecraft can begin. Design of the thermal 
management system will require a lightweight battery container 
capable of isolating the battery's heat from the rest of the 
spacecraft. During discharge the battery generates more heat than 
it requires to remain at the operating temperature. Radiation of 
excess heat at 350°C could be a significant problem for the 
spacecraft's delicate instrumentation if the heat is not directed 
outwards into space. At the same time, sufficient insulation must 
be used to keep the battery at its operating temperature. 
Operation of the battery below this temperature would result in 
decreased efficiency and possible damage to the cells. Internal 
heaters in batteries for GEO will have to be used to maintain 
temperature during solstice periods. 

Advancements in high temperature cell bypass technology is 
also necessary for the development of the sodium-sulfur battery. 
The diodes and relays used for cell bypass in nickel-cadmium and 
nickel-hydrogen are designed to function in these batteries' 
operating temperature range of 10-20°C. Placement of the bypass 
e 1 ectroni cs external to the sodi um-sulfur battery woul d result in 
large thermal losses through the connections to the container. New 
technology will be needed to withstand the rigors of a 350°C 
environment with the same reliability as before. 

The sodium-sulfur battery is a developing technology with a 
tremendous potentia 1 to expand Ai r Force operati ona 1 capabil iti es 
in space. This paper has discussed its benefits over existing 
technology, as well as the genuine need for it in the future. 
Sodium-sulfur is not just an enhancing technology like nickel­
hydrogen, it is an enabling technology which is required for the 
performance of future high power space missions. Development 
of the technology must begin now in order for it to be available by 
the mid 1990's. Several issues concerning the system still must be 
addressed and technology problems solved before it will be ready 
for space use. Nonetheless, the advantages this system offers when 
compared to batteries we have now are so attractive and essential 
that we cannot afford to delay development any further. Space 
power is a key enab 1 i ng technology in the accompli shment of the 
total space mission. Neglect of it would undoubtedly result in our 
failure to achieve important future mission objectives in space. 
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ENERGY STORAGE SYSTEMS COMPARISON FOR THE SPACE STATION 

G. van Ommering 

Ford Aerospace & Communications Corporation 
Palo Alto, California 

INTRODUCTION 

The Space Station represents one of the largest space power system 
applications under serious consideration at this time. Definition and 
Preliminary Design studie~ under Phase B of the Space Station Program 
are in process at most NASA centers and a large group of contractors. 
In the Work Package 4 Power System studies, NASA Lewis Research Center 
with contractor teams led by Rocketdyne (with major team members Ford 
Aerospace, Harris, Garrett, and Sundstrand) and TRW (with General 
Dynamics and General Electric) is defining the Power System. This 
effort has progressed through conceptual design of various options, 
and elimination of some options to a final selection process which is 
now beginning. 

This paper provides an overview of the requirements, options, selec­
tion criteria and other considerations, and current status with regard 
to the energy storage subsystem (ESS) for the photovoltaic power 
system alternative for the Space Station, presented from the perspec­
tive of Ford Aerospace as a member of the Rocketdyne team. 

ENERGY STORAGE SYSTEM REQUIREMENTS 

Technical Performance Requirements 

The current requirements to which the power system is being designed 
are summarized in Table 1. Significant for the ESS is, beside the 75 
kW base load, the contingency requirement which demands the ability to 
support half the station load for a full orbit after eclipse 
completion. This limits depth of discharge (DOD) to about 38-40 % for 
nominal eclipse operation. Peaking support is not very severe in a 
relative sense, but needs to be factored into DOD and contingency 
capability for ESS sizing purposes. A design life of five years has 
been used as a goal. Physical constraints for the ESS derive from the 
9 x 9 x 9 foot envelope of the "utility centers" located just outboard 
of the transverse boom alpha joints, see Figure 1. 

Technology Readiness Requirements 

Table 2 summarizes the technology readiness and risk implications of 
the Space Station schedule, which has a goal of a 1992 Initial 
Operating Capability (IOC) with growth beginning a few years later. 
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For IOC the desired technology should be scalable to Space Station 
proportions at low risk, while the growth Station permits more 
advanced technologies for which both risk and payoff are higher. 

IOC Cost Requirements 

The cost of the IOC configuration of the Space Station is limited to 
$ BB. This must be accommodated by cost-effective design of each 
subsystem, but in particular by ensuring that the overall system cost 
is minimized, even if this means choosing a more costly option for a 
given subsystem. As suggested in Table 3, cost of the ESS should not 
be minimized in itself, but must be combined with cost impacts on 
solar arrays, thermal control hardware, power management and distribu­
tion (PMAD) equipment, and others as a basis for overall system cost 
optimization. These cost impacts result from ESS roundtrip 
efficiency, heat dissipation, and electrical control requirements. 
Commonality with other subsystems, platforms and free-flyers to save 
development costs, and modularity and simplicity to save production 
costs, are desirable to minimize IOC expenses. 

Launch and Operations Cost Requirements 

Launch cost is a key element of overall cost, and here mass impacts 
must be accounted for that are caused by ESS selection and design in 
other sUbsystems. Volume may in some cases be a stronger launch cost 
driver than mass, and must be accounted for similarly. As summarized 
in Table 4, other elements of life cycle cost include operational and 
maintenance expenses. For the Space Station, operations costs are 
affected strongly by the need to supply fuel to maintain orbit 
altitude; this drives the ESS to high efficiency to minimize solar 
array and radiator size. Replacement costs include considerations of 
high reliability and wear-out life, and minimal cost of replacement. 

SPACE STATION ESS OPTIONS 

ESS Options Considered 

Within the above framework of requirements, and as quantitatively as 
possible, a range of ESS options has been evaluated. Table 5 shows 
the major options considered. The first elimination round involved a 
global judgement of readiness of each technology and its ability to 
meet the IOC date. This led to elimination of energy wheels, sodium­
sulfur batteries and hydrogen-halogen fuel cells. Bipolar Ni-H2 
batteries were borderline in readiness potential. 

For some of the eliminated options an estimate of performance was 
nevertheless done to estimate the potential for growth. Table 6, 
discussed in more detail later, gives a comparison of some major 
representatives of each ESS class. Designs are summarized below. 
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Overview of ESSDesigns 

Regenerative Fuel Cell. The alkaline regenerative fuel cell system 
(RFCS) consists of four identical assemblies. Each includes a fuel 
cell module (FCM), a water electrolysis module (WEM), a FCM accessory 
section, and a WEM accessory section. The accessory sections contain 
the valves, pumps, regulators, heat exchangers, etcetera, required for 
RFCS operation. A set of hydrogen and oxygen tanks serves two of the 
assemblies. The electrode areas of the FCM and WEM are sized to 
provide a relatively high efficiency of 62%, which includes losses 
associated with accessory section operation. Typical operating volt­
ages of the FCM and WEM stacks are 155 V. 

IPV Ni-H2 Battery. The individual pressure vessel (IPV) Ni-H2 battery 
option consists of four batteries of 275 Ah capacity. Each battery 
has 105 cells of 275 Ah capacity in series, distributed over five 
identical assemblies. These assemblies hold their 21 cells supported 
on structural beams that carry heat pipes for efficient heat removal. 
Twenty assemblies are held in two "oven-rack" type arrangements, one 
per utility center. Typical discharge voltage is 133 V averaged over 
the 35-minute, 40% DOD discharge. 

Bipolar Ni-H Battery. The bipolar Ni-H battery uses the design 
concept devefoped by Ford Aerospace and fardney under NASA-LeRC 
sponsorship. It consists of four batteries, each with three assem­
blies in parallel. The assemblies each consist of a pressure vessel 
containing two cell stacks of 52 cells in series, with a capacity of 
90 Ah. The cells have the long, rectangular configuration: about 12 
cm wide by 160 cm long. Each assembly also contains redundant coolant 
pumps and a heat exchanger interface. 

Ni-Cd Battery. The Ni-Cd system consists of 16 batteries of 125 Ah 
capacity and with 104 series cells. Each battery is divided into four 
26-cell battery packs, mounted on a honeycomb panel with embedded heat 
pipes. The 16 panels are mounted in "oven-rack" type arrangements in 
the Station utility centers. 

Na-S Battery. The sodium-sulfur (Na-S) battery, operating at 300 to 
e 400 C, uses cell sizes close to those being produced currently. The 

75-kW system would consist of four batteries each with four 87-kg 
modules of 70 cells of 65 Ah capacity, delivering about 126 V on 
discharge. Each module has a variable conductance radiator system on 
its external surface. The modules are placed on the outside of the 
utility module. 

Energy Wheels. The energy wheel data shown represents a blend of 
various approaches. This was necessary because of the extremely wide 
range of characteristics reported for point designs for Space Station 
flywheels. 
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ESS OPTIONS COMPARISON 

Performance 

Table 6 provides a comparison of ESS alternatives described above. 
The alkaline H2-02 RFCS is used as the baseline in this comparison. 

The RFCS has a much lower mass than the other feasible systems, the 
Ni-Cd, IPV Ni-H2 , and bipolar Ni-H2 batteries. However, its thermal 
control equipment is considerably fieavier than that of the others, 
because of the RFCS's relatively low roundtrip efficiency and its 
resulting high heat rejection rate, albeit at a higher temperature. 
In the case of the room-temperature systems it is also feasible to use 
a common thermal control loop for the ESS and PMAD, which is difficult 
to do with the RFCS. The roundtrip efficiency difference also results 
in a solar array mass "credit" for the non-RFCS systems. When all the 
impacts have been included, the RFCS has still the lowest mass, but 
the other systems become more competitive. 

By far the most attractive is the Na-S battery system; however, this 
technology has not reached the maturity required for serious con­
sideration for the IOC Space Station. It provides low mass, high 
efficiency, and minimal thermal support requirements due to the high 
rejection temperature. With sufficient development its benefits may 
be applicable to the growth station. 

Maturity 

Table 7 summarizes for the options with initial readiness potential 
the estimated maturity level using the NASA 1 to 8 rating scale. The 
levels shown here represent (abbreviated definitions): 

4 - Critical function breadboard demonstration 
5 - Component or brass board model tested in relevant environment 
6 - Prototype or engineering model tested in relevant environment 
7 - Engineering model tested in space 
8 - Baselined into production design 

The rating for the alkaline/alkaline RFCS is dual: while the fuel cell 
part has been demonstrated on the STS Orbiters with success, and can 
be considered a prototype for the Space Station version, the e1ec­
tro1yzer has so far been demonstrated only as a breadboard in the 
laboratory and rates a 4. The IPV Ni-H battery has a dual rating of 
6 for the qualification of smaller LEO 6e11s, and 5 for the slightly 
lower maturity of the 275-Ah cells. A 220-Ah cell is being demon­
strated in December 1985 by Ford Aerospace and Yardney. 

In addition to the maturity level, the degree of current development 
activity, interest, and funding is an important factor in the assess­
ment of potential technology readiness. Qualitative estimates are 
shown in Table 7. 
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Combination.of the maturity and activity estimates leads to the judge­
ment that only the alkline/alkaline RFCS, the Ni-Cd battery and the 
IPV Ni-H2 battery are viable options for Space Station energy storage. 

Cost 

Costs for the three surviving options are undergoing extensive refine­
ment and therefore quantitative values would be very preliminary. 
However, a broad qualitative comparison can be made in the different 
cost categories, and is expected to remain valid. Table 8 summarizes 
the data. Development costs follow the maturity levels as expected. 
Production costs are lowest for the Ni-H system due to low 
complexity, moderate modularity and replfcation. Ni-Cd batteries are 
highest because of the large quantity of cells and battery packs. The 
RFCS is intermediate due to greater complexity and lower modularity. 
Solar array costs and thermal control system costs are somewhat higher 
for the RFCS because of the greater heat rejection requirement. Launch 
costs follow the net mass figures of Table 6. Overall, the IOC costs 
appear lowest for Ni-H2 batteries, with the RFCS not very far behind, 
and Ni-Cd considerably more expensive. 

Operations costs for the three options compare as follows. The drag­
related fuel costs will be higher for the RFCS due to the larger solar 
arrays. Random failure occurences will be higher for the RFCS, but 
the items to be replaced will be generally the accessory sections, 
which are small and lightweight. While the replaced mass may thus be 
less than for the batteries, the extravehicular activity repair events 
are higher in number and therefore more costly. 

SUMMARY AND CONCLUSION 

Evaluation of ESS options for the Space Station has led to the selec­
tion of H2-02 alkaline RFCS, IPV Ni-H2 batteries, and Ni-Cd batteries, 
as potent~ally able to meet requirements. Of these, the Ni-Cd bat­
teries are too heavy and too costly to be a serious contender. Ni-H2 batteries appear somewhat lower in overall IOC cost and operational 
costs, and are also favored slightly in non-quantitative criteria, 
such as maintainability, safety, etcetera. The RFCS has a mass 
advantage, but has an overall small disadvantage in IOC cost and 
development risk. 

The RFCS versus IPV Ni-H battery decision will be the subject of 
further sensitivity and €rade studies to ascertain the potential 
effects of evolution of requirements. The final selection is to be 
made by March 1986 and will involve consideration of all Space Station 
system impacts. 
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TABLE I. SPACE STATION POWER SYSTEM REQUIREMENTS 

• IOC - NOMINAL LOAD POWER: 75 KW 
PEAKING : 100 KW FOR 15 MIN PER ORBIT 
CONTINGENCY: 37.5 KW FOR 1 FULL ORBIT (AFTER ECLIPSE) 

• GROWTH - NOMINAL LOAD POWER : 300 KW 
PEAKING : 350 KW FOR 15 MIN PER ORBIT 
CONTINGENCY : 150 KW FOR 1 FULL ORBIT (AFTER ECLIPSE) 

• IOC COST CONSISTENT WITH $ 8 BILLION (1987$) TOTAL STATION COST 

• MINIMAL ,LIFE CYCLE COST 

UTILITY CENTER (1 OF 2) WITH ES5 

CANADIAN INTEGRATED 
SERVICING AND 
TEST FACILITY 

THERMAL RADIATOR 

POWER RADIATOR 

SOLAR ARRAY 

BETA JOINT 

Figure 1. PHOTOVOLTAIC SPACE STATION CONFIGURATION 
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TABLE 2. SPACE STATION ENERGY STORAGE SUBSYSTEM PERFORMANCE REQUIREMENTS 

• IOC : 75 KW + CONTINGENCY + PEAKS 

• LOW RISK SCALE-UP OF CURRENT TECHNOLOGY FEASIBLE 

• TECHNOLOGY READINESS ADEQUATE TO MEET IOC SCHEDULE 

• ABILITY TO MEET PEAK REQUIREMENTS 

• GROWTH: 300 KW + CONTINGENCY + PEAKS 

• MEDIUM RISK SCALE-UP OF CURRENT TECHNOLOGY FEASIBLE 
- MORE ADVANCED TECHNOLOGY PERMITTED 

• TECHNOLOGY READINESS ADEQUATE TO MEET GROWTH SCHEDULE 

• ABILITY TO MEET PEAK REQUIREMENTS 

TABLE 3. SPACE STATION ENERGY STORAGE SUBSYSTEM IOC COST REQUIREMENTS 

• COST CONSISTENT WITH $ 8 BILLION IOC STATION COST 

• LOW DEVELOPMENT COST • LOW PRODUCTION COST 
• HIGH MATURITY LEVEL • HIGH MODULARITY LEVEL 
• HIGH MODULARITY LEVEL • LOW COMPLEXITY 
• LOW COMPLEXITY 

• MINIMAL ADVERSE IMPACT ON OTHER SYSTEMS/SUBSYSTEMS 
• POWER GENERATION SUBSYSTEM 
• POWER MANAGEMENT AND DISTRIBUTION 
• THERMAL CONTROL SUBSYSTEM 
• - ETC -

• HIGH COMMONALITY 
• WITH OTHER SYSTEMS/SUBSYSTEMS 
• WITH PLATFORMS AND FREE-FLYERS 

37 



TABLE 4. SPACE STATION ENERGY STORAGE SUBSYSTEM LIFE CYCLE COST REQUIREMENTS 

• MINIMAL LIFE CYCLE COST 

• MINIMAL LAUNCH COST 
• LOW MASS 
• LOW WLUME 

• MINIMAL OPERATIONS COST 

• AUTOMATION 
• MINIMAL IMPACT ON OTHER SUBSYSTEMS 

- POWER GENERATION SUBSYSTEM DRAG 
- THERMAL CONTROL SUBSYSTEM DRAG 

• MINIMAL MAINTENANCEIREPLACEMENT COST 
• HIGH RELIABILITY AND LONG WEAR-OUT LIFE 
• LOW REPLACEMENT COST 

- LOW MEAN-TIME-TO-REPAIR 
- MODULARITY 
- LOW MASS AND VOLUME (LAUNCH COST) 
- LOW PRODUCTION COST 

TABLE 5. SPACE STATION ENERGY STORAGE OPTIONS 

• BATIERY SYSTEMS 

• NICKEL-CADMIUM 

• NICKEL-HYDROGEN IPV 

• NICKEL-HYDROGEN CPV 

, NICKEL-HYDROGEN BIPOLAR 

o SODIUM-SULFUR 

•• COULD BE READY FOR IOC 
o 0 CANNOT BE READY FOR IOC 

• REGENERATIVE FUEL CELL SYSTEMS 

• ALKALINE/ALKALINE HYDROGEN-OXYGEN 

• ALKALINE-FC/SPE-EM HYDROGEN-OXYGEN 

• SPE/SPE HYDROGEN-OXYGEN 

o HYDROGEN-HALOGEN 

0 ENERGY WHEELS (FLYWHEELS) 
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TABLE 6. SPACE STATION ENERGY STORAGE OPTIONS CHARACTERISTICS COMPARISON 

---------------------------- ------- ---.--- ------- ------- ------. ------
Hr 02 NI-H2 NI-H2 NI-CD NA-S ENERGY 

CHARACTER I STI C RFCS IPV BIPOLAR WHEELS --.-------------------.----- ------- ---.--- ------- ------- ------. -------
ROUND-TRIP EFFICIENCY (%) 62 80 82 80 85 85 

DEPTH-Of-DISCHARGE (%) (40) 40 40 20 40 40 

MASS (KG) 
ENERGY STORAGE 2300 4550 3600 9600 1400 6000 
THERMAL CONTROL 2100 1100 1100 1100 100 800 
SOLAR ARRAY CREDIT - ( 270) ( 270) ( 270) ( 360) ( 360) 
• TOTAL • 4400 5380 4430 10430 1140 6440 

VOLUME (",3) 19 14 3 11 2 9 

ECLIPSE HEAT REJECTION (KW) 55 19 18 19 18 10 

TEMPERATURE (0(> 80 10 10 10 350 30 ---------------------------- ------- ------- ------- ------- ------. ------

TABLE 7. SPACE STATION ENERGY STORAGE OPTIONS READINESS AND ACTIVITY ASSESSMENT 

-------------------.---.------ ------------- ---------------
ENERGY STORAGE OPTION "efWlTY DE~~~~f~T 
------------------------------ .------------ ---------------

• ALKiALK REGENERATIVE FUEL CELL 4/7 HIGH 

SPE/SPE REGENERATIVE FUEL CELL 5 LOW 

ALKiSPE REGENERATIVE FUEL CELL 5 MED 

• NICKEL-CADMIUM BATTERY 8 HIGH 

• NICKEL-HYDROGEN IPV BATTERY 5/6 HIGH 

NICKEL-HYDROGEN CPV BATTERY 4 LOW 

NICKEL-HYDROGEN BIPOLAR BATTERY 4 MED 
------------------------------ ------------- ---------------
• • SURVIVOR 
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TABLE 8. SPACE STATION ENERGY STORAGE OPTIONS QUALITATIVE COST COMPARISON 

-------------------------- ----------- ----------- -----------
COST ELEMENT RFCS NI-H2 NI-CD 
-------------------------- ----------- ----------- -----------
DEVELOPMENT COST HIGHEST MEDIUM LOWEST 
PRODUCTl ON COST MEDIUM LOWEST HIGHEST 
SOLAR ARRAY COST HIGHER BASIS BASIS 
THERMAL CONTROL COST HIGHER BASIS BASIS 
LAUNCH COST LOWEST MEDIUM HIGHEST 
-------------------------- ----------- ----------- -----------
OVERALL 10C COST MEDIUM LOWEST HIGHEST 
-------------------------- ----------- ----------- -----------
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ABSTRACT 

N87-11076 

GALILEO Li/SOa BATTERY MODULES 

- PROGRAM UPDATE -

R. A. SmIth 
Honeywell Power Sources Center 

104 Rock Road 
Horsham, PennsylvanIa 

~ -. . - . 

In order to meet the unIque power needs of NASA's Galileo Probe, 
the Li/SOa high rate "0" cells used in the battery modules have 
undergone some design changes, an upgradIng of hardware qualIty 
requIrements, and sIgnifIcant testing. A descrIption of the desIgn 
changes and the cell test data that are of a general nature Is 
presented here. This data Includes capacities, open circuIt 
voltages, and Internal resistance comparisons. A sIgnIficant data 
base has been built up over the years and continues to grow. 

INTRODUCTION 

Honeywell Power Sources Center (HPSC) has been Involved in the 
development of the Li/SOa Galileo Probe Battery wIth NASA and 
Hughes Aircraft Company (HAC) sInce 1~78. ThIs program has 
signifIcantly broadened our experience and capabilItIes in design 
and manufacture of hardware to meet space requIrements. The terms: 
performance, quality, and relIability, as regards Galileo high rate 
liD" cells, have taken on new meaning In thIs program. Due to the 
critical nature of this battery's performance, and the lack of 
prevIous flight experience wIth this system, a signifIcant amount of 
testing has been done in this program. Ue feel the informa~ion 
gaIned from these tests has substantially Improved the base of 
knowledge of Li/SOa cells and systems, and we would lIke to 
present these data for your InformatIon, evaluatIon, and possIble 
use. 

BACKGROUND 

In a paper presented to this forum in 1982, Dr. L. S. Marcoux 
and Mr. B. P. Dagarin of Hughes Aircraft Company described the 
unIque requIrements for the NASA Galileo Probe power source and 
explained why the Li/SOa system was selected for the application 
over alternate electrochemistries. The savIngs In weight and volume 
were the overrIding factors, but low temperature performance and 
shelf lIfe were also important. 

The basIc power element, a module of thirteen high rate "0" 
cells in series, must provide energy after the Galileo probe leaves 
the orbiter. The requIrements of a lSD-day coast, seven hours of 
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pre-entry, and approximately an hour of descent to the planet 
Jupiter, as well as test requirements, storage losses and 
continaency dictate a mission energy budget of 19.02 Ahrs for the 
three modules that comprise the Galileo Probe Battery. 

Dr. Marcoux also discussed: 

Mission description and requirements, 
Battery system description, 
Battery salety considerations, 
Description of battery test proaram. 

In a 1984 paper by HPSC and HAC, aaain at this forum, the test 
facilities developed and used durina this proaram were 
discussed by Mr. U. T. Pertuch. 

Today, I will present: 

Description ol Cell Lots (Design Development), 

Cell Tests 

Developmental 
Storaae/life tests 
Environmental, 

Module Tests 

Developmental 
Environmental. 

DESCRIPTION OF CELL LOTS 

The Galileo Probe Battery lliaht hardware cells are lrom Lot 
6. This cell lot has passed all acceptance criteria, and we have 
completed a preliminary buy-oll ol this hardware. Modules have 
been shipped to Huahes. Previous lots represent the technical 
evolution ol the battery and demonstrate the intense quality 
assurance demanded lor these batteries (See Table 1). 

Lot 1 cell. were used in: 

Baseline capacity tests 
Simulated battery tests. 

Lot 2 cells were used in: 

Lile tests 
Corrosion tests. 
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Alternate cells were used In: 

Lot 3 

Lot 4 

Baseline capacity tests 
Simulated battery tests 
Life tests 
Corrosion tests 
Vibration tests. 

cells were used in: 

Corrosion tests 
Life tests 
Reversibility of Temperature 

cells were used in: 

Cell qualification tests 
nodule qualIfication tests 
Cell life tests. 

Lot 5 cells were used in: 

Cell qualification tests 
Storaae tests. 

Lot 6 cells were used in: 

CELL TESTS 

Cell qualification tests 
nodule qualification tests 
Storaae tests. 

Effect. 

Early developmental cell tests indicated that the hlah rate "D" 
battery performance level was sufficient to meet the Galileo 
requirements, but they also showed that there was some desian 
modifications and material and process uparadina required to meet 
the environmental requirements. Such areas included: 

Cathode dryina. - Reduced self-discharae reactions. 

Increased anode tab widths. - Improved tolerance to 
vibration. 

Grid added to anode. - Improved lithium utilIzation and 
added strenath. 

Lithium-Bromide concentration reduced. - Reduced 
corrosion. 

Glass uparaded. - Reduced cell failure due to corrosion. 
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Electrolyte mixed in alass vessels. - Reduced 
contaminants. 

Electrolyte reduction. - Increased ullaae. 

These improvements to the desian and the manufacturina 
processes occurred as a result of data analyses from the extensive 
environmental, life, and corrosIon testlna performance on these 
cells and modules. EnvIronmental tests Include: 

o 
o 
o 
o 
o 
o 
o 

,0 

o 
o 

Hiah Temperature Test 
Sinusoidal VIbratIon Test 
Random VIbratIon Test 
lSO-Day Coast TImer Test (accelerated and real tIme) 
Entry DeceleratIon Test 
Pressure Thermal Test 
Hiah Pressure and Condenslna MoIsture Test 
Descent Load/Temperature ProfIle Test 
DOT Safety Tests 
Module Vent Ina Test 

Cell and modules have passed qualIfIcatIon and acceptance 
testlna c1 '. The tests were very rlaorous and sImulated as 
~iosely as possIble the predIcted mIssion condItions. 

VhIle the envIronmental tests have expanded the baselIne 
performance capabilIties in aeneral and specifically for use in 
space, that baselIne Is somewhat limited by the fact that it was 
aeared to one specifIc scenario. The lIfe, storaae, and corrosion 
testina is more aeneral In nature and, therefore, applIcable in 
almoat every facet of desian where hiah rate "D" cells are used. I 
wIsh to emphasIze thIs group of cell tests due to Its unIversal 
nature. Ve obtaIned consIderable data In the followlna tests: 

o Cell Real Time/Temperature Test -Lot 3 
o Cell Life Tests - Lots 3a, 4, 6 
o Cell Storaae Test O·C - Lot S 
o CorrosIon Tests - Alternate Cells 

Vhlle I am Includina some capacity data on Lots 3 and 3a here 
in Table 2 and 3, I must remind you that this hardware was not to 
the final confiauration, and we did run into corrosIon problems 
with that desian. Of much more value is the data from Lot 4, S, 
and 6. Flaures 1-8 address a comparison of data between Lot 4 and 
6 . 

. ~ --. 

" 

(1' Lot 6 modules still must pass real time descent 
load/temperataure profile test. 
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This data includes: 

o Internal resistance (IR) versus time at 20°, 50°, 
60°, and 70°, 

o OCV versus time at 20°, Soo, 60°, and 70°. 

Fiaure 9 addresses Internal Resistance versus Capacity in 
Amp-hours. 

As you will note, only limited data are available on Lot 6, b~t 
it appears that the lot 6 data follows Lot 4 data except where th~ 
chamber was shut down on the Lot 4 cells at 70°C. 

Detailed analyses of Lot 4 and Lot 6 data would be premature at 
this point. This test extends out to the year 1990 and we expect 
valuable information will be aained by trackina results closely. 
Some general type trends miaht leaitimately be gleaned now thouah. 

IR and OCV seem to indicate cell dearadation at 
approximately the same time. 

An internal resistance readina areater than 1.50 ohms 1s 
an indication of cell failure. 

70°C storaae will limit life and may add risk to cell 
intearity. 

This information with the additional data that will continue to 
be obtained will be of sianificant value in expandina our use of 
Li/SO. cells in future applications especially with what miaht b. 
called these "pediareed cells". 

MODULE TESTING 

The Galileo Probe Module hae now paesed all environmental test 
requirements which include: 

Sinueoidal Vibration - See Table 4 
Random Vibration - See Table 5 
Deceleration and Spin -See Table 6 
Te.perature/Pressure - See Table 7 and Fiaure 10 

Battery (three modules) capacity is measured on sets of 
hardware that have experienced accelerated and real time lSO-day 
coast teete. To date, we have completed both Lot 4 discharae t •• ts 
and the Lot 6 accelerated coast time discharae test. All disch.rae 
tests are conducted per the projected mission requirements for 
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pre-entry (approximately 6 hours) and entry (approximately 1+ 
hours) time. The data are as follows: 

Accelerated Battery Test 
Real Time Battery Test 

Lot 4 
23.9 Ah 
21.6 Ah 

Lot 6 
23.3 Ah 
Nov. 1985 test 
data 

The sliaht reduction in Lot 6 capacity can be directly 
attributed to the reduction in cell electrolyte for Lot 6 cells as 
compared to Lot 4 cells. Ue also expect a like reduction in real 
time capacity for Lot 6. 

SUMMARY 

The test data we have obtained during the Galileo Program has 
provided us a baseline for further development of power sources for 
space, both in design and manufacturing processes. The data base 
gained from this effort for Li/SO. cells is not only significant 
in quantity but due to the quality built in these cells, we hope to 
be able to deduct new information and hopefully formulate new 
theories. Limited design variatIons and tight standard devIatIons 
on desIgn characteristics may help define phenomenon previously not 
understood. Even more valuable will be the review of the 
relationship between acceptance criteria and the actual battery 
requIrements during the flight to Jupiter. The profusion of 
applications for power sources in space will be greatly serviced by 
this program, and we plan to continue our analyses of all data 
(present and future) to help us meet those needs. 
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TABLE ~. LOT 3 REAL TIME/TEMPERATURE CAPACITY 

Inverted 
Storage Time Temp. Capacity 

(yr. ) (oC) (A-hrs) 

0.000 0 5.67 

.500 0 5.53 

1.417 0 5.66 

1.667 30 5.52 

1. 917 30 5.67 

2.167 30 5.67 

2.417 30 - 20 5.78 

2.713 20 5.57 

2.930 20 5.49 

3.185 20 5.56 

3.407 20 5.57 

3.665 20 5.76 
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TABLE 3. LOT 38 LIFE TEST 

Inverted Storage Ti.e 

6 .os. l2 .os. 18 mos. 24 .os. 21 .os. 
---- ----- ~-----.-- ---

5.46 ~.81 5.18 5.92 5.11 

5.11 5.54 5.61 5.10 5.48 

5.43 5.61 5.54 5.51 5.43 

5.42 5.23 5.35 5.11 4.91 

5.24 5.52 5.21 4.93- a 

Baseline (from fresh cells): 5.80 Ahrs. 
Average Capacity in Ahrs to 2.0V cutoff . 0 
Discharge Load; 4 amperes constant at 0 C 

30 mos. 

5.11 

5.52 

5.33 

5.12 

a --

(a) Cell or cells incapable of sustaining 4-ampere load. 
(b) 50oC-stored cells removed from test plan after 31 months 

per Hughes Aircraft Company 

33 mos. 36 mos. --------

5.86 5.88 

5.61 5.58 

5.46 5.44 

5.48 5.32 

b 
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TABLE 4. SINUSOIDAL VIBRATION INPUT QUALITY LEVELS 

AXIS fREQ,Hz ACCELERATION, G DISPLACEMENT, IN. 
CO TO PEAK' 

X 10 TO lO - 0.24 (DOUBLE AMPLITUDE' 
30 TO 100 11.0 

100 TO 178 2.0 
170 TO 2000 1.0 

Y 10 TO lO - 0.24 (DOUBLE AMPLITUDE, 
30 TO 78 11.0 
78 TO 100 2.0 

100 TO 2000 0.8 

Z 10TO. - 0.047 (DOUBLE AMPLITUDE' 
48 TO 136 6.0 

136T0200 3.0 
200 TO 4IiO 1.6 
4IiO TO 2000 2.0 

NOTE: SWEEP RATE, ALL AXES, IS 2 OCT/MIN, :un ON AMPLITUDE. 



~ 
N 

AXIS 

1 ........ '-11.141 

X 

1 ..... '· •.• 1 

Y 

I ........ ' -8.GlI 

Z 

TABLE 5. RANDOM VIBRATION INPUT QUALITY LEVELS 

FREQ.Hz PSD.illHa SlOPE. dBiOCT 

2OTO.Hz - + I 
• TO 10 1.1 -
.T0211 . -12.0 

211 TO &00 0.03 -
IiGOTO 1000 - -11.0 

1000 TO 2000 0.001 -

2OTO. +1.0 
31 TO 10 1.& 
10 TO 123 -21 

123 TO 400 0.01 
400 TO 117 -11.0 
117 TO 2000 0.001 

20 TO 120 0.1 -
120 TO 160 - +16.0 
160 TO 280 0.3 -

280 TO 140 - -16.0 
140 TO 2000 0.806 -



TABLE 6. DECELERATION Al:iD SPINNING REQUIREMENTS 

DESCENT DECELERATION 

• Z·AXIS 
• PEAK LOAD Of 426 O'S 
• 300 O'S fOR 30 SEC 
• 0.060 IN. MAX STATIC DEfLECTIVITY AT 42& G'S 

SPINNING 

70 
3 

RPM 

10 TO 11 

0.2& T040 
OTO 120 
o 

TIMEPERIOO 

1 HR CLAUNCH) 
30 DAYS CON ORBITER) 
1&0 DAYS CON PROBE) 
1 HR 
1 TO 2 MIN CDURING DESCENT; UP TO 425 G) 
REMAINDER TO MISSION 
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STEP t,MONTHS 

1 0 

2 2.0 

3 13.0 

~ 4 0.6 

6 2.0 

8 0.6 

7 4.0 

8 0.1 

9 19.0 

10 6.0 

TABLE 7. MISSION TEMPERATURE PROFILE 
(prior to descent) 

CUM t, MO ACTIVITY 

0 CELL ACTIVATION 

2.0 MODULE FABRICATION 

16.0 STORAGE DURING QUAL/ACCEPTANCE 

16.6 SHIPMENT TO SPACECRAFT 

17.6 INSTALLATION ON SPACECRAFT 

18.0 SHIPMENT TO CAPE 

22.0 PRELAUNCH TO CAPE 

22.1 LAUNCH 

41.1 INTERPLANETARY 

48.1 COAST 
--

TEMP. °c 

-
lOMAX 

0 

lOMAX 

lOMAX 

40 MAX 

lOMAX 

lOMAX 

20 MAX 

o NOMINAL 
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ABSTRACT 

DETERMINING THE INFLUENCE AND EFFECTS OF 
MANUFACTURING VARIABLES ON SULFUR DIOXIDE CELLS 

W. V. Zajac, M. A. Thomas, J. A. Barnes, R. F. Bis, 
P. B. Davis, F. C. DeBold, G.W. Gemmill, L. A. Kowalchik 

Naval Surface Weapons Center 
Silver Spring, Maryland 20903-5000 

A survey of the Li/S02 manufacturing community was conducted to determine 
where variability exists in processing. The upper and lower limits of these 
processing variables might, by themselves or by interacting with other 
variables, influence safety, performance and reliability. A number of 
important variables were identified and a comprehensive design experiment is 
being proposed to make the proper determinations. 

INTRODUCTION 

The Lithium Systems Safety Group at the Naval Surface Weapons Center 
(NSWC) routinely evaluates lithium power sources for use in Naval 
applications. Also, in the course of accomplishing this mission and in order 
to keep abreast of new technology, members of the group actively participate 
in many research and development programs involving lithium systems. Although 
many lithium systems are being used and proposed for Naval applications, the 
Li/S02 cell is currently the most widely used and is expected to remain so for 
at least a decade. 

The purpose of this work is to expand the current knowledge about Li/S02 cell fabrication which will result in even greater Naval confidence, wider 
acceptance, and use of this important power source. It is also felt that the 
information gained in this program will benefit the development and expanded 
use of other lithium systems as well. 

BACKGROUND 

A major problem that restricts greater use of Li/S02 cells is the lack of 
standardization among manufacturers and the uncertainty that exists when 
systems demand energy from these cells outside the regions where they have 
been previously tested. The regions of safe and reliable use are not just 
limited to performance capabilities, but performance as a function of 
environmental and mechanical stress factors such as time (storage) temperature 
and shock and vibration characteristic of Naval use. 

The usual mode of acceptance testing involves simulated worst case 
evaluations on complete systems and pass/fail judgement can become 
subjective. In order to maximize confidence, all systems that undergo 
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evaluation must remain static once approved for fleet use. Even with these 
safeguards, the Lithium Systems Safety Group occasionally receives disturbing 
safety or performance information from the scientific community suggesting 
that something might be different from previously tested and well 
characterized systems. Tracking down or trying to pinpoint causes for 
anomalous behavior can be very frustrating because reproducibility is often 
difficult and is compounded by our limited understanding of the complex 
chemistry and how it may interplay with unknown or proprietary fabricating 
techniques. 

It was finally decided that in order to gain a full understanding of this 
system, special cells would need to be fabricated and tested. On the surface, 
this would appear to be a simple and straightforward task. However, due to 
the not so obvious subtleties of possible interactions between different 
variables, and also the fact that what might constitute a defect in one mode 
of operation might not necessarily be a defect in another, an appreciation for 
the complexity of this task begins to become apparent. 

The need for an organized and unified experiment dictates that the 
experiment be designed in the classical sense using the powerful techniques 
referred to collectively as "statistical design of experiment". The rationale 
for this is simply that whenever the response from an experiment is associated 
with many variables and/or is subject to appreciable experimental variation, a 
statistically designed experiment offers the only sound and logical means of 
drawing valid conclusions. There is no question of any alternative which is 
equally satisfactory in economy or integrity. 

The use of the above approach will require the efforts of statisticians 
with training and experience in the design and analysis of experiments. But, 
cooperative efforts in science are not new. Most research problems today have 
sufficient complexity that many disciplines and fields of specialization can 
contribute significantly to their solutions. This is certainly true in the 
area of lithium battery technology where the interdisciplinary efforts of 
battery scientists and statisticians have the best chance of resolving 
unanswered questions and uncovering unexpected results. NSWC is one of the 
few Navy laboratories which has a staff of statisticians available for 
consulting and analysis. Members of the statistics staff have been associated 
with the lithium battery problems in the past and have been instrumental in 
preparing the proposed design of experiment. The library of computer programs 
maintained by NSWC's staff was utilized in this preparation, and will be 
invaluable in the analysis of results after the conduct of the experiment. 

EXPERIMENTAL DESCRIPTION 

The experiment involves eleven compositional variables (referred to as 
factors) such as the type of carbon in the cathode and the electrolyte 
dryness. These factors will be considered at two levels each, i.e., two kinds 
of carbon, two electrolyte drynesses, etc. If it were known that there were 
no interactions among these factors, the experiment could be conducted on a 
reasonably small scale. However, since it is believed that the manufacture of 
safe Li/S02 batteries involves the interaction of variables, the experimental 
design must provide for the calculation of the interaction effects. Here, we 
define an interaction as a measure of the extent to which the effect (upon 
battery response) of changing one factor depends on the level of another. 
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This would be referred to as a two-factor (or first order) interaction. One 
can analogously define higher order interactions involving more than three 
factors. However, interactions higher than three-factor interactions are very 
difficult to interpret. It is generally believed that the interactions 
involved with the manufacture of Li/S02 batteries are not higher than first 
order (two-factor interactions). Therefore, a minimum design requirement is 
to provide for the calculation of all two-factor interaction effects. With 
eleven factors, there are 55 two-factor interactions. One approach to 
calculating their effects is to conduct an independent experiment with each of 
the 55 pairs of factors. Each experiment would require two levels of each 
factor represented in a 2 X 2 table of four different cell configurations. 
Hence, to proceed in this fashion, one would have to construct 4 X 55 = 220 
cells. This would provide measures of the eleven main effects and 55 two­
factor interactions. However, it would require 220 different cell 
configurations and for each response variable one should have at least five 
"identical" cells of each configuration to measure experimental variation. 
This is a total of 220 X 5 replicates = 1100 cells per response variable. 

One can vastly improve upon the above scheme by employing the powerful 
technique of fractional factorial experimentation. To em~loy this technique 
with eleven factors at two levels each, we consider the 2 = 2048 different 
cell combinations forme~lby crossing each two level factor, for example, see 
Figure I. However, a 2 experiment would be both wasteful and unrealistic. 
It would provide information on main effects and two-factor interactions but 
also on all the other higher order interactions. These high order 
interactions can be assumed to be negligible, and it is, therefore, not 
necessary to measure them. One1ran sacrifice their information by performing 
only a "fraction" of the full 2 factorial experiment. The degree of 
fractionation depends upon which interactions one is willing to sacrifice 
information. Using the previously stated belief that one need not be 
concerned with interactions beyond firsr10rder (two-factor), we need only 
perform a one-sixteenth fraction of a 2 factorial. This requires 128 
different cell configurations (vice the earlier figure of 220). Also, in this 
design, each two-way interaction is measured with an effective cell 
replication of 32 (vice the earlier figure of 5). If we allow two replicates 
per response variable to provide measures of variation in each of the 128 
experimental cells, the cost would be 128 X 2 replicates = 256 cells per 
response variable (vice the earlier figure of 1100). This is a reduction in 
cost by more than a factor of four. In addition, each main effect and two­
factor interaction is measured with much greater precision than before. Also, 
all information on higher order interactions is not lost. While much has been 
sacrificed by fractionation, there will still be clean measurements of many 
three-factor interactions. Hence, by employing "design of experiment" 
techniques, we actually gain precision and also gain information on some high 
order interactions with less than one fourth the number of batteries required 
by treating the experimental process as 55 independent experiments. 

VARIABLES 

After extensive discussions with all the major Li/S02 manufacturers 
concerning this project, all identifiable variables were grouped into three 
basic categories: (1) compositional, (2) geometric, and (3) design/process. 
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Compositional variables refer to major cell components and their purity 
levels and are universal or common to all cell designs. It is because of this 
commonality that compositional variables were selected for this study. 
Geometric and design variables refer to such things as thickness of cathode, 
vent type, use of anodic current collectors, etc. However, although geometric 
and design variables are important, it was felt that a strong foundation based 
upon compositional variables would need to be established before proceeding 
with a determination of the effects of non-compositional variables. Some 
examples of geometric and design variables are given in Figure II. 

A listing of the eleven compositional variables, each identified 
alphabetically, can be correlated with t~1 experimental outline (Figure I) 
showing a one-sixteenth replicate of a 2 factorial experimental design. 

A. Carbon Type G. Passivation of Anode 
B. Carbon Purity H. Lithium Bromide Purity 
C. Teflon Type J. Electrolyte Dryness 
D. Cathode Dryness K. Acetonitrile Purity 
E. Sodium in Anode 
F. Nitrogen in Anode 

L. S02: Lithium (Ratio) 

An in depth discussion on the relative merits of the selected 
compositional variables including the proposed two levels for each variable 
would be too lengthy for this paper. However, they will be discussed in some 
detail at the oral presentation, time permitting. 

MEASUREMENTS AND RESPONSES 

Although the Lithium Sulfur Dioxide chemistry is firmly established as a 
valuable power source for certain Naval applications, NAVSEA NOTE 9310 still 
mandates that all systems utilizing lithium must be approved for safety prior 
to use in the fleet. The four basic NAVSEA NOTE 9310 test protocols of forced 
overdischarge, charge, short circuit and heat tape will form the backbone of 
the measurement scheme. Preconditioning of cells, i.e., mechanical shock, 
diurnal and long term storage is planned. A full spectrum of discharge 
conditions at various rates and temperatures will be made. 

Surface responses that will be correlated with the compositional 
variables will be capacity, power, voltage delay, thermal behavior and 
time (~t) to an event (explosion or venting). Several test matrixes are being 
considered with the emphasis on obtaining maximum information and 
efficiency. It is currently felt that less than 50 cells at each of the 128 
experimental conditions should be more than satisfactory to accomplish this 
task. 

CONCLUSION 

There is no question that the p~oject outlined in this paper is an 
ambitious one. We also feel that a successfully completed project will have 
no null result because what is really being pursued is the elimination of 
uncertainty. Furthermore, we strongly believe that valuable clues leading to 
improvements in other higher energy density lithium systems will be gleaned. 
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Finally, after many discussions with members of our staff at NSWC, it was 
decided that the information gained from our survey leading to the development 
of this design experiment was an important end itself and worthy of 
presentation to the lithium battery community which would hopefully be 
appreciative and become stimulated to pursue these and other ideas in a 
similar fashion on their own. 
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ABSTRACT 

N87-11078 
SAFETY HAZARDS ASSOCIATED WITH THE 

CHARGING OF 

LITHIUM/SULFUR DIOXIDE CELLS 

by 

H. Frank, G. Halpert, and D. D. Lawson 
Jet Propulsion Laboratory 

Pasadena, California 

and 

J. A. Barnes and R. F. Bis 
Naval Surface Weapons Center 

Silver Spring, Maryland 20903-5000 

A continuing research program to assess the responses of spirally wound, 
lithium/sulfur dioxide cells to charging as functions of charging current, 
temperature, and cell condition prior to charging is described. Partially 
discharged cells that are charged at currents greater than one ampere explode 
with the time to explosion inversely proportional to the charging current. 
Cells charged at currents of less than one ampere may fail in one of several 
modes. The data allow an empirical prediction of when certain cells will fail 
given a constant charging current. 

INTRODUCTION 

For several years, the Lithium Systems Safety Group at the Naval Surface 
Weapons Center has been concerned with the behavior of lithium batteries under 
abusive conditions. In fact, the Navy's safety test program for equipment 
containing lithium batteries focuses on abusive experiments. (1-4) 

At first, these experiments concentrated on physical abuse, internal and 
external short circuits, and cell voltage reversal. More recently, we have 
identified the charging of a lithium battery as another potentially hazardous 
situation which can occur in equipment containing one of the following 
circuits as shown in Figure 1: (IA) a single series string of cells in 
parallel with an external source of power, (IB) several equivalent strings of 
cells in parallel with each other, and lC) a string of cells in a piece of 
equipment which contains another source of current. 

Blocking diodes should always be installed in the first two situations in 
order to reduce the hazard. If the diodes function properly, only very 10\01 

levels of leakage current will be available to charge the cells. If the 
diodes fail or are omitted from the circuit, significant charging currents can 
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occur. In the third situation, protective diodes are not normally used 
because the cells should never be connected to any source of charging current; 
but wiring errors or equipment failure may allow such a connection with the 
subsequent charging of a lower voltage string by a higher voltage source. In 
each of these cases, the charging current obtained will be a function of the 
difference in the voltages of the charging source and the receiving battery 
and of the design and condition of the battery. 

Because of this concern about the dangers of possible charging, the 
Lithium Systems Safety Group has funded a joint research program with the Jet 
Propulsion Laboratory of the California Institute of Technology to charac­
terize the effect of charging on lithium cells. In addition, the program 
should help to identify the conditions where charging of lithium cells may 
produce severe safety hazards, and to propose chemical and/or physical 
mechanisms to explain the effects of charging. Because of limitations on 
funding and staff, this program has focused on the cells in widest use within 
the Navy--high rate (lithium rich), spirally wound, lithium/sulfur dioxide 
cells in "C," "D," and similar sizes. Additional, less extensive work has 
been done on "balanced" lithium/sulfur dioxide cells and on several lithium/ 
thionyl chloride systems. In all of the systems investigated we have always 
observed behaviors which are at least qualitatively the same as those reported 
in this paper. 

EXPERIMENTAL 

The cells employed in this investigation were obtained by dismantling 
spare sonobuoy battery packs as shown in Figures 2 and 3. These particular 
batteries and cells were manufactured by Duracell in 1981 and were kept in 
storage at room temperature until shipped to JPL by the Navy in 1983. The 
cells were approximately four years old at the beginning of the current 
experiments. Except for test loads applied during manufacture, the batteries 
have not been discharged. 

The cells under study are Duracell lithium/sulfur dioxide type L030SH. 
They are of the spirally wound configuration, are slightly smaller than a 
standard liD" size, contain excess lithium, and have a rated capacity of 4.3 
Ampere hours at the "C/2" discharge rate at 21 0 C to a 2.0 volt limit. 

All charging tests were carried out with power supplies. In each case, 
the supplies were adjusted to provide a constant current; voltages were 
allowed to "float." No diodes or other protective devices were included in 
the circuits. Strain gages mounted to the exterior of the cells were used to 
estimate the internal cell pressures. The gages were calibrated by pressur­
izing cell cans with argon gas. This calibration method allows the measure­
ment of pressure changes within the cell relative to the initial pressure when 
the gage was installed at ambient temperature. The accuracy of long-tern 
pressure measurements made with this technique may be limited by the 
calibration procedure which did not include experiments to identify any 
effects which aging might have on the gages or creep of their bonding agent, 
ethyl cyanoacrylate; therefore the calculated pressures, after long periods, 
may not be accurate. 
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Except where noted, all cells were discharged by 20% (80% of capacity 
remaining) through a resistive load of 36 ohms (80 rnA) before charging. The 
cells sat on open circuit for at least one week after discharge before being 
charged. The charging tests were divided into three major groups designated 
as low, medium, and high rate. These differed from each other in the mag­
nitude of charging current, number of cells, and few other details. A 
description of each of these is given below. 

HIGH RATE CHARGING TESTS 

These tests were conducted on single cells inside a large (4 feet x 
4 feet x 8 feet), steel lined chamber. Experiments were run at three 
currents, 1.0, 5.0, and 10.0 Amperes, and at three temperatures, ambient, -20 
and +700 C. The low and high temperatures were maintained wi th a freezer and 
an oven located inside the large test chamber. In most cases the tests were 
run three times for each condition of current and temperature. The cells were 
always instrumented with voltage probes and thermocouples and in some cases 
with strain gage pressure transducers. Voltages, temperatures, and pressures 
were recorded with strip chart recorders. 

INTERMEDIATE RATE CHARGING TESTS 

These tests were carried out on two groups of two series connected cells 
at currents of 100 and 300 rnA. All the tests were run at ambient temperatures 
inside a steel vessel located in a test area outside a laboratory building. 
Each of the cells was instrumented with voltage probes, one thermocouple, and 
a strain gage pressure transducer. Voltages, temperatures, and pressures were 
recorded with strip chart recorders. 

LOW RATE CHARGING TESTS 

These experiments were conducted in an isolated laboratory. A matrix of 
27 different conditions was established to study the effects of variations in 
charging rate, temperature, and original cell condition. Each block of the 
matrix was represented in the experimental program by a single cell. 
(Duplicate experiments are now being planned.) Nine fresh cells were used as 
received; nine cells were discharged by 50% through a 36 ohm load; and the 
remaining nine cells were similarly discharged by 80% (20% of capacity 
remaining) before beginning the charging experiments. These cells were 
redivided to yield sets of nine cells containing three cells of each dis­
charged type. These sets were charged at currents of either 0.1, 1.0, or 
10.0 mAo The cells were placed in temperature-controlled chambers at -20, 
+35, or +700 C. One cell of each discharge type and charging rate was tested 
at each temperature. In order to minimize the number of power supplies 
required for this long-duration experiment, all of the cells being charged at 
a given rate were wired in series. A schematic of this experimental matrix is 
shown in Figure 4. Each of the cells was instrumented with voltage probes and 
with a strain gage type pressure transducer. Individual cell voltages and 
pressures were recorded with a Hewlett-Packard data logger. Also the three 
currents and chamber temperatures were recorded. Data were recorded at half 
hour intervals for the first several days of the experiment. Then the 
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recording rate was reduced to once every six hours. When a cell became 
inoperative, it was manually removed from the temperature chamber and from the 
circui t; the experiment was restarted on the remaining cells in the affected 
string. Safety considerations required a "waiting period" of several days 
after cell failure before conducting the removal and restarting procedures. 
For this reason, there were several interruptions in this test program. 

RESULTS AND DISCUSSION 

RESULTS OF HIGH RATE CHARGING 

Ini tial efforts were focused on high rate charging tests at 10 Amperes 
with the cells at ambient temperature. If the cells were undischarged, they 
failed with "violent ventings." If they had been partially discharged, they 
consistently exploded within 5 to 15 minutes after the onset of charging. (If 
all parameters were carefully controlled, the time before an explosion would 
not vary more than a few seconds from sample to sample.) These explosions are 
substantially more severe than the violent ventings normally associated with 
charging undischarged cells. External cell temperature and internal pressure 
begin to rise quite rapidly just before cell failure. Strain gage measure­
ments indicate that the explosion is always preceded by a sudden drop in 
internal cell pressure as would be expected from the cells venting shortly 
before the explosion. These ventings could be heard from outside the tes t 
chamber just prior to the explosions. Typical behavior of the cells during 
these high rate tests is shown in Figure 5. The explosion typically followed 
cell venting within half a minute. 

Subsequent charging tests at ambient temperature and reduced currents of 
5 and 1 Amperes revealed similar behavior. In these cases the cells also 
consistently exploded. The charging time required to produce the explosion 
increased as the charging current decreased. These findings suggest at least 
some correlation between time to explosion and charging current. 

The high rate tests were continued by repetition of the runs at ambient 
temperature and by additional experiments at both high (+700 C) and lower 
(-200 C) temperatures. The cells consistently exploded at both the high and 
low temperatures, and the times to explosion were comparable to those times 
for cells charged at similar rates; there was no clearcut effect of 
temperature on the time to explosion. These data are shown in Table 1. 

RESULTS OF INTERMEDIATE RATE CHARGING 

The purpose of the intermediate rate charging tests was to obtain data 
for the region between the lowest of the high rate tests at 1.0 Ampere and the 
highest of the low rate tests at 10 mAo These tests used two groups of two 
series connected cells at ambient temperature. One group was charged at 
100 mA and the other at 300 mAo For safety reasons, the cells were located 
inside the steel vessel mentioned earlier. The cells have now been on test 
for almost 100 days. One of the two cells being charged at 100 mA failed 
after 41 days; the temperature and pressure data indicate that the failure was 
similar to the explosions observed at higher rates. The failure disconnected 
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the leads from the other cell in series with the failed one. Because the test 
chamber contains two cells which are being charged at 300 rnA, safety consider­
ations prevent us from entering it to reconnect the circuit or to examine the 
failed cell. The test on the other two cells was not interrupted by the 
nearby failure and is still in progress. Data for one of these cells are 
given in Figure 6. Note that the current has held constant at 300 rnA while 
the voltage has increased from the 3.0 to the 4.0 volt level and the pressure 
has reached an apparent plateau about 80 pounds per square inch (psi) above 
the initial cell pressure. This test will be continued. 

RESULTS OF LOW RATE CHARGING 

Based on early projections from the high rate tests, we anticipated that 
there would be a period of at least several months before cells charged at low 
rates would exhibit any type of venting or explosion. For this reason, the 
low rate charge tests were begun early in the program and are continuing at 
the present time. 

As of October 1985, the cells have been charged at the indicated currents 
of 0.1 to 10.0 mA for nearly 200 days. During this period, there have been no 
ventings or explosions of any of the 27 cells. The lack of explosions during 
the first 200 days of these low current tests is in agreement with the 
empirical safety map to be discussed later. Although the cells under low rate 
test have not yet exhibited any explicit safety hazards, the tests have 
yielded other pertinent data. After a period of one month, the power supply 
voltages applied across some cells began to rise from the 3 - 4 volt level to 
nearly 30 volts (the limit of the power supplies) while the current flowing 
through the string dropped to near zero. This behavior suggested that an open 
circuit condition had developed within the cells. In each case, the faulty 
cell was identified and manually removed after a "safety period" of several 
days. The remaining cells were returned to charging, but the removed cells 
were not replaced. X-ray examination of these faulty cells revealed the loss 
of the internal aluminum tab which connects the cathode to the center pin, as 
shown in Figure 7. So far, five cells have exhibited this open condition and 
have been removed from the test. All five were at 700 e, and three of these 
were at the highest current of 10 mAo These observations suggest the occur­
ance of an internal corrosion process. The rate of which increases with 
temperature and charging current and/or applied voltage. 

The internal pressures of the cells and the variation of these pressures 
with the time on charge are also of interest. The accuracy of the following 
observations may be limited by the strain gage calibration procedure discussed 
earlier. After charging began, the cell pressures dropped briefly before 
increasing to a plateau over a period of several months. These plateaus, or 
steady state pressures. increase with temperature for a given current; but 
there does not seem to be any correlation with current for a given tempera­
ture. After 180 days, the average pressures of the cells remaining on test 
are about 300, 10, and -10 psi relative to starting pressures at temperatures 
of 70, 30. and -20oe respectively. Pressures of two cells at 700 e have 
reached about 500 psi; these pressures are near (or possibly in excess) of the 
nominal venting pressure of 450 +/- ~O psig for these cells. 
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An example of these data is given in Figure 8. This figure shows the 
current, voltage, and pressure for a cell that was charged at 1.0 mA at 
7cPC. The indicated interruption in the current was caused by the failure 
of another cell in the series string and the subsequent bypassing of thi R 

"open cell." Note that the pressure of this particular cell has apparently 
reached a plateau near 500 psi. Even given the limitations on the pressure 
measurements discussed earlier, the pressure in this cell has been quite high 
and has approached the pressure at which it would vent. 

This program of low rate charging will be continued. 

SAFETY ENVELOPE 

A tabulation was made of all of the times to explosion for each of the 
charging currents. These results were plotted both with linear scales and 
with a logarithmic scale for time and a linear scale for current. The latter 
curve is given in Figure 9 for currents from 1 to 10 Amperes. This curve 
indicates that for a given set of condi tions--cell type, discharge history, 
and charging current--there seems to be a specific time threshold which 
separates "acceptable" and very dangerous charging. The time required to 
reach a dangerous condition increases as the charging current is reduced. 
Unfortunately, this threshold is a function of many variables. No model yet 
exists which will allow the reliable prediction of the dangerous region for A 

system without first conducting extensive experimental measurements. There­
fore, any charging of a lithium/sulfur dioxide cell, even at low currents, 
must be regarded as potentially hazardous and should always be avoided. 

FUTURE EFFORTS 

The results which we have reported are part of a continuing program. 
Future work will be directed towards development and validation of a physical­
chemical model to explain the observed phenomena. Experiments will include 
electrical, thermal, and chemical investigations (including autopsies) on 
cells of the same type as currently under test. The program will be expanded 
to other sizes of cells from several manufacturers in order to develop a 
family of "safety maps" and in an effort to confirm the general nature of the 
observed behavior. 
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Table 1. TIMES TO EXPLOSION DURING CHARGING 

Current 
(Amps) 

Temp 
(OC) 1 5 10 

Ambient 47 hr 16 min 8 min 
113 hr 48 min 14 min 

27 hr 29 min 14 min 
12 min 

7 min 
15 min 
8 min 

-20°C 89 hr 52 min 17 min 
52 min 11 min 
51 min 
45 min 

+70°C 104 hr 63 min 21 min 
6 hr 22 min 

146 hr 
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1A. SINGLE SERIES STRING 
OF CELLS IN PARALLEL 
WITH AN EXTERNAL 
POWER SOURCE 

1 B. SEVE RAL STR INGS OF 
CELLS IN PARALLEL 
WITH EACH OTHER 

1C. A STRING OF CELLS IN 
EQUIPMENT THAT 
CONTAINS ANOTHER 
SOURCE OF CURRENT 

Figure 1. CIRCUITS IN WmCH CHARGING CAN TAKE PLACE 
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OF POeR QUALITY 

Figure 2. PHOTO OF SONOBUOY BATIERY PACK WITH COVER 
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Figure 3. PHOTO OF SONOBUOY BATTERY PACK WITHOUT COVER 
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Figure 4. MATRIX FOR LOW RATE CHARGE TESTS 

86 



TEMPERATURE 
(OF) 

INTERNAL 
PRESSURE 
(PSIG) 

VOLTS 

100 

90 

80 

70 

60 

300 

250 

200 

150 

100 

50 

0 

~~: : : : : : 1: : : ~ 
o 2 4 6 8 10 12 14 16 18 20 

TIME ON CHARGE (min) 

Figure 5. CELL CHARACTERISTICS DURING HIGH RATE CHARGE 
I = 10 AMPS, T = AMBIENT 
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Figure 6. CELL CHARACTERISTICS DURING MEDIUM RATE CHARGE 
I = 300 rnA, T = AMBIENT 
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Figure 7 . X-RAY PHOTOGRAPH OF OPENED CELL FROM LOW RATE CHARGE TEST 
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Figure 8. CELL CHARACTERISTICS DURING LOW RATE CHARGE 
I = 1.0 rnA, T = 70°C 
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ABSTRACT 

N87-11079 

Safety Considerations for Fabricating 
Lithium Battery Packs 

James J. Ciesla 
Electrochem Industries, Clarence, New York 

Lithium cell safety has been a major issue with both manufacturers and 
end users since first discussed by Brooks (1) and Warburton (2) at the 
1974 Power Sources Symposium. Most manufacturers have taken great 
strides to develop the safest cells possible while still maintaining 
performance characteristics. The combining of lithium cells for higher 
voltages, currents, and capacities requires the fabricator of lithium 
battery packs to be knowledgeable about the specific electrochemical 
system being used. 

The following will refer to relatively high rate, spirally wound (large 
surface area) sulfur oxychloride cell systems, such as Li/Thionyl or 
Sulfuryl Chloride. Prior to the start of a design of a battery pack, a 
review of the characterization studies for the cells should be 
conducted. The approach for fabricating a battery pack might vary with 
cell size. 

INTRODUCTION 

All lithium cell manufacturers recommend limits on the use of a cell for 
any given application. These limits mayor may not have an incorporated 
safety factor. For the purpose of building a battery pack from any of 
the cells that are available, it would be prudent to treat the 
advertised specifications as a working limit. Battery pack designers 
must look at the same abusive conditions as cell designers. These are 
high-rate discharge, shorting, forced discharge, charging, overheating, 
and mechanical abuse. Although single cells may react well under one or 
more of the above abusive conditions, a battery pack, when subjected to 
the same conditions, may present a hazard or not function as expected. 
As an example, a cell discharged at a maximum continuous current of 
three amperes will dissipate heat at a rate that will keep the cell 
below its maximum rated temperature. Should a battery be discharged at 
the same 3 A rate, in a cluster, the internal pack temperature may 
easily exceed the cell temperature limits. Although the battery pack's 
intended use may require low current drains at room temperature, the 
designer must account for all conditions that might compromise battery 
safety. 
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The following steps are a precursor to a functional and safe battery 
design. Knowledge of the performance, storage, environmental, and abuse 
requirements for the system into which a pack is going will enable the 
battery pack designer to foresee safety problems about which the system 
designer may be unaware. 

APPLICATION DESCRIPTION 

A detailed description of the intended use of a battery will give 
direction for the successful design of the product. The description 
may help the designer to move in a more positive manner with respect to 
the overall safety of the pack design and its fabrication. This method 
of approach will lead to specific questions that are germane to the 
application. 

GENERAL PERFORMANCE REQUIREMENTS 

These will include minimum voltage, maximum voltage, average current, 
peak current, capacity, minimum temperature, maximum temperature, duty 
cycles (intermittent or continuous), motion, and orientation. 

SPECIFIC REQUIREMENTS 

These include available space, weight, method of attachment and 
termination. 

DISCUSSIOI 

With all of the above data taken into account, a preliminary battery 
pack design should now be analyzed for safety. All precautions should 
be taken to keep the cells in the pack from cresting the cell's upper 
temperature limits. 

The battery construction should take into account all possible adverse 
conditions. Some of these scenarios could be venting, shorting, 
charging, cell reversal, mechanical abuse and overheating. Should a 
single cell in a battery pack vent, there should be an unrestricted 
escape path leading away from the cell's venting mechanism - preferably 
to the pack's exterior or to an absorbent material. 

The major protective method for an external short circuit of the pack is 
through use of fuses. These fuses can be placed internal to the pack 
or externally in the power supply wires. A replaceable, fast acting 
fuse will offer the greatest protection and minimize capacity loss. If 
the fuse is external, it may be replaced after the short is cleared. By 
far, the highest occurrence of short circuiting in a battery pack is 
during the installation of a connector. Slow blow fuses are sometimes 
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used when surge or pulse currents are required. Fuse values should be 
set at the lowest levels possible for the application. 

To protect against cell or series string charging from external power 
supplies or parallel strings, blocking diodes are used in each series 
string. Diode placement is usually within a battery pack, but can be 
external, if standard series packs are assembled into a larger power 
source. Cells of the same age and history should be used to assemble 
power sources. 

A partially discharged cell in series with a number of fresh cells has 
been shown to eventually overheat due to forced discharge by the fresher 
cells. Reversed biased diodes on each cell in a series string may offer 
some protection against cell voltage reversal. In this case, other 
factors such as diode leakage current and cell or series string capacity 
loss must be considered. 

Mechanical abuse may happen after the battery pack has been installed in 
a system or while it is being handled during installation or removal. 
Each application will dictate the amount of safeguarding necessary 
during battery design and building. 

Overheating cells or battery packs will lead to venting or, in more 
extreme cases, cell rupture. The following will deal with internally 
generated heat due to cell discharge. 

A current limiting resistor is often used in series with a battery pack, 
and will, depending on the application, restrict the current level of 
the battery to a safe level. In most cases a thermally activated device 
will be utilized to keep the pack from exceeding the safe temperature 
limit of the cells. Items such as thermal cutoffs (TCO) and polymeric 
positive temperature coefficent (PTC) resistors are in common use. The 
PTC can be either temperature or current activated. It will handle 
transients or brief current overloads. Trip time may typically run from 
about 0.1 to 1000 seconds dependent upon the degree of overload. Once 
tripped, the PTC resistor remains in a high resistance state, so long as 
the source voltage is maintained. 

A TCO is primarily a thermal trip device but can be activated due to 
high current self-heating. A thermal pellet inside the TCO melts when 
overheated. TCO's are not able to be reset and must be replaced after 
being tripped. The outer case of the TCO is electrically live, and 
consideration must be given to this fact when it is being installed in a 
battery pack. Selection of a TeO to correspond to the maximum 
recommended temperature of a cell may not offer the protection desired. 
TeO's are often covered with insulation due to the "electrically live" 
case. 
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With this in mind, a series of tests were conducted to characterize the 
temperature lag between the cell wall and the TCO temperature. 

TEST PROCEDURE 

A slip fit copper slug with a pencil heater connected to a Variac was 
inserted into a double D case. Two layers of PVC shrink-wrap were 
placed on the exterior of the DD case along with two TCO cases. The 
internal mechanisms of the TCO's were removed (Figure I). Thermocouples 
were placed at the inside and outside of the metal can walls, on each 
layer of shrink-wrap, and in each TCO case. Thermal grease was used 
between the copper slug and the cell case and in each TCO case to 
facilitate heat transfer. One TCO case had been covered with one layer 
of shrinktube. This was done to account for the fact that the TCO case 
is electrically live in normal use. TCO attachment to the cell was 
accomplished with cyanoacrylate adhesive. The test setup was covered 
with a 17cm H x 17cm W x 12cm L box to simulate a dead air environment. 
All test runs were begun at 24 0C. The cell wall temperatures were used 
to determine the heating rate. Although the heating rate for each test 
run was not linear, an average heating rate was calculated over the 
total run time. 

44°C/minute 
23 0C/minute 

10C/minute 
100C/minute 

(Figure 2) 
(Figure 3) 
(Figure 4) 
(Figure 5) 

In all cases there is an expected lag between the cell wall and TCO 
temperatures. The thermal cutoff with no shrinktube showed a marked 
improvement in response to the cell wall temperature, over the thermal 
cutoff with shrinktube. A closer look at the data for the 10/minute 
test run, and the temperature of the non-insulated TCO at the 730C mark, 
showed a corresponding cell wall temperature of 82 0C. A 680C TCO 
temperature had a corresponding 76°C cell wall temperature. These nine 
and eight degree temperature lags correspond to fourteen and thirteen 
degrees respectively during the 100C/minute heating rate. 

An increase in heat transfer between the cell and TCO was facilitated by 
mixing copper metal dust with the cyanoacrylate adhesive. The 
differential for the IOoe/minute run was now eight degrees. This is a 
forty-five percent increase in heat transfer for a non-insulated TCO. 
The increase over the insulated TCO was sixty percent. 

Table 1 presents a comparison between an insulated TCO and the cell wall 
temperature at the various heating rates. The non-insulated TCO with 
conductive adhesive for the IOoC/minute rate is at the far right. Table 
2 presents the temperature lag for the same conditions. 
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One other non-insulated TCO was attached to the cell wall with the same 
conductive adhesive. This was a functional TCO. A multimeter was 
attached to the leads of the TCO and monitored for loss of continuity 
during a 100Cjminute run. The trip temperature for this TCO was 720C 
(+0, -40C). This TCO tripped 4.4 minutes after the cell wall 
temperature hit 720C. The thermocouple in the non-insulated TCO case 
with conductive adhesive indicated a temperature of 1000C. The cell 
wall temperature at that time was IlloC. 

TES~ SUMKARY 

Conductive adhesive will greatly improve the heat transfer for thermal 
cutoffs. Appreciable temperature lag can result if a thermal cutoff is 
insulated prior to installation. Careful consideration must be given to 
the trip temperature of a TCO if it is to act as a protection device in 
the event of cell self-heating. 

COBCLUSIOB 

The design and construction of a lithium battery pack must be 
accomplished methodically if it is to function in a safe manner. 
Devices which are added to a cluster of cells have their own distinctive 
characteristics and these should be understood if they are to be relied 
upon as a safety item. 

The reaction time of a thermal cutoff will be different than the above 
test if it is in a cluster of cells, in a colder or hotter environment, 
has air movement by it, or is from a different manufacturer. A battery 
pack becomes a system in itself that must be looked at from every 
perspective. Overall safety depends on it! 
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Table 1. CELL WALL AND TeO TEMPERATURE COMPARISON 

CELL VALL vs I.SULA~ED ~CO TEKPERA~URE Conductive 
Adhesive 

Cell Vall (OC) ~CO (OC) 

Heating Rate (OC/Min) 

1 10 23 44 10 

55 47 45 40 31 49 

75 63 55 50 43 67 

85 72 60 55 49 76 

95 80 70 64 55 85 

105 87 79 69 60 95 

115 - 85 79 - 103 
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Table 2. TeO TEMPERATURE LAG 

CELL VALL vs INSULATED TCO (TEllPERATURE LAG) Conductive 
Adhesive 

Cell Vall (OC) TCO (OC) 

Heating Rate (OC/Kin) 

1 10 23 44 10 

55 8 10 15 24 6 

75 12 20 25 32 8 

85 13 25 30 36 9 

95 15 25 31 40 10 

105 18 26 36 45 10 

11 '5 - 30 36 - 12 
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HEAT DISSIPATION 'OF HIGH RATE Li-SOC12 PRIMARY CELLS 
Young I. Cho and Gerald Halpert 

Drexel University Jet Propulsion Laboratory 
Philadelphia PA 19104 Pasadena CA 91109 

INTRODUCTION 

The present investigation is a part of a series of investigation being 
carried out at JPL and Drexel University to better understand the heat 
dissipation problem occurring in the lithium thionyl chloride cells 
discharged at relatively high rates under normal discharge conditions. 
The earlier work presented at the l68th Electrochemical Society Meeting 
at Las Vegas(l) identified four heat flow paths, and the thermal 
resistances of the relating cell components along each flow path were 
accordingly calculated. From the thermal resistance network analysis, 
it was demonstrated that about 90 percent of the total heat produced 
within the cell should be dissipated along the radial direction in a 
spirally wound cell. 

In addition, the threshold value of the heat generation rate at which 
cell internal temperature could be maintained below 100°C, was calcula­
ted from total thermal resistance and found to be 2.8 W. However, these 
calculatons were made only 'at the cell components' level, and the trans­
ient nature of the heat accumulation and dissipation was not considered. 
In the present study, a simple transient model based on the lumped-heat­
capacity concept has been developed to predict the time-dependent cell 
temperature at different discharge rates. The overall objectives of the 
study was to examine the influence of cell design variables from the 
heat removal point of view under normal discharge conditions and to make 
recommendations to build more efficient lithium cells. 

TRANSIENT ANALYSIS OF HEAT DISSIPATION FROM THE CELL 

In the present investigation, the co-called lumped-heat-capacity method 
has been used instead of solving the energy equation in the cylindrical 
coordinates system. As demonstrated in our previous study(1), 
approximately 90 percent of thermal resistance particularly along the 
radial direction occurs from the outer wall of the case can to the 
environment, where heat is removed from the cell by natural 
convection. In other words, the thermal resistances of cell components 
along the radial as well as axial direction within the cell are so 
small that heat will be diffused out quickly throughout the cell, 
reaching the case can without much delay. This also implies that the 
internal temperature of the cell may be assumed uniform radially and 
axially and equal to the cell wall temperature as a first-order 
approximation. Hence, it is an ideal problem to apply the 
lumped-heat-capacity concept to estimate the transient temperature of 
the cell. Of note is that a more complicated modelling work to take 
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into account radial and axial temperature variation is being developed 
and will be reported in the future. 

The governing transient heat balance equation becomes 

q = pVC dT(t) + hA [T(t) - Too] 
dt 

(1) 

where h is the heat transfer coefficient from the cell surface to the 
environment and pVC is the so-called thermal mass of the cell. 
Physically, the first term in the right hand side represents the amount 
of heat stored within the cell and the second term that dissipated into 
the environment. Since the amount of heat to be dissipated out by 
natural convection depends on the temperature difference between the 
wall and the environment, the heat transfer coefficient h is a function 
of the cell temperature accordingly. However, in the present study, h 
is assumed to be constant for the mathematical simplicity. 

Using the initial boundary condition, T = Too at t = 0, the solution 
of the above equation becomes 

T(t) - Too 

hA 
-t 

= ~ [1 - e pVC ] 
hA 

(2) 

where q is the heat generation rate to be determined by the discharge 
rate of the cell. Since hA is the inverse of the thermal resistance 
RSV between the case can and the environment, it becomes 

hA = _1 __ = 0.0352 W/oC 
RSV 

(3) 

Note that the heat transfer coefficient h for the present D-size cell 
becomes 4.4 W/m2°C, which is a typical va1ue(2) for the case of 
heat dissipation to the room temperature by natural convection. Also 
note that for the adiabatic boundary condition which occurs in many 
military applications of the li thium cells, the second term of the 
right hand side in Eq. (1) disappears and the corresponding solution 
becomes 

(4) 

As shown in Eqs. (2) and (4), the thermal mass of the cell PVC is an 
important parameter in the calculation of the transient cell 
temperature T. Therefore, the thermal mass of each cell component was 
calculated based on the JPL's first generation D-size cell 
specification and shown in Table 1. Values of mass of each cell 
component, pV, are the data experimentally measured at JPL and the 
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specific heats of lithiwn, nickel and stainless steel were taken from 
Ref. (3). The specific heat of the electrolyte (Le., 1.8 M LiAlC14 
in SOC12' received from Lithiwn Corporation of America, Lithcoa) was 
estimated from the work by Venkatasetty(4) and founded to be 
1215 J/KgK. 

Table 1 shows that about 54 percent of the total thermal mass can be 
attributed to the electrolyte at the beginning of the discharge. Of 
note is that near the end of normal discharge, Le., 80 percent DOD, 
approximately half of the electrolyte is conswned, thus reducing the 
thermal mass of the cell correspondingly. In this regard, of note is 
that a flooded cell may be safer than a starved cell from the heat 
transfer point of view since the percentage loss of thermal mass in the 
flooded cell due to the electrolyte conswnption is relatively small 
compared to the case of the starved ce 11. However, in the present 
study, the time-dependent effect of the electrolyte conswnption was not 
considered. A complete model to take into account the transient 
nature of the thermal mass of the electrolyte as well as the heat 
transfer coefficient h will be developed and reported in the future. 

The cell temperature was predicted from Eq. (2) in which the heat 
generation rate, q, was calculated from the discharge characteristics 
curve experimentally obtained at C/2, i.e., see Fig. 1. The resulting 
cell temperature vs. time is shown in Fig. 2, which also gives the 
percentage depth of discharge along the abscissa. This figure clearly 
demonstrates that the cell temperature increases gradually to 100°C for 
the first 95 min and then suddenly jumps to about 200 250°C within the 
next 15 min. The horizontal dashed line indicates the maximwn 
allowable cell temperature of 100°C, which is below the melting points 
of cell components such as sulfur (112°C) and lithiwn (179°C). The 
corresponding DOD to the cell temperature of 100°C was approximately 
80 percent with the discharge rate of C/2. This indicates that the 
present cell may be discharged safely at C/2 rate up to 80 percent 
DOD. Although the time-dependent temperature prediction with the 
lwnped-heat-capacity method was carried out with the constant values of 
the heat transfer coefficient h and the initial thermal mass pVC, the 
resulting temperature showed the actual trend observed in the test of 
the lithiwn cell. An IBM-PC based computer code to calculate thermal 
resistance of cell components and to predict the transient cell 
temperature including the effect of electrolyte conswnption and the 
temperature-dependent heat transfer coefficient h will be developed and 
reported accordingly with a detail comparison with experimental data. 

FIN ANALYSIS 

When the lithiwn cells are in contact with the environment during the 
normal discharge, one way to improve heat dissipation from the cell is 
to add fins around the cell. In so doing, it is important to recognize 
the conditions for which the finned surface has advantages over the 
unfinned surfaces. Particularly for aerospace applications, the weight 
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added, the space needed and the cost of adding fins are of the greatest 
importance. Also note that the installation of fins on a heat transfer 
surface will not necessarily increase the heat transfer rate. In 
general, if the value of 2k/ht is larger than 5, it is advantageous to 
use fins around the heat transfer surface. Here, k is the thermal 
conductivity of a fin material, h is the heat transfer coefficient 
between the fin surface and the environment, and t is the fin thickness. 
For the fresent application, h is relatively small, being approximately 
4 7 W/m °C and k is large, being 16.3 W/moC for stainless steel and 
204 W/moC for aluminum. Hence, it is clearly advantageous to install 
fins around the cell. 

The proposed fin dimensions in the present study as shown in Fig. 3 are 
as follows; t(thickness) = 0.04 cm, L(length) = 0.44 cm and H(height) = 
5.69 cm same as the height of the D-size cell. The proposed total 
number of fins is 32. Therefore, the value of 2k/ht for stainless 
steel fins becomes 18,500, which demonstrates the usefulness of 
installation of these types of fins. A valid method of evaluating fin 
performance is to compare heat transfer with the fin to that which 
would be obtained without the fin. The ratio of the two for a single 
fin becomes 

<9> with fin 

<4> without fin 
= 

tanh mL 

/hA/kP 
(5) 

where < > indicates a value for a single fin and m is / hP /kA. Of 
note is that when the value of L/(t/2) is equal to or larger than 
unity, the fin is considered long, in which the heat loss from the fin 
end surface is negligibly small. In the present study, the value of 
L/ (t/2) becomes 285, which is far beyond the threshold value of one. 
Hence, the simple solution, Eq. (5), which was derived for the case 
with an insulated fin end, is valid for the present analysis. Applying 
the proposed fin dimensions, the ratio in Eq. (5) for a single fin was 
calculated to be 

<9> with fin 

<4> without fin 
= 21.65 for a stainless steel fin (6) 

Next, the total heat dissipated from the cell with 32 fins was 
calculated and compared with that without fins. The ratio of the two 
becomes 

total heat dissipated from the cell with 32 fins = 3 4 (7) 
total heat dissipated without fins • 

This indicates that the heat transfer from the cell could be enhanced 
by a factor of 3.4 when compared with that without fins. This implies 
that the thermal resistance will be decreased to the one-third of the 
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present value of 28.4 °C/W. This is a considerable improvement in the 
heat dissipation from the lithium cell when heat is removed from the 
cell to the environment by natural convection. 

Use of aluminum (k = 204 W/mOC) or copper (k = 385 W/mOC) as a fin 
material was also examined to see if those materials may further 
increase the heat dissipation from the cell. However, the fins 
considered in the present study are too short to show any improvement 
over the fins made with stainless steel (k = 16.3 W/mOC). For 
reference, the ratio in Eq. (6) for copper fins was found to be 21.96. 
Also, when the thickness of fins is doubled to 0.08 cm, the 
corresponding ratio in Eq. (7) was calculated to be 3.35. Therefore, 
the heat transfer enhancement with thicker fins (i.e., t = 0.08 cm) is 
essentially the same that with thinner fins (i.e., t = 0.04 cm). 

SUMMARY AND CONCLUSIONS 

A simple transient model to predict the time-dependent cell temperature 
was developed based on the lumped-heat-capacity method. The transient 
cell temperature predicted from the model for the case of C/2 discharge 
rate with the JPL's D-size cell indicated a gradual increase of the 
cell temperature for the first 95 min. Then, for the next 15 min, 
there was a sharp increase of the cell temperature to about 200-250°C, 
as was observed in many of experimental tes t resul ts. This sugges ts 
that the present cell may be discharged safely at e/2 discharge rate up 
to 80 percent DOD while the cell temperature remains below 100°C. 

As a practical way of the heat transfer enhancement, the feasibility of 
installing fins was considered. With the proposed fins in the present 
study, it was demonstrated that about three times more heat could be 
removed from the cell. Additionally, the use of aluminum or copper 
fins, and thicker fins than the present ones was also discussed. 

As a final remark, the present analysis is based on the assumption that 
the cell is in contact with air. Therefore, in some of aerospace 
applictions of these cells where there is no air, the heat dissipation 
analysis based on the radiation heat transfer should be carried out. 
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Table 1. THERMAL MASS OF CELL COMPONENTS 

pVC 
(W·S/oC) 

Lithium 19.5 20 

Nickel 6.7 6.8 

Stainless Steel 19.2 20 

Electrolyte 53.0 54 

Others 0 0 

Total 98.4 100% 
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TEST RESULTS OF JPL LiSOC12 CELLS 

G. HALPERT, S. SUBBARAO, S. DAWSON, V. ANG, E. DELIGIANNIS 

JPL has been involved in the development of high rate Li-SOC12 cells for 
various applications. The goal is to achieve 300 watt-hours per kilogram 
at the C/2 (5 amp) rate in a "D" cell configuration. The JPL role is to 
develop the understanding of the performance, life, and safety limiting 
characteristics in the cell and to transfer the technology to a 
manufacturer to produce a safe, high quality product in a reproducible 
manner. 

The approach taken to achieve the goals is divided into four subject areas: 

Cathode processes and characteristics 
Chemical reactions and safety 
Cell design and assembly 
Performance and abuse testing 

Last year, I described the results of what was termed a "first generation" 
design. In this initial work, the goal was to evaluate positive versus 
negative limited and case positive versus case negative designs. The cell 
was not optimized for anode, cathode, or thionyl chloride capacities. 

To fabricate these cells required an evaluation of the cathode processing 
steps. There are several steps included in the preparation of cathode 
including mixing order and speed, composition of the mix, rolling/pressing 
method, and curing procedure. These steps were evaluated by 
characterization of the cathode. The final product utilized Shawingan 
Acetylene Block (SAB) carbon, comprising 101 PTFE on an Exmet current 
collector. There were no known additives. The cathode thicknesses varied 
between 20 and 27 mils depending on the program stage. 

The assembly process included developing a technique for handling the 
electrode pack including separator. The lithium anode consisted of two 
layers of lithium film mechanically pressed on opposite sides of nickel 
screen. The separator is a Meade fiberglass material. The cathode, anode, 
and separator pack were rolled on a mandrel and placed in the stainless 
steel case. After welding the cover containing a single glass for metal 
seal, the cell was vacuum-filled with electrolyte to (LiAIC14 in SOC12 ). 

The results of testing these first generation cells is given in figure 1. 
The surprising results showed that at the 0.2 and 1 amp rate the 300 Wh/Kg 
(10.7 Ah) was achievable. At the 5 amp discharge rate, this goal was not 
quite met. The V-I power characteristic curves presented at last year's 
workshop are given in figure 2. The ability of producing 50 watts at full 
charge and 30 watts at 901 discharge was also impressive. 

The goal of this past year's effort was to optimize the design for a high 
rate application (see figure 3). This included characterization of the 
carbons and the electrodes, evaluation of electrolyte concentration, 
anode/cathode ratio, effect of reversal, inside/outside carbon, among 
others. 
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The second generation design is given in figure 4 (1). Note that the 
lithium electrode capacity is minimized. The reason for this is that at 
the high rate the carbon electrode will limit the capacity so it is 
unnecessary to add the additional lithium. There is an important point to 
be made here. In order to design a safe cell to meet a specific 
application, the anode, cathode, and electrolyte balance must be designed 
with the applications in mind; a high rate design will result in different 
performance than a low rate design. 

From a safety standpoint, it has been shown (2) that a SOClz-limited cell 
can lead to safety hazards. Thus, its capacity must be maxlmized so that 
there is adequate electrolyte to provide conductivity throughout and at the 
end of discharge. 

The work on the cathode characterization has led to some interesting 
results. The work performed on this subject included determining particle 
size, surface area, and structure of several carbons (SAB, Ketjen Black, 
Vulcan, and Black Pearls) and the surface area and pore-size distribution 
(PSD) of the carbons(~, electrodes measured using the BET and mercury 
porosimetry methods • Although no definitive statement can be made at 
this time, some of these characteristics appear to more relevant than 
others. For example, the mercury porosimetry provided some insight into 
the PSD of the cathode. An example is shown in figure 5 in which the SAB 
electrode characteristic is compared before and after discharge. More work 
is continuing in this area to better understand the controlling physical 
processes. 

Experimental work on the safety of Li-SOCl2 during reversal (4) especially 
the carbon-limited cells of interest for t~is application. This work 
indicates that during carbon-limited reversal lithium forms on the carbon. 
However, if there is adequate electrolyte, the lithium will quickly 
dissolve removing the potential for dendrite formation - a condition that 
has been reported on hazards. The innovative experimental setup of his 
work is given in figure 6. The results given in figure 7 indicate that 
there is plating of lithium on carbon during reversal as can be seen by the 
potential of the reference carbon (C2) versus the reversed carbon (C1). 
The 3.5 volts is typical of the Li-SOC12 cell potential. The reversal 
lasted for 200 mah. However, after a 1-hour stand, only 24 mah of lithium 
capacity was available indicating there was a reaction between the Li and 
the SOC12 solution. 

The test(~,sults all done at ambient temperatures are given in the next few 
figures • The 1 amp discharge is given in figure 8. The voltage was 
level at 3.3V. The temperature increased only slightly in the forced air 
circulation chamber until close to failure. The capacity to 2 volts was 
greater than 12 Ah (340 Wh/Kg). At 2 amp in figure 9, the results were 
similar with a minor difference in capacity of 1162 Ah (318 Wh/Kg). The 5 
amp discharge resulted in higher temperature (162 F) - less than the 2120 F 
predicted and required for safe operation. The capacity of 11.1 Ah at 3.3 
(316 Wh/Kg) was surprisingly high and exceeded beyond the 300 Wh/Kg goal. 
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The design considerations described earlier were evaluated and the results 
given in figure 11. Three cells of each type were included in the 
evaluation. The results are the average of the three. There was not much 
difference in the placement of the carbon or in the electrolyte 
concentration. However, the 1.8 mah electrolyte has greater conductivity 
and the need to maximize the carbon electrode by placing it on the outside 
makes the selection of design more appropriate. 

Additional tests were conducted in which the cells were reversed for 2 
hours at 5 amps. There were no incidents reported during this revised 
test. Summarizing the work on the JPL design cells. A goal of 300 Wh/Kg 
at the ship rate has been exceeded. And thus, design of the cell appears 
to bt6,dequate to meet the requirements. The thermal analysis discussed by 
Cho at this conference further verifies that the cells are capable of 
meeting the mission goal. 
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JPL 
JPL CELL TEST DATA 

DESIGN PARAMETER CAPACITY EI12 TI12 T2.0 
NO AH TO 2.0V .F F 

6 LITHIUM SA 10.7 3.10 150 200 
OUTSIDE 

LSM 2A 11.5 3.15 90 135 
ELECTROLYTE 1A 11.8 3.40 82 95 

7 CARBON 5A 12.1 150 210 
OUTSIDE 
1. 8M 2A 11.7 3.25 90 125 

...... ELECTROLYTE 1A 12.5 3.35 78 95 w 
0 

8 CARBON SA 10.0 3.20 160 180 
OUTSIDE 
1. OM 2A 11.4 3.20 90 125 

ELECTROLYTE lA 12.4 3.35 78 105 

9 CARBON 5A 11. 7 3.20 155 205 
OUTSIDE 
1. 5M 2A 12.0 3.25 95 142 

ELECTROLYTE 1A 12.5 3.37 78 100 

10 CARBON 5A 11.6 3.20 160 240 
OUTSIDE 
1. 8M 2A 11.1 3.28 95 150 
ELECTROLYTE 1A 12.0 3.35 78 100 

Figure 11. SUMMARY OF DISCHARGE DATA OF JPL Li-SOCI2 "D" CELLS 
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A 65 Ah RECHARGEABLE LITHIUM MOLYBDENUM DISULFIDE BATTERY 
K. Brandt 

1. INTRODUCTION 

Moli Energy Limited 
3958 Myrtle Street 

Burnaby, B.C. 
Canada VSC 4G2 

Moli Energy Limited has, during the past seven years, developed 
rechargeable lithium molybdenum disulfide batteries which have a number 
of superior performance characteristics which include a high energy 
density, a high power density, and a long charge retention time. The 
first cell sizes developed include a "c" size cell and an "AA" size 
cell, whose performance characteristics have been discussed 
elsewhere(l) • 

Over the last two years, a project to demonstrate the feasibility of the 
scale up of this technology to a "BC" size cell with 65 Ah capacity has 
been undertaken. The objective of the project was to develop, build, 
and test a .6 kWh storage battery consisting of 6 "BC" cells in series. 

2. BATTERY DESIGN 

The design of the "BC" cell was based on concepts developed for "c" size 
cells. Both cell sizes were of a jelly roll type construction and the 
scale up was achieved by increasing the electrode area by a factor of 22 
to a total of 16,700 cm2 without changing the thickness of the 
electrodes. The capacity was calculated to 65 Ah using a linear 
scale factor. 

Figure 1 shows an exploded view of the "BC" cell design. The anode was 
a 125 llm thick lithium foil connected with six nickel taps to the 
negative terminal. These tabs were positioned along the anode strip at 
equidistant intervals. The cathode consisted of the cathode powder 
bonded to a metal foil current collector which was connected to the 
positive terminal with six nickel tabs. A glass-to-metal seal was used 
to insulate the positive terminal from the case. The two electrodes 
were separated by a microporous polypropylene separator. The separator 
and the porous cathode were impregnated with an electrolyte consisting 
of a 1 molar solution of LiAsF6 in a mixture of organic solvents. The 
cell case was hermetic with a safety vent in the cell bottom. 

The .6 kWh battery consisted of six cells conne.cted in series and held 
together by two rigid plated tied together with bolts. The battery 
hardware was not optimized with respect to weight or volume. Table 1 
gives the specifications for this battery. 
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3. SINGLE CELL PERFORMANCE TESTING 

Tests on single cells were performed after recharging at 21 0 C with a 
constant current of 5 A to a cell voltage of 2.4 V. For some tests, 
cells were charged to a voltage of 2.6 V, a condition which will be 
referred to as "supercharged". The discharges were performed at 
constant current and the cell voltage was used to determine the 
endpoint. Figure 2 shows the voltage profile for a single cell cycle 
consisting of a charge half cycle followed by a discharge at 15 A to a 
cell voltage of 1.3 V. The shape of the voltage profiles is 
characteristic of the LixMoS2 intercalation compound used in these 
batteries(2). 

Figure 3 shows the capacity as a function of cycle number for two cells 
cycled under different conditions. Cell #001 was supercharged and then 
discharged to 1.1 V, Cell #002 was charged under standard conditions and 
then discharged to 1.3 V. The first cell achieved a first cycle 
capacity of 66 Ah, at 15 A. This capacity is slightly higher than the 
nominal capacity. The second cell achieved a first cycle capacity of 
42 Ah. These capacities are approximately equal to the values expected 
from a linear scale-up of the "c" cell performance. Both tests were 
terminated voluntarily, Cell #002 after achieving 107 cycles at an 
average capacity of 32.5 Ah. 

The impedance of the "BC" cell was determined over a wide frequency 
range using a frequency response analyzer. The results are displayed in 
Figure 4 in the form of a Cole-Cole Plot. The impedance at a frequency 
of 1 kHz is approximately 4.6 mn. This measured value is approximately 
double the value calculated from "c" cell measurements using the 
linear scale factor of 22. This discrepancy is due to the relatively 
large resistance of the electrode terminals and the connections of the 
electrodes to the terminals. For frequencies higher than 1 kHz the cell 
impedance is dominated by an inductance which is due to the wound nature 
of the electrode assembly. For frequencies below 1 kHz, the impedance 
of the electrochemical interfaces and the mass transport of ions in the 
electrolyte determine the shape of the plot(3). 

4. BATTERY PERFORMANCE TESTING 

Performance testing of the 6 cell battery was conducted under conditions 
similar to the cell performance testing with the battery voltage being 
used to determine the endpoints of charge and discharge. No attempt was 
made to equalize the state of charge between individual cells once the 
testing began. Figure 5 gives the realized battery capacity as a 
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function of cycle number. With exemption of the special tests performed 
around cycle 30, the battery was cycled between 14.4 V and 7.8 V. These 
voltages correspond to a single cell voltage ranging from 2.4 V to 
1.3 V. The average energy delivered by the battery was 360 Wh per cycle 
with an average capacity of 33.5 Ah. The test was terminated 
voluntarily at cycle 110. A comparison with the single cell cycle test 
(Figure 3) shows no difference between single cell cycle life and 
battery cycle life under these conditions. 

The sustained power capability of the battery was assessed by 
discharging the battery to a fixed voltage limit at various currents. 

Figure 6 shows the realized capacity as a function of the drain current 
for three different temperatures. Prior to the discharges, the battery 
was given a standard charge at 21oC. Cutoff voltage or discharge was 
1.3 V per cell. At 200 C and OOC the battery delivered about 50% of its 
low current capacity at a 50 A rate. At -10oC, the rate capability is 
reduced significantly. The average power delivered during the 50 A 
discharge at room temperature was 510 W. 

The realized capacity of the battery can be increased for all drain 
rates by supercharging and by using a discharge cutoff of 1.1 V per 
cell. Figure 7 shows the realized capacity for the battery at a 
temperature of 200 C under these conditions. The capacity increase is 
about 58% compared to the condition represented in Figure 6. The energy 
delivered by the battery at the lowest rate was 686 Wh corresponding to 
a gravimetric energy density of 94 Wh/kg. 

The results presented in Figures 6 and 7 are a measure of the sustained 
power capability of the battery. The peak power capability of a 
supercharged battery was determined by discharging the batteries at 
various rates for a duration of 5s. After each discharge, the battery 
was rested on open circuit for about 1 minute. Figure 8 shows the power 
output at the end of each discharge pulse as a function of the discharge 
current. The peak power was 932 W which corresponds to a peak power 
density of 128 W/kg. 

5. SUMMARY AND CONCLUSION 

The results of the "BC" battery performance testing can be best 
summarized in a Ragone Plot which shows the relationship between power 
density and energy density (Figure 9). A comparison with the Ragone 
Plot for a "c" cell shows the effects in scaling. At lower power 
densities, the larger cells show an increased energy density due to a 
reduction of the fraction of the non-active material of the total cell 
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weight. However, the relatively large resistive losses in the current 
carrying elements of the "BC" cells cause a significant reduction in the 
power capability. 

The cycle life of this battery is in excess of 100 cycles. No reduction 
in battery performance relative to cell performance which might be 
caused by capacity mismatch or charge imbalance between cells was 
observed. 

This analysis shows that substantial improvements to the battery 
performance in the area of power density are possible by improvements to 
the cell design. Peak power densities of the order of 200 Wkg-l should 
be obtainable. Initial tests of a new generation of "BC" cells 
presently under development that incorporates improved current 
collectors support this extrapolation. 

Improvements in energy density, however, will only be minor unless the 
lithium insertive capacity of the cathode can be improved. The maximum 
energy density of batteries using current cathode technology is 
100 Wh/kg. Improved cathodes will be used in the future to break this 
barrier. 

REFERENCES 

(1) K. Brandt, J.A.R. Stiles, The 1984 Goddard Space Flight Center 
Workshop, NASA CP, 1985 

(2) R.R. Haering, J.A.R. Stiles, K. Brandt, U.S. Patent 4,224,390, 
September 23, 1980 

(3) F.C. Laman, J.A.R. Stiles, R.J. Shank, K. Brandt, J. Power 
Sources, 14, p.p. 201-217, 1984 
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TABLE 1: Specifications for 6 Cell "BC" Battery 

Battery Dimension 
Battery Weight 
Nominal Battery Voltage 
Nominal Battery Capacity 
Charging 
Voltage Cut-off on Charging 

(Standard Charge) 

25 cm x 16 cm x 21 em 
7.3 kg 

10.8 V 
65 Ah 

5 A Constant Current 
14.4 V 
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EXAMINATION OF DESIGN OPTIONS FOR 35 Ah AMBIENT 

TEMPERATURE Li-TiS2 CELLS 

D.H. Shen, S. Subba Rao, S.P.S. Yen, and R.B. Somoano 

Jet Propulsion Laboratory 
California Institute of Technology 

Pasadena, California 

The Jet Propulsion Laboratory is actively engaged in the development of 

ambient temperature rechargeable lithium cells for future NASA GEO missions. 

The Program goals are given in the Figure 1. 

To achieve these ambitious goals, we have examined Li-TiS2' Li~oS3 and 

Liav6013 systems in detail. Among these three, the Li-TiS2 system has shown 

the longest life cycle and highest rate capability. Experimental Li-TiS2 

batteries (10.5V, O.4Ah) developed in-house have completed eight simulated and 

accelerated GEO seasons successfully. Evaluation of these batteries is being 

carried out at Rockwell International, and some of these results were reported 

by B. Otzinger in the 1984 Battery Workshop at GSFC. In view of these 

encouraging results, we have examined the design options for a scaled-up 

Li-TiS2 cell. It is hoped that the results of these studies will provide 

guidelines for prioritizing the research efforts and guiding the selection of 

optimized materials. In our present study, we have examined designs for 35 Ah 

Li-TiS2 cells because present day GEO synchronous satellites are powered by 

batteries of 35 Ah capacity. We have developed a computer program to evaluate 

the influence of various design parameters on the specific energy and the rate 

capability of the cells. 

Figure 2 summarizes the important design parameters that have been 

considered in the present study. Some of the issues that have not been 

considered are thermal design parameters, utilization of the lithium 
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electrode, and the degradation of the electrolyte. We have also restricted 

ourselves to the prismatic cell configuration. 

The program details are summarized in Figure 3. To date, no engineering 

database exists in the literature for the utilization of Ti52 cathodes of 

different thicknesses and porosities at various current densities. We have 

created a database for the execution of the program, based on the limited 

published, and in-house, experimental results. 5ince the cells are required 

to operate at the C/2 rate, we considered cathodes in the thickness range of 

20 to 40 mil. An anode to cathode capacity ratio of 6:1 has been used in the 

present studies, as excess of lithium has minimum influence on cell energy 

density. The various materials that have been considered for the cell case 

and cover are stainless steel (55), titanium (Ti), carbon composite (C) and 

polypropylyne (pP). A thickness of 30 mil is considered for stainless steel, 

titanium, and carbon composite and 120 mil is considered for polypropylyne. 

Figure 4 shows the dependence of specific energy on the cathode 

thickness. Cathodes of 25 mil thickness provide highest energy density for 

cells that are required to operate at C/2 rate. All further analysis is based 

on cathodes of 25 mil thickness. 

Figure 5 gives the number of cathodes required for different R ratios (R 

represents the height to width ratio of the electrode). As can be seef\the 

number of cathodes required increases with decreasing plate width and R ratio. 

Current distribution, heat management and ease of fabrication are key issues 

in selecting the plate width, height-to-width ratio, and the plate number. 

One needs to make a judicious choice of these parameters, keeping in view the 

performance requirements and fabrication limitations. For our further 

analysis, we have chosen a cathode width of i2 em and height-to-width ratio of 

1.5. 
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Figure 6 gives the specific energies that can be achieved, with different 

can and grid materials. Aluminum grids are also considered for cathodes 

current collectors. They are not considered for anodes because of the 

reactivity of Al with Li. TilAl, CIAl, and PPIAI materials all look promising 

in terms of energy density. While Ti cans are lighter than S.S, they are more 

expensive. Also, C cases are strong and lightweight, but their chemical and 

electrochemical stability with the active components needs to be determined. 

Polypropylene cans are cheap, but in view of their poor mechanical properties, 

thicknesses of greater than 100 mil are needed for cell cans. In view of 

their poor thermal characteristics, it may not be the material of choice for 

space applications. 

The details of the cell weight budget (cells with stainless steel can) 

are given in Figure 7. The can contributes the dominant fraction to the 

weight budget. Among the active materials, the contribution of the anode 

active material is the lowest. Grid contribution is more than lithium itself 

(with respect to weight). 

In summary, a specific energy of 80 to 100 Whlkg at C/2 for 35 Ah Li-TiS2 

cells is feasible. This calls for the use of advanced hardware materials. 

Cathode widths greater than 10 em width at 25 mil thickness are needed for 35 

Ah cells operating at C/2. Development of an engineering database for the 

utilization of lithium and TiS2 electrodes is needed to verify, and make 

further improvements in cell design. Other cell configurations and active 

materials will be considered in the future. 
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QUALIFICATION TESTING OF GENERAL ELECTRIC 50 Ah NICKEL-CADMIUM CELLS 
WITH NEW SEPARATOR AND NEW POSITNE PLATE PROCESSING 

George W. Morrow 
Goddard Space Flight Center 

Greenbelt, MD 20771 

ABSTRACT 

Forty-two 50 Ah aerospace nickel-cadmium cells were delivered to Goddard Space Flight Center 
(GSFC) by General Electric (GE) in February, 1985 for the purpose of evaluating and qualifying a new 
nylon separator material, Pelion 2536, and the new GE Positive Plate Nickel Attack Control Passivation 
process. Testing began in May, 1985 at the Naval Weapons Support Center (NWSC) in Crane, ,-.Jiana with 
standard initial evaluation tests. Ufe cycling in both Low Earth Orbit (LEO) and Geosynchronous Orbit 
(GEO) began in July, 1985 with approximately 1200 LEO cycles complete at this writing. Early test results 
show that cells with positive plate passivation exhibit higher than normal charge voltage characteristics. 
Other aspects of performance have been nominal. 

INTRODUCTION 

In the early 1980s, 'Pellon Corporation announced that it would discontinue the manufacture of aero­
space nickel-cadmium separator material, PelIon 2505 ml. That announcement meant that a new separator 
material would have to be found and qualified for aerospace use. PelIon 2536, very similar to 2505 ml, was 
chosen in 1984 as the new aerospace separator. In the meantime, GE had developed a new positive plate 
process to reduce the amount of attack on the nickel sintered structure during the active material impregna­
tion. This process would also need to be qualified. Therefore, a test program was put together by the GSFC 
to evaluate and qualify both the separator and positive plate process. Cell fabrication for this program was 
initiated in eady 1984 and the cells were delivered in February, 1985. 

CELL DESCRIPTION 

The 50 Ah nickel-cadmium cells undergoing test were activated with electrolyte during the 37th week of 1984. All cells 
have dual, nickel-braze, ceramic-to-metal seals and welded prismatic cases with a nominal case wall thickness of 0.0265 inch. 
The test group is made up of 4 cell designs: 1) NASA standard (42B050AB20), 2) old positive, new separator (42B050AB25), 
3) new positive, old separator (42B050AB26), and 4) new positive, new separator (42B050AB27). Cell design data is provided 
in Table 1. The cells were manufactured to GE Manufacturing Control Document (MCD) 232A2222AA-84 and acceptance 
tested at GE to Acceptance Test Procedure P24A-PB-222 prior to delivery. 

i"RE~D\NG PAGE BlANK NOT fa.MP 
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TEST OBJECTIVES 

The objectives of this test program are: (1) to evaluatc the effects of the new separator material, PelIon 2536, and the 

new GE Positive Plate Nickel Attack Control Passivation process on cell performance and life, and (2) to qualify these 

changes for use in NASA/GSFC spacecraft applications. 

Initial Evaluation Test Results 

The standard initial evaluation test used by the GSFC is outlined in Figure 1. During these tests, the cells were placed in 

packs of ten and set up so that each pack utilized the same charge and discharge power supplies. This set-up allowed data to 

be compared across the packs as must be done in a test of this nature. 
Tables 2 and 3 provide an overview of data from all 3 capacity tests, 2 overcharge tests, and a charge efficiency test. Re­

view of this data reveals that groups with positive plate passivation exhibited slightly higher peak and end-of-charge (EOC) 

voltages during the 35°C overcharge. Voltages were as much as 19 mV higher. Also capacity test data shows that all groups 

began the test with approximately the same capacity. This will allow capacity degradation to be compared directly through­

out life. The highest average capacity experienced was 63.7 Ah while the lowest was 5B.7 Ah. 

From data not included here, it was observed that groups with positive plate passivation recovered to a lower voltage 

during internal short testing. These voltages were as much as 35 mV lower than expected while still well above the require­

ment of 1.17 v/cell after 24 hours of open circuit stand. It was also observed that data from internal resistance, charge 

retention, and pressure versus capacity tests compared well between all groups. 

Life Cycling Evaluation Test Description 

The identification of each test group and the test matrix outline is detailed in Figure 2. There are 3 cycling regimes in 

this test: LEO 40% DOD and 20°C (L4020), LEO 40% DOD and O°C (L4000), and GEO BO% DOD and 20°C (GB020). 
All 4 cell designs are being tested in the L4020 regime while only the old positive - new separator and new positive - new 
separator designs are tested in the GB020 regime and only the new positive - new separator design is tested under the L4000 

regime. 

In the L4020 and L4000 regimes, the cells are discharged at a O.BC rate (40 amps) for 30 minutes and charged at a O.BC 
rate to a voltage clamp at which point the current is allowed to taper for the remainder of the 60 minute charge period. The 

voltage clamp is selected to allow a percent recharge (C/D) of 112 ± 2 percent. The GB020 regime is a real-time GEO regime 

with a 42-day eclipse period occurring twice per year. During shadow periods the cells are discharged at a 0.667C rate (33 

amps). Figure 3 shows the daily discharge times for each eclipse season. Following each shadow the packs are charged at 

a O.lC rate (5 amps) to 115 percent recharge (C/D) or l.4B volts any cell, whichever occurs first. At that time the rate is re­

duced to a 0.17C rate (0.B3 amp). During periods of continuous charge (full sun periods), the packs are trickle charged at 

the 0.17C rate. The packs are reconditioned to 0.75 vlcell before each eclipse season. All test packs contain 5 cells. 

Life Cycle Results 

At this time the L4020 packs have experienced approximately 1200 cycles while the L4000 pack has seen BOO cycles 

and the GB020 packs have not yet had the first eclipse season. Problems had been encountered early in cycling in control­

ling the pack temperatures of the L4020 packs. Pack temperatures rose to as high as 2BoC. This was corrected by increasing 
air circulation in the environmental chambers. 

As a whole, the LEO groups have exhibited slightly higher voltages than expected. Voltage clamp levels were expected 
to be set at GSFC level 7 or below to maintain 112% recharge at the 40% DOD. This, however, has not been the case as 

levels have had to be raised to 7.5 after about BOO cycles. Also, all packs are exhibiting charge voltage divergence of as much 

as 20 mV after the voltage is clamped. This can be seen on the typical cycle plots of Figures 3-7. 

CONCLUSIONS 

Slightly higher charge voltages as well as increased voltage divergence has been observed of all new positive plate test 
packs. This is observed most clearly in overcharge tests and LEO cycling test voltage level settings. Apart from this, all packs 
are performing nominally. Life cycle testing will continue to failure. 
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Table 1: CELL DESIGN DATA 

OLD NEW NEW 
POSITIVE POSITIVE POSITIVE 

NASA NEW OLD NEW 
STANDARD SEPARATOR SEPARATOR SEPARATOR 

Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. 

31069 45008 31069 45008 45046 45008 45046 45008 

59.23 130.06 59.23 130.06 60.62 130.06 60.62 130.06 

78.50 149.71 78.50 149.71 74.86 149.71 74.86 149.71 

76 87 76 87 81 87 81 87 

16 17 16 17 16 17 16 17 

1.422 1.422 1.422 1.422 1.422 1.422 1.422 1.422 

in.) 0.027 0.031 0.027 0.031 0.027 0.031 0.027 0.031 

12.21 15.86 12.21 15.86 12.12 15.86 12.12 15.86 

166 157 162 155 

PelIon 2505 PelIon 2536 PelIon 2505 PelIon 2536 

20.83 21.25 21.40 20.97 

Table 2. INITIAL EVALUATION CAPACITY TEST RESULTS 

C/20 ChI., 48 hrs., 25°C ClIO Chr., 24 hrs., 25°C ClIO Chg., 24 hrs., 20°C 

Ave. Low High Ave. Low ~ Ave. Low ~ 

63.2 62.8 63.8 56.8 56.5 57.3 56.3 55.8 57.0 

:w Sep. 62.7 61.8 63.8 56.6 55.3 57.3 56.1 55.3 57.8 

lid Sep. 60.1 59.5 61.3 55.9 55.3 56.8 57.8 56.5 58.8 

~ew Sep. 59.4 58.8 60.3 55.0 54.0 58.0 56.4 54.8 58.8 

ew Sep. 63.7 62.1 64.3 58.9 57.8 59.6 60.6 60.3 61.3 

~ew Sep. 58.7 57.8 59.l 54.3 53.l 54.9 58.4 57.8 58.8 

New Sep. 59.2 58.5 59.6 54.6 53.4 55.6 58.8 57.8 59.3 
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Table 3. INITIAL EVALUATION OVERCHARGE TEST AND CHARGE EFFICIENCY TEST RESULTS 

Overcharge #1 Overcharge #2 Charge Efficiency 
C/20 Chg., 60 hrs., OOC ClIO Chg., 24 hrs., 35°C C/40 Chg., 20 hrs., 20°C 

Group Ave. EOCV Peak V Ave. EOCV Peak V AhIn Ah Out Eff. 

NASA Std. 1.512 1.538 1.406 1.407 29.9 17.2 69.1 
(Grp.l) 

Old Pos., New Sep. 1.516 1.542 1.404 1.408 24.9 16.7 67.1 
(Grp.2) 

New Pos., Old. Sep. 1.513 1.541 1.419 1.424 24.9 15.1 60.6 
(Grp.3) 

New Pos., New Sep. 1.512 1.541 1.412 1.423 25.7 16.5 64.2 
(Grp.4) 

Old Pos., New Sep. 1.514 1.536 1.406 1.408 24.5 16.6 67.8 
(Grp.7) 

New Pos., New Sep. 1.512 1.543 1.418 1.427 25.0 16.6 66.5 
(Grp.8) 

New Pos., New Sep. 1.511 1.545 1.418 1.425 25.0 16.5 66.0 
(Grp.9) 

• PHENOLPHTHALEIN LEAK TEST 

• THREE CAPACITY TESTS 

• INTERNAL RESIST ANCE TEST 

• CHARGE RETENTION TEST, 20°C 

• INTERNAL SHORT TEST 

• CHARGE EFFICIENCY TEST, 20°C 

• OVERCHARGE TESTS, 0° and 35°C 

• PRESSURE VERSUS CAPACITY TEST 

• PHENOLPHTHALEIN LEAK TEST 

Figure 1. iNITiAL EVALUATION TEST REGIME 
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NASA OLDPOS. NEWPOS. NEWPOS. 
ORBIT DOD TEMP ( °C) STD. CELLS NEW SEP. OLD SEP. NEW SEP. 

LEO 40 20 Group 1 Group 2 Group 3 Group 4 
42B050AB20 42B050AB25 42B060AB26 42B060AB27 
SIN 2-7 SIN 2-7 SIN 2-8 SIN 3-6, 11, 12 

GEO 80 20 Group 7 Group 8 
42B050AB25 42B050AB27 
SIN 1,8-12 SIN 1,7-10 

LEO 40 0 Group 9 
42B050AB27 
SIN 2, 13-16 

Figure 2: LIFE CYCLING TEST MATRIX 
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Pack: 1500 Manuf: GE 
Orbit: LEO Temp (C): 20 

Voltage Limit (vic): 1.453 
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AEROSPACE NICKEL-CADMIUM CELL SEPARATOR QUALIFICATIONS PROGRAM 

ABSTRACT 

R. W. Francis 
The Aerospace Corporation 

EI Segundo, California 

R. L. Haag 
Naval Weapons Support Center 

Crane, Indiana 

The present space qualified nylon separator, PelIon 2505 ML, is no 
longer available for Aerospace nickel-cadmium (NiCd) cells. As a result of 
this anticipated unavailability, a joint Government program between the Air 
Force Space Division and the Naval Research Laboratory has been 
established. Four cell types have been procured with both the old qualified 
and the new unqualified separators. Acceptance, characterization, and life 
cycling tests are to be performed at the Naval Weapons Support Center, 
Crane, IN (NWSC/Crane). The scheduling and current status of this program 
are discussed and the progress of testing and available results are 
projected. 

BACKGROUND 

The qualified separator material for Aerospace hermetically sealed NiCd 
cells has been PelIon 2505 ML, produced by the PelIon Corporation. PelIon 
2505 ML is a non-woven nylon fabric used for 15 years in the Aerospace 
industry. In 1976 PelIon Corporation discontinued manufacture of the 
2505 ML separator material. The fabrication process incorporated zinc 
chloride in the bonding of fibers into structures and the process effluent 
removal required costly treatment. In 1981 General Electric Battery 
Business Division (GEBBD) informed all users of this separator that 
continued supply would be unavailable. GEBBD had stored enough of the 2505 
ML separator to satisfy cell lot commitments to the end of 1984. Concern 
over this issue encouraged PelIon to reactivate their 2505 ML production 
line. In the interim, however, enough changes in the raw nylon fibers and 
processing equipment were made that product characteristics were variable. 
During this period, GEBBD was coordinating their separator physical, 
mechanical and chemical parameter needs with PelIon Corporation. A new 
nonpolluting process, similar to that used in their German manufacturing 
plant for 10 years, was introduced and installed into the U.S. PelIon plant 
to manufacture separator material. GEBBD and PelIon claimed that the new 
separator, 2536, was superior from a uniformity, durability, and performance 
standpoint. Comparative characteristics and evaluations between the 2505 ML 
and 2536 separator types appeared encouraging. This pr~liminary data along 
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with the new separator qualification program definition and structure were 
published by M. Milden at the Intersociety Energy Conversion Engineering 
Conference in 1984 (Ref. 1). The essential elements of this program have 
been updated and are listed below: 

o Air Force Space Division and Naval Research Laboratory procurement 
of typical military cells from GEBBD. 

o Coordinate with spacecraft battery contractors to insure test plan 
validity and performance acceptability. 

o NWSC/Crane to perform acceptance, characterization and life cycle 
testing. 

o Generate a consolidated data base for the military customer and the 
battery contractors/users. 

o Eliminate duplication of effort and qualification costs. 

More recent analysis (Ref. 2) of the Pellon 2536 separator, which was 
performed at the Aerospace Corp. Laboratories, shows characteristics 
apparently equivalent, if not superior, to that of the standard PelIon 2505 
ML. Table 1 illustrates and compares these pertinent component parameters. 

PROGRAM STRUCTURE 

The Air Force and Navy have similar NiCd cell requirements and needs. 
Program efficiency to provide overall benefit was attained through joint 
military funding for a single and common cell buy. A coordinated program 
management function is established at NWSC/Crane. Technical support, 
component testing, military and program office interface, and data analysis 
are being conducted by The Aerospace Corporation. The Air Force Space 
Division Product Assurance Division AFSD/PDP coordinates, monitors and 
transfers funds to NWSC/Crane; whereas, the Naval Research Laboratory 
provides the same function for the Navy. Prior to 1985 the Air Force and 
Navy had already allocated the necessary money to purchase a total of 173 
cells. The division of cells for test and evaluation are shown in Table 2. 
Negative electrodes are all silver treated except the 26.5 A-Hr cells which 
have teflon treatment. Positive electrodes consist of the current and 
standard process design. Half of each cell type is constructed with Pe110n 
2505 ML and half with the proposed new Pe110n separator 2536. 

Cell specification is not program specific but performance oriented. 
The specification establishes requirements for manufacturing methods and 
procedures and defines processes and fabrication methods at a point in time 
for a NiCd cell type. 
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CELL TESTING AND EVALUATION 

After cells are received at NWSC/Crane, they undergo three separate but 
consecutive tests. These are: 

o Acceptance 
o Characterization 
o Life Cycling 

1) Acceptance testing at Crane enables performance comparison to acceptance 
test data from GEBBD and provides a basis for cell matching and pack 
fabricaton. 

2) Characterization testing is performed on all cell types after being 
subjected to random vibration to simulate the launch environment. 
Following vibration the cells will be placed in restraining plates with 
temperature monitoring. Following a conditioning cycle and ten capacity 
stabilization cycles the cells will undergo voltage characterization at 
various charge current rates (C/2 to CIBO) and temperatures (30° to 
-10°C). These characterization tests will differentiate between the two 
separator types according to the electrochemical mass transport 
capabilities. In other words, the existing voltage-temperature charge 
curves will be requa1ified for the Pe110n 2536 separator in relation to 
the existing Pe110n 2505 ML. 

As seen in Table 2, cell types will also be stored in both the activated 
(wet storage) and unactivated (dry storage) state as elapsed test time 
controls for comparative analysis. 

3) The life cycling test matrix consists of 135 cells and is illustrated in 
Table 3 with the test details shown in Table 4. 

The cells are assembled into five- and ten-cell packs following a pack 
fabrication procedure which is weighted with eleven parameters from the 
NWSC/Crane acceptance tests. For both orbits, two test levels are 
imposed to simulate both actual and accelerated performance behavior. 
For the low earth orbit (LEO) only, the higher temperature and greater 
depth of discharge is used to enhance any performance level limitations 
for either separator. The geostationary orbit (GEO) is considered 
accelerated, since no trickle charging, simulating conditions between 
eclipse seasons, is imposed. The two GEO temperature levels will 
bracket actual use environments. The LEO orbital simulation consists of 
a 33.6-minute (0.56 Hr.) eclipse and a 67.2-minute (1.12 Hr.) sunlight 
period. The cycling is continuous with no scheduled capacity 
measurements or reconditioning. The preselected temperature-compensated 
voltage limit (V/T-limit) is chosen to maintain a charge-to-discharge 
ratio of 1.00-1.08, including the taper current. The GEO orbital 
simulation consists of a typical 42-day eclipse season, and following 
each season the packs are trickle charged at C/60 for two days. Each 
pack is to be reconditioned to 0.7S-volt average pack voltage for 
approximately ten days following the trickle charge. Recharge prior to 
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the next season is at the C/4 rate. Within an eclipse season, cell packs 
are charged at the C/lO rate to a V/T-limit followed by a taper current 
charge for the remainder of the eclipse day. 

STATUS AND SCHEDULE 

The joint Air Force/Navy separator qualification program has been funded 
up to and including FY 90. A chronological list of key program milestones 
are listed below: 

o Procurement Specification 

o Contract with GEBBD for Procurement 
of 154 NiCd Cells 

o Amend Contract to Add 19 Additional 
50 A-Hr Cells 

o Contract Modifications and 
Material Review 

o 30 and 34 A-Hr Cells Consigned 
to NWSC/Crane 

o Detailed Test Plan 

o 35 and 50 A-Hr Cells Consigned 
to NWSC/Crane 

Sep 1983 

Mar 1984 

Aug 1984 

Jun 1985 

Jun 1985 

Sep 1985 

Nov 1985 

The current status and projected test schedule at NWSC/Crane is illustrated 
in Table 5 on a time-line diagram. 

At the time of this writing, as can be seen in Table 5, the first of the 
four cell types, 42B034AB02 and 03 (34 A-Hr cells), has completed acceptance 
testing at Crane. The raw data demonstrates comparable and nominal 
capacities for both the PelIon 2505 ML and 2536 separator types in the 25°, 
10°, and aoc capacity and overcharge acceptance tests. In addition, the 
typical roll-over in charge voltage was observed for both cell types, 
indicating good negative plate electrochemical behavior. Maximum charge 
voltage for the PelIon 2536 cells, however, is attained earlier in the 
alloted time for charge than for the PelIon 2505 ML. The significance of 
this will not be known until the characterization tests are completed and 
the life cycling initiated. 

FUNDING 

Not including cell procurement costs, which have been appropriated, the 
funding level allocated by the Air Force and Navy for the qualification test 
program alone is approximately $150K per year up to FY 91. These funds 
represent the required support to conduct the acceptance, characterization, 
and life cycle tests. Thus, life cycle testing is ensured for almost five 

172 



years, since all cell types are projected to have completed their acceptance 
tests at NWSC/Crane by February 1986. 

The structure of the separator test program was designed to provide a 
high degree of confidence based on long term testing exposing any subtle 
differences far in advance of actual flight usage. As a result of an 
accelerated schedule in the military which forces utilization of the new 
PelIon 2536 separator for near-term cell lot buys, the separator 
qualification test program has received the support and encouragement of 
many spacecraft program offices. Preliminary test evaluation data to 
demonstrate ~omparable performance and acceptability of the new material to 
that of the PelIon 2505 ML will not be available, however, with any degree 
of confidence and reliability until the end of 1986. This will obviously 
impact decisions to purchase NiCd cells with the new PelIon 2536 separator 
for spacecraft flight use. 

CONCLUSION 

The NiCd cell separator qualification program will provide a common data 
base for the comparison of performance characteristics of cells with PelIon 
2505 ML and identical cells with PelIon 2536 in concurrent tests. 
Preliminary life cycle data at more severe temperatures and discharge depths 
will be available by the end of 1986 to verify cell performance with the new 
PelIon 2536. Close to five years of long-term real-time cell cycling is 
funded to verify cell performance and acceptability of the PelIon 2536 
separator. Joint Air Force and Navy funding to one centralized facility, 
NWSC/Crane, will produce a statistically more valid data base at an overall 
lower cost by minimizing individual spacecraft program office evaluation, 
management, coordination, and testing. This will enhance the value of the 
data base by enabling direct comparison of the two cell types with different 
separator components. 

Test reports will be issued after each cell type acceptance test and 
after each characterization test. In addition, NWSC/Crane will distribute 
annual cycle life test reports and trends analysis at selected times 
throughout the year. These reports will be made available on request to 
NWSC/Crane and will be distributed in normal fashion subject to approval 
from the Air Force and Navy. 
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TABLE 1. SEPARATOR PARAMETRIC COMPARISON 

Parameter 2505 ML 2536 

Process Zn C12 Stabilized High temperature 
Bonded Nylon Inert Gas 

Bonded Nylon 

Fiber Diameter 13 m 13 m 

Density 1.25 (2505 ML) 

E1ec tro1yte 400'%. 300'%. 
Retention 

Hydrolysis 
Rate (lOO-lOO°C) 
*31'%. KOH 0.5 (2505 ML) 

*Cd+2 Added 0.5 (2505 ML) 

TABLE 2 CELL TEST DISTRIBUTION 

QuantitI/End Use 
A-Hr Cell Type Test GE Wet Dry 

Capacity Designation Matrix Destruct Storage Storage Characterization 

26.5 42B030AB10/14 30 1 2 2 4 

34 42B034AB02/03 30 1 2 2 2 

35 42B035AB02/13 30 1 2 2 4 

50 42B050AB24/28 45 1 5 3 4 

135 4 11 9 14 
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TABtE 3. TEST MATRIX 

2505 ML Separator 2536 Separator 

DoD Charge Test 
Orbit 1 Actual Control Temp ·C SOAH 34AH 35AH 26.5AH 50AH 34AH 35AH 26.5AH 

V-T 
LEO 25 Taper 0 S 5 5 5 5 

V-T 
LEO 40 Taper 20 10 10 10 10 10 

GEO V-T 
Accel 75 Taper 0 5 5 5 5 

GEO V-T 
Aced 75 Taper 20 10 10 10 10 

TABLE 4. LIFE CYCLE DETAILS 

Capacity Current VIT CID 
Test Nameplate Est. Actual Discharge Charge Curve Range 

LEO, 25%, O°C 26.5AH 30AH 13.4A c/3 5 1.00-1.0S 
34 41 lS.3 c/2 5 1.00-1. OS 
50 50 22.3 c/3 5 1.00-1. OS 

LEO, 40%, 20°C 26.5 30 21.4 c/2 5 1.00-1. OS 
34 41 29.3 c/2 5 LOa-LOS 
50 50 35.7 c/2 5 LaO-LOS 

TaEer Current 

GEO, 75%, O°C 35AH 37AH 23.1A cllO 5 0.5 -O.3A 
50 50 31.3 ella 5 0.75-O.5A 

GEO, 75%, 20°C 35 37 23.1 cllO 5 0.5 -0.3A 
50 50 31.3 cllO 5 0.75-0.SA 
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Acceptance Tests 

30 A-Hr 
34 A-Hr 
35 A-Hr 
50 A-Hr 

Characterization 
30 A-Hr 
34 A-Hr 
35 A-Hr 
50 A-Hr 

Life Cycling Tests 
30 A-Hr 
34 A-Hr 
35 A-Hr 
50 A-Hr 

Test Reports 

X 

TABLE 5. CURRENT AND PROJECTED SCHEDULE 

1985 1986 

Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May 

X--X 
X 

X X 
X--X 

X X 
X X 

X X 
X X 

I I 
X 

X 
X 

X 

xl I I xl 
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I NTRODUCTI ON 

A FLOODED-STARVED DESIGN FOR NICKEL-CADMIUM CELLS 

Lawrence H. Thaller 
National Aeronautics and Space Administration 

Lewis Research Center 
Cleveland, OH 44135 

Sealed nickel-cadmium cells for aerospace applications have been made for 
several decades by a variety of manufacturers. Although each manufacturer has 
his own set of processes, procedures, and design techniques, these cells owe 
much of their long cycle life to the electrochemical couples employed and the 
physical properties of the separator material used. This material has the 
combination of pore size distribution and wetting characteristics which 
permits the oxYgen evolved at the positive electrode during the latter stages 
of charge to have access to the metallic cadmium on the negative electrode 
while at the same time holds enough electrolyte to maintain good ionic 
conductivity between the electrode pairs. This condition is usually referred 
to as being "starved" in terms of the amount of electrolyte. Depending on the 
particular separator type and number of layers, the characteristics of the 
electrodes, and the compression on the plate pack, an electrolyte loading 
value (X cm3/Ahr) will yield the proper balance in terms of gas permeability 
and electrolyte conductivity. A particular manufacturer will aim for a 
certain cell pressure on overcharge based on the experience gained from past 
performance. 

There are several possible difficulties associated with this general 
procedure which may well result is substandard performance of the cell. This 
results in part from the statistical aspects among groupings of plate packs 
and/or cell sets and in part from the growth with cycling characteristics of 
the electrodes used in these cells. 

It is the purpose of this paper to describe in detail a somewhat analogous 
situation among groupings of alkaline fuel cells where the stochastic aspects 
have been much more accurately documented and then illustrate how this problem 
was eliminated using straight forward principles of pore size engineering 
(Ref. 1). This is followed by a suggested method of adapting these same 
design principles to nickel-cadmium cells. It must be kept in mind that when 
cells are cycled to typically twenty percent depth of discharge that eighty 
percent of the weight of the cell is simply dead weight. Some of this dead 
weight might be put to better use by trading it for a scheme that would 
increase the time during which the cell would be working more closely to its 
optimum set of operating parameters. 

BACKGROUND 

In the early stages of the development of alkaline fuel cell technology at 
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what is now called International Fuel Cells, a cell was made up as shown in 
figure 1. These cells employed a fixed, trapped amount of electrolyte within 
each cell. The oxygen electrode was a thin screen onto which was placed a 
mixture of catalyst powder and Teflon. The Teflon content was such as to 
render the electrode wet proof. The separator was an asbestos mat fully 
filled with electrolyte and the hydrogen electrode was a thick (~O.060 in.) 
sheet of sintered nickel which was catalyzed more or less uniformly 
throughout. The pore sizes of the individual components were selected so that 
the separator would at all times be filled with electrolyte. The 
electrolyte-gas interface would be set up somewhere within the thick nickel 
sinter. As conditions arose that resulted in temporary changes in the volume 
of the electrolyte, this interface simply moved slightly to the right or left. 

OPTIMUM VOLUME 

Optimum volume is a term that is used to describe the effect of 
electrolyte volume on cell performance and in particular that volume which 
results in the peak performance of the cell. The reason for a change in 
performance with cell electrolyte volume (interface position) and an optimum 
volume can be readily seen with the help of this diagram. If the 
electrolyte-gas interface is very close to the gas cavity (right hand edge of 
the hydrogen electrode) then most of the catalytic surface is covered over 
with electrolyte. The slow diffusion of hydrogen through the bulk electrolyte 
along with the relatively high ionic IR drop across this thick electrode will 
result is poor cell performance. As the interface recedes into the sintered 
electrode, there will be a greater degree of electrolyte film-catalyst 
surface-gas interface, and performance will increase. As this interface 
apporaches the matrix, the diffusion of gas into and water vapor out of this 
sinter becomes the controlling factor and again performance falls off. This 
discussion is not meant to imply any similarity between a nickel-cadmium cell 
and a hydrogen-oxygen fuel cell. It is only meant to illustrate how a cell 
can have a preferred amount of electrolyte for optimum operation. An 
interesting series of experiments were carried out on a group of 36 individual 
cells of this type which illustrates several characteristics of groupings. 
Using a technique which is peculiar to the fuel cell industry and is not 
particularly germane to the discussion at hand, the optimum volumes of each 
one of these cells was determined. Figure 2 shows the histogram of these 
results. The results, of course, show a considerable standard deviation or 
spread in the values of the optimum volume. These results are particularly 
significant in that fuel cells are filled as a group that are stacked together 
in a manner that results in each cell receiving approximately the same 
volume. This, of course, would result in some cells receiving more than their 
optimum amount and some cells receiving less than their optimum amount. 
Before being able to discern whether this would result in acceptable or 
unacceptable performance of this particular grouping of cells, a second 
characteristic called volume tolerance, must be known. As the name implies, 
volume tolerance describes the cell performance as a function of the 
electrolyte volume. In essence, the shape of the electrolyte volume vs. cell 
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performance curve is a measure of the volume tolerance of the cell. Without 
going into the details of the matter, it can be stated (and it should be 
obvious) that if the grouping of cells as shown in figure 2 were all filled 
with 13 cm3 of electrolyte, then three of the cells would be over filled 
where as eight cells would be under filled. 

The answer to this problem in the fuel cell industry was the invention of what 
was called the electrolyte reservoir (Ref. 2). The thick nickel sinter 
electrode (figure 3) was replaced with a thin screen-Tefl on-catalyst type gas 
electrode similar to the oxygen electrode. Placed behind the hydrogen 
electrode was a porous nickel sinter with a waffled pattern on it so that 
reactant gas could flow on the back side of the electrode while the sinter 
would also be in contact with it. Here again, the pore size and pore size 
distribution of each component is carefully selected so as to maintain proper 
electrolyte placement. The electrolyte reservoir has the largest pore size of 
wettable material so that is will freely accept and give up electrolyte as the 
cell undergoes temporary wetting or drying conditions. The electrodes 
themselves under normal conditions do not undergo any changes in their 
electrolyte volume; only changes in the electrolyte concentration as the water 
content temporarily is in excess of or is less than that value about which the 
control point is fixed. Figure 4 is a plot of the volume tolerance 
characteristics of three different cell constructions that have been used over 
the years by IFC. The slanted straight line depicts the characteristics of 
the cells that employ the electrolyte reservoir behind the screen hydrogen 
electrode. The curve showing the intermediate degree of volume tolerance was 
the configuration described earlier with the thick sintered electrode. The 
cell construction showing a very minimal amount of volume tolerance was of yet 
an earlier level of technology. Cells with the widest degree of volume 
tolerance are the type used aboard the space shuttle. Groupings of these 
cells are much less affected by the stochastic aspects associated with 
groupings of individual cells. 

FLOODED STARVED DESIGN FOR NICKEL-CADMIUM CELLS 

It would not be incorrect to say that a nickel-cadmium cell has an optimum 
electrolyte volume associated with it. The optimum electrolyte volume in this 
case is related to the balance required between the cell ionic resistance and 
the gas recombination characteristics. Further, it probably would not be 
incorrect to say that among a grouping of cells there would be a certain 
distribution associated with the optimum volume values. It is however 
conjectural at this point to state that when a group of cells are filled, some 
are overly filled while others are under filled. Likewise, it would probably 
be dangerous to state that the growth characteristics of the nickel electrode, 
coupled with the chemical degradation of the nylon separator material in the 
KOH and oxidative environment, would result in adverse effects on the cell 
optimum volume, but it certainly can't do it any good. What is suggested is 
to adopt, where feasible, some of the techniques used in the alkaline fuel 
cell field into the nickel-cadmium technology. Figure 5 shows a Simplistic 
diagram of a nickel-cadmium cell that employs an electrolyte reservoir 
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consisting of a wettable material with a pore size intermediate between the 
large gas filled pores and the small electrolyte filled pores of the 
separator. Even in well behaved nickel electrodes, there is an increase in 
the fine pore structure of the active material which would tend to draw 
electrolyte out of the separator (Ref. 1). If a reservoir were present it 
could yield up electrolyte as needed to replace the amount lost to the 
electrodes. The placement of the reservoir at the bottom is just meant to be 
illustrative. Depending on the pore size characteristics of the separator, 
the reservoir function could be performed by the separator itself. It should 
be noted here that there are driving forces other than capillary pressure 
(pore size) that come into play in these cells and need to be taken into 
account when doing an overall cell design. They include diffusional forces 
and migrational forces and possibly some electro-osmotic effects. In 
nickel-cadmium cells in contrast to nickel-hydrogen cells, there is a greater 
amount of electrolyte volume change due to the water associated with the 
electrochemical reaction. 

The steps involved in designing a flooded-starved cell might proceed as 
follows: 

SUMMARY 

1) Investigate the electrolyte volume tolerance characteristics of 
nickel-cadmium cells. This should be done both from an optimum 
volume point of view as well as a volume tolerance point of view. 

2} Investigate the stochastic aspects of the optimum volume 
characteristics so the degree of variance within a cell 
population can be estimated. 

3) Establish the net plate expansion characteristics (while under 
the pack compression) of both the nickel and cadmium electrodes. 

4) Establish the pore size and pore size distribution 
characteristics of the cell plates as a function of cycling, 
electrolyte composition, plate additive, etc. 

5) Establish the pertinent physical characteristics of chemically 
stable oxidation resistant separator materials. These would 
include their compressibility-pore size distribution 
characteristics. 

6) Calculate the reservoir requirements so as to keep the cell(s) 
within proper electrolyte tolerance bounds over the expected 
lifetime of the cell(s). 

A methodology for increasing or extending useful lives of nickel-cadmium 
cells and batteries is suggested based on a somewhat analogous situation that 
was present in early technology trapped electrolyte alkaline fuel cells. The 
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fuel cell industry was able to document and quantize the problem. The 
solution came when the volume tolerance characteristics of the cells were 
widened. This same approach is suggested for first quantifying the problem 
and then gathering the required data to develop a modified nickel-cadmium cell 
design. 
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AN ADVANCED NI-CD BATTERY CELL DESIGN 

Lee Miller 

Eagle-Picher Industries, Inc. 

Introduction 

An advanced Ni-Cd space battery cell design is evolving as the result 
of the incorporation of Ni-H2 battery cell design technology. High rate 
oxygen and hydrogen gas recombination capability with higher levels of 
electrolyte activation have been demonstrated. Increased performance and 
life are projected via extended operational range and the use of inorganic 
separator materials. 

Electrode Stack Design 

The advanced electrode stack configuration is shown in Figure 1. The 
first major design feature involves the use of two (2), half thickness nega­
tive electrodes in a "back-to-back" configuration. Enhanced oxygen gas 
recombination is achieved by the application of a hydrophobic (to prevent 
electrolyte flooding), gas permeable membrane to their inter surfaces which 
are separated by a gas accessibility spacer material (Ni-H2 design technol­
ogy). 

RecolI}hination performance dependency upon an intra electrode couple, 
s.pecific porosity, organic separator material is eliminated. Various more 
stable lI}aterials of inorganic compositions should be accommodated extending 
systelI} life. In addition, intra couple separator flooding concerns are 
elilI}inated allowing higher electrolyte activation levels also extending life. 

The second major design feature involves the incorporation of a cata­
lyzed gas electrode. The gas electrode interfaces the electrode stack edge 
surfaces and is connected electrically to the cell positive terminal. De­
sign intent is to offer a mechanism for rapid hydrogen gas recombination. 

If a cell is subjected to sufficient operational or environmental stress 
to prolI}ote hydrogen gas generation (either by design to increase system per­
fOrlI}ance or inadvertently), the gas would be rapidly recombined by the Ni-H2 
reaction defined in Figure 2. 

Testing 

Testing of the above design concepts has been reported in a previous 
Battery Workshop (1). 
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The results of this effort may be summarized as follows. 

A group of 6 AH rated cells were constructed in three (3) design ver­
sions. 

1) Standard space cell design. 

2) Same as 1) except incorporated gas electrode. 

3) Same as 1) except incorporated ''back-to-back'' negative electrodes 
(split negative). 

Figure 3 graphically presents the results 
uate electrolyte activation level sens·itivity. 
negative electrode design version demonstrates 
tolerance to electrolyte activation level. 

of a test designed to eval­
Clearly the "back-to-back" 

a significantly improved 

Figure 4 graphically presents the results of a test designed to measure 
hydrogen gas recombination ability. The test temperature and charge rate 
were chosen to assure the hydrogen overvoltage potential would be achieved. 
Again, clearly proper functioning of the gas electrode design version was 
demonstrated. 

More recent testing was initiated with a small group (3 each) of cur­
rent prQduction 50 AH rated cells. All three (3) cells incorporated the 
same gas. electrode design version configured as depicted in Figure 5. To 
as,sure hydrogen gas generation, discharged excess negative electrode capa­
city or overcharge protection was not incorporated in these cells. 

Figure 6 graphically presents the results of a test designed to assess 
hydrogen gas recombination rate capabilities. Surprisingly doubling the 
charge rate (from C/lO to CiS) did not increase the maximum pressure achieved. 
It would appear a relatively small catalytic gas electrode area is capable 
of managing high gas generation rates. 

Conclusion 

The evolution of an advanced Ni-Cd space battery cell design continues 
to prove very promising. High oxygen/hydrogen gas recombination rates (cur­
rently up to a ciS charge rate) and increased electrolyte activation level 
tolerance (currently up to 5.6 grams/AH of positive capacity) have been 
demonstrated by test. 

A superior performance, extended life battery cell offering the advan­
tages listed in Figure 7 should soon be available for mission applications. 
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-1. H2 + 2 OH ~ [2 H
2

0 + 2e J 

-
2. 2 NtOOH + [2 H

2
0 + 2e J ~ 2 N1(OH)2 + 2 OH 

COMBINED RERCTION 

3. 2 NtOOH + H2 ~ 2 NtCOH)2 

Figure 2. SEALED NICKEL-CADMIUM GAS ELECTRODE REACTION 
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2 
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2. SIGNIFICRNTLY DECRERSED MRXIMUM ELECTROLYTE QURN­

TITY SENSITIVITY PROMOTING LONGER CYCLE LIFE. 

3. IMPROVED CELL PERFORMANCE VIA EXTENDED OPERATIONRL 

RANGE. 
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VUE GRAPH 1 

Little is known concerning the self-discharge and heat generation in 
nickel-cadmitm cells when they are subjected to temperatures far in excess 
of ambient. It is known that in general the rate of chemical energy loss 
from the cells in the form of heat increases with temperature and that 
thermal runaway is a likely result at sufficiently high temperatures, even 
with cells on open circuit. Actual conditions promoting thermal runaway 
have heretofore not been established. The work reported here provides such 
data in tests performed on open-circuited NiCd cells, fully charged, when 
such cells were heated externally to temperatures from 40°C to 120°C. 

VUEGRAPH 2 

The objective of this paper is to relate the effects of heat generation 
in spacecraft nickel-cadmitm (NiCd) cells during high temperature storage on 
open circuit. When nickel cadmimn batteries are open circuited in the 
charged state, chemical reaction(s) provide a means of self-discharge and 
heat-generation. The rates of self-discharge and heat-generation are 
relatively low at normal spacecraft operation temperatures (-5 to 30°C); 
however, the rates and possibly the complexity of the reactions increase 
with temperature. There is little data available concerning capacity losses 
via self-discharging in NiCd cells due to elevated temperature (above 40°C) 
exposure. Such data could be useful in space programs, as temperatures in 
the range 80-100oC may cause the batteries to become thermally unstable. 
Additional heating generated by battery self discharge may drive the 
batteries into catastrophic failure with consequence for the integrity of 
the spacecraft and its contents. The testing described here was designed to 
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determine the extenc to which battery thermal scabilicy is a valid concern, 
ac temperacure of exposure (externally effecced) between 40°C and 120°C. 

VUEGRAPH 3 

The NiCd cells selected for cesting are General Eleccric catalog number 
35AB11, 35 Ah nominal capacicy. It is expecced chac che results obcained 
with chese cells can readily be excended co ocher NiCd spacecrafc bacceries. 

The cells were enclosed in an insulacing concainer (Fi brochal (Reg.), 
Kanthal Furnace Produccs Co.) prior to tesc. The cell cesc apparacus is 
shown in vuegraph 3, which is noc drawn to exacc scale in order co show some 
of the decails. The large faces of the cell were supporced by 1/4 inch 
aluminun rescraincs which were held cogecher by 4 screws (noc shown in 
drawing). The cell and restraints were designed to slip into the aluminum 
liner along with the heacer and aluminun shims to provide a snug fico All 
sliding pieces were coaced with silicon heat conducting compound. The liner 
was bonded to the glass foam insulation with a high chermal conduccivity RTV 
compound. Empty spaces within the glass foam insulacor (cop, boccom, and 
small faces of cell) were filled wich glass wool. Thermiscors were mounced 
at the top and bottom of the cell, on the outside of the cell rescrainc 
opposite the heater, on the inside of a small face of che liner, on two 
outside surfaces of the foam insulacor, and at che boctom of che foam 
insulacor. A strain gauge was placed on either the cell top or boccom in 
order to monitor any possible bulging of the cell case. 

VUEGRAPH 4 

The insulated cesc assembly was operated inside an environmencal chamber. 
The seven thermistors and the scrain gauge measuremencs were monicored by a 
computer which also controlled the heater, che insulator, and the 
temperacure of the environmencal chamber. Calibracions of che chermiscors, 
specific heat of a cell, specific heac of the tesc apparacus, and chermal 
conduccion through che tesc apparacus were made wich a solid aluminum "dummy 
cell" of known specific heac. Ac a given environmental chamber cemperature, 
che heacer inside che assembly provided sufficienc heac for parcicular 
initial incernal temperatures. 

VUEGRAPH 5 

Measuremencs of cemperacure afcer heacing provided che necessary calibracion 
daca. While the inicial external (environmencal chamber) cemperacure was co 
be 60°C, the internal cemperatures for che decerminacion were 60 80 100 ° ' , , 
120, 140, and 160 C. The chermal processes operacing in che experimencal 
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~es~ fix~ure during the calibration runs with a dummy cell of known hea~ 
capacity (b') are described by ~he equa~ion: 

~2 
(1) af [T(t)-T'(t)jd~ + ~ [T(t:

2
)-T(t

1
) + T'(t

2
)-T'(t:

1
)j=b'[T(t:

1
)-T(t:

2
)j 

~l 
where a is the constan~ for hea~ loss ~hrough the insulator ~o the 
environment, and c is the heat capacity of the insulator, and where T(~) = 
tempera~ure of cell as a function of time, and T' (t) = tempera~ure of 
chamber as a function of time. 

VUEGRAPH 6 

VUE GRAPH 6 is a computer plo~ of actual data for selected thermistors 
from one of the "dummy cell" runs, which were performed in order to 
determine the heat dissipation rate ~hrough ~he walls of the cell insula~ing 
con~ainer at various ~emperatures of the container/contents and ~he 
surrounding thermal chamber. In this case both the dummy cell and the 
chamber were brought initially ~o 60°C, then ~he cell hea~ers were 
disconnected and th~ dummy cell surface tempera~ures were moni~ored for one 
hour. In ~his way the dummy cell was heated to successively higher 
~emperatures, and the temperatures with no cell heating were monitored. The 
chamber tempera~ure, nominally cons~ant, demons~ra~ed a small upward drif~ 
throughout the test, in addi~ion to a significant ripple associa~ed with 
each cell heating and cooling cycle. 

VUE GRAPH 7 

The values of the insulator heat capacity, c, and the ra~e of hea~ 
dissipa~ion ~hrough the walls of the insula~or, a, were de~ermined from 
analysis of the thermistor da~a during t:he periods of active hea~ing and by 
de~ermining the cooling ra~es (hea~ers off) respec~ively. 

The heat capaci~y (b) of the actual 3S Ah cells ~hat are the subject of 
this paper were de~ermined by calculation from the ma~erials of construc~ion 
of the cells. The value obtained for a fully discharged cell was then 
adjus~ed by calcula~ion to account for the differences in ~he hea~ 
capacition between the charged and discharged active cell ma~erials. A 
value of lH (cell) of 0.235 Wh/oC (202 cal/oC) was derived from this 
calculation, in good agreement with data found in the litera~ure. (1 

In ~he cell 
restraining plates, 
insulating housing 

VUEGRAPH 8 

t:es~ing, fully charged cells were fastened between 
fit~ed with thermis~ors, e~c., and inser~ed in~o ~he 

in ~he same way tha~ ~he dummy cells were ~rea~ed 
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earlier. The experimen~s were performed wi~h fully charged cells a~ ini~ial 
internal and ex~ernal ~emperatures of 44, 64, 82, 85, and 118°C. The 
~empera~ures following ~he ini~ial hea~ing were moni~ored for up ~o 48 hours 
and provided the data necessary for calcula~ing ~he self-heat generation of 
~hese NiCd cells in ~his tempera~ure range. The same ~wo cells were used 
for the 60° tests that were ~ested a~ 40°, after recharge. Otherwise, fresh 
cells were used in each cell ~empera~ure ~es~. The tes~ing procedure was ~o 
hea~ the test chamber to ~he preset ~est ~emperature, ~hen ~o hea~ the cells 
~o approximately the same tempera~ure via ~imed resis~ance hea~ers con~ained 
inside the insulators, in contac~ wi~h ~he cell surface, a~ the ra~e 

of .... 2° C/min. In vuegraph 8 are shown ~he ac~ual cell wall ~empera~ures 

achieved a~ the cOlll>le~ion of the hea~ing period, and also ~he maximum 
temperatures achieved. 

VUEGRAPHS 9, 10, 11 

Example cell and chamber actual temperature da~a (for simplici~y no~ 
all thermistor ou~pu~s are shown) appear in vuegraph 9-11. In all ~hese 
plots the chamber tempera~ure was subj ected to a periodic perturba~ion, 
arising from an idiosyncrisy in ~he ~es~ computer da~abase ~ha~ caused ~he 
chamber hea~ers to activa~e a~ 8 hr intervals. One hour after the Tenney 
chamber reached the setpoin~ ~emperature ~he cell hea~ers were fed a 
predetermined amount of energy, calculated from the cell constant, and 
sufficient to bring the cells and other con~ents of the insula~ing 

containers to the setpoint ~emperature. Thereafter ~he chamber ~empera~ure 
was maintained and bo~h chamber and cell temperatures were moni~ored. As in 
the earlier calibration runs each cell had five thermistors a~tached to i~, 
and three thermistors were a~~ached ~o ~he ou~side surface of ~he 

insulator. The thermistor readings were monitored at intervals ~hroughout 

the test and the data stored on floppy disks. Values of all ~he cell 
surface temperatures were averaged prior to the succeeding calcula~ion of 
self discharge rates, as were chamber temperatures. 

The calculation of cell self discharge rates assumed tha~ all cell 
capacity and energy losses were conver~ed en~irely ~o hea~, and ~ha~ ~he 
hea~ dissipation rate ~hrough the walls of the insulator and ~he cell 
thermal capacity derived earlier are valid a~ all ~empera~ures of ~he 

testing. The cell discharge rates, q, a~ various tempera~ures were 
calculated from ac~ual time/t empera~ure da~a and ~he calcula~ed slopes of 
the ~ime/temperature plo~s wi~h the following equation: 

(2) q(t) = (b +.£) dT(t) + £dT'(t) + a [T(~)-~'(T)J. 
2 d~ 2 d~ 
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VUEGRAPH 12 

The calculated cell heat generation data are plotted (as log q v. T-1 in 
vuegraph 12 together with error bars. The errors are greacer ac che lower 
temperatures because at these temperatures the derived heating races are 
dominated by the term in the equacion requiring the decerminacion of small 
temperature differences. Previous 40°C daca are shown for comparison 
reference 2 (Scott, et al., shown in Vuegraph 12). These daca can now be 
used to evaluate thermal runaway conditions for any battery system wich a 
known thermal concrol properties. The data should be scalable co other cell 
sizes. 

VUE GRAPH 13 

We earlier described a cell as having "exploded" at cell surface 
temperacure in excess of 230°C. ~ the calculated race of heac generacion 
() SOOW) at a few minute before the catascrophic evenc occurred ic is likely 
chat the actual cemperature at poincs wichin chis cell were well in excess 
of that measured at the cell surface. At these temperatures the separator 
material fused, allowing the eleccrode macerials to come inco incimace 
contact. Although we do not have information adequate to judge whecher an 
explosion indeed occurred or merely a forceful venting, a decided odor of 
organic combuscion was detected in the surrounding laboratory area afcer the 
event. Photographs of the cell chamber and ics environmental chamber are 
shown in vuegraph 13. The heavy stainless steel walls of the environmental 
chamber were bowed outward and the door hinges were benc, in spice of a 4 
inch diameter hole having been provided for pressure dissipation. As can be 
seen in the photos, the 1/4 inch aluminum restraining places over the cell 
faces were bent but held, while all four side panels of the cell were blown 
free. The electrode sinter was covered by black frangible dust which was 
all that was lefc of the active material 

VUEGRAPH 14 

The conclusions of this study are thac thermal runaway can occur from 
elevated temperature self-discharge of NiCd bacteries. Thermal runaway can 
be fast enough to rupture cells in batteries and cause physical damage in 
the surrounding area. In our particular case battery temperacures above 
about 80 deg. C cannot be allowed without adequate provision for heat 
dissipation. 
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VUEGRAPH 2 

OBJECTIVE 

* TO DETERMINE THE HEAT GENERATION IN SPACECRAFT NiCd CELLS 

DURING OPEN CIRCUIT STAND AT ELEVATED TEMPERATURES 

METHOD 

* ENCLOSE CELLS (AT 100X S.O.C.) IN INSULATIVE CONTAINERS AT 

~ADIABATIC CONDITIONS AT T: 400 to 1200 C 

* FOLLOW TEMPERATURE PROFILES OF CELLS AND SURROUNDINGS. 

* CALCUL~TE CELL HEAT GENERATION RATES VERSUS TEMPERATURE 
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VUEGRAPH 4 

Block Diagram of Test Apparatus 
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VUEGRAPH 5 

CALIBRATION OF TEST APPARATUS 

* INSULATOR CONSTANTS DETERMINED WITH "DUMMY" CELL OF KNOWN HEAT 

CAPACITY: 

* CONSTANT FOR HEAT LOSS RATE THROUGH INSULATOR (W/DEG) 

* CONSTANT FOR HEAT CAPACITY OF INSULATOR (Wh/DEG) 

* CELL CONSTANT FOR A 35 Ah NiCd CELL 

* HEAT CAPACITY OF DISCHARGED CELL (Wh/DES), CALCULATED AND 

VERIFIED EXPERIMENTALLY 

* CORRECTION FOR FULLY CHARGED CELL, BY CALCULATION 

tz 

aj[Tlt) - r" (til dt + CI2[Tlt.) - TIt,) + r" (t.) - r" It, j : b "[TIt.) - Tlt.iJ 

t. 

where ~ is constant for heat loss through insulator 

~ is heat capacity of insulator 

!L:... is heat capacity of "dummy" cell 

lllL is the cell temperature as a function of time 

~ is chamber temperature as function of time 
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VUEGRAPH 7 

THERKAL PARAKETERS 

H_a~ D~ __ ~pa~~on Ra~e: 0.126 W/deS C 

c_~~ H_at Capac~ty: 0.235 Wh./deS C 

C_~~ R __ tra~n~_ 

H_a~ Capac.:l.ty: 0.216 Wh./des C 

Xn_u~at.:l.on H_at Capac.:l.ty: 0.156 Wh./des C 



VUEGRAPH 8 

CELL TEMPERATURE DATA SUMMARY 

NUMBER OF INITIAL TEI"P CELL TEMP. ENVIRONMENTAL 

CELLS DEGREES C ACHIEVED AT END CHAMBER TEMP 

TESTED OF TEST, - C DEGREES C 

2 "'44 42 36 - 38 

N 
0 co (2)1' "'64 64 58 - 59 

2 "'S2 S5 70 - 72 

2 "'ss >1662 72 - 79 

1 "'11S 230 121 - 129 

1. SAME CELLS AS 40-C TEST 

2. CELLS WERE FULLY DISCHARGED 
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VUEGRAPH 11 

Temperature vs Time 
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Post - Explosion Photographs 
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CONCLUSIONS 

* THE HEAT GENERATED FROM SELF-DISCHARGE HAS NOW BEEN 
DETERMINED OVER A WIDE RANGE OF TEMPERATURES 

* THERMAL RUNAWAY CAN OCCUR FROM ELEVATED TEMPERATURE 
SELF-DISCHARGE 

* THERMAL RUNAWAY CAN BE FAST ENOUGH TO RUPTURE CELLS IN 

BATTERIES AND CAUSE PHYSICAL DAMAGE IN THE SURROUNDING AREA 

* TEMPERATURES OF A CHARGED BATTERY MUST BE LIMITED FOR SAFETY 

MEASURES EVEN ON OPEN CIRCUIT. THE MAXIMUM ALLOWABLE 

TEMPERATURE DEPENDS ON THERMAL MANAGEMENT. IN OUR CASE 80- C 

WAS THE UPPER LIMIT. 
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MODELING NI-CD PERFORMANCE 

Planned alterationl to the Goddard Battery Model 

James M. Jagielski 

NASA/Goddard Space Flight Center 

ABSTRACT 

The Goddard Space Flight Center (GSFC) currently has a 
preliminary computer model to simulate Nickel Cadmium (Ni-Cd) 
performance. The basic methodology of the model was described 
in the paper entitled "Fundamental Algorithms of the Goddard 
Battery Model" (reference 1> submitted to the 1984 GSFC 
Battery Workshop. At present, the model is undergoing 
alterations to increase its efficiency, accuracy, and 
generality. This paper will give a review of the present 
battery model, and describe the planned changes to the model. 

INTRODUCTION 

Ni-Cd batteries have been. are, and will be the energy 
storage devices for the vast majority of photovoltaic-based 
spacecraft power systems. As the complexity, size, and cost 
of these spacecraft increase, however, it becomes less 
desirable (or even possible) to test and verify the 
performance of the power system by actual land-based testing. 
Therefore, another method of power system "testing" must be 
made available to the power system engineer. The method that 
has arisen is computer modeling and simulation. 

By creating an accurate computer model of the system, 
the engineer can simulate various situations and scenarios 
that the system may encounter. As long as the model is 
accurate, and the simulation meaningful, the engineer can be 
confident of the results. 

Ni-Cd batteries have long been difficult components to 
model. This is due, in part, to their being electro-chemical 
devices, and not purely electrical. Various approaches have 
been used to model Ni-Cd cells including The Equivalent 
Electrical Circuit approach (reference 2 and others), The 
Chemical Reaction approach (reference 3), The Parametric Fit 
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approach (reference 4)~ and The Data 
approach (reference 1, 5 and others). 
Model is of the last type. 

H PRESENT BATTERY HODEL 

The Data. Base 

Base Manipulation 
The Goddard Battery 

The data base for the present battery model is a family 
of charge and discharge matrices for various temperatures, 
voltage-temperature eV/T) charge limits, and depths of 
discharge (DODs). A typical charge/discharge matrix is shown 
in figure 1. 

As can be seen, the matrix itself relates cell voltage 
with cell current and a variable called Instantaneous 
Proportional Capacity (IPCAP). IPCAP is a variable which 
keeps track of the throughput capacity of the cell. For 
example, consider a 50 ampere hour cell. If 20 amp-hrs were 
discharged from the cell, the value of IPCAP would be 0.60. 
If 30 amp-hrs were returned to the cell, the value of IPCAP 
would increase to 1.20. The actual formula for IPCAP is given 
in equation 1. 

Amp-Hr to/from Battery 

1) IPCAP = IPCAP + ----------------------
T+t T 

Cell Rated Capacity 

The value of "Amp-Hr to/from Battery" is positive if 
the cell is being charged, and negative if being discharged. 
Therefore, discharging the cell results in a decrease in the 
value of IPCAP while charging results in an increase. As can 
be seen from the equation~ IPCAP is very similar to cell State 
Of Charge (SOC) and can be thought of as a "tracking" SOC 
variable. (In many charts and graphs, the variables SOC and 
IPCAP are used interchangeably.) 

Using these matrices, it is possible to generate two 
battery performance curves: Voltage versus Current with IPCAP 
as the third variable or Voltage versus IPCAP with Current as 
the third variable. (Of course, cell temperature, DOD and V/T 
limit are also variables, but do not vary within the matrices 
themselves~ but from one matrix to the other.) 
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Methodoloqy 

The approach currently used by the model is to have the 
data from the corresponding DOD, temperature, and V/T limit 
matrix represented as two families of curves relating cell 
voltage to current with IPCAP is the third variable. One 
family of curves represents the charge data, while the other 
characterises the discharge data. The curves themselves are 
stored as polynomial equations with cell voltage being the 
dependant variable and current being the independant variable. 
Each different curve (or equation} corresponds to a different 
IPCAP. Figure 2 shows a typical family of curves. 

The model has two major modes or functions. The first 
is known as the Normal Hode and is used to determine the cell 
voltage when the charge/discharge current is known. The 
second mode is called the Taper Hode and is used to predict 
the current needed to maintain a constant cell voltage. This 
mode is used whenever a V/T-type charge control is used. 

Normal Mode Operation 

In calculating cell voltage, the values of normalized 
cell current (charge or discharge) and the IPCAP of the cell 
are known. The model proceeds to find the closest upper and 
lower bounding curves relative to the cell's actual IPCAP. 
For example, if the data base has curves for the IPCAP's of 
100, 97, 90, 85, and 80% and the cell IPCAP is 95%, the model 
determines that the 97% curve is the closest upper bounding 
curve whereas the 90% curve is the closest lower bounding 
curve. This process is accomplished by using a standard 
binary search algorithm. The model then calculates the cell 
voltage relating to the (known) cell current for the upper and 
lower IPCAP curves. This, in essence, provides the model with 
two cell voltages at a particular cell current: one voltage 
refers to a cell slightly more fully charged than the 
simulated cell, the other voltage refers to a cell slightly 
less charged. The cell voltage for the simulated cell is then 
determined through a linear interpolation of the two bounding 
voltages. The linear interpolation introduces little error if 
the number of IPCAP curves is large. 

Figure 3 is a graph comparing the model predicted 
voltage curve actual cycling data. The cell temperature was 
20 deg C, 40% DOD, 20 ampere-hour rated capacity, 16 amp 
discharge (30 minutes), 16 amp charge (60 minutes), with a 
GSFC V/T limit of 7. As can be seen, the discharge voltage 
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correlates very highly. The charge voltage also correlates 
but not as well. It should be noted that the cyc~ing data 
being compared was not the data used to generate the data 
base. Also. it should be noted on figure 3 that the actual 
cycling data does not hit a hard voltage clamp. but "creeps" 
up to it. This makes the model appear to be more in error 
than it actually is. 

Taper Mode Operation 

This mode of operation calculates the amount of charge 
current needed to maintain a cell at a constant voltage. 
Since" as is the case in voltage clamping charge control 
schemes. the current exhibits an exponential-like downward 
taper as the voltage remains clamped and the IPCAP increases. 
this charge current is generally known as the Taper Charge 
Current. The approach used by this method is somewhat 
different than the previous mode, although, as it will be 
seen" it actually uses the methodology of the Normal Mode 
Operation. 

In calculating cell current. ·the cell voltage is known 
as is the cell IPCAP. However, the structure of the data base 
curves does not directly allow the model to calculate cell 
current. To circumvent this problem, the model uses a search 
approach to determine the taper charge current. The search 
approach is based on the Binary Search Algorithm. 

The model begins by setting up two bounds for the taper 
charge current. These bounds represent the upper and lower 
limits of the possible values for the current. Since these 
values are initially unknown, they are set to reflect a wide 
range. (At present, the lower bound is set at 0 amps, the 
upper at 60 amps.) In essence, this means that the model 
assumes that the value for taper charge current needed to 
maintain the voltage clamp falls between these two bounds. 
The model then proceeds to calculate the median value between 
the two bounds. This median value is the Taper Charge 
Estimate (TCH). Using this value. the model, using the exact 
same method as the Normal Operation Mode" calculates the cell 
voltage corresponding to the TCE and compares this with the 
voltage clamp. If the calculated voltage is greater than the 
voltage clamp, the TCE was too high. In this case the model 
resets the upPer bound to the TCE since it is now known that 
the actual taper charge current must be less than the TCE and 
does not fall between the TCE and upper bound (the taper 
current 1s no greater than TCE). Conversely, if the 
calculated voltage is less than the voltage clamp, the TCE was 
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too small (the current was insufficient to maintain the cell 
at the voltage clamp). In this case the model resets the 
lower bound to the TCE since it 1s now known that the actual 
taper charge current must be greater than the TCE. The 
process then continues by calculating a new TCE with the 
adjusted bounds. In this way, as the bounds are constantly 
being adjusted, the model "zeroes in" on the actual taper 
charge current. Figure 4 shows a comparision between actual 
cycling data and model predicted data for the taper charge 
current. Once again it should be noted that the cycling data 
depicted is not the data used in the data base. 

THE PLANNED MODIFICATIONS TO THE BATTERY MODEL 

As mentioned in reference 1, the data base used in the 
battery model is of questionable accuracy. Also, the data 
form itself is non-standard. It was determined that the 
majority of cell performance data is in the form of cycling 
tests. In standard LEO cycling V/T limited tests, the data 
does not result in the same type as depicted in figure 1. 
This is due to the fact that the present data base 
extrapolates data beyond the V/T clamp, and it is this 
extrapolation which results in the suspected inaccuracy of the 
data. However, the model at present requires data in this 
format. It was therefore determined that the model be altered 
to accept data in the standard cycling format. This will 
result in not only a model modification, but also an 
alteration in the way the data is used, as will be seen below. 

The New Data Base 

The new data base was generated by 
standard 50 ampere-hour cells under various 
temperatures, and charge/discharge rates as 
following table. 

Data Base Voltage-Temperature 
(V/T) Limits <GSFC): 

Cell Operating Temperatures 
(degrees C): 

3, 5, 7 

10, 20 

cycling 5 NASA 
V/T limits, DODs, 
defined in the 

Charge Rates (Amps): 
Discharge Rates (Amps): 

0, 
10, 
5, 

30 
·60 

25, 30, 40 
10, 25, 40 

Discharge Time (minutes): 
Charge Time (minutes): 
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Since the discharge time is 30 minutes, the discharge 
rates of 5, 10, 25, and 40 amps correspond to a DOD of 5, 10, 
25, and 40% respectively. Additionally, cases where the cell 
would not be recharged after a cycle (for example, a discharge 
rate of 40 amps for 30 minutes and a charge rate of 10 amps 
for 60 minutes) were not run. Therefore, the data base has 
data according to the table below. 

5 Amp Discharge Rate 36 test cases 
V/T 3, 5, 7 ( 3 ) 
Temp 0,10,20 ( 3) 
Charge 10,25,30,40 (4 ) 

10 Amp Discharge Rate 36 test cases 
V/T 3, 5, 7 (3) 
Temp 0,10,20 (3) 
Charge 10,25,30,40 (4 ) 

25 Amp Discharge Rate 27 test cases 
V/T 3, 5, 7 ( 3) 
Temp 0,10,20 ( 3) 
Charge 25,30,40 ( 3 ) 

40 Amp Discharge Rate 18 test cases 
V/T 3, 5, 7 ( 3) 
Temp 0,10,20 (3 ) 
Charge 30,40 ( 2) 

The Data Curves 

As was mentioned above, the present model uses a family 
of curves in which cell voltage is related to current with 
IPCAP as a third variable. For the new model, the data will 
be in the form of a family of curves relating cell power to 
IPCAP, with the cell power being defined as the 
charge/discharge current multiplied by the cell voltage 
measured at the same instant in time. In this technique, each 
curve represents a different cycling scheme. To make it 
easier for the model to differentiate between curves, a 
identifying code is used for each curve. The code used is 
defined below. 

TTVCD 

where "'IT" is the temperature of the cell in degrees C, 
"V" is the GSFC V/T limit, "C" is the charge C-rate of the 
cell multiplied by 10, and "0" is the discharge C-rate of the 
cell multiplied by 10. Therefore, an identity code of "10356" 
distinguishes a data curve taken from cell data run at 10 
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degrees C, at 
discharge rate. 
plots. 

V/T 3, with a O.S C charge rate and a 0.6 C 
Figures SA to SF are typical data curve 

Data Curve Relationships 

Upon investigating the data curves, a few interesting 
relationships were uncovered. These relationships describe 
how the curve shapes alter with varying cycling parameters. 
In all cases, only one parameter was allowed to vary while the 
rest were held constant. The actual relationships will be 
described below. 

Varyinq V IT Limit. 

As shown in figure 6, when varying V/T limits, the 
curves alter in two aspects. The first is in the discharge 
portion of the curve. It appears that discharge power varies 
linearly with V/T limit. A higher V/T limit results in a 
higher (or larger) power output from the battery. The second 
change is in the taper charge portion of the curve. Again, it 
appears that taper power varies linearly with V/T lim:'i... The 
higher the V/T limit, the higher power input during taper. A 
higher V/T limit also extends the taper power curve, although 
the actual relationship is not known at this time. 

Varyinq Charqe Current 

As shown in figure 7, varying charge current seems to 
affect only the charge power portion of the curve. The taper 
and discharge curves seem totally unaffected. It should be 
noted that the upper curve in the figure is skewed towards the 
y-axis due to an error in the data acquisition system. If the 
curve is readjusted to superimpose the charge/discharge 
continuities of all three curves, it will be seen that only 
the charge curves are changed. Again, the relationship 
appears linear since the curves are for O.SC, O.6C, and 0.8C 
charge. rates. 

Varyinq Other Parameters 

The effects of varying the other cycling parameters 
have not been investigated as of this date. 
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Future Nark 

The effects of varying the remaining cycling parameters 
will be investigated in the near future. At present it is 
planned that the model will use the entire data base and not 
take into account the relationships found between the cycling 
parameters and the power curves. Later versions of the model 
will incorporate the relationships to reduce the data base 
size, however. 

CONCLUSIONS 

The GSFC Battery Model is currently being modified. 
Its modification will greatly enhance its accuracy and 
generality. The data base generated for the model has been 
investigated as well as a new data format. The data format 
relates battery power to the tracking variable IPCAP. Various 
relationships have been discovered linking cycling parameters 
to the data curves and initial investigations reveal the 
relationships to be linear. Further work is underway to 
complete the battery model modification and more thoroughly 
analyse the data curve relationships. 

ENCLOSURES 

A copy of the view-graphs presented at the 1985 
workshop are included with this paper. 
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MODELING NI-CD PERFORMANCE 
Planned Alterations to the Goddard Battery Model 

James M. Jagielski 

NASA/Goddard Space Flight Center 
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The Goddard Battery Model 
o The Present Model 

o The Data Base 
o Methodology 

o Planned Modifications 
o The New Data Format 
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The Present Battery Model 
o Data curves: Vc vs. Ic with IPCAP third variable 

o 2 modes: NORMAL and TAPER 
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The New Data Base 
o VT limits: 3, 5, 7 
o Temperatures: 0, 10, 20 (deg C) 
o Charge Rates: .2C, .SC, .SC, .BC 
o Discharge Rates: .1 C, .2, .SC, .BC 
o Tests run on 50 Amp-Hr cells 
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The New Data Format 
o Data curves: Cell Power vs. IPCAP 
o Advantages 

o Uses all LEO cycling data 
o Battery is a "power" device 
o Allows for inclusion of other data 
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INVESTIGATION OF LONG TERM STORAGE EFFECTS ON 
AEROSPACE NICKEL-CADMIUM CELL PERFORMANCE 

BY 

THOMAS Y. YI 
SPACE POWER APPLICATIONS BRANCH 

CODE 111 
NASA/GODDARD SPACE FLIGHT CENTER 

GREENBELT, MD 20111 

A study on evaluation of the long term storage effects on aerospace 
nickel-cadmium cells currently being performed at NASA/Goddard Space Flight 
Center (GSFC) is described. A number of cells of 6AH and 12AH capacities 
which have been stored in shorted condition for 8 to 9 years at the GSFC 
have been selected for this study. These cells will undergo electrical 
acceptance testing at the GSFC, and life cycling at the NASA Battery Test 
Facility at the Naval Weapons Support Center (NWSC) in Crane, Indiana; in 
addition, some cells from the study will undergo destructive analyses. 

INTRODUCTION 

Investigation of long term storage effects on aerospace nickel-cadmium cell 
performance is an important topic that has received relatively few 
interests because of the long time that is required. Although at the GSFC 
as well as at other facilities, there are'maqy spare and test 
nickel-cadmium cells held in storage, unhertainties in the cell 
capabilities after years of storage have hindered their present usage. 
Another dilemma we face at the GSFC is the reliability of the cells at the 
time of launch. Cells for a flight project are procured and tested, and 
battery made well ahead of the launch date. Inevitably because launch 
delays arise, the question of battery capability with age is often asked. 
In the few studies done in this area of storage effects on nickel-cadmium 
cells [1-3], Thierfelder et ale recommends the maximum cell age of 3-1/2 
years for maximum reliability in a 1-1/2 year mission [3]. In the above 
studies, tests that were'performed were either accelerated tests or 
electrical characterization tests after certain periods of storage. 
Although these techniques may be useful because of the short duration 
needed in the cell age study, we find that these are not dependable. It 
has been our experience that the best way to gain a high degree of 
confidence with the cells is to perform real time testing on them. 

The objective of this study is to investigate the effects of long term 
storage on aerospace nickel-cadmium cells through electrical acceptance 
testing, real time testing, and destructive analyses. The results from the 
study will be compared with previous data on these cells, namely from the 
initial acceptance data at the GSFC, and from the life cycling data at the 
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NWSC on the cells from the same lot. The study will use 12 General 
Electric (G.E.) 6AH nickel-cadmium cells (G.E. 42B006AB55/56) and 12 G.E. 
12AH nickel-cadmium cells (G.E. 42B012AB20/21). These cells have been 
chosen because of their relative abundance in the Battery Lab at the GSFC, 
and also because of availability of the GSFC acceptance data and the NWSC 
life cycling data on them. These cells were stored shorted in the Battery 
Lab since 1976 and 1977. They were purchased for the International 
Ultraviolet Explorer (I.U.E.) Project, and are presently held as reserve 
cells for the mission. Specific information on these cells, the assembled 
battery, as well as the. performance of the I.U.E. spacecraft is mentioned 
elsewhere [4-12]. 

TEST DESCRIPTION 

Twelve cells have been selected from each of the I.U.E. 6AH and 12AH cell 
lots at the Battery Lab at the GSFC. Of the 12 cells within the lot, 2 
cells will undergo destructive analysis per NASA Document X-711-74-279 
[13]. The remaining 10 cells will be fabricated into two 5-cell packs, 
of which will be tested at the GSFC/Battery Lab, and the other at the NWSC. 
Upon completion of the tests, 2 cells from each pack will go through 
destructive analysis. In all, 12 cells will undergo destructive analysis. 

From each lot, one 5-cell pack will be subjected to the cell electrical 
characterization test at the GSFC that is similar to the acceptance test 
these cells underwent when they were first procured 8 to 9 years ago [14]. 
Table 1 shows the outline of the present electrical test. Direct 
comparisons between the original acceptance test data and the~present 
characterization data from after storage wil~.be made. 

The remaining 5-cell packs from each lot will go through an acceptance test 
at the NWSC, and then a life test. The 6AH test pack will undergo 
geosynchronous orbit cycling (GEO), whereas the 12AH pack will operate at 
low-earth orbit cycling (LEO). The operating parameters for these orbits 
are shown in Table 2. These test parameters were deliberately chosen to 
operate under similar operating conditions as pack 231A for the 6AH pack 
and pack 8G for the 12.AH pack at the NWSC [5-13]. These two I.U.E. packs, 
231A and 8G, which are from the same lot as the cells being tested for this 
study, have been life cyc'led at the NWSC since 1978. 

Prior to the start of life test, 2 preconditioning cycles will be performed 
on all cells. The first preconditioning cycle of C/l0 charge for 24 hours 
at 20 C and a C/l.25 discharge with a cutout voltage of 0.75V for each cell 
will be followed by a second cycle of C/l0 charge for 24 hours at 10 C and 
the same discharge profile as in the first preconditioning discharge. 

In the LEO cycling, duration of the test is planned for 1 year. Capacity 
check will be performed on the 12AH pack at the C/1.25 rate to a voltage 
limit of 0.75 V/cell on one of the cells at 6 months, and on two of the 
cells at 12 months. These cell(s) will be recharged at the C/l.25 rate to 
the voltage limit and tapered until 115~ recharge is reached. Other cells 
will remain open-circuited during the check. 
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Like the LEO pack, the 6AH GEO pack will be cycled for 1 year. During 
every other solstice period, each period lasting 2 weeks, the packs will be 
reconditioned. In the first reconditioning cycle, the pack will be 
recharged at a float rate of C/60, followed by a discharge at C/l.5 rate 
until any cell reaches 0.75V, and then open-circuited for 5 days. 
Thereafter each reconditioning cycle will go through a 3-step charge. 
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Table 1. TEST OUTLINE/SCHEDULE 

~4u.:ncc Tesl Co"dilio" 
Vnllal!e Limils Tesl (Jural inn 

Tesl Ocscriplinn 
Tcmper .. lurc: 

Cum:nl (hoursl 

Numhcr Numhcr (·cl Upper Limil Lower Limil 
(VI (V, Specificd ESlimalcd 

I I Condilionin~ Charl!e 25 020 1.51 0.80 411 -
2 2 Condilioning Discharl!e 25 C/2 1.51 0.80 - 3 

Resislive Drain 15 - - - - 2 

3 3 Condilioning Charge 25 CliO 1.51 0.80 24 -
4 2 Condilioning Discharge 25 C-2 1.51 0.80 - 3 

Resislive DrainITempcralurc: Siabilizalion 20 - - - 2 

5 4 Capacily Charge 20 CliO 1.51 0.80 24 -
6 5 Capacily Discharge 20 cn 1.51 0.80 - 3 

Resistive Drain 20 - - - 16 -

7 6 Charge Relenlion - Open Cin:uil 20 - - - 24 -
Resislive DrainITempcralurc: Siabilizalion 10 - - - - 2 

8 7 Capacily Charge 10 CJ20 1.53 0.80 48 -
9 8 . Capacily Discharge 10 CJ2 1.53 0.80 - 3 

Resistive DrainITempcralurc Siabilizalion 0 - - - - 2 

10 9 Oven:harge Charge 0 020 1.53 0.80 72 -
II 10 Oven:harge Discharge 0 CJ2 1.53 0.80 - 3 

Resislive DrainITempcralurc Siabilizalion 10 - - - - 2 

12 II Bum-in Charge # I 10 CJ20 1.53 0.80 23 -
13 12 Bum-in Discharge # I 10 cn 1.53 0.80 I -

14 II Bum-in Charge #2 10 CJ20 1.53 0.80 23 -
15 12 Bum-in Charge #2 10 CJ2 1.53 0.80 I -

16 II Bum-in Charge #3 10 CJ20 1.53 0.80 23 -
17 12 Bum-in Discharge #3 10 CJ2 1.53 0.80 I -

18 II Bum-in Charge #4 10 CJ20 1.53 0.80 23 -
19 12 Bum-in Discharge #4 10 02 1.53 0.80 I -

20 II Bum-in Charge #5 10 C/20 1.53 0.80 23 -
21 12 Bum-in Discharge #5 10 C/2 1.53 0.80 I -

22 II Bum-in Charge #6 10 cno 1.53 0.80 23 -
23 12 Bum-in Discharge #6 10 cn 1.53 0.80 I -

24 II Bum-in Charl!C #7 10 020 1.53 0.80 23 -
25 12 Bum-in Discharl!e #7 10 cno 1.53 0.80 I -

26 II Bum-in Charl!C #11 10 C120 1.53 0.110 23 -
27 13 Bum·in CapacilY Discharl!c 10 02 1.53 O.KO I -

Resislivc Dr .. inITenlpcralur.: Siahilizalinn 20 - - - - 2 

211 4 Capacily Charl!c 20 CliO 1.51 0.110 24 -
29 5 Capacily Discharl!e 20 C/2 1.51 0.110 - J 

Resislive Dr .. in 20 - - - - 2 
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Table 2. OPERATING PARAMETERS OF THE 6AH AND 12AH NICKEL CADMIUM CELL PACKS SCHEDULED 
TO BE LIFE CYCLED AT NWSC, CRANE, IN. 

6AHPack 12AHPack 

Life cycling regime OEO LEO 
Duration (year) I I 
Temperature ("C) 10 0 
Depth-of-Discharge (%) 80 40 
Orbit 2S day Eclipse 9Omin. 
Charge CliO ClI.25 
Discharge Eclipse ClI.25 
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ABSTRACT 

Satellite Battery Testing Status 
Naval Weapons Support Center 

Crane ~ Indiana 

by 

Randy Haag and Steve Hall 
Naval Weapons Support Center 

• 
N87-11091 
- ... -

Because of the large numbers of satellite cells currently being tested and 
anticipated at the Naval Weapons Support Center (NAVWPNSUPPCEN) Crane~ Indiana~ 
satellite cell testing is being integrated into the Battery Test Automation 
Project (BTAP). The BTAP~ designed to meet the growing needs for battery 
testing at the NAVWPNSUPPCEN Crane~ will consist of several Automated Test 
Stations (ATSs) which monitor batteries under test. Each ATS will interface 
with an Automation Network Controller (ANC) which will collect test data 
for reduction. 

DISCUSSION 

FIGJRE 1 

Aircraft battery testing has been conducted at the NAVWPNSUPPCEN Crane since 
1960. Over the years battery testing has expanded to include many test programs 
(manned 24 hours a daY9 365 days of the year) including the National Aeronautics 
and Space Administration (NASA) Satellite Program. This test program has produced 
data from over 1800 satellite cells of various chemistries. 

FIGURE 2 

In discussions of NASA Satellite Battery Programs~ acronyms are frequently 
used. Figure 2 clarifies these acronyms. 

FIGURE 3 

NASA currently supports testing of 140 cells (28 battery packs). All cells 
were manufactured by General "Electric and range in sizes from four to 50 ampere­
hours. LEO and GEO ~ycling are the primary test scenarios with one pack currently 
undergoing Power Profile Cycling. The favorable performance of some of these 
cells is exemplified by the successful completion of over 52~800 LEO cycles and 
20 GEO cycles since 1976. 

FIGURE 4 

NASA has indicated the need to add two additional battery packs to the 
NAVWPNSUPPCEN Crane Satellite Battery Test Program in fiscal year 1986. 
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FIGURE 5 

Other major satellite cell test programs being conducted at the NAVWPNSUPPCEN 
Crane consist of 173 cells for Air Force and Navy qualification testing of 
a new separator material proposed for future use in nickel-cadmium cells, and 
an Air Force Nickel-Hydrogen Data Base Program consisting of 57 cells to date. 
It is anticipated that more cells will be added to this test program later. 

FIGURE 6 

The BTAP currently being inplemented at the NAVWPNSUPPCEN Crane is designed 
to meet the growing need for a sophisticated automated test facility capable 
of rapid data accumulation and reduction. Dynamic (real-time) control of 
power supplies to follow arbitrary voltage, current, and power time-varying 
profiles is scheduled for implementation this fiscal year. 

FIGURE 7 

The BTAP will consist of a network of existing data acquisition systems and 
newly procured systems used to monitor batteries under test and acquire data 
on voltage, current, temperature, pressure and other performance factors. 
An ATS also controls charge, discharge, open circuit, and short circuit times 
and events in accordance with a sponsor's test plan. Progress of the test can 
be examined at any time on a CRT terminal at each ATS. The CRT terminal also 
can be used to change some aspect of the on-going test, such as, the number 
of batteries under test (add new batteries,remove failed ones). In addition 
to analog voltage data acquisition, each ATS will have relays and D/A converters 
to enable the ATS to connect and disconnect strings of batteries from one or 
more power supplies automatically. An ANC will collect test data from each 
of the ATSs for storage on disc drives, and for both on-site and off-site 
archiving on magnetic tape to provide data backup and data security. Test 
procedures, data analysis, graphing, and report preparation using standard 
software packages will be provided via CRT terminals in engineering offices. 

FIGURE 8 

To date, those who have contributed to the BTAP system are the Navy, Air Force, 
and NASA. 

FIGURE 9 

With the existing data acquisition systems at the NAVWPNSUPPCEN Crane and 
those currently on order, the STAP will begin operation shortly after the 
delivery of the ANC computer in December 1985. 

CLOSING REMARKS 

Through NASA support the NAVWPNSUPPCEN Crane has published many reports on 
satellite cell test projects. With continued NASA support and with the addition 
of new sponsors to the NAVWPNSUPPCEN Crane Satellite Cell Test Program (such 
as the Navy and the Air Force), test project data will continue to be published. 
Interested parties are encouraged to acquire clearance from the appropriate 
test program sponsor to be included on test report distribution lists. 
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• AIR FORCE NICKEL-HYDROGEN - 57 CELLS TO DATE 

Figure 5. OTHER TESTING 
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VOLTAGE-TEMPERATURE CHARGE VERIFICATION TESTING 
OF 34 AMPERE-HOUR NICKEL-CADMIUM CELLS 

Paul J. Timmerman 
and 

Donald W. Bondeson 
Martin Marietta Denver Aerospace 

Denver, Colorado 

This testing was designed to evaluate various voltage-temperature (V-T) 
charge curves for use in low-earth-orbit (LEO) applications of nickel-cadmium 
battery cells. The trends established relating V-T level to utilizable 
capacity were unexpected. The trends toward lower capacity at higher V-T 
levels was predominant in this testing. This effect was a function of the 
V-T level, the temperature, and the cell history. This effect was attributed 
to changes occurring in the positive plate. The results imply that for some 
applications, the use of even lower V-T levels may be warranted. The need to 
limit overcharge, especially in the early phases of missions, is underlined 
by this test program. 

INTRODUCTION 

V-T compensated charge control is the pr1mary method of battery charging 
1n low-earth-orbit (LEO) spacecraft. The careful selection of V-T levels is 
crucial for mission longevity. The ability to change V-T levels during 
operation gives the necessary flexibility to adapt to changing cell 
electrical characteristics. To evaluate the three most likely curves 
available in this spacecraft, a matrix of nine V-T combinations was 
selected. For each of these points, a series of tests was performed. The 
test series allowed for the evaluation of utilizable capacity as well as 
cyclic parameters. Based upon the results of this testing, implications 
regarding cell and system operation can be made. 
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TEST ARTICLES 

The testing was performed concurrently on two (2) separate six (6) 
cell-packs of thirty-four ampere-hour (34 AH) sealed nickel-cadmium cells. 
The two cell packs have different test histories, although both were 
manufactured from the same plate lot. The group referred to as the "new 
cells" had no previous testing aside from pre-ATP, ATP, and cell receiving 
and matching. The "old cells" had been in test for approximately one and 
one-half years prior to this testing. The testing performed on the old cells 
includes minimum trickle charge evaluation (1), various characterization 
cycles, and a small amount of hot case testing. In all, approximately sixty 
100% depth-of-discharge (DOD) cycles were performed. Each of the cell-packs 
was mounted in a restraining fixture to provide physical support and 
electrical isolation. The cells are series wired. The cell-packs were 
instrumented for battery and cell voltages and skin temperature. All tests 
were performed in an environmental temperature chamber. 

TEST OPERATIONS 

Prior to the start of any test series, the cells were shorted with 
one-quarter (0.25) ohm resistors. The testing was performed at O°C, lSoC, 
and 30°C. At each of these three temperatures, three V-T levels were 
evaluated. Each of the V-T levels was evaluated using the following sequence: 

Initial Capacity Check 

A capacity check is performed following temperature stabilization. This 
test is performed once per temperature for each cell pack. The test uses a 
C/20 charge rate (1.70 amperes) for forty (40) hours. Discharge is performed 
immediately, at a C/2 (-17.0 amperes) rate, until a pack voltage of 6.0 volts 
(1.0 volt/cell) is reached. The recorded discharge capacities are then 
interpolated to the exact voltage cut-off level. Cell shorts are then 
installed, bringing the cells to less than twenty millivolts (20 mV) before 
continuing. 

Pre-Charge 

The cells are then charged at a C/20 rate (1.70 amperes) for forty (40) 
hours. 

V-T Cycling 

Following the pre-charge test, the simulated LEO cycling was initiated. 
Each of the cycles is one-hundred and eight (108) minutes long, with a 
seventy-two (72) minute charge phase, and a thirty-six (36) minute discharge 
phase. The charge current is limited to fourteen amperes (14 A) and tapers 
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at the assigned voltage limit. The discharge current is a constant eight and 
one-half amperes (-8.5A). This results in a consistent fifteen percent (15%) 
DOD. Operation of the simulated LEO cycing is continued until the cyclic 
parameters have stabilized, as determined through the use of specialized 
software routines. 

Upon stabilization of recharge fraction, end-of-charge current, and 
end-of-discharge voltage, the test is stopped. This test halt is executed at 
the end of the charge phase. The set-up and test start of the next test is 
performed immediately. See Figure 1 for the V-T levels tested. 

Post-Cyclic Capacity Check 

This discharge test is very similar to the last half of the capacity 
check. It uses the same C/2 discharge rate and cell short-down procedure. 
At this time the testing proceeds to the next V-T series. Either a 
temperature stabilization or a pre-charge is performed, depending upon 
whether a change in temperature is required. 

TEST RESULTS 

To preface the discussion of the effects of V-T levels on cell 
performance, it is important to first look at the constant current testing 
performed. Both of the cell-packs displayed normal performance, considering 
the respective histories. Figure 2 displays the results of the capacity 
check tests for both cell packs at a range of temperatures. As would be 
expected, the old cells showed marginally lower capacities, with extreme 
temperatures perturbing the difference. The general shape of the curves fits 
very well with classical capacity curves (2). Figure 3 depicts the maximum 
charge voltage for the respective cell-pack as a function of temperature. 
The effect of test history on the old cells manifests itself again as higher 
charge voltage. This effect is most pronounced at low temperature. The 
formation of large crystals of active material, and the resulting reduction 
in the oxygen recombination rate is considered the primary cause of this 
phenomenon (2, 3, 4). 

The cyclic testing can be evaluated by a number of electrical 
parameters. The parameters of greatest interest in this testing are recharge 
fraction, end-of-charge current (EOCI), end-of-discharge voltage (EODV) and 
temperature. The raw data from these parameters would constitute a large 
volume. For this reason, only the most representative data was presented. 
Figures 4 and 5 depict the data presented in Table 1. Figure 4 depicts the 
effect of V-T level on the EOCI of the two cell-packs as function of 
temperature. Figure 5 depicts the effect of V-T level on the recharge 
fraction of the two cell-packs as a function of temperature. This data 
represents values for the cycling just prior to the discharge. 
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The strong correlation between Figures 4 and 5 would be anticipated. 
Note that the plots for adjacent V-T levels of different cell-packs are very 
similar. This is another indicator of the general state of health of the 
respective cell-packs. The trends shown toward higher values at higher 
temperatures and/or V-T levels is normal. The fact that the new cells have 
consistently higher values is witness to the inherently lower charge 
voltages, as seen earlier. 

The data presented thus far fit well into the expected trend for LEO 
applications of sealed nickel-cadmium battery cells. The results of the 
post-cyclic capacity checks do not fall into the range of anticipated 
values. Figures 6 and 7 present the ampere-hour capacities for the two 
cell-packs, as functions of the V-T level and the temperature. The most 
notable trend in these figures is that of decreased capacity with increased 
V-T level. Note also that this effect is a function of temperature as well. 
There are notable exceptions to this trend, as seen in Figure 6, "Effect of 
V-T Levels on Capacities of New Cells." While the 30°C data show clear and 
consistent trends, the 15°C and O°C regions are less clear. The differences 
in the values at 15°C are quite minimal, considering the range of capacities 
recorded. The unexpected low value for the O°C measurement for V-T curve 
number two can be attributed to an excessive number of cycles needed to 
achieve stabilization. 

Figure 8 represents the general trends for capac~t~es achieved by the new 
cells. The curves generated are interpretations of the data in Figure 6. 
Modification to the trends are based upon aforementioned factors. 

Figure 7, "Effect of V-T Levels on Capacities of Old Cells", gave clear 
values for the O°C and 30°C regions, with the 15°C region showing an 
excessively low capacity for V-T curve 2. This resulted from improper charge 
control and an excessive number of cycles being performed. Figure 9 is an 
expression of the trends established in Figure 7. 

There are two major differences between Figures 8 and 9. First ~s the 
reversal in the general trend for the old cells at low temperature. An 
increase in discharged capacity correlated with increased V-T level for this 
one case. The exact temperature at which the crossover in trend occurs is 
beyond the scope of this testing. This testing lacks the necessary precision 
to identify that point. Second is the smaller reduction in utilizable 
capacity in the old cells. The presence of this reduction in utilizable 
capacity, and the magnitude of this effect, can be related to the data 
presented earlier in this paper. 
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DISCUSSION 

The results of this testing represent a deviation from the traditional 
effects ascribed to V-T levels with respect to capacities. This paper does 
not, however, contradict reports which show increases in capacity with 
increased V-T level where only one cycle was performed (4). Earlier reports 
showed instances of phenomonon similar to that seen here (5). The presence 
of such an effect was attributed to a high self-discharge rate, as a result 
of elevated plate temperatures. This explanation is not feasible in light of 
the test method used in this testing. The self discharge rate would have to 
be in the C rate range (-34 A) for this to be the cause, based on maximum 
residual capacity and the average set-up time for the post-cyclic discharge 
test. 

The phenomenon of lower capac1t1es upon discharge can be attributed to 
many causes. A simple approach is to look at the individual components and 
analyze them separately. First is the separator. Degradation and drying out 
of the separator are gradual and primarily irreversible trends (6). Since 
the effect observed in this report is reversible, the separator is not a 
likely cause. The negative plate is a likely candidate to have the effect 
ascribed to it. The trend toward a decrease in surface area, and thus 
effective excess negative active material, is well known. Reconditioning of 
cells increases the surface area by decreasing the cadmium crystal size. 
Thus, the effects of the negative electrode can be considered somewhat 
reversible, like the effect reported herein. The fact that the decrease in 
utilizable capacity was most dramatic in the new cells, as seen by comparing 
Figures 8 and 9, is an indication that the negative plate is not the cause. 
It has long been known that overcharging of nickel-hydroxide electrodes 
results in the formation of charged active material of higher valence states, 
gamma-nickel-oxy-hydroxide (NiOOH) (7). Additionally, it has been noted that 
electrodes with high concentrations of the Gamma-NiOOH experience poor 
efficiency upon discharge (8, 9). The capacity unavailable at high rate is 
referred to as the residual capacity. Further evidence and explanations of 
the residual capacity effect were presented in a recent study of charge and 
discharge efficiencies (10). This paper shows a significant inefficiency for 
discharging at states-of-charge less than twenty-five percent (25%). In 
addition, the level of inefficiency is related to both the charge and 
discharge profiles used. These parameters affect the existence of depletion 
and defect layers in the positive electrode. 

These previous studies do not address all of the intricacies of the data 
reported here. One example is the variation in the magnitude of residual 
capacity for the cell-pack with different levels of degradation. This 
phenomenon is simply an artifact of the higher charge efficiency of the new 
cells, and the resulting overcharge level. Consistent with the above 
theories, the higher level of overcharge results in a lower charge 
utilization. It is, however, unanticipated that the c/2 rate would result in 
residual capacity of the magnitudes seen. Another example is the lack of the 
manifestation of the residual capacity loss at low temperatures for the old 
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cells. It is common knowledge that cold temperature oxygen recombination, 
especially in cells with an extensive history, can be a problem, due to the 
morphological changes in the negative plate. A simple explanation would be 
to attribute the rise in capacity with V-T level to the increase in 
temperature of the electrodes. Another possible influence may be the effect 
of intra-ce11 oxygen pressure upon the equilibrium of the cell reactions. 
The effect of a reduction of charged excess negative active material may also 
play a role in this phenomenon. 

CONCLUSIONS 

This report presents data which supports the most modern theories on 
charge and discharge efficiencies and the related cell electro-chemistry. In 
addition it gives indications of the conditions under which the residual 
capacity effect will manifest itself. Applying these principles to system 
operation, several things become apparent. Primarily, the adverse effect of 
overcharging cells is highlighted. At the other extreme, the lower threshold 
for V-T charge effectiveness was not firmly established. These test results 
do indicate that effective charging at low temperature can be accomplished 
with extremely low recharge fractions. It becomes apparent that to some 
extent lower V-T curves are better for most cases. In conclusion, an 
approach of maintaining a minimum recharge fraction is a good approach toward 
monitoring the state-of-charge of a spacecraft electrical power system. 
Maximum life and higher operating efficiency may be obtained at recharge 
fractions lower than currently being used. In addition, the use of 
non-linear V-T curves might give more accurate charge control, especially Ln 
highly variable thermal environments. 
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Table 1. DISCHARGE CAPACITIES 

b:: Baseline 
Capacity V-T Level V-T Level V-T Level 

Temperature Test, Ah One, Ah Two, Ah Three, Ah 

O°C 1.45 (V/Cell) 1.47 (V/Cell) 1.49 (V/Cell) 
(41.18, 40.93) (37.73, 38.03) (34.82, 38.40) (35.10, 39.01) 

15°C 1.42 (V/Cell) 1.44 (V/Cell) 1.46 (V/Cell) 
(41.83, 41.72) (38.37, 38.77) (38.90, 36.73) (37.58, 38.73) 

30°C 1. 38 (V/Cell) 1.40 (V ICell) 1.42 (V/Cell) 
(40.03, 39.21) (37.39, 37.46) (35.73, 34.71) (33.06, 36.20) 

Note: All capacities are giv~n 
as new cells & old cells. 
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N 
......... 
U'I 

Test Temperature 

Test Parameter 

(Units) 

V-T O°C = 1.45 
Level 15°C = 1.42 
1 30°C = 1.38 

V-T OoC = 1.47 
Level 15°C = 1.44 
2 30° C = 1.40 

V-T O°C = 1.49 
Level 15°C = 1.46 
3 30°C = 1.42 

Cell Recharge 
Pack Fraction 

N/A 

New 1.003 

Old 1.005 

New 1.025 

Old 1.015 

New 1.03 

Old 1.04 

Table 2. CYCLIC DATA MATRIX 

OoC 15°C 30°C 
Eon EOC Recharge Eon EOC Recharge EOn EOC 
Voltage Current Fraction Voltage Current Fraction Voltage Current 

Volts Amps N/A Volts Amps N/A Volts Amps 

1.257 0.44 1.055 1.252 0.69 1.078 1.235 0.74 

1.248 0.46 1.035 1.259 0.5 1.045 1.238 0.60 

1.254 0.57 1.162 1.256 1.264 1.230 1.244 1.67 

1.265 0.52 1.086 1.251 0.711 1.12 1.247 1.00 

1.259 0.60 1.464 1.248 1.461 1.562 1.231 3.50 

1.265 0.56 1.18 1.248 1.16 1.31 1.251 1.42 
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NOAA 26.5 Ah LEO CHARACTERIZATION TEST 

George W. Morrow 
Goddard Space Flight Center 

Greenbelt, MD 20771 

ABSTRACT 

Five General Electric (GE) 26.5 Ah NOAA-G flight nickel-cadmium cells were obtained from RCA­
Astro Electronics to undergo performance characterization testing at the Goddard Space Flight Center 
(GSFC). This lot of cells was manufactured with passivated positive plate, to control nickel structure 
attack during active material impregnation, and less electrolyte than normal « 3cc/ Ah). The cells were 
tested in a parametric Low Earth Orbit (LEO) cycling regime that had previously been used to test and 
characterize GSFC standard 50 Ah cells. Ufe cycle testing at the Naval Weapons Support Center (NWSC) 
in Crane, Indiana followed. The results of the test showed nominal performance in comparison with pre­
vious test data on the standard 50. Life cycle testing in the NOAA orbital regime is continuing at NWSC. 

INTRODUCTION 

The NOAA-G spacecraft battery cell flight lot was manufactured by GE in Gainesville, Florida. GE 
fabricated these cells using a new positive electrode processing step designed to increase the strength of the 
electrode by reducing attack on the nickel sintered structure by active material impregnation solutions. 
This passivation process reduces the void volume of the cell, thus reducing the amount of electrolyte that 
can be added. Questions about the reliability of cells with this new processing step and less electrolyte 
brought about characterization testing by the GSFC. 

Characterization was accomplished by subjecting 5 cells to a parametric LEO cycling regime developed 
to characterize GSFC standard 50 Ah cells. Data was then compared between the cell designs. Following 
the characterization test, the cells were shipped to NWSC for life cycle evaluation. 

TEST OBJECTNES 

The objectives of this test program were: (1) to study the behavior of aerospace cells manufactured with GE positive 
trode nickel attack control passivation, (2) to compare this behavior to that of cells without passivation, and (3) to char­
rize the performance of these cells in a typical NOAA orbit with the same charge voltage levels as the NOAA-F spacecraft. 

Description 

The cells tested are GE 26.5 Ah aerospace nickel-cadmium cells containing third (signal) electrodes. They were manufac­
l with teflonated negative electrodes, cadmium treated positive electrodes, and positive electrode nickel attack control 
ration. The cells were manufactured to GE Manufacturing Control Document (MCD) 232A2222AA-80 and are desig­
l Catalog Number 42B030ABIO/ll. The cells are from NOAA lot 11 activated in February 1984 and acceptance tested 
E Acceptance Test Procedure P24A-PB-222 prior to shipment to RCA. 

Perfonnance Characterization Test Description 

'he cells were tested in a series connected 5-cell pack separated and isolated by 3/8-inch aluminum plates followed by 
·inch PVC sheets. The pack was held by 3/8-inch stainless steel bolts torqued to '30 Ib/in2. The cell bottoms were fIlled 
~TV to provide a flat, thermally conductive surface. The pack was wired with individual cell voltage monitors and 5 
ocouples. The thermocouples were located on the tops of cells 1, 3, and 5 and on the broadface center of cells 2 and 
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4. For the test, the pack bottom was coated with thermal grease and placed on an active thermal cooling plate in a Tenney 
environmental chamber. 

The parametric test regime is shown in Figure 1. Four charge rates (O.2C, O.3C, 0.5C, 0.8C) and 4 discharge rates (O.IC, 
0.2C, O.5C, O.BC) were chosen for the test. The discharge rates coupled with a discharge time of 30 minutes resulted in 
depths of discharge (DOD) of 5, 10,25, and 40 percent. Three charge voltage levels were chosen (GSFC 3, 5, 7) as were 3 
temperatures (0, 10, 20°C). The charge voltages corresponding to each temperature are shown in Figure 2. 

During the test, 8 cycles of each of the 13 charge-discharge combinations, shown in Figure 1, were completed at each 
temperature and voltage level. Before each temperature or voltage level change, 16 stabilization cycles were run. A stabiliza­
tion cycle consisted of one 30-minute discharge at O.5C followed by a 60-minute voltage limit taper charge at 0.5C to GSFC 
voltage level 6 at 20°C. Eight hundred stabilization cycles were also run prior to test startup to stabilize pack characteristics. 
The entire parametric test consisted of approximately 1900 cycles. 

RESULTS 

Throughout the test each set of 16 stabilization cycles was compared to chart the state of the pack. End-of-discharge 
(EOD) voltage remained constant throughout the test as did the end-of-charge (EOC) taper current level and CID recharge 
ratio. This is shown on Figure 3. Capacity performance was also very good considering the varying conditions experienced. 
A pre cycling capacity measurement provided 33.2 Ah from the cells at an average plateau voltage of 1.24 v/cell, while a post­
cycling capacity check yielded 30.1 Ah capacity at an average plateau voltage of 1.22 v/cell. Capacity test data is provided in 
Figure 4. 

Parametric test data was plotted in the form of percent recharge (C/D) versus voltage level and C/D versus charge current 
level. This data was plotted against data from the standard 50 Ah cells under the same conditions. The trends of these plots 
compare very well as can be seen in the sample plots of Figures 5 - 13. Actual numerical data' cannot be directly compared 
because of differences in cell design. Trend data is expected to compare very well for all aerospace nickel-cadmium cells re­
gardless of design as is the case here. Poor correlation of trend data between cell designs may indicate problems related to 
manufacture and fabrication of the cells. 

Data from this test also indicates that the cells exhibit slightly lower voltage characteristics than the 50 Ah cells to which 
they were compared. Full recharge was reached in almost all cases at both voltage levels 5 and 7. There was, therefore, no 
indication of slightly higher voltages as might have been expected from cells with low amounts of electrolyte. 

NOAA Regime Test Results 

FollOwing the LEO performance characterization test, the cells were cycled in a parametric regime with characteristics 
similar to those experienced on the NOAA-F spacecraft. The pack was discharged for 35 minutes at 0.42C and charged for 
69 minutes to RCA voltage levels 1, 2, 3, and 4 at lo°C. Eight cycles at each voltage level were performed with 16 stabiliza­
tion cycles between each voltage level change. Full recharge (>106% CID) was reached at RCA levels 3 and 4. In all other 
aspects, the cells performed nominally. 

Life Cycle Test at NWSC 

In June 1985 following all testing at the GSFC, the cells were sent to NWSC to undergo life cycle testing. The life cycle 
regime is detailed in Figure 14. The cells have performed nominally since the start of testing and have undergone approxi­
mately 1200 cycles at the time of this writing. The initial voltage level of 1.47 v/cell has provided approximately 106% C/D 
as is shown in the typical cycle plots of Figures 15 - 18. 

CONCLUSIONS 

LEO performance characterization tests have shown that the capacity and voltage performance of these cells is nominal. 
Also, parametric test data trend plots show that these cells react in a manner consistent with other aerospace nickel-cadmium 
cells when subjected to various charge-discharge currents, charge voltage levels, and temperatures. Further, these tests have 
shown that these cells obtain full recharge with the same range of charge voltage levels as experience predicts. 

Parametric tests using the voltage levels and charge-discharge currents of the NOAA-F spacecraft indicate that these cells 
will perform satisfactorily under those conditions. Lastly, life cycle data during the first 1200 cycles of simulated LEO op­
eration shows no abnormal or unexpected behavior. In light of the above findings, the cells should perform nominally in or­
bit. No problems are foreseen and no concern exists with regard to the low electrolyte levels or the positive plate nickel 
attack control passivation. 
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'CHARGE RATE 
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• 8 CYCLES AT EACH CONDITION 

• DISCHARGE TIME: 3D MINUTES 
CHARGE TIME: 6D MINUTES 

• VOLTAGE LIMITS: GSFC 3,5,7 

• TEMPERATURES: D, 10, 20°C 

NOTE: 16 BASELINE CYCLES RUN BETWEEN EACH VOLTAGE LIMIT/TEMPERATURE TEST TO STABILIZE PACK 

Figure 1. LEO PERFORMANCE CHARACTERIZATION REGIME 
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A HIGH RELIABILITY BATTERY MANAGEMENT SYSTEM 

By Malcolm H Moody 
of Canadian Astronautics Umited, Ottawa, Canada 

SUMMARY 

Over a period of some 5 years Canadian Astronautics Limited (CAL) 
has developed a system to autonomously manage, and thus prolong the life 
of, secondary storage batteries. During the development, the system has 
been aimed at the space vehicle application using nickel cadmium 
batteries, but is expected to be able to enhance the life and performance 
of any rechargeable electro-chemical couple. 

The system handles the cells of a battery individually and thus 
avoids the problems of over, ana under, drive that inevitably occur in a 
battery of cells managed by an averaging system. This individual handling 
also allows cells to be totally bypassed in the event of failure, thus 
avoiding the losses associated with low capacity, partial short circuit, 
and the catastrophe of open circuit. The system has an optional capability 
of managing redundant batteries simultaneously, adding the advantage of 
on line reconditioning of one battery ,while the other maintains the 
energy storage capability of the overall system. 

As developed, the system contains a dedicated, redundant, 
microprocessor, but the capability exists to have this computing 
capability time shared, or remote, and operating through a data link. As 
adjuncts to the basic management system CAL has developed high 
efficiency, poly phase, power regulators for charge and discharge power 
conditioning. 

A number of the units comprizing the system were developed to the 
level of qualification hardware, including a fully redundant discharge 
converter. 

BASIC CONCEPT 

CAL undertook a series of contracts under the sponsorship of the 
Canadian Department of Communications, to design, develop, manufacture 
and test a concept for the improvement of life expectancy of spacecraft 
nickel cadmium batteries. It was clear from the body of work carried out 
to determine the life limiting factors of nickel-cadmium cells and 
batteries, and was well summarized in the NASA 'Sealed-Cell 
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Nickel-Cadmium Battery Applications Manual', that good control of a 
small number of key operating modes should bring about a significant 
improvement in useable life and capacity. 

These controls are:-
• Prevention of voltage reversal. 
• Minimise overcharging. 
• Eliminate secondary effects of open, or short, 

circuiting a cell. 
• Provide facility for reconditioning cells. 

On developing this short list it is clear that all these parameters 
relate to single cells rather than to complete batteries and that the 
secret to the improvement needed was to be able to control individual 
cells, rather than entire batteries. 

The basic concept,then, was fairly simple, to provide each cell with 
a controllable by-pass system, and this was made feasible by the 
introduction of the high current, vertical D-MOS power MOSFET transistor. 

The basic circuit for a cell by-pass circuit is shown here (Fig 1). It 
consists of a relay controlled shorting switch and a logic operated, 
controlled current, by-pass transistor. The logic operating the bypass 
transistor includes a d.c. isolator, such that the control logic can operate 
at a common reference level. Providing a logical ON command to a by-pass 
input, enables a multivibrator oscillator. The output of the oscillator is 
transformer coupled, providing d.c. isolation, and rectified into a preset 
voltage divider to provide the controlled gating voltage to operate the 
by-pass transistor. 

The shorting switch actually consists of two sets of relay contacts 
in series so the the accidental closure of one relay will not cause a 
catastrophic short circuit across the cell. 

"--v-J 
input 
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The MOSFET transistor contains an inherent diode between the 
source and drain which tends to prevent a cell from being driven too far 
into voltage reversal during a deep discharge. In normal operation this 
feature is not required since, as soon as it is determined that the cell has 
been drained of energy, the shorting switch is closed. This prevents any 
voltage inversion occurring within the cell, and prevents the depleted 
cell's internal impedance causing unnecessary power loss. 

The by-pass transistor is set up such that when it is operated only 
the normal trickle charge current flows in the cell. Consequently, when an 
individual cell is adjudged to have reached its 'top of charge', its current 
can be reduced to a maintaining level while the cells in series with it 
continue to accumulate charge to their individual full capacity. 

IMPLEMENTATION 

The figure below (Fig. 2) represents a implementation of the basic 
system outlined above, expanded to the level of a power sub-system, 
having a solar array source, and providing a coarsely stabilised output. 
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CCNT.& 
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Figure 2. BASIC SYSTEM BLOCK DIAGRAM 

307 



It is assumed that the solar array is provided with a shunt 
regulator, and that during insolation periods, the solar array will 
maintain the semi-regulated bus. The energy management unit monitors 
the voltage of this bus, and, providing its voltage is high enough, it 
directs the charge control regulator to provide power to the battery for 
the storage or maintenance of charge. The energy management unit is also 
monitoring the state of charge of the cells in the battery and so knows if 
the charge current required is for a full charge or for a maintaining 
(trickle) mode. When the demand on the semi-regulated bus exceeds the 
capacity of the solar array to the point where the bus voltage falls below 
some predetermined level, the management unit disables the charge 
control regulator, switches off any active by-pass circuits, except those 
around permanently failed cells, and enables the discharge regulator. So 
as the semi-regulated bus voltage falls to the predetermined output level 
of the discharge regulator the loading transfers gracefully from the solar 
array to the battery. A similar, but reverse, process is followed at 
eclipse emergence. 

This graceful change-over is possible because eclipse entry and 
emergence are slow compared with the processing speed of a computer. 
There exists, however the possibility of a sudden demand on the bus; 
either by design, or as a fault clearing pulse. In this case the energy 
management unit requires some milli-seconds of grace, and this is 
provided by connecting the 'top' of the battery to the semi-regulated bus 
through a high current diode. 

Within the system designed and implemented at CAL, the energy 
management unit played a purely passive role during battery 
discharge.This was because the aim was to demonstrate life improvement 
on a battery, but the capability is present to monitor the discharge 
against a predetermined profile and to take interventionary action, in the 
form of load shedding, if required. In the system as implemented, 
however, the management unit maintained a count, per cell, of the energy 
being removed, and if any cell became fully discharged, shorted it out, and 
stopped incrementing the AHr count on that cell. 

This bypassing of a cell is considered, by the system, to be an 
acceptable part of normal operation and, assuming the cell continues to 
fully discharge prior to the end of discharge, the cell will continue to be 
used in each successive charge/ discharge cycle, finishing each discharge 
in a shorted state. 

The reasoning behind this is that while the cell is capable of storing 
some useful energy it might as well continue to be used. This cannot be 
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allowed in a system which manages a battery as a whole, because the low 
capacity cell becomes a power waster and a hot spot. 

There is a manual overide, via. telecommand, which allows the 
operator to make the short circuit permanent after the next time the 
shorting switch closes. The exception to this is in the rare case of an 
open circuit cell, where the management unit immediately closes the 
shorting switch, and will only reopen it on telecommand. 

Eclipse emergence is detected by a rise in the semi-regulated bus 
voltage, and at some predetermined voltage, the charge control regulator 
is turned on and the discharge regulator turned off. The management unit 
now opens all non-permanent shorting switches and sets up conditions for 
a full charge current to be applied to the battery, counting AHrs into each 
cell. As this process continues, the management unit monitors each cell 
for any indication of a fault condition by checking for; (a)falling cell 
voltage,(b) rapidly rising temperature, or (c) a voltage in excess of 1.6V, 
which would indicate gassing within the cell. The occurrence of any of 
these malfunctions causes that cell to be immediately put into the 
maintaining mode (by-passed), and the monitoring algorithm to lower the 
point at which this cell is adjudged to have reached top of charge. 

The point at which each cell has reached top of charge (TOG) is 
determined by its voltage. At fixed intervals the charge current is turned 
off momentarily and the terminal voltage of all cells is read. These 
voltages are compared with a list of calculated TOG voltages and 
consequently the cell is either by-passed or returned to full charge for a 
further period. The calculated TOe voltage is automatically reviewed, by a 
control algorithm, at the completion of each charge cycle, and revised to 
maximise cell voltage at TOG, and charge efficiency, simultaneously. 

CONTROL ALGORITHM 

As mentioned earlier, the management of the battery is based on 
operating each cell in its most efficient mode, and this requires an 
algorithm which is tailored to the cell and can adapt to changes as the 
cell ages. The algorithm is structured to attempt to maximise cell 
voltage and charge efficiency simultaneously. This is an impossible task, 
but it will lead to the cell being operated in its optimum range. An 
explanation of this is best understood after examining the typical curves 
of charge input vs. cell voltage, and charge efficiency, shown in Fig.3. 

It should be noted that the normal definition of charge efficiency is; 
the ratio of total charge input to total charge extractable, at any instant, 
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but that CAL uses a modified definition, Le. charge last input divided by 
charge previously extracted, starting from, and finishing at TOC. This is 
to provide a simpler mathematical definition to the algorithm. 
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Figure 3. TYPICAL CELL CHARGING CURVES 
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An examination of the curves in Fig. 3 reveals that; with increasing 
charge input the cell voltage also increases, but that this is accompanied 
by a decrease in the numerical value of the' charge efficiency', (Le. the 
charge available divided by the charge input). If, then, a cell is charged to 
a predetermined terminal voltage, the charge necessary to do this can be 
compared to the charge previously removed, and the TOC terminal voltage 
can be adjusted, to change the 'charge efficiency' on the next cycle. This 
process may be better understood by examining the flow chart shown in 
Fig 4. 
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The first decision is taken by examining the terminal voltage of the 
cell. This is always measured in the open circuit condition to eliminate 
the effects of different charge current and variations in cell internal 
impedance. If the cell has not reached the aim point then charging should 
continue, so, providing the voltage and temperature checks are 
satisfactory the charge is resumed. 

If the cell has reached, or exceeds the aim pOint then the efficiency 
of the cell, in CAL'S terms,(Le. the charge it has been necessary to return 
in order to replace the charge taken out), is compared to an aim 
efficiency. If the cell is showing greater efficiency than the aim,(Le. 
numerically smaller), then the cell is operating in the more linear portion 
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of the "charge in / charge out" curve and can usefully accommodate more 
charge. Therefore the aim voltage is raised and the numerical value of the 
aim efficiency is lowered. This should result, the next time the measured 
cell voltage exceeds the aim voltage, in the computed efficiency being 
lower (Le. numerically greater) than the aim. If this is not so the process 
repeats until that condition does occur. When the measured efficiency is 
found to be numerically greater than, or equal to, the aim, the aim 
efficiency is revised to be equal to this measured value, and the aim 
voltage is lowered a little. At this point the cell is said to be at top of 
charge, and it is switched to the maintaining mode. 

It can be seen that the only way to terminate a charge is to have 
achieved a suffic;ant terminal voltage and to have absorbed enough energy 
to assure a full charge. The raising and lowering of the aim points is 
carried out using a number which is proportional to the difference 
between the measured and the aim value. This allows rapid 'zeroing in', 
without significant overshoot, although the values of proportionality 
must be carefully chosen to minimize oscillation. 

Because this system is choosing the operating point for each cell, on 
the assumption that the cell is operating in a rational, or nominal, mode 
it is necessary to implement some traps and safeguards which will 
prevent attempts by the system to operate a faulty cell in a potentially 
hazardous or unknown operating area. For this purpose the aim voltage is 
not allowed to exceed 1.6 volts and the efficiency is not allowed to fall 
(numerically) below 1100/0. This should assure that the cell doesn't gas in 
overcharge and that a sufficient charge is always returned for the next 
discharge. There is no actual lower limit on the operating voltage of a 
cell except that in a discharge, if its voltage falls, and remains, below 
0.5 volts, it is assumed to be drained, and is shorted out. 

Recognizing the fact that there is also room for intuition and 
prediction in a good energy management system, the software also allows 
partial and total manually operated modes, wherein the aim points can be 
reset or locked to specific values, the factors of proportionality, 
governing the magnitude of changes in the aim points, can be changed, or 
the system can be placed in a passive (monitoring only) mode. 

The system does contain one partially predictive algorithm in that, 
at the end of each discharge, the cell terminal voltage is checked and 
compared with the previous end of discharge. If the end of discharge 
voltage is found to be falling the top of charge aim voltage is increased 
by the same amount. This ensures that in a period of increasing usage, 
such as the first half of an eclipse season, maximum energy storage is 
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available, while in a stable or decreasing usage period, the cells are 
operated at their optimum point. 

For the sake of clarity a number of refinements have not been 
mentioned, e.g. when 'aims' are to be revised the new computed value is 
'averaged' with the existing value, before the new aim is set. This helps 
to prevent system noise, or spurious results, giving rise to significant 
changes in the operating mode. Additionally all cell voltage readings are 
scaled, according to the current cell temperature, to prevent cyclic, and 
long term, temperature effects from biasing the algorithm. 

SYSTEM CONFIGURATION 

As mentioned previously CAL implemented this system into 
hardware, some of its parts being developed to a level where they were 
demonstrated to pass qualification test for an STS launch, and GEO orbital 
environment. In order to provide the most representitive test bed for the 
management of a battery, the system was designed to emulate the power 
sUb-system of an intermediate size communications spacecraft, say of 
the ANIK type. During the final testing of the system, the operation of the 
management system within a spacecraft in geostationarry orbit was 
simulated. The division of units into which the system was divided is 
illustrate in Fig 5 below. 

Figure 5. HIGH RELIABILITY BATTERY MANAGEMENT SYSTEM 
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The energy storage unit, or battery, consisted of three or four cell 
pack simulators and an optional eight cell pack of 37.5 AHr. GE, prismatic 
NiCd cells. The cell pack simulators were based on a string of '0' cells, 
and their capacity was scaled to the desired level by the use of 
amplifiers and external power supplies. The use of these cell simulators 
had many advantages, not only in terms of their versatility, but also in 
terms of the safety advantage of not working with high energy storage 
cells while developing the system. In all cases the cell by-pass circuitry 
was housed within each cell pack, adjacent to the appropriate cell. 

The solar array was simulated by a commercial power supply, 
controlled by a microprocessor to simulate eclipse entry and insolation. 

80th the charge and discharge regulators use poly-phase, class '0', 
switching techniques which give rise to excellent conversion efficiency, 
and in the case of the unique design for the discharge regulator,the ability 
to continue operation after the 'first failure'. The discharge regulator was 
developed to 'flight' hardware standard, and qualified. It was shown to 
supply 300 Watts at a conversion efficiency of 96.5%, and 600 Watts at a 
conversion efficiency of 95%, with a line regulation of less than 20mV. 

The management unit was built in a breadboard format, but all the 
parts used were generic to space qualified equivalents. All the circuitry 
was redundant and dual such that continuous error checking in the 
management unit could be accomplished. The basic operating algorithm 
was 'burned' in a EPROM while all the operating variables were held in 
RAM. A set of start up parameters was also held in ROM. This allowed that 
the management unit could be completely powered down, but on 
reapplication of the power, the system would restart in a safe operating 
condition. The management unit also interfaced with a 
telemetry/telecommand port, formatting and sending housekeeping 
telemetry, and looking for commands which it interpreted and actioned, or 
passed on, as appropriate. 

Other interfacing and interconnections were effected within the 
relay driver unit and the E.J.B. (electrical junction box). 

CONCLUSION 
Canadian Astronautics Ltd. has developed a microprocessor based 

system to autonomously manage batteries, particularly nickel cadmium 
batteries, on a cell by cell basis, which will enhance the life of the 
battery by ensuring that each cell is charged to its optimum level. The 
system uses an adaptive algorithm which accomodates changes in each 
cell's characteristics over life. The system also compensates for, and 
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protects against, the effects of individual cell failures. 
The system was constructed to replicate the power sub-system of 

an intermediate size communications spacecraft, and a number of the 
individual units were developed to qualification status, including a 600 

. Watt poly-phase discharge converter. 
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NASA Lewis Research Center has concentrated its efforts on advancing the 
Ni-H2 system technology for low earth orbit applications. Component 
technology as well as the design principles have been studied in an effort to 
understand the system behavior and failure mechanisms in order to increase 
performance and extend cycle life. The design principles have been previously 
addressed (Ref. 1,2). This paper will discuss the component development, in 
particular the separator and nickel electrode and how these efforts will 
advance the Ni-H2 system technology. 

INTRODUCTION 

The Ni-H2 technology group at NASA Lewis Research Center has been 
developing Ni-H2 cells primarily for LEO applications. The overall 
objective is to improve the components, design and operating characteristics 
of Ni-H2 cells and batteries. An active program to address the anticipated 
decay modes and failure mechanisms is underway both on contract as well as 
in-house. 

The types of shortcomings that are associated with Ni-H2 devices which 
are related to electrolyte management, oxygen management, electrode growth 
management and performance degradation can all be traced to problems associated 
with the nickel electrode and/or separator. Therefore, they are considered 
the critical components. The nickel electrode is the life limiting component 
while the separator is the critical risk component due to unavailability of 
asbestos and the electrolyte and o~gen management problems associated with 
Zircar. 

The LeRC has concentrated its efforts in separator development and the 
understanding of the nickel electrode behavior in order to improve cycle 
life. The closer we get to understanding the nickel electrode the more able 
we will be to deal with the problems associated with it either by correcting 
the cause or by reducing its impact on cycle life. An attempt to reduce the 
impact of current shortcomings by modifying the design of Ni-H2 cells is 
currently underway, but an in-depth understanding of the causes and effects is 
sought. This will ultimately allow us to understand the effect of uncontrolled 
changes on the system and will provide us the necessary tools to take 
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corrective measures so Ni-H2 systems will be less affected by manufacturing 
and technology changes in the future. 

The most recent advances in the nickel electrode and separator technology 
areas are expected to have a positive effect on life, weight, cost and 
performance. These include new separator materials, lightweight nickel 
electrodes and the understanding of the nickel electrode mechanism and 
structure. 

SEPARATOR TECHNOLOGY 

As part of the technology development at leRC, a separator development 
program was designed to develop a separator that is resistant to penetration by 
oxygen and loose active material from the nickel electrode while retaining the 
required chemical and thermal stability, reservoir capability and high ionic 
conductivity. A close look at SOA separators, their properties and problem 
areas was undertaken to determine the necessary properties for a new improved 
separator. A set of standard properties were identified which would provide 
the necessary characteristics for short term performance while addressing the 
problems related to the long term performance of SOA separators. 

Screening studies showed two laboratory separators which met the charac­
teristic goals of electrolyte retention, bubble pressure, and conductivity, 
etc. These were 80% PKT-20% Zr02-10% EBl and PKT on Zr02 cloth where PKT 
is potassium titanate and EBl is emulsified butyl latex. These separators 
were incorporated into Ni-H2 stacks and tested to examine their voltage 
characteristics and cell performance. The cells were submitted to the same 
characterization and testing as those with the baseline asbestos and Zircar 
separators. Cell characterization showed good cell voltage with mid-point and 
end of discharge voltages higher than either of the baseline separators 
(Ref. 3). 

The results obtained from characterization and testing encouraged us to 
further pursue this effort. The process needed to be adapted and transferred 
from a laboratory operation to a manufacturing process since reproducibility 
and uniformity are important factors that will govern their future use and 
applications. The first step undertaken was to have the separators prepared 
by a commercial vendor (Quin-T) for further evaluation. The separators 
obtained lacked the necessary bubble pressure to prevent the oxygen produced 
at the nickel electrode from accessing the hydrogen electrode in a controlled 
fashion. This was due to small holes ~50 ~m in diameter apparently caused by 
localized swirls during the filtering step. 

In order to overcome the manufacturing problems we started an effort with 
Miami University. Miami University has a Paper Science and Engineering 
Department well experienced in the paper making process and is equipped with a 
small pilot paper making machine. They also have handsheet molds and testing 
capabilities that will allow timely testing and modification of the production 
techniques to easily adapt to the new materials. The objective is to 
demonstrate the feasibility of manufacturing the new separator materials using 
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standard paper making techniques. This effort is intended to bridge the gap 
between the handsheet operation and the commercial processes and establish the 
potential of these separators for use in a variety of different applications. 
The one-year effort will reproduce the original hand sheet material and will 
gradually adapt the fabrication from the handsheet techniques to the 
production techniques. It will study the effect of these changes on the 
separator properties and manufacturability and modify them to achieve a high 
performance separator that will be easily reproduced. 

The final result is to be a separator which will be reproducible using 
standard paper making technology that will ensure uniformity, availability and 
lower costs. The technology will lead to a higher performance and extended 
life of the Ni-H2 systems. 

NICKEL ELECTRODE TECHNOLOGY 

LIGHTWEIGHT NICKEL ELECTRODE 

The second part of the technology development program focuses on the 
nickel electrode which, in addition to being identified as the critical 
component, has also been identified as the heaviest component of the Ni-H2 
battery system. The NASA Lewis Research Center is developing nickel electrodes 
for Ni-H2 batteries which will be lighter in weight and have higher energy 
densities when cycled under a low earth orbit (LEO) regime at deep depths of 
discharge. 

The weight of components in a typical 125 AH Ni-H2 bipolar battery is 
shown in figure 1. A major weight reduction of as much as 14% can be 
accomplished by the use of lightweight electrodes. 

Several commercially available materials or plaques other than sintered 
plaque have potential as a support for the active material. These plaques are 
lightweight and some of them have pore sizes comparable to a typical commercial 
sintered nickel plaque. These lightweight plaques are less conductive, but in 
a bipolar design the current flow is perpendicular to the electrode surface; 
hence the need for high lateral conductivity is eliminated (Ref. 4). 

Plaques other than sintered nickel plaques that may be used to support the 
active material are the nickel plated plastic plaque developed here at NASA 
Lewis Research Center (Ref. 5, 6), commercially available Feltmetal (TM) and a 
needle punched web (80% Ni, 20% Cr) from Brunswick Technetics, graphite fiber 
mat manufactured by American Cyanamid and Fibrex (TM), a fiberous mat 
manufactured by National Standard Company. The lightweight plaques except for 
the Feltmetal are about 50 to 90% lighter than the standard sintered nickel 
plaque. The Feltmetal is about 5~ lighter than the sintered nickel plaque. 

Figure 2 shows the pore size distribution of the lightweight plaques as 
compared with the standard sintered plaque. Most of these plaques have larger 
pore radii than the sintered plaque. The Nichrome needle punched web and the 
Fibrex materials have about the same broad distribution at about 20 to 40 m. 
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The nickel plated plastic, the nickel plated graphite and the Feltmetal show 
peaks in the pore size distribution at 10 to 18 m. The standard sintered 
plaque has the lowest pore size distribution peak at 7 ~m. Porosity and pore 
size distribution measurements were made by the mercury intrusion porosimeter 
method. 

To evaluate the performance of the lightweight materials, the plaques were 
electrochemically impregnated in a saturated solution of njckel nitrate with 
cobalt nitrate using the Bell Telephone Laboratory method. 1 After washing 
the impregnated plaques, the electrodes were formed using the Eagle-Picher 
procedure which consists of eight cycles of 20 minutes charge and 20 minutes 
discharge at approximately the 3C rate. After formation, the electrodes were 
thoroughly rinsed in deionized water, dried and weighed. The theoretical C 
rate was determined from the weight of the active material in the electrode 
using the electrochemical equivalent of 0.289 AHlgram of nickel hydroxide. The 
electrochemical impregnation of these lightweight plaques using the aqueous 
bath yields loading levels comparable to commercial nickel electrodes. 

The initial characterization screening testing of the electrodes is 
performed at five discharge levels, C/2, 1.OC, 1.37C, 2.0C and 2.74C rates. 
The voltage versus time and the capacities at each rate are recorded and 
compared with the sintered nickel electrode. After the initial 
characterization tests, the electrodes will be life cycle tested at a LEO 
regime to 80% depth of discharge. Capacities will be measured every 50 cycles 
during the duration of the test for the first 1000 cycles and every 500 cycles 
thereafter. The Feltmetal electrode has accumulated over 2000 cycles and is 
still being cycled. 

A significant improvement in weight, thus an increase in energy density of 
the Ni-H2 battery system can be achieved by the use of lightweight nickel 
electrodes using lightweight plaques. Life and performance are being 
investigated. 

NICKEL ELECTRODE DEVELOPMENT - HUGHES CONTRACT 

While the lightweight nickel electrode is under development, an effort is 
being made to improve the life of SOA nickel electrodes when cycled under a 
LEO regime at deep depths of discharge. For this reason a contract was 
awarded to Hughes Aircraft Company (Research Division) to develop a nickel 
electrode which will have a long cycle life when cycled to deep depths of 
discharge. The principal investigator for this contract is Dr. Hong Lim. 

The approach taken was to investigate (1) the effect of electrode design 
parameters on cycle life of the nickel electrode, (2) the failure mechanism of 
the nickel electrode, (3) the effect of potassium hydroxide electrolyte 
concentration on performance and cycle life, and (4) the effect of electrolyte 
composition. 

IT. D. O'Sullivan, Bell Laboratories, Personal Communications 
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The results from studying the effect of the design parameters on the cycle 
life of the nickel electrode were the following: (1) the plaque mechanical 
strength had no significant effect on cyele life over the range of values 
tested, (2) the pore diameter had a significant effect with the largest pore 
plaque (16 ~) resulting in the shortest cycle lives, the optimum pore size 
was 13 ~m; (3) the active material loading level affected the cycle life the 
most with an optimum loading of 1.6 glce void volume. As a result of this 
effort a data base was established for optimum nickel electrode design 
parameters for maximum cycle life in Ni-H2 cells. 

A failure model of the nickel electrode based on the experimental data was 
advanced which suggests ways to further improve cycle life. Cell failure was 
due to loss of high rate capacity rather than an absolute loss in capacity. 
This could be explained by the active material expansion away from the current 
collecting nickel sinter due to cycling. This resulted in electrical isolation 
of active material and loss of high rate discharge capacity. Hence, control 
of active material expansion is the most important factor for increasing the 
cycle life. 

It has been reported by others from work done in nickel cadmium cells that 
the nickel electrode growth was a function of the potassium hydroxide 
concentration. Another task was to investigate the effect of the KOH concen­
tration (21,26,31,36%) on the life of the nickel hydrogen cells. To date 
significant increases (greater than a factor of three) in cycle life of IPV 
Ni-H2 cells have resulted from the reduction in KOH concentration from the 
traditional values of 31% to 26%. In this continuing test over 13,000 
accelerated LEO cycles have been achieved thus far at 80% DOD. The signi­
ficance of these results are the increased cycle life of Ni-H2 cells; this 
will have a considerable effect on LEO applications in terms of life cost and 
enhanced performance. 

The effect of alternate electrolyte compositions on the cycle life of the 
nickel electrode is scheduled to start in November 1985. It includes aqueous 
solutions of one or more of all alkali metal hydroxides and barium hydroxide 
with two level variation of the actual material loading of the nickel 
electrode. It is expected that with some electrolyte compositions, e.g. those 
containing LiOH, the active material expansion rate will be greatly reduced. 
The optimum loading level is expected to be higher than the 1.6 glcc void found 
for the standard KOH electrolyte. 

The overall results from this contract are an improved understanding of 
the various factors that effect cycle life of the nickel electrodes. The 
results provide an insight to the cycle life limitations and the failure 
mechanisms; they also indicate that control of the active material expansion 
is the most important factor for further improving cycle life in the Ni-H2 
systems. 

NICKEL ELECTRODE STRUCTURE 

Research is also being carried out, both in-house and through grants and 
contracts, to learn more about the structures of the active materials and the 
mechanisms of the electrode reactions. Dr. Bahne Cornilsen at Michigan 
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Technological University has been studying Laser Raman spectroscopy of nickel 
oxides prepared by chemical and electrochemical means, both oxidized and 
reduced. Each preparation method gives somewhat different spectral features. 
Some of the results of this study are presented on Figure 3. The most signifi­
cant finding is that both chemically and electrochemically oxidized materials, 
as well as reduced electrodes that have been cycled, do not exhibit any bands 
in the 3500-3700 cm-1 range that can be attributed to an OH stretch of free 
water. In addition, electrodes that have been cycled exhibit similar spectra 
in both the oxidized and reduced states. The spectra of all these materials 
are distinctly different from that of the well-crystallized beta Ni (OH)2. 

The fact that no OH stretch is observed in most of these materials has led 
to a new interpretation of the structures of the various hydroxides in terms 
of a model which postulates a sizeable fraction of vacancies in the nickel 
lattice sites. These vacancies may be filled, either partially or completely, 
with hydrogen atoms or alkali metal ions. Additional hydrogen atoms can be 
accommodated in sites between the planes of oxygen atoms where they are 
hydrogen bonded between the layers. The symmetry of the crystal structure is 
such that the OH stretch modes are forbidden in the Raman spectra. General 
formulas for the oxidized and reduced forms are postulated. 

and 

Nil_x(2H)x 1.0 (OOH)H 1.00 

where x represents the fraction of Ni lattice sites either vacant or occupied 
by H+ or M+ ions and can be up to about 0.27. V represents vacant Ni lattice 
sites. The protons can either occupy vacant lattice sites or bridge two 
adjacent oxygens. Alkali metal ions can also occupy lattice vacancies. Most 
of the postulated formulas in the literature fit into this scheme nicely. For 
example, Barnard's a-Ni (OH)2 with an empirical formula of 0.25NiOOH· 
0.75Ni(OH)2· O.25H20 with a Ni valence of 2.33 can be written as 
NiO.89VO.11 (OOH2)1.00· Barnard's S phases can be interpreted as 
having a vacancy ratio of about 0.11, while the y phase, like the a phase, has 
about 0.25 Ni vacancies which in the case of Yare filled by alkali ions. 
Reinterpretation of the X-ray diffraction data is being carried out, and it 
appears that the data fit this scheme at least as well as the earlier 
structural formulations. 

Other work in progress includes cyclic vo1tammetry studies, self-discharge 
measurements, and impedance studies of both planar and porous nickel 
electrodes. The data on the planar Ni electrodes is being interpreted as due 
to a variable resistance oxide film, with the resistance varying with both 
depth and potential, analogous to some studies of the passive film on Fe. 
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This research should lead to a better understanding of the nature of the 
active material which will assist in designing cells with improved life and 
performance. 

CONCLUDING REMARKS 

Improved performance and cycle life on the Ni-H2 cells can be achieved 
by an understanding of the nickel electrode behavior and improved cell design 
and component technology development. Improving performance and cycle life as 
well as increasing the energy density of the system are the drivers of the 
technology development program at LeRC. Our means of achieving these goals 
are by developing lower cost, high performance separators and lightweight, 
longer life nickel electrodes. Our studies show that as much as a 14% system 
weight reduction and at least a three-fold increase in nickel electrode life 
can be achieved. These improvements have been possible through an improved 
understanding of the various factors affecting life and insights into cycle 
life limitations provided by the nickel electrode studies. 

The most recent advances in the nickel electrode and the separator 
technology areas will have a positive effect in life, weight, cost and 
performance and will have a considerable effect on the use of Ni-H2 systems 
for LEO applications. 
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LIGHTWEIGHT, DIRECT-RADIATING NICKEL HYDROGEN BATTERIES* 

ABSTRACT 

John R. Metcalfe 
Canadian Astronautics Limited 

Ottawa, Canada K2H 8K7 

Two battery module configurations have been developed which, in addition 
to integrating cylindrical nickel hydrogen (NiH2) cells into batteries, provide 
advances in the means of mounting, monitoring and thermal control of these cells. 
The main difference between the two modules is the physical arrangement of the 
cells: vertical versus horizontal. Direct thermal radiation to deep space is 
accomplished by substituting the battery structure for an exterior spacecraft 
panel. Unlike most conventional nickel-cadmium (NiCd) and NiH2 batteries, the 
cells are not tightly packed together; therefore ancilliary heat conducting media 
to outside radiating areas, and spacecraft deck reinforcements for high mass 
concentration are not necessary. 

Testing included electrical characterization and a comprehensive regime of 
environmental exposures. Despite significant structural differences, the test 
results were similar for the 'two modules. High energy density was attained 
without sacrificing structural rigidity. The results of computer structural 
analyses were confirmed by a series of vibration tests. Thermal excursions and 
gradients during geosynchronous orbit (GEO) eclipse day simulations in vacuum 
were within the nominal range for near optimum NiH2 cell performance. 

The designs are flexible with respect to quantity and type of cells, orbit 
altitude and period, power demand profile, and the extent of cell parameter 
monitoring. 

This paper compares the characteristics of the two battery modules and 
summarizes their performance. 

INTRODUCTION 

The Space Systems Group at Canadian Astronautics Limited (CAL) has 
completed two programs for the design, fabrication and testing of nickel hydrogen 
batteries. These were respectively funded under: 

1. 

2. 

* 

Intelsat Contract-INTEL-lSI, ent it led, "Qualificat ion of an Advanced 
Nickel Hydrogen Battery"; for the R&D Department of the International 
Telecommunications Satellite Organization. 

Supply and Services Canada contract fi le no .06ST. 36001-3-2410, 
entitled, "The Enhancement of Advanced Nickel-Hydrogen Battery 
Technology"; for the Communications Research Centre of the Canadian 
Department of Communications (DOC). 

This paper is based on work performed, in part, under the sponsorship 
and technical direction of the International Telecommunications 
Satellite Organization (Intelsat>. Any views expressed are not 
necessarily those of Intelsat, or of DOC. 
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The battery built under the first-ment ioned contract is called "IBAT". 
Figure 1 is a photograph of its spacecraft interior side and Figure 2 is a 
photograph of its radiative side. This model employs a Crowned Sleeve and Flange 
cell mounting method, whereby the 24 cells pass through the panel with their 
longitudinal axes normal to the plane of the panel. This was one of the two 
optimum (energy density versus thermal performance and structure strength) 
concepts of the several candidate layouts analysed during the initial design 
phase of the Intelsat contract. 

The alternate concept, named "LYBAT", because the cells "lie down" in the 
plane of the panel, was not originally chosen for development. This was due to 
the large radiating area needed to handle the peak dissipation of 24 cells on a 
single panel, in view of Intelsat's 80% depth-of-discharge (000)/1.2 hour eclipse 
requirement. The LYBAT concept was considered practical, however, for 
requirements of fewer cells per "pack" or for lower DODs. The major requirement 
of the second contract was the accommodation of nine (9) cells lying in the plane 
of the radiating support plate. Figure 3 is a photograph of the LYBAT prototype 
interior side and Figure 4 is a photograph of its radiative side. 

CELLS 

Both battery modules employ 3.5 inch diameter "Intelsat design" cells of 
50 ampere-hour nameplate capacity (Yardney model YNH50-5). However, both designs 
can accommodate larger, longer and/or heavier individual pressure vessel (IPV) 
cells, including the new generations of very high energy 3.5 inch and 4.5 inch 
diameter cells. Both designs can be used in GEO and low earth orbit (LEO) 
applications. In addition, the LYBAT mounting system lends itself particularly 
well to common pressure vessel (CPV) cells of considerably greater length. 

BATTERY CHARACTERISTICS 

Table 1 compares the characterist ics of the two units in summary form. 

MECHANICAL AND THERMAL DESIGN 

Both projects involved extensive use of stress analysis and thermal 
modelling to determine the optimum structure configurations and dimensions. 
Experiments were also carried out to evaluate materials and fastening/mounting 
techniques. 

Panel Structures 

IBAT - The IBAT was built employing a single hexagonal shaped sheet of 1.5 
inch thick standard aerospace honeycomb panel to support the 24 cells and all of 
the associated hardware. Panel holes for components and fasteners were cut and 
later edge strengthened. 

LYBAT - LYBAT employs a structure believed to be unique in the battery 
field. It is an "egg-crate" lattice of sheet aluminum web pieces, many as thin 
as 0.016 inch, which are dip-brazed to each other, to the cell support saddles 
and to the radiative face skin. Various forms of support brackets and 
strengthening techniques were utilized. 
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Cell Mounting 

IBAT - The 24 IBAT cells are retained by through-plate mounts 
incorporat1ng precision machined sleeves, flanges and crowns (Figure SA). Each 
cell is bonded to the sleeve with a flexible, thermally conductive adhesive using 
special techniques to align the cell in its sleeve. A locking mechanism then 
assures a strong bond to the panel itself. Each cell assembly radiates directly 
to the external environment. 

LYBAT - The nine LYBAT cells are seated in formed saddle sections which 
are recessed part way into the 2.5 inch deep support structure (Figure SB). The 
cell covers are bolted to the panel via braces above and below the face skin, the 
cell having been bonded to the assembly in a manner similar to that of IBAT. 

End-domes - Cell vessel end-domes for both batteries were fitted with 
thermal insulation prior to installation. This was to prevent excessive cooling 
of end-domes located on the "space" side of the panels. 

Safety - For safety reasons, the cells for both batteries were conformally 
coated prior to installation. The thin layer of Urethane has negligible effect 
on heat transfer, but prevents accidental electrical contact from the cell vessel 
to other metal parts. Despite the relatively high impedance between a cell's 
case and its power path, it is known that a small intermittent contact point from 
a vessel to its mounting hardware (near negative battery terminal potential) can, 
with the battery fully charged, spark-erode an orifice through the Inconel wall 
of the pressure vessel, releasing hydrogen. 

Temperature Gradients 

A basic design goal was the minimization of intercell and internal cell 
temperature gradients, the former to within 5°C for prevention of temperature 
driven imbalances in cell capacities, and the latter to within lO°C (core to 
vessel) to prevent vapour transfer from the electrolyte to the inner wall of the 
cell vessel. Attention was paid to balancing the thermal conductivities of the 
cell mounting hardware. Transient thermal analyses were carried out to predict 
gradients from the effects of cell dissipations during an eclipse. 

Cell Spacing/Surface Area - The distance between cell locations, which 
reflects directly upon volumetric energy density and occupied footprint area, was 
determined mainly by the panel area per cell required to augment the cell covers' 
ability to dissipate peak cell dissipation with acceptable temperature gradients. 
This was established by iterat ive analyses of the computer models. The pract ical 
constraints of structure/fastener interfacing also played a role. 

If designed for the same dissipation levels, the IBAT technique is 
inherently smaller than the LYBAT in footprint area per cell. However, the IBAT 
was built for an approximately 60% higher peak cell dissipation. This resulted 
in the per cell footprint areas being nearly identical for the as-built models. 

Thermal Aspects-LEO 

The present limits of continuous discharge current, with respect to 
dissipation handling, are: LYBAT - 33.3 amperes for 36 minutes or 25 amperes for 
72 minutes; IBAT - 36 amperes for 72 minutes. 
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The LYBAT thermal analys is was extrapolated for the higher current, 
shorter duration charge/discharge regime of a typical 110 minute orbit, LEO 
application. The main problem area is the high cell dissipation encountered at 
end of charge, just prior to eclipse commencement. If charge return ratios were 
balanced accordingly, and if cells with higher stack to shell thermal 
conductivity were employed, discharge rates of 50 to 60 amperes could be safely 
maintained during a 36 minute eclipse period with few design alterations. A 
similar prospect is foreseen for the IBAT design. 

Electrical Design 

Electrical Design made use of tolerance, stress and failure modes 
analyses, along with mass versus power loss tradeoff studies, to choose the 
methods and piece parts for the power paths, the main power connector interfaces, 
the cell bypass circuits and the sensor circuits for monitoring of temperatures, 
cell pressure and cell voltages. 

Power Path - Both models employed special lightweight, low-loss cell 
interconnects, which proved to be superior to copper wire. Wiring was used to 
connect the ends of the series cell strings to the main power connectors and to 
connect the cell bypass circuits. The IBAT has a single main power connector. 
The LYBAT has two separate power connectors to facilitate series interconnection 
with identical modules on adjacent panels, to attain a battery with any multiple 
of nine cells. 

Cell Bypass Circuits - The familiar method of open-circuit protection; 
three series diodes per cell for charge and one larger power diode per cell for 
discharge, was employed. These diodes were located to minimize thermal imbalance 
effects, should they become activated. 

Because of the higher currents involved in a typical LEO application, the 
mass of the larger power rectifiers required, and their potentially high 
dissipations, would be prohibitive. High current aerospace relays are also 
relatively heavy. To increase battery energy density, special development of a 
low mass sense switch, designed for one closure operation across a failed cell, 
may be the solution for both GEO and LEO batteries. 

Monitoring Circuits - Both batteries have isolated voltage sense lines 
from cell terminals to a monitoring harness connector. In addition, the LYBAT 
has four permanent temperature transducers (two on cells, two on panel structure) 
which are monitored via the same connector . 

. Pressure Monitoring - The IBAT has a specially developed, on-board 
strain gauge processor (SGP), which selects the strain gauge bridge 
reading for the desired cell, amplifies it and transmits it to the ground 
station via spacecraft telemetry. The SGP entails a low-power module, 
containing two small circuit cards, on the spacecraft interior side of the 
battery panel (Figure 1). Integrated circuits were chosen on the basis of 
their availability in radiation hardened versions. 

The SGP and strain gauge bridge wiring are relatively low in mass, as 
depicted by the proportion of monitoring circuits' mass in Figure 6, and they 
provide indication of state of charge. 

Figure 7 illus trates the percent ages of LYBAT' s mass component s. Figures 
8 and 9 depict actual SGP cell pressure data and voltage of the same IBAT cell 
for a charge/discharge cycle at 10°C. 
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TESTING 

The test results and other performance data, inc luding project ions for an 
advanced cell type, are summarized in Table 1. The test equipment used at CAL 
for electrical and thermal control (in air) of the batteries is shown in Figure 
10. 

CAPACITY 

Battery capacities were determined from the time taken to reach an end of 
discharge voltage (EODV) equal to the number of cells times 1.00 volt, at a 
constant current of 25.0 amperes. Reference capacities were recorded during the 
last cycle of several overcharge/one hour stand/discharge sequences, at the 
reference temperature of 10 .!.3°C. Both batteries had typical capacities of 52.!.1 
AH. 

ENERGY DENSITY 

IBAT 

The mass of the IBAT module is 40.0 Kg. After deducting the predetermined 
replaced structure allowance, the net mass is 37.3 Kg, for an energy density of 
39.8 WH/kg, based on 51.5 AH capacity with a mid-discharge voltage of 28.8 volts. 

LYBAT 

The mass of the LYBAT module, not including 0.4 Kg of extra adhesives and 
brackets added to correct two minor problems (easily resolvable in a future 
mode!), is 14.8 Kg. After deducting the predetermined replaced structure 
allowance, the net mass is 13.3 Kg, for an energy density of 42.1 WH/Kg, based on 
51.6 AH capacity with a mid-discharge voltage of 10.85 volts. 

Comparisons 

Figure 11 compares the energy densities of convent ional "c lose-packed" 3 5 
AH and 40 AH NiH2 batteries with those of the IBAT and LYBAT, and with the 
projected energy densities for the as-built IBAT minus the mass of pressure 
monitoring apparatus, and for the IBAT and LYBAT concepts using 75 AH cells 
typical of those now nearing fully developed status. 

Although the energy density of the LYBAT appears to be significantly 
greater than that of IBAT, the total weight per cell of the former is only 22 
grams less. Addit ional mass saving measures are already assured for future 
models. 

ELECTRICAL AND THERMAL CYCLING 

IBAT - The IBAT successfully underwent a regime of extreme temperature 
excursi~(in air) while electrically active at test temperatures ranging from 
-15°C to +40°C. In addition, reference cycling was done for capacity 
determination at O°C, 10°C, 20°C and 30°C, and test stages were interspersed with 
capacity retention tests at 10°C to check for degradation. 
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LYBAT - LYBAT's testing in air was limited to characterization cycling at 
10°C and a capacity determination at +25°C (46.6 AH). Power losses in the cell 
interconnects (bus bars) were measured to be only 3.3 Watts at 25 amperes. 

VIBRATION TESTING 

One-piece machined mounting fixtures were used to mount the batteries for 
vibration testing. The facilities of the David Florida laboratory, located at 
the Communications Research Centre near Ottawa, were employed. An input 
spectrum, derived from a combination of available launch vehicle data 
(Delta/Shuttle/Ariane), was applied in the three orthogonal axes, in both random 
and swept sinusoidal modes. 

The structures of both modules were successfully vibration tested to the 
1 imi ts speci fied for the cells. Force levels experienced by the cells were up to 
13 g-rms in random mode, and 20 g-peak in sinusoidal mode. Panel resonances were 
slightly above the predicted frequencies, indicating that the intended stiffness 
had been achieved. The results supported the findings of the structural 
analyses, which predicted high stress capabilities at high confidence levels. 

THERMAL VACUUM TESTING 

Again at the David Florida Laboratory Space Simulation Facility, the 
batteries were tested in thermal vacuum at pressures less than lxlO-6 Torr. The 
set-ups involved enclosing the battery undersides and resistive heaters with 
insulating material to simulate the interior of the spacecraft. Thermocouples 
were placed at strategic locations. The chamber walls were cooled with liquid 
nitrogen to approximate deep space temperatures. 

A GEO full-eclipse day simulation was run for each battery. Figure 12 
illustrates the actual average cell temperature profiles through eclipse 
(discharging at 25A). Intercell temperature gr.adients were within the design 
maximum range, and internal cell gradients (stack to vessel differential) were 
determined, by analysis of measured versus predicted node temperatures, to be 
within the safe operational range. 

CONCLUSION 

Two lightweight support structures and cell mounting systems have been 
shown feasible for serious consideration in future spacecraft energy storage 
systems. Substitution of exterior, or space-viewing, panel sections not only 
saves the mass of the obviated panel, but liberates internal space for payload 
use. The layouts are adapt ab Ie to a variety of panel sizes and shapes, and to 
the vo It age and power profile requirements of many communications, remote sensing 
and scientific satellites. 
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TABLE 1 

©©[M][F)c\[RlO~©OO ©rr [IDorru~©L1 o [RlC\[ID OC\ IJ!]OO® 
OOO~~ ~C\ lJij~[RlO~® 

MODEL "LYBAT' "IBAT" 

STRUCTURE DIP-BRAZED LATIICE ALUM. HONEYCOMB 

CELL SADDLES IN PLANE CROWNED SLEEVE 
MOUNTING OF PANEL AND FLANGE, 

THROUGH PANEL 

CELLTVPE 50 AH NAMEPLATE 50 AH NAMEPLATE 
"INTELSAT DESIGN" "INTELSAT DESIGN" 

CELL 9 24 
QUANTITY 

PANEL RECTANGULAR HEXAGONAL 
SHAPE 

FOOTPRINT 2.635 FT210.245 M 2 7.079 FT210.658 M2 
AREA 42.2 IN2 PER CELL 42.5 IN2 PER CELL * 

MASS 13.3 KG NET 37.3 KG NET 

CAPACITY 51.6 AH (10°C) 51.5 AH (10°C) 

ENERGY 560 WH (10.85V*) 1483 WH (28.8V*) 

ENERGY 42.1 WH/KG NET 39.8 WH/KG NET 
DENSITY 

PROJECTED 46.5 WH/KG 46.0 WH/KG 
E.D. 75 AH (SEE FIG. 6) (SEE FIG. 6) 
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TABLE 1 CONT'D 

©@[MJ~£[ruO~@OO @~ r:wO[ru~©tr Q[ru£r:wO£ trOOO@ 
OOO~~ ®£mr~r.ruo~~ 

VIBRATION 
TEST 

STRUCTURE 
RESONANCES 

DISCHARGE 
CURRENT 
RATINGS 

"LYBAr' 

SURVIVED SINE AND 
RANDOM TESTS 
(3 AXES) 

>150 HZ 

25A NOM. 
36AMAX 
150 A SURGE 

BUILT-IN TEMPERATURES, 
MONITORING CELL VOLTAGES 

PROTECTION REDUNDANT 
CONNECTIONS, 
DIODE BYPASSES 

HEAT OUTPUT RADIATION 
TO SPACE 

HEAT INPUT ELECTRIC HEATERS 
DURING INSOLATION 

EQUILIBRIUM 7:t 3° C 
TEMP. 

THERMAL <6.5Co INTERCELL 
GRADIENTS «5° CAPABILITY) 

<10Co CELL INT. 
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"IBAT" 

SURVIVED SINE AND 
RANDOM TESTS 
(3 AXES) 

>85 HZ 

33.3 A NOM. 
36 A MAX. 
150 A SURGE 

CELL PRESSURES, 
CELL VOLTAGES 

REDUNDANT 
CONNECTIONS, 
DIODE BYPASSES 

RADIATION 
TO SPACE 

ELECTRIC HEATERS 
DURING INSOLATION 

<10Co INTERCELL 
«4° CAPABILITY) 
<10Co CELL INT. 
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The Low Earth Orbit (LEO) operations of the RADARSAT 
spacecraft require high performance batteries to provide energy 
to the payload and platform during eclipse periods. Nickel 
Hydrogen cells are currently competing with the more traditional 
Nickel Cadmium cells for high performance spacecraft applications 
at GEO (Geostationary Earth Orbit) and LEO. Nickel Hydrogen 
cells appear better suited for high power applications where high 
currents and high Depths of Discharge are required. Although a 
number of GEO missions have flown with Nickel Hydrogen batteries 
it is not readily apparent that the LEO version of the Nickel 
Hydrogen cell is able to withstand the extended cycle lifetime 
(5 years) of the RADARSAT mission. The problems associated with 
Nickel Hydrogen cells are discussed in the context of the 
RADARSAT mission and a test program designed to characterize cell 
performance is presented. 
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Investigation of Nickel Hydrogen Battery Technology for the 
RADARSAT Spacecraft 

The RADARSAT spacecraft is presently in the design 
definition phase of development for an expected launch in 1991 by 
the NASA Space Transportation System. The RADARSAT system will 
provide navigational information for marine operations in the 
Canadian Arctic, Atlantic and Pacific coastal regions as well as 
data on renewable and non-renewable resources over the Canadian 
land mass. The RADARSAT spacecraft will support four earth 
resources sensors in a sun synchronous polar orbit at an altitude 
of 1007 km. The sensor complement consists of a C-Band Synthetic 
Aperture Radar, a microwave Scatterometer and two optical imaging 
instruments. The on orbit configuration is depicted in Figure 
1. The spacecraft is designed for five years of operations with 
an extension of the mission life to at least 8 years by on orbit 
servicing to upgrade equipment and instruments. 

The RADARSAT mission requires the operation of sensors in 
sunlight and eclipse to provide the necessary coverage of the 
Canadian arctic and land mass. This requirement has influenced 
the design of the power supply system supporting the payload by 
requiring approximately 2 kW-hr of stored energy during eclipse. 
An example of a typical power consumption profile for the 
RADARSAT mission is shown in Figure 2. 

A rough estimate of battery mass needed to supply this 
energy may be calculated by applying average power densities for 
battery systems as reported in the literature. Based on values 
of 40 W-Hr/kgm a Nickel Hydrogen battery system operating at 50% 
depth of discharge would have a mass of 75 kgm. while a Nickel 
Cadmium system would have a mass of 120 kgm. to supply the 
eclipse power requirement for RADARSAT. In the limited viewpoint 
of mass, Nickel Hydrogen batteries appear to be the best 
candidate for supplying the RADARSAT eclipse energy 
requirements. However, there are other factors of concern in 
comparing Nickel Hydrogen batteries to Nickel Cadmium batteries 
for the RADARSAT spacecraft. In particular, RADARSAT will have a 
design life of 5 years and will require a cycle lifetime of about 
25,000 cycles. Based on data presently available it is not clear 
that Nickel Hydrogen cells are capable of providing the needs of 
RADARSAT for a 5 year mission while a data base for Nickel 
Cadmium cells in excess of the RADARSAT cycle life requirements 
does exist. Although the mass penalty associated with the use of 
Nickel Cadmium cells is undesirable to the RADARSAT spacecraft, 
the baseline design has adopted Nickel Cadmium over Nickel 
Hydrogen because of the issue of cycle lifetimes. 
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Notwithstanding the Nickel Cadmium baseline for the 
spacecraft a test program to evaluate Nickel Hydrogen battery 
technology has been initiated to develop a data base for a low 
earth orbit (LEO) RADARSAT type mission for future applications. 
The RADARSAT Nickel Hydrogen Battery Technology test program has 
been designed to address basic technology issues of concern to 
the project. 

As mentioned previously, cycle lifetime is a prime 
concern in the use of Nickel Hydrogen cells. However, a number 
of other concerns are prominent and are often related to the 
cycle lifetime issue. The choice of separator material is an 
important decision that will affect the final performance of the 
cell as well as affecting a somewhat less observable phenomenon 
of electrolyte recirculation. This feature appears to be an 
important point in the higher current applications such as the 
RADARSAT mission and the test program will address the issue to 
some degree by comparison of cells with Asbestos separators to 
those with Zircar separators. Wicking has been incorporated in 
both types of cells to aid electrolyte recirculation. A 
schematic representation of the cell configuration for the 
RADARSAT NiH2 test cells is given in Figure 3 along with the 
general shape of the separator materials used. 

The operational use of Nickel Hydrogen cells for a LEO 
regime raises questions concerning charge strategies since the 
exothermic charge regime produces high power dissipations that 
influence the design of thermal radiators. A representative 
analysis of this effect is depicted in Figure 4 which is based on 
a RADARSAT battery thermal analysis by British Aerospace. To 
address this issue, tests will be performed to study this 
characteristic and to try to reduce the heating effect by 
limiting charging in the highly exothermic region. Charge 
control methods considered are rate of change of temperature, as 
well as rate of change of pressure differentials and the standard 
voltage and capacity C/D measurement. The RADARSAT cells are 
fitted with pressure transducers and other sensing elements to 
investigate these control methods. 

Self discharge is also of concern from an operational 
point of view and tests will be performed to characterize the 
phenomenon for the RADARSAT cells. 

A flowchart of the testing plan for the RADARSAT NiH2 
cells is shown in Figure 6. Two types of tests are identified in 
the charts, these being short term performance tests and long 
term life cycle tests. 
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The short term tests are performed in advance of cycle 
life tests to identify the performance characteristics of the 
NiH2 cells for comparison to other designs. The issues discussed 
above will be addressed via these tests in addition to standard 
issues such as the nature of cell capacities in relation to 
discharge current, which are important parameters to a spacecraft 
such as RADARSAT where discharge currents can approach C values. 

Following tests to establish baseline performance of the 
cells, cycling tests will be performed with an attempt at 
following the expected operating profile of the RADARSAT 
spacecraft. The test format for the eight cells is shown in 
Figure 7. 

Four cycling tests will run simultaneously on 2 cells 
each. The use of 2 cells permits a premature failure of one cell 
without a complete loss of data since one cell will continue to 
cycle. Two of each type of separators will experience cycling 
regimes resulting in a depth of discharge of about 50% rated 
capacity to about 80% rated capacity. This will permit an 
evaluation of each separator over a range of DOD. The higher 
depth of discharge rate may also permit an evaluation of 
accelerated life cycle testing wherein cycle life is related to 
depth of discharge. 

Summa ry 

The RADARSAT mission will require batteries capable of 
operating under extended cycle lifetimes on the order of 25,000 
cycles to satisfy mission requirements. At the same time the 
batteries must satisfy constraints with respect to mass and 
volume as well as the interrelationship between current, amp hour 
capacity and depth of discharge. At present, the 
state-of-the-art in battery technology suggests Nickel Hydrogen 
cells are not proven for LEO operations and the diversity of 
design and opinion in the industry attests to the need for 
detailed study of the technology in advance of a commitment to 
fly. Although a decision to baseline Nickel Cadmium cells has 
recently been made, the RADARSAT program recognizes the value of 
Nickel Hydrogen systems for future applications and is proceeding 
with a test program to assess the technology. Future missions 
may then take advantage of the benefits accruing from Nickel 
Hydrogen systems without the risk of limited data. 
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RADARSAT PROGRAM 

MISSION OBJECTVES 

• MONITOR ICE FORMATIONS IN CANADIAN COASTAL ZONES AND 
SHIPPING LANES, RENEWABLE LAND RESOURCES AND 
GEOLOGICAL EARTH FEATURES WITH C BAND SYNTHETIC 
APERATURE RADAR (SAR). 

• OCEANS SEA STATE, WIND DIRECTION AND VELOCITY WITH A KU 
BAND SCATTEROMETER. 

• REMOTE SENSING OF LAND MASSES FOR RENEWABLE AND NON· 
RENEWABLE RESOURCES, WITH OPTICAL SENSOR. 

COVERAGE FOR SAR 

• DAILY COVRAGE OF CANADIAN ARCTIC. 

• 16 DAY WORLD REPEAT CYCLE. 

• 3 DAY SUB CYCLE OVER CANADIAN LAND MASS. 
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OPTICAL 
SENSOR 

~ RADAR ANTENNA 

SCATIEROMETER 
ANTENNAS 

RADARSAT ON-ORBIT CONFIGURATION 
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SUMMARY 

• THE RADARSAT SPACECRAFT IS CHALLENGING THE STATE-OF-THE-ART 
IN AEROSPACE BATTERY DESIGN. 

• NICKEL HYDROGEN BATTERIES APPEAR TO BE THE BEST CHOICE BUT 
CYCLE LIFE IS UNKNOWN AT PRESENT. 

• TESTS ARE UNDERWAY TO CHARACTERIZE NICKEL HYDROGEN CELLS 
FOR RADARSAT. 

• PROBLEMS TO BE ADDRESSED BY THE RADARSAT NICKEL HYDROGEN 
CELL TEST PROGRAM ARE: 

• BASIC CELL CAPACITY AT VARIOUS CHARGEIDISCHARGE RATES AND 
VARIOUS TEMPERATURES. 

• CHARGE MAINTENANCE DURING CELL INACTIVE PERIODS. 

• STATE-OF-CHARGE MEASUREMENT METHODS AND OPERATIONS IN EN­
DOTHERMIC REGIME FOR THERMAL CONTROL. 

·CYCLE LIFE OF NICKEL HYDROGEN CELLS IN SIMULATED RADARSAT 
OPERATIONAL SCENARIO. 

• RELATIVE PERFORMANCE OF ZIRCAR AND ASBESTOS SEPARATORS. 

• GENERATE CONFIDENCE IN BATTERY DESIGN FOR RADARSAT 
SPACECRAFT FOR 5 YEARS OF OPERATIONS IN LOW EARTH ORBIT 
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NICKEL-HYDROGEN LOW-EARTH-DRBIT 
TEST PROGRAM 

Joseph K. McDermott 
Martin Marietta Denver Aerospace 

Denver, Colorado 

N87-11098 

The incorporation of nickel-hydrogen technology for low-earth-orbit (LEO) 
spacecraft applications require the establishment of a data base. An 
extensive test program has been established to provide this data base. This 
paper outlines the test program and presents preliminary test results. 

INTRODUCTION 

The vast majority of spacecraft secondary energy storage systems flo~n in 
the last two decades were nickel-cadmium batteries. Such applications took 
advantage of the inherently long cycle life, a good specific energy and high 
reliability. The hermetically-sealed nickel-cadmium system required a 
sophisticated charge control system, however, and as a result of temperature 
sensitivity required operation under close environmental control. Increasing 
spacecraft power requirements dictated the need toward a higher performance 
battery system capable of a 10 year mission life with deeper 
depths-of-discharge (DOD's) and variable load profiles. In the past, the 
extensive data base for nickel-cadmium systems had restrained aerospace 
contractors from investigating alternative energy storage systems. However, 
the limitations of nickel-cadmium batteries, particularly usable energy 
density, have provided strong economic incentives for a new system, and led 
to the recent development in nickel-hydrogen cell technology. 

Nickel-hydrogen cell and battery technology has matured to the point 
where a viable choice now exists for current and future aerospace energy 
storage applications. The nickel-hydrogen system offers a true hermetically 
sealed design capable of thousands of maintenance free cycles without need 
for complex charge control circuitry or close environmental control. The 
real potential of nickel-hydrogen systems has aroused aerospace contractors 
to conduct in-house studies and investigate the feasibility of 
nickel-hydrogen implementation. Nickel-hydrogen cell technology represents 
the best engineering choice for numerous power storage systems, and with the 
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establishment and expansion in its data base, which is presently insufficient 
(ref. 1), the nickel-hydrogen system will become the practical choice. 

Nickel-hydrogen battery cell technology has been successfully 
demonstrated for geosynchronous (GEO) orbit applications, both by ground 
testing and in-flight performance. The GEO data base cannot, however, be 
extrapolated to provide pertinent LEO data. Applications of nickel-hydrogen 
technology in LEO require the development of a cycle life data base with 
DOD's in the 40% to 60% range. A nickel-hydrogen test program was thus 
established to provide this LEO data base. 

TEST PLAN 

Table 1 identifies the suppliers and numbers of cells procured for 
nickel-hydrogen LEO testing. Eagle-picher and General Electric were selected 
for the procurement of 36 Air Force designed nickel-hydrogen cells. Six (6) 
Yardney cells were also procured. Four cells from Eagle-Picher are 
identified on Table 1 as eOMSAT designed cells. Eagle-picher provided these 
cells to Martin Marietta for LEO testing. The general concensus by the 
aerospace industry is that the eOMSAT cell is not adequately designed for LEO 
application. The addition of the four COMSAT cells to the test program will 
possibly provide evidence to either support or negate this assumption. 

The matrix for the nickel-hydrogen testing is summarized in Table 2. The 
primary area of interest is 40% DOD. This would translate into appreciable 
weight savings when compared to nickel-cadmium systems (ref. 2). It is also 
assumed that 40% DOD is a conservative test parameter. The test temperature 
of lOGe is based on the present thermal design capabilities of typical 
spacecraft (ref. 3). Vendors predict that 20,000 cycles at 40% DOD and 10°C 
is attainable with their nickel-hydrogen cells. The 60% DOD test will serve 
two main purposes: first accelerate the testing and provide early failure 
rate data; and second, characterize cell performance at a higher DOD. The 
added temperature of 20°C is of interest because further weight and cost 
savings could be possible if the requirement for maintaining battery 
temperature was less stringent. All testing conducted under this matrix will 
be a 90 minute LEO regime consisting of a 55 minute charge and a 35 minute 
discharge. The 90 minute LEO is generic, and also accelerates testing to an 
extent. The charge control parameter was considered to be a significant 
factor with regard to LEO testing. Analysis of test equipment capabilites 
and the results of preliminary testing support charge control utilizing a 
current integrator. Charge control is therefore maintained by ending the 
charge and discharge phase after a predetermined capacity is achieved. A 
recharge fraction roughly between 1.05 and 1.10 (dependent upon test 
temperature and cell life) will be maintained for all test~ng. 
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TEST PROCEDURE 

All the nickel-hydrogen cells subjected to Life Cycle Tests have aluminum 
collars. The collars provide cell support to the test fixture and aid in 
thermal management. All cells are tested in the horizontal position. 
possible problems have been identified with testing in the vertical position, 
therefore the horizontal testing requirement was imposed. It is also the 
general concensus that testing the cells in the horizontal position will aid 
electrolyte distribution within the cell. The test fixture for mounting and 
thermal management consists of copper tubing pressure-fitted between two 
aluminum plates. Each test fixture has mounting provisions for four cells. 
The test fixtures are then mounted in an environmental test chamber. The 
test fixture temperature is controlled by a circulator bath. The chamber 
temperature is set to match the test fixture. Preliminary test data shown in 
Figure 1 indicates the delta temperature between cell case and test fixture 
is less than 5°C during LEO testing. 

Nearly all the nickel-hydrogen cells tested have strain gages. The 
strain gages allow the cell pressure to be monitored during LEO testing. 
Possible charge control utilizing cell pressure data has been proposed for 
nickel-hydrogen cells, but for our test program the pressure data is for 
characterization purposes only. It has been shown that a direct relationship 
exists between the state-of-charge and the pressure of a nickel-hydrogen cell 
(ref. 4, 5). 

Table 3 outlines the actual test parameters for nickel-hydrogen LEO 
testing. The discharge capacity for the 40% DOD testing is set at 20.0 
ampere-hours. This translates into a discharge current of 34.4 amperes. The 
charge current for the 40% DOD testing is set between 22.9 amperes and 24 
amperes. Depending upon cell test temperature and life, the recharge 
fraction is set between 1.05 and 1.10 by adjusting the charge current. The 
end of a discharge phase is when 20.0 ampere-hours has been removed. The end 
of a charge phase is when 21 to 22 ampere-hours (dependent upon test 
temperature and life) has been returned. The 60% DOD testing follows the 
same recharge fraction control scenario as the 40% DOD testing. The 
discharge current for 60% DOD testing is set at 51.5 amperes while the charge 
current is set between 34.3 amperes and 36.0 amperes. 

For each test group, a representative cell will be temperature monitored 
to thermally characterize the cell and test fixture (equipment). The coolant 
plate will also contain thermocoup1e(s) to ensure test temperature is held as 
close to 10°C or 20°C as possible. eell pressure will be monitored by strain 
gages. This data will be utilized for characterization purposes only and 
will be reported in the future. Due to safety concerns, all testing was 
conducted in an enclosed environmental chamber equipped with a nitrogen purge 
system. 
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The definition of a cell failure during life cycle tests is the inability 
of a cell to support an end-of-discharge voltage of 1.0 volt. At the 
discretion of the test engineer, an attempt may be made to recondition the 
cell. Cells which cannot support a 1.0 volt end-of-discharge voltage will be 
removed from the test group. Life cycling will then continue on the 
remaining cells. Analysis of the data from a failed cell will determine 
final cell disposition. 

A capacity test will be conducted every 1,000 cycles starting with cycle 
O. The capacity test will consist of a cell discharge to 1.0 volt, followed 
by a 16 hour charge at 5.0 amperes, followed by a 25.0 ampere discharge to 
1.0 volt per cell. The objective of the capacity test is to characterize 
cell degradation in relationship to LEO cycling. The capacity check may also 
be in effect a reconditioning cycle, due to the fact the cell is fully 
recharged. The data from the capacity test may also indicate possible 
electrochemical changes within the cell associated with LEO cycling. 

TEST RESULTS 

Test results to date are primarily focused around the first delivery of 
12 Air Force designed nickel-hydrogen cells and the four eOMSAT cells. The 
Acceptance Test Procedure (ATP) conducted at the vendor on the twelve Air 
Force designed nickel-hydrogen cells during late May 1985 revealed a capacity 
range of 59.8 to 63.2 ampere-hours (lOOe test, 34.4 ampere discharge to 1.0 
volt per cell). Final ATP testing at the vendor was completed in June 1985. 
The cells were first tested in the Power Sources Laboratory in late July 
1985. Initial capacity checks (five continuous cycles) consisting of a 5.0 
ampere charge for 16 hours followed by a 25.0 ampere discharge to 1.0 volt 
per cell revealed a fourth cycle capacity range of 45.0 to 48.2 
ampere-hours. Table 4 lists the capacities for both the vendor ATP data and 
the fourth cycle capacity check conducted in-house. The in-house capacity 
discharge was continued to an end-of-discharge voltage of 0.5 volt. 
Significant residual capacity was noted in the cells as shown in Table 4. A 
typical capacity discharge cycle is depicted in Figure 2. A second, distinct 
voltage plateau can be seen at 0.7 volt. All twelve nickel-hydrogen cells 
shared this second plateau characteristic. 

The first twelve vendor cells were divided into two groups. The first 
test group consisted of eight series-connected cells tested at lOGe and 60% 
DOD. The initial capacity (25.0 A to 1.0 V/cell) of this cell/battery test 
group was 55.1 ampere-hours. Figure 3 depicts the end-of-discharge voltage 
and recharge fraction plots for this test to date. The remaining four cells 
were series-connected and placed on tests at 20 0 e and 60% DOD. The initial 
capacity of this cell/battery test group was 44.0 ampere-hours. Figure 4 
depicts the end-of-discharge voltage and recharge fraction plots for this 
four cell test group to date. 
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The four COMSAT cells were series-connected and placed on tests at 10°C 
and 40% DOD. The initial capacity of this four-cell test group was 62.5 
ampere-hours. Figure 5 depicts the end-of-discharge voltage and recharge 
fraction plots for this four-cell test group to date. 

Testing has not been initiated to date on the 24 recently received vendor 
cells nor the 6 Yardney cells. LEO testing on these cells will be underway 
by December 1985. The addition of 36 more cells to the test program in 1986 
will be the final group of cells procured for this test plan. 

CONCLUSIONS 

The significant loss of capacity observed in the first group of 
nickel-hydrogen cells from ATP testing to our initial capacity testing has 
several possible causes. The activation procedure for these cells followed 
Rev F of the "Product Specification Nickel-Hydrogen Battery Cell" (ref. 6). 
A hydrogen precharge of 40 psig is completed immediately prior to the 
conditioning cycles and ATP testing. The hydrogen precharge has recently 
been deleted from the specification, and nickel-hydrogen manufacturers have 
suggested that the hydrogen precharge of 40 psig may have caused the noted 
capacity degradation and resultant double-knee or second plateau discharge. 
The tweLve cells were in a stored, shorted condition for approximately six 
weeks, and it has been postulated that during this period the hydrogen 
precharge reacted with and changed the positive.plate. At the present time, 
extensive studies are underway by the vendor to characterize this positive 
plate change. It was decided that for the second cell build of 24 cells a 
revised cell activation procedure would be utilized. The 40 psig precharge 
was reduced to a one atmosphere precharge, or approximately 16 psig. 
Hopefully, this change will minimize the capacity loss observed on the first 
twelve cells. The twenty-four cells recently received will undergo the same 
receiving, inspection and initial capacity tests as the first twelve to 
ensure an accurate evaluation of the revised activation procedure. No other 
parameters in the manufacturing of the cell have been revised. Tests are 
scheduled for November 1985 on the second build of twenty-four cells. 

Cells under LEO cycling have nearly 1000 cycles to date, therefore it is 
too early yet to draw any conclusions regarding nickel-hydrogen performance. 
Test control parameters were initially identified as major items for an 
accurate and reliable test program. Early tests have shown the most reliable 
method for charge control is ampere-hour integration. The coolant fixtures 
have been shown to provide excellent thermal conductivity for the removal of 
heat from the cells. Test control parameters have been optimized, and 
hopefully cells under the LEO test program will meet the goal of 20,000 
cycles. 

365 



REFERENCES 

1. "An Industry and Government Survey: A Nickel-Hydrogen Testing Data Base", 
Charles Badcock and Martin Milden, The 1984 Goddard Space Flight Center 
Battery Workshop, p. 583. 

2. "Nickel-Hydrogen Spacecraft Module Configurations Study", 
William B. Collins, Joseph K. McDennott and Owen B. Smith, 
The 1984 Goddard Space Flight Center Battery Workshop, p. 459. 

3. "In-Flight Perfonnance of a Six Ampere-Hour Nickel-Cadmium Battery in 
Low-Earth-Orbit", Joseph K. McDennott, The 1983 Goddard Space Flight 
Center Battery Workshop, p. 325. 

4. "The Open Circuit Stand Behavior INTELSAT VI Nickel-Hydrogen Batteries 
and Its Relationship to Charge Rates and Temperature", P. F. Rittennan 
and A. M. King, Proceedings of the 20th Intersociety Energy Conversion 
Engineering Conference, p. 1.176. 

5. "The GSTAR and SPACENET Nickel-Hydrogen Batteries for Geosynchronous 
Orbit Applications", Stephen J. Gaston, Proceedings of the 19th 
Intersociety Energy Conversion Engineering Conference, p. 259. 

6. "Product Specification Nickel-Hydrogen Battery Cell, PS 32014-031 Ref F", 
Hughes Aircraft Company, 23 June 1980. 

c-S" 
366 



TABLE 1. CELL SUPPLIERS FOR LEO TEST PROGRAM 

CELL CELL NUMBER OF 
SUPPLIER :rYf.E. CELLS PROCURED STATUS 

EAGLE-PICHER AIR FORCE 36 12 CELLS RECEIVED 07/85 
/ 

24 CELLS RECEIVED 10/85 

EAGLE-PICHER COMSAT 04 04 CELLS RECEIVED 08/85 

GENERAL ELECTRIC AIR FORCE 36 20 CELLS SCHEDULED 
FOR DELIVERY 01/86 

16 CELLS SCHEDULED 
FOR DELIVERY 02/86 

YARDNEY MAN-TECH 06 06 CELLS RECEIVED 10/85 

TABLE 2. NICKEL-HYDROGEN LEO TEST MATRIX 

DEPTH-OF-
DISCHARGE 

40% 60% 
TEST 
TEMPERATURE 

16 EP CELLS 
10·C 16 GE CELLS 8 EP CELLS 

6 YARDNEY CELLS 8 GE CELLS 
4 EP COMSAT CELLS 

20·C 8 EP CELLS 4 EP CELLS 
8 GE CELLS 4 GE CELLS 
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TABLE 3. NICKEL-HYDROGEN LEO TEST PARAMETERS 

TEST DISCHARGE CHARGE RECHARGE 
TEMPERATURE DOD RATE RATE FRACTION 

10·C 40% 34.3 A 22.9 A 1.05 

60% 51.5 A 34.3 A 1.05 

20·C 40% 34.3 A 22.9-24.0 A 1.05 TO 1.10 

60% 51.5 A 34.3-36.0 A 1.05 TO 1.10 

TABLE 4. EAGLE-PICHER ATP CAPACITY VERSUS IN-HOUSE CAPACITY TESTS 

EAGLE-PICHER MARTIN MARIETTA CAPACITY TEST (07/31/85) 

ATP CAPACITY (05/29/85) 25.0 A DIC To 
SIN 34.3 A DIC TO 1.0 VOLT 1.0 VOLT 0.5 VOLT 

1 62.8 A-HR 46.9 55.6 

2 63.2 A-HR 46.5 57.1 
3 61.1 A-HR 48.2 57.7 
4 64.5 A-HR 47.1 57.7 
5 60.6 A-HR 46.9 55.8 
6 62.9 A-HR 45.0 55.2 
7 60.7 A-HR 47.3 57.1 
8 59.9 A-HR 46.3 56.0 
9 63.4 A-HR 48.0 57.3 

10 60.3 A-HR 46.1 57.3 
11 60.4 A-HR 46.3 57.1 
12 59.8 A-HR 45.9 55.2 
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ABSTRACT 

IMPACT OF SHUTTLE ENVIRONMENT ON PRELAUNCH HANDLING 
OF NICKEL-HYDROGEN BATTERIES 

Robert S. Green 
RCA Astro-Electronics Division 

Princeton, New Jersey 

Deployment of the ASC I spacecraft from the Space Shuttle Discovery in 
August 1985 set a new milestone in nickel-hydrogen battery technology. This 
communications satellite, built by RCA Astro-E1ectronics Division for the 
American Satellite Company, is equipped with two 35-Ah nickel-hydrogen bat­
teries and is the first such satellite launched into orbit via the Space 
Shuttle. 

The prelaunch activities, combined with the environmental constraints on­
board the Shuttle, led to the development of a new battery handling procedure. 
An outline of the prelaunch activities, with particular attention to battery 
charging, is presented. 

INTRODUCTION 

On August 27, 1985, at 0702 hours EDT, the Space Shuttle Discovery lifted 
off from its launch pad at Cape Canaveral, carrying with it the ASC 1* communi­
cations satellite built by RCA Astro-Electronics Division. ASC I is the first 
satellite launched into orbit via the Shuttle that is equipped with nicke1-
hydrogen batteries. While handling of nickel-hydrogen batteries during pre­
launch activities was commonplace on the Ariane** launch vehicle, a more 
lengthy timeline needed to be evolved for NASA's prelaunch activities. 

THE SATELLITE 

ASC I is a communications satellite capable of transmitting via both C- and 
Ku-bands. Electrical power for satellite operation is normally supplied by 
solar arrays; however, two NiH2 batteries are provided for eclipse operation 
and when power requirements exceed the solar array capacity during peak daytime 
loading. The NiH2 batteries, having a 35-Ah nameplate capacity, are of similar 
design to those used on other RCA-built communications sate11ites. l 

LAUNCH SITE TEST SEQUENCE 

The batteries arrived at the Eastern Test Range already integrated with the 
satellite and in the electrically discharged condition. During the Spacecraft 
Electrical Performance and Evaluation Tests (SEPET), the batteries received a 
conditioning cycle. This included a complete charge, discharge, and electrical 

* 
** 

ASC I is owned and operated by the American Satellite Company. 
Ariane launch vehicle manufactured by Arianespace, launched 
Kourou, French Guiana. 
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letdown, which served as a final conditioning cycle prior to launch and pro­
vided spacecraft-level performance data for comparison use during the prelaunch 
charge sequence. 

The next major battery event occurred when the spacecraft was mated with 
the Shuttle, and prelaunch charging commenced. Between these two events, the 
batteries were generally kept in an electrically letdown condition, with the 
cell-level deep discharge resistors enabled. All active periods were kept 
brief, and all open-circuit stands (time periods) were minimized. This was 
done to facilitate safe handling of the spacecraft during other prelaunch 
operations. A typical ground operations flow is shown in Figure 1. 

PRELAUNCH BATTERY CHARGING 

When ASC I was mated with the Shuttle, the batteries were electrically 
drained and the deep discharge resistors enabled. Battery charging commenced 
with the closure of the cargo bay doors. The Shuttle environment was main­
tained in the 60° to 65°F (15.5° to l8.3°C) range during the first portion of 
the prelaunch charge to help maintain cooler batteries for a more efficient 
charge. This technique yielded battery temperatures similar to those experi­
enced on Ariane-type launches. The maximum battery temperature limit of 30°C 
was never reached; and a successful, cool, prelaunch charge was accomplished. 

The prelaunch handling goal was to maximize the battery's state of charge 
prior to launch. The general charge sequence is shown in Figure 2. Each bat­
tery was charged at a nominal C/20 rate (where C is its nameplate capacity) for 
a total input of 160% of rated capacity, then placed on C/60 (trickle) charge 
or C/120 (low rate trickle) charge until launch. The choice between charging 
at C/60 or C/l20 depends upon the thermal conditions; the C/120 rate was cap­
able of mainta1n1ng the battery's state of charge and prevented battery 
temperatures from rising above 30°C. 

Te lemetry was used to monitor battery voltage, charge current, tempera­
tures, and sample cell pressures throughout the task. Battery temperatures 
throughout the C/20 charge portion were predominately in the 18° to 22°C 
range, with occasional brief excursions to approximately 28°C. 

CONCLUSIONS 

The prelaunch battery charging technique onboard the Shuttle was kept sim­
ple. A 32-hour charge portion at the C/20 rate in the 18° to 22°C range (with 
brief excursions to 28°C) was successfully used for the initial full charge for 
each battery. A low-rate trickle charge (C/120) was used to maintain the bat­
teries in the fully charged condition until spacecraft launch from the Shuttle. 
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PARAMETRIC TESTS OF A 40-AH BIPOLAR NICKEL-HYDROGEN BATTERY 

ABSTRACT 

Robert L. Cataldo 
National Aeronautics and Space Administration 

Lewis Research Center 
Cleveland, Ohio 44135 

A series of tests were performed to characterize battery performance 
relating to certain operating parameters which included charge current, 
discharge current, temperature and pressure. The parameters were varied to 
confirm battery design concepts and to determine optimal operating conditions. 

INTRODUCTION 

Spacecraft power requirements are constantly increasing. Special space­
craft such as the Space Station and platforms will require energy storage 
systems of 130 kilowatt-hours and 25 kilowatt-hours, respectively. The 
complexity of these high power systems will demand high reliability, and 
reduced mass and volume. Candidate electrochemical systems are regenerative 
fuel cells, nickel-cadmium batteries and nickel-hydrogen batteries. 

A system that uses batteries for storage will require a cell count in 
excess of 400 units. These cell units must then be assembled into several 
batteries with over 100 cells in a series connected string. In an attempt to 
simplify the construction of conventional cells and batteries, the NASA Lewis 
Research Center battery systems group initiated work on a nickel-hydrogen 
battery in a bipolar configuration in early 1981. 

Features of the battery with this bipolar construction show promise in 
improving both volumetric and gravimetric energy densities as well as thermal 
management. Bipolar construction allows cooling in closer proximity to the 
cell components, thus heat removal can be accomplished at a higher rejection 
temperature than conventional cell designs. Also, higher discharge current 
densities are achievable because of low cell impedance. Lower cell impedance 
is achieved via current flow perpendicular to the electrode face, thus 
reducing voltage drops in the electrode grid and electrode terminal tabs. 

BATTERY AND CELL DESIGN 

The battery tested was a 12 volt (10 cell), 40 ampere-hour, bipolar 
battery. The battery was actively cooled with five inter-cell planar cooling 
plates. The cooling system was operated in the temperature range of 0 degrees 
centigrade to 40 degrees centigrade; allowing full thermal characterization 
and determination of appropriate operating temperature. 
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Accomodations were made for oxygen and electrolyte management. These two 
functions take place within an electrolyte reservoir plate that contains the 
oxygen recombination sites. Water, the product of recombination, equilibrates 
with the electrolyte of the nickel electrode. These functions and other design 
details are explained in greater depth in a previous paper (Ref. 1). 

TEST PROCEDURES 

Two initialization cycles were performed prior to characterization. The 
cycle regime was a C/10 (5.0A.), 13 hour charge and a C/4 (12A.) discharge 
terminated when the first cell reached O.b volts. A value of 50 A-hours was 
used for the capacity, C, which had been determined from previous tests 
results. The ampere-hours obtained on discharged the first cycle was 49, and 
50 on the second cycle. The results proved that this new battery design could 
provide the predicted results. 

Battery performance was characterized by carring out a series of parametric 
tests. Data was obtained at the following conditions: charge rates of C and 
C/2; discharge rates of 2C, C and C/4; temperatures of 0, 10, 20, 30 and 40 
degrees centigrade; base pressures of 200 and 400 pounds per square inch. 

Temperatures were maintained by circulating a non-conductive inert fluid 
through the five cooling plates of the battery. Temperatures were adjusted at 
static conditions and allowed to stabilize until the inlet and outlet coolant 
temperatures were equal. The coolant bath temperature was maintained to within 
0.1 degrees centigrade by the chiller/heater unit. 

The hydrogen pressure was also adjusted at the static discharged condition. 
The amount of hydrogen generated on charge was small compared to the free 
volume of the test chamber. Thus, the pressure increase from discharged to 
full charge was only about 25 pounds per square inch. 

TEST RESULTS 

Data taken for each charge/discharge cycle was as follows: individual cell 
voltages, temperatures, ampere-hours and watt-hours. Values were updated and 
integrated every 18 seconds with a digitizing voltmeter. 60th charge and 
discharge current levels were held constant with power supplies and electronic 
discharge devices. 

Table I and Table II display the test results of ampere-hours, watt-hours 
and end-of-discharge battery voltage. The remaining battery capacity was 
drained at the 12 ampere rate (C/4) when the discharge rate was greater than 
C/4. Charge input was 56 ampere-hours for each test matrix point. The data 
presented in Table 11, 400 psi gas pressure, was a modified matrix where 
effects of hydrogen gas pressure could be observed at only those conditions 
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of greatest interest. Table III shows characterization data obtained at all 
pressure and temperature levels at the same charge rate of two hours and the 
same 50A (the C rate) discharge. The decision was made to increase the charge 
input to 65 ampere-hours for this series of tests for two reasons: 

1) The Cf4 drain resulted in total discharge capacities of 54 ampere­
hours several times, thereby creating a situation of possible charge 
deficiency. 

2) To minimize the influence of varying levels of charge acceptance of 
the nickel electrode at different temperatures. 

Special tests were also conducted to determine battery performance beyond 
the normally expected range of conventional space power systems. High 
discharge rates and pulse discharge capabilities were tested because the 
bipolar battery has exhibited good performance in this area as previously 
reported (Ref. 2). 

The battery was high rate discharged at both constant and pulsed currents 
for the 250A.(5C) and 500A.(10C) rates to a discharge cutoff voltage of 6.0 
volts during the pulse. One additional pulse test was to discharge the battery 
at l500A.(30C) for one second where a load voltage of 4.0 volts was established 
resulting in a 6 kilowatt pulse. This value was lower than expected from 
previous results (Ref. 2). This lower value of pulse power and the result of 
a dramatic increase in high rate capacity by pulsing compared to constant 
discharge level indicated that possibly the area for hydrogen gas access in 
the frames was not sufficient to support these high discharge rates. This 
problem was addressed by redesigning the gas access slots in future batteries 
for pulse applications. 

Figure 1 shows plots of the data tabulated in Table 1 and results of the 
special pulse tests. Figure 1 displays battery voltage and discharge capacity 
as a function of discharge current at 20 degrees centigrade. The 12, 50 and 
100 ampere discharge plots are characteristic of classical battery perfor­
mance plots. However, the constant load discharge curves of 25U and 500 
amperes do not have the standard platau and knee. This is because of the high 
rate discharge and possibly the decrease of hydrogen gas concentration at the 
electrode surface. These two tests were repeated by pulse discharging at a 
one second on, one second off duty cycle. The off, or relaxation time allows 
the gas concentration to increase in the gas cavity formed by the hydrogen 
electrode, gas screen and bipolar plate. The dashed curve in Figure 1 shows 
the increase in capacity discharged and the increase in watts and watt-hours. 
The greatest change is noticed of the 250 ampere level where the hydrogen gas 
concentration depletion is less than that of the 500 ampere rate. An increase 
in ratio of off to on time may have improved the pulsed performance, 
particularly at higher rates. 

Figure 2 shows the relationship of energy delivered on discharge to battery 
temperature. The cooling configuration dictates that nickel electrode tempera­
tures were equal over its entire area. A marked increase in energy delivered 
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and cyclic efficiency was observed at the 30 degree centigrade data point 
compared to both higher and lower temperatures. At temperatures lower than 30 
degrees, battery voltage increases on charge and decreases on discharge causing 
a net decrease in efficiency. However, above 30 degrees, effects of nickel 
electrode charging efficiency was seen. These results indicate that a bipolar 
battery with interce11, planar cooling plates could operate at a higher thermal 
system temperature than conventional single cell designs that transmit heat in 
a radial direction via the vessel wall. Therefore, thermal system designs 
would need to consider the differences in battery design. 

Figure 3 shows the battery voltage profile response to pulse discharges of 
500 amperes. Only the first four cycles are shown here, although 155 pulses 
(21.5 ampere-hours) were discharged. The battery voltage drop during the pulse 
increased from 1.4 volts to 2.2 volts from beginning to end. This increase in 
voltage drop indicates that a 3U percent change in effective internal cell 
impedance occurred. 

Figure 4 shows the voltage profile for a one pulse maximum power test. A 
1500 ampere one second pulse was delivered. Battery voltage, measured at the 
external terminals of the vessel, was 4.0 volts resulting in a power level of 
six kilowatts. The instantaneous voltage drop was eight volts for the 1500 
ampere pulse. Using these values, a cell resistance of about 0.5 mi11iohms 
was calculated. 

CONCLUSIONS 

The parametric tests conducted on the first actively cooled bipolar nicke1-
hydrogen battery demonstrates its feasibility. The results are comparable to 
previous NASA Lewis designs except for its high rate performance. The pulse 
tests conducted suggest an insufficient gas access to the hydrogen electrode 
which has resulted in increased polarization. This area has been addressed in 
other designs for high discharge rates. 

The thermal aspects of this battery allow cooling system temperatures of 
about 30 degrees centigrade for maximum power efficiency. Battery operation 
in this temperature range of 30 degrees centigrade could have an impact on 
solar array and radiator sizing. 

The NASA Lewis Research Center is working toward establishing a baseline 
design that would require only simple low cost modifications to the baseline 
design for integration into various applications. The successful application 
of active cooling is a major step in developing this baseline design. 
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CR DR T AH~OUTl WHPN) WH~OUTl EE 

C 2C 0 42.4 879 468 53 
C C 0 44.4 882 533 60 
C C/4 0 49.3 883 629 71 

C/2 2C 0 43.8 845 469 55 
C/2 C 0 46 845 545 64 
C/2 C/4 (j 51.5 851 655 77 

C 2C 10 43.6 856 497 58 
C C 10 46 860 557 65 
C C/4 10 51 856 648 75 cn 2C 10 43.5 831 489 59 

C/2 C 10 45 834 539 65 
C/t. C/4 10 52 840 656 78 

C 2C 20 45.5 843 529 63 
C C 2u 47.5 842 582 69 
C C/4 20 51.5 818 652 80 

e/2 ,C 't.Ll 4:' 822 524 b4 
C/2 C 20 48 820 587 72 
C/2 C/4 2u 51.5 820 655 80 

C 2C 30 43 834 505 60 
C C 30 46 834 560 67 
C C/4 30 50 832 639 77 

C/2 2C 30 40 818 470 57 
C/2 C 30 44 813 536 66 
C/2 C/4 30 49 818 629 77 

C C 40 41.8 824 520 63 
C/2 C 40 41.5 809 516 64 

TABLE I Tabulated test matrix data at 200 psi where: 

CR = Charge Rate DR = Discharge Kate T = Temperature 
AH = Ampere-Hours WH = Watt-Hours EE = Energy Efficiency 
EOOV = End-Of-Discharge Battery Voltage 
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EODV 

9.3 
10.4 
10.8 
8.ts 

10.2 
10.4 

9.5 
9.8 

10. 1 
9.3 
9.9 
9.9 

9.5 
10. 1 
8.4 
9.5 
9.7 
9.6 

10. 1 
10.5 
9.5 

10.5 
10.4 
9.7 

10.6 
10.5 



CR OR T AH{OUT} WHPN) WH{OUT) EE 

C C 0 37 890 452 51 
C/2 C 0 39 857 470 55 

C C 10 37.8 870 466 53.5 
C/2 C 10 38.5 841 474 56 

C C 20 39.4 851 490 57 
C/2 C 20 39.6 829 495 60 

C C 30 42.2 836 523 62.5 
C/2 C 30 42.2 824 523 63.5 

C C 40 45.5 827 569 69 
C/2 C 40 41.8 816 521 64 

TABLE II Tabulated test matrix data at 400 psi where: 

Ck = Charge Rate OR = Discharge Rate T = Temperatur(! 
AH = Ampere-Hours WH = Watt-Hours EE = Energy Effic,ency 
EODV = End-Of-Discharge Battery Voltage 
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EOOV 

10.9 
10.7 

11.0 
10.8 

11.0 
10.8 

9.3 
9. 1 

8.7 
8.9 



TEMPERATURE PRESSURE WATT-HR 
°c (BASE} AH(OUT} WH{IN} WH(OUT} EFF. EODV 

0 400 44 1015 514 51 Y.7 
10 400 44 1000 524 52 9.9 
20 40U 46 978 554 56.5 9.U 
30 40U 48 967 575 60 8.9 
40 400 45 980 553 56.5 8.9 
0 200 43 1018 502 49 9.7 
10 200 42 lOU 7 502 50 10 
20 200 42 975 506 52 10.3 
3U 2UO 44 970 532 55 9.8 
40 200 42 957 510 53 8.6 

TA~LE III Characterization Test Matrix 
(2 hr. 32.5 ampere charge; Crate (50A.) discharge) 
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N87-11101 

NICKEL-HYDROGEN BATTERIES FROM INTELSAT V TO SPACE STATION 

INTRODUCTION 

G. van Ommering and A.Z. Applewhite 

Ford Aerospace & Communications Corporation 
Palo Alto, California 

The Ni-H battery system has been under development for about 14 years 
and has 6een flying on several geosynchronous orbit (GEO) spacecraft 
since 1983, in configurations such as the Intelsat V battery assembly 
shown in Figure 1. It has been qualified as well for low earth orbit 
(LEO) applications but is not as yet flying in LEO. An application 
now being studied in detail is the Space Station, which may require 
very large Ni-H2 batteries to meet the 75 kW power requirement cost­
effectively. 

This paper discusses the heritage of Ni-H technology that makes the 
Space Station application feasible. It afso describes a design for a 
potential Space Station Ni-H2 battery system. Specific design values 
presented here were developed by Ford Aerospace as part of the 
Rocketdyne team effort on the Phase B Definition and Preliminary 
Design of the Space Station Power System in support of NASA Lewis 
Research Center. 

SPACE STATION Ni-H2 BATTERY SYSTEM OVERVIEW 

The Ni-H battery system is a current option for the Space Station 
Initial 6perating Capability (IOC). The system consists of four 
batteries of 105 individual pressure vessel (IPV) cells. Each cell 
has a nominal 275 Ah capacity. The four batteries each consist of 
five battery assemblies with 21 cells. The assemblies contain heat 
pipes for heat tranport to a fluid loop interface. The total system 
consists of 20 battery assemblies held in two racks, one in each Power 
System utility center. Design details will be provided following some 
background discussion. 

CELL DESIGN HERITAGE 

While Ni-H2 cells are currently flying in GEO only, there is a large 
body of work and data that provides confidence in the readiness of the 
system for a large-scale LEO application in the early 1990s. The key 
features of the design of the 275 Ah Ni-H2 cell required for the Space 
Station have already been individually demonstrated. Figure 2 
illustrates some of these important efforts, some completed and some 

387 



still in process, along with their major background contribution to 
this program. 

Intelsat V provides important background as the first and longest 
operational flight of Ni-H2 batteries. Spacenet, G-Star, and Satcom K 
(RCA programs, not shown) aemonstrate cell scale-up feasibility. The 
Air Force LEO cell and MANTECH programs provide LEO design and 
manufacturing data bases. The dual electrode stack design concept is 
being qualified on the MILSTAR program. While all these efforts 
involved 3.5-inch diameter cells, the 4.5-inch diameter required for 
high-capacity cells has been developed under Air Force sponsorship. 

Component-level developments and life test programs are supporting 
these efforts. NASA-LeRC is funding electrode optimization studies 
for LEO, and has pursued other innovations such as vessel-waIl-mounted 
oxygen recombination technology. The Air Force is initiating life 
tests at Naval Weapons Support Center in Crane, IN. 

Ford Aerospace and Yardney are co-funding development of a 220 Ah 
Ni-H2 cell which incorporates the necessary and best features of these 
other efforts. The cell is a 4.5-inch diameter, dual-stack LEO 
design, incorporating wall-mounted recombination sites, LEO-optimized 
components, and several new and upgraded features. Development of all 
components has been completed, and tests of the first cell will com­
mence in December 1985. The cell is shown in Figure 3 next to a 
typical Intelsat V flight cell. This large-cell demonstration will 
establish readiness for future development of a specific Space Station 
size cell, in any capacity ranging up to 300 Ah. Current Space 
Station battery design calls for a 275 Ah cell, on which the discus­
sion below is based. 

CELL DESIGN 

The 275 Ah Ni-H cell is a 4.5-1n diameter, tandem-stack LEO cell, 
based on a combfnation of proven features of already developed lower 
capacity cells. 

The nickel electrode design for the 275-Ah LEO cell 1s based on design 
parameters developed by the space nickel battery industry over the 
last decade for long life electrodes, including sinter porosity, pore 
size distribution, and loading levels consistent with those derived in 
the NASA-LeRC funded research at Hughes Research Laboratories, as well 
as in U.S. Air Force development efforts. The hydrogen electrodes 
are based on a proven design that currently is flying on several 
spacecraft. The baseline separator system combines features of demon­
strated separator materials to provide the necessary electrolyte 
reservoir and barrier characteristics. 

The mechanical design of the cell is derived from the demonstrated Air 
Force 4.5-in cell technology. It also incorporates scaled-up features 
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developed under the Air Force/Yardney MANTECH program and additional 
improvements to provide more uniform stack support. The stack com­
ponents are supported on a central core which attaches to the weld 
ring. Each stack is held between two support/end plates, one of which 
can move with respect to the core against a Belleville washer to 
maintain constant compressive force over the life of the cell. 
Electrode tabs are fed through the central core. 

The pressure vessel is made of Inconel 718 with a 0.035-in design 
thickness. The two hydroformed and age hardened shells are joined by 
electron-beam welding to the Inconel 718 weld ring. The vessel has 
demonstrated a 3900 psi burst pressure. Maximum operating pressure is 
expected to be 1100-1200 psi. The electrical feedthroughs incorporate 
hydraulic cold-flow teflon seals. 

Oxygen management is achieved by recombining oxygen generated on 
overcharge on the vessel wall which is coated with porous zirconia 
(wall wick), on which platinum catalyst is deposited based on a design 
pioneered by NASA-LeRC. Heat generated during overcharge thus is 
removed very effectively without thermal burden on the stack. The 
water formed is returned to the stack by the wall wick via separator 
edges in contact with it. The wall wick also serves as electrolyte 
concentration and inventory equilibrator, and as a reservoir. 

BATTERY SYSTEM DESIGN DISCUSSION 

Electrical Design 

The 75-kW power requirement of the station, plus allocations for user 
converter inefficiency and PMAD processors, is provided by the battery 
through a 0.90 efficiency chain for a total battery system output of 
95.8 kW (see Table 1). Power peaks are supported during sunlight 
periods by reducing the charge current if required and during eclipse 
by the battery at 125.8 kW. With 105 cells in series per battery and 
an average EOL discharge voltage per cell of 1.25 V, delivered 
capacity per cell is about 110 Ah for a typical eclipse. Table 2 
provides additional electrical design data. 

Nominal battery DOD is 40%, which assures the capability for contin­
gency support following a peak eclipse, and is consistent with a 
5-year life expectancy for the battery system. Cell capacity required 
to meet this requirement is 275 Ah, well within the estimated minimum 
300-Ah capability of the tandem stack 4.5-in cell design. The 275 Ah 
capacity is achieved by adding six electrode modules to each of the 
two stacks of the 220-Ah cell discussed above. 

Any non-wearout failures observed in Ni-H2 cells have typically been 
short circuits. Because of this and the maintainability of the sta­
tion hardware, no individual cell bypass hardware is included in the 
design. Outage of a single battery during maintenance or recondition-
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ing represents a t~mporary increase in DOD to 53% for the remaining 
batteries, which represents no life risk. 

Charge management involves microprocessor-based coulometry during 
charge and discharge. Charge current and time are determined based on 
a programmable recharge ratio and end-of-charge current taper profile. 

Mechanical Design 

The overall battery rack concept for one Utility Center is shown in 
Figure 4. It has space for 10 battery assemblies which slide into the 
rack. On one side cold plates are provided which interface with the 
heat exchanger of the corresponding battery assembly. Cable harnesses 
are incorporated in the rack with connectors at each battery shelf. 
Each battery assembly, as shown in Figure 5, contains 21 cells and is 
an independent unit interchangeable with any other. It consists of a 
graphite/epoxy honeycomb panel on which graphite/epoxy support beams 
are bonded that carry heat pipes on their top surface. Cells are 
contained in aluminum sleeves, which provide mechanical support and 
transport heat away from the cell as well. A resilient insulator 
layer electrically isolates the cell and sleeve and provides good 
thermal contact. Flanges on the sleeve are mounted to the heat pipe 
saddles forming both mechanical and thermal interfaces. The cell 
mounting design is shown in cross-section in Figure 6. 

Battery physical data are shown in Table 3. Based on an individual 
battery assembly mass of 220 kg, and a rack mass of 75 kg, the total 
system mass is 4550 kg. This is not necessarily the lowest-mass 
battery design, but represents the overall most cost-effective 
approach. 

Thermal Design 

Battery thermal design relies on the cell sleeve, primary and secon­
dary heat pipes, and the utility center coolant loop as major elements 
in the heat rejection path. The cell sleeve surrounds the cylindrical 
portion of the cell over the length of the cell stack and is insulated 
from it by a conductive layer. The sleeves conduct heat to two sets 
of flanges which contact the primary heat pipes as shown in Figures 5 
and 6. The primary heat pipes carry heat to one side of the battery 
panel where their condensers interface with the evaporators of secon­
dary heat pipes. The latter terminate on part of the long side of the 
panel where they form a heat exchanger which contacts a coolant loop 
cold plate. Instead of secondary heat pipes a simple coolant conduit 
fitted with quick-disconnect couplings can be used, into which an 
external coolant loop is plugged. 

Average heat dissipations of each battery assembly during discharge 
and charge are 995 Wand 270 W, respectively. Nominal temperatures 

o are 10 to 20 C. The area requirement for an AI/NH h~at pipe radiator 
system to support the battery heat load would be 9ij m , taking 
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advantage of heat load averaging by the battery heat capacity of 60 
Wh/oC per assembly. 

Life and Reliability 

Prediction of cycle life capability of Ni-H batteries for LEO 
applications is more difficult than for Ni-Cd batteries. The latter 
have been tested extensively at Naval Weapons Support Center, Crane, 
IN (NWSC-Crane). A thorough analysis of this data base is represented 
by the model derived by McDermott and reported in various proceedings 
of the NASA Goddard Battery Workshop over the last four years. 

Reported cycle capabilities for early developmental 50 Ah Ni-H2 cells 
at 80% DOD equates to 33,000 to 40,000 cycles at 40% DOD, basea on 
applying the McDermott Ni-Cd model, which should be conservative for 
the Ni-H2 system. Sufficient progress has been made in Ni-H2 cells 
since the mid-1970s, that a mean cycle life of 40,000 to 45,000 at 40% 
DOD in LEO appears to be a realistic projection for Ni-H2 cells, 
particularly in view of the fact that even some Ni-Cd cells have 
achieved this (packs 1H, 1J, 8G at NWSC-Crane). 

The large in-orbit data base shows that random failure probability for 
spacecraft batteries is extremely low on the many Ni-Cd and Ni-H 
batteries that have been flown. Based on Ford Aerospace's in-or6it 
experience, Ni-Cd cells exceed 40,000,000 cell hours without random 
failures; industry-wide on Ni-H2 the total is 7,000,000. Analysis 
yields an expected 0.6 random cell failures for the Space Station 
battery system over 5 years or an mean-time-to-failure of 68,000 
hours. 

Reliability analysis based on the Wei bull distribution with a shape 
factor of 12 and a mean cycle life of 45,000 cycles was performed. 
The shape factor value is somewhat optimistic, but based on the 
smaller number of wearout mechanisms in Ni-H2 cells compared to Ni-Cd 
(typical shape factor 8), and the tight control of operating 
conditions, not unrealistic. Table 4 shows the estimated system 
reliabilty based on these figures, an assumption that 3 shorted cell 
failures per battery string are allowed, and for shorted/open failure 
distributions of 98/2 and 80/20. Another variable is the possible 
presence of a spare assembly for every two batteries or 10 assemblies, 
which can be switched in on demand. Conclusions are: 

o There is high probability (97%) that all four batteries in the 
system will be available for use at all times during a 5 year 
operational period 

o Probability of uninterrupted power support for 5 years is 99.9% 
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o A single spare battery assembly per set of two batteries 
provides sufficient open cell protection over a wide range of 
open cell failure possibilities 

The reliability analysis results indicate that it may be not be neces­
sary to plan for replacement of individual assemblies, but to replace 
instead the entire battery as a package upon wearout. 

SUMMARY AND CONCLUSIONS 

The heritage of space Ni-H2 batteries from Intelsat V, through many 
LEO-oriented cell and component development efforts and culminating in 
the Ford Aerospace/Yardney development of a 220-Ah LEO cell, has 
prepared the technology to a point of readiness where application on 
the Space Station can be seriously considered. Practical battery 
system designs have been derived that are compatible with the require­
ments of the Station. While these designs do not necessarily have the 
lowest possible mass, they are configured to provide a 5-year battery 
system capability with maximal cost-effectiveness. 
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Figure 1. INTELSAT V NICKEL-HYDROGEN FLIGHT BATTERY 

INTELSAT V 

INTELSAT VI 

3.5-IN ~8 AH 
AIR FORCE HI-CAP CELLS 

4.S-IN. 90-150 AH 
3.5-IN 30 AH SINGLE STACK 

S I NGLE STACK 

SINGlE STACK 

AIR FORCE I YARDNEY HAh'TECH 

3.5-1N. 50 AH f-- COST-EFFECTIVE 

SINGlE STACK 

NASA-LEW I S DEVELOP~1£NT LEO DESIGtI OPTI 

ELECTRODE DESIGN I--- IIOltlG 

RECOMBINATION DESIGN 
__ E'l.PI' 

NWSC CRANE L1F E TESTS 

3.5-IN. 50 AH 

4.5-IN. 90 AH 

MILSTAR 

3.5-IN. 76 AH 

DUAL STACK 

FORD/YARDNEY LEO CELLS 

4.5-IN. 220 AH 

Figure 2. INTEGRATION OF DEMONSTRATED NICKEL-HYDROGEN TECHNOLOGIES FOR THE SPACE 
STATION 
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ORtGlNAL PAGE 1'9 
Of pOOR QUALITY 

Figure 3. 220-Ah LEO NiH2 CELL WITH 30 Ah GEO FLIGHT CELL 

TABLE 1. SPACE STATION NI-H2 BATTERY SYSTEM OPERATING REQUIREMENTS 

o NOMINAL DISCHARGE POWER 86.25 KW ~ 0.90 EFF = 95.8 KW 

o DISCHARGE DURATION 35.8 MIN 

o PEAK POWER 113.25 KW ~ 0.90 EFF = 125.8 KW 

o PEAK DURATION 7.5 MIN 

o RECHARGE DURATION - MAX 58 MIN 

o DISCHARGE VOLTAGE COMPATIBLE WITH 160 V SOURCE BUS 

o CHARGE VOLTAGE COMPATIBLE WITH 160 V SOURCE BUS 

o CONTINGENCY CAPABILITY 50% OF LOAD FOR 1 ORBIT AFTER ECLIPSE 
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TABLE 2. SPACE STATION NI-H2 BATTERY SYSTEM DESIGN AND OPERATING CHARACTERISTICS 

o NUMBER OF BATTERIES 4 
o NUMBER OF IDENTICAL ASSEMBLIES PER BATTERY 5 
o CAPACITY PER BATTERY 275 AH 
o CELLS PER BATTERY 105 
ECLIPSE 
o AVERAGE DISCHARGE VOLTAGE 131.3 V 
o AVERAGE DISCHARGE CURRENT 182.5 A 
o AVERAGE DEPTH OF DISCHARGE 39% 
o PEAK ORBIT DOD 41.6% 
o NON-PEAK ORBIT DOD 36.4% 
o WORST-CASE CONTINGENCY DOD 97.9% 
o AVERAGE HEAT DISSIPATION 19.9 KW 
~ 
o AVERAGE CHARGE VOLTAGE 154.4 V 
o MAXIMUM CHARGE CURRENT 128.4 A 
o AVERAGE HEAT DISSIPATION 5.4 KW 

--------,.7) 
,//' I 

.,/ I 
.,/ I 

./ 

I 
I 
I 
I 

) 
./ 

I I ~UTILITY 
, CENTER 

/' BAY 

L ______ .J.,./ 

Figure 4. NiH2 BATTERY RACK CONFIGURATION IN UTILITY CENTER BAY 
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Figure 5. SPACE STATION NUi2 BATTERY ASSEMBLY LAYOUT 
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Figure 6. SPACE STATION NiH2 CELL MOUNTING CONFIGURATION 
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TABLE 3. SPACE STATION NI-H2 BATTERY SYSTEM PHYSICAL CHARACTERISTICS 

MASS PER CELL KG (LB) 

MASS PER BATTERY ASSEMBLY KG (LB) 

MASS PER BATTERY KG (LB) 

TOTAL ESS MASS KG (LB) 

CELL DIMENSIONS eM (IN) 

BATTERY ASSEMBLY DIMENSIONS M (FT) 

BATTERY DIMENSIONS /It (FT) 

BATTERY SYSTEM DIMENSIONS (2 EA.) /It (FT) 

TOTAL BATTERY SYSTEM ENVELOPE VOLUME M3 (FT3) 

THERMAL MASS WH/OC 

6.99 (15.42) 
220 (485) 
1100 (2425) 
4550 (10030) 
55.1 x 11.8 DIA 
(21.7 x 4.65 DIA) 

2.52 x 1.25 x 0.17 
(8.30 x 4.10 x 0.56) 
2.52 x 1.25 x 0.95 
(8.30 x 4.10 x 3.12) 
2.62 x 1.35 x 1.90 
(8.60 x 4.43 x 6.23) 
13.4 (475) 

1210 

TABLE 4. SPACE STATION NI-H2 BATTERY RELIABILITY ESTIMATES 

9as Short/ZS Open 80S Short/2OS Open 

Wlthout Wlth Wlthout Wlth 
Spare Assetllb1y Spare AssetllbHes Spare Assetllb 1y Spare Assetllb H es 

Mlsslon 
Tl_ 4 3 of 4 4 3 of 4 4 3 of 4 4 3 of 4 

(years) Battenes Battenes Battenes Batterles Batterles Batterles Battenes Batteries 

1 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 
2 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 
3 >0.9999 >0.9999 >0.9999 >0.9999 0.9993 >0.9999 >0.9999 >0.9999 
4 0.9979 >0.9999 >0.9999 >0.9999 0.9790 0.9998 0.9999 >0.9999 
5 0.9674 0.9996 0.9974 >0.9999 0.7340 0.9699 0.9777 0.9998 
6 0.0839 0.3721 0.1086 0.4310 0.0165 0.1347 0.0934 0.3955 
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NICKEL HYDROGEN LOW EARTH ORBIT ~ TESTING 

C.C. Badcock and R.L. Haag 
The Aerospace Corporation Naval Weapons Support Center 

ABSTRACT 

A program to demonstrate the long term reliability of NiH2 cells in low 
earth orbits (LEO) and support use in mid-altitude orbits (MAO) has been 
initiated. Both 3.5 and 4.5 inch diameter nickel hydrogen cells are included 
in the test plan. Cells from all U.S. vendors are to be tested. The tests 
will be performed at -5 and 10 deg. C at 40% and 60% DOD for LEO orbit and 10 
deg. C and 80% DOD for MAO orbit simulations. The goals of the testing are 
20,000 cycles at 60% DOD and 30,000 cycles at 40% DOD. Cells are presently 
undergoing acceptance and characterization testing at NWSC Crane. Funding 
has been provided by the AFSTC and two AF SPO's to initiate the testing, but 
additional funding must be acquired to complete the purchase of cells and to 
assure completion of the testing. 

INTRODUCTION 

The use of nickel hydrogen (NiH2) batteries in high orbit applications 
is well established. Sufficient test data are available to make estimates of 
the actual reliabilities for both the COMSAT and the Air Force/Hughes 
designed cells. However, the application of properly designed NiH2 cells 
to low earth orbits (LEO) has not been demonstrated. A program has been 
initiated by the USAF Space Technology Center to develop the necessary data 
base to support use of NiH2 batteries in LEO at levels that would offer 
significant improvements in life and depth of discharge over present 
state-of-the-art nickel cadmium batteries. The program is to be performed at 
NWSC Crane using new test control facilities. The plans, requirements and 
status of the test program are presented. 

BACKGROUND 

In the Spring of 1984 a survey of life testing status and results for 
NiH2 cells was performed (ref. 1). Data were found to either be available 
or would be available within the next two to three years to demonstrate 
reliability and confidence in the use of NiH2 batteries in high orbits 
requiring up to 3000 cycles at maximum depths of discharge of up to 80%. 
Calendar life on orbit in excess of ten years was anticipated. It was 
suggested that optimum performance would be achieved when the temperature of 
operation was at less than 15 deg. C and the amount of overcharge should be 
minimized while maintaining an adequate state of charge. 

The data available to support use of NiH2 batteries in low earth orbits 
are deficient. The extant data base consists of mixtures of technolQgies and 
several generations of LEO cell designs. Cells have been tested under 
extreme conditions with less regard for the limitations of these cells than 
is normally applied to aerospace secondary cells. By the same token, testing 
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of the most recently built cells under severe conditions (90 min. cycle, 80% 
DOD, 1.4 C discharge, 0.8 C charge, 105% charge return ratio, 23+4 deg. C) 
has consistently given 10,000 cycles before failure (due to low voltage) 
occurred. This suggests that the cells have the capability to surpass the 
performance of present state-of-the-art NiCd cells in LEO applications. 
Presently, design variations among NiH2 cells are beginning to stabilize 
and future changes are expected to be incremental. Testing to establish 
reliability and performance appears to be practical at this time. 

NiH2 cells must significantly outperform NiCd cells or they would be 
disadvantageous to use because of their greater specific volume, present 
higher unit cost, and the risks inherent in any new design. This increase in 
performance can be in life and/or usable energy density. Present NiCd 
batteries used under near-optimum conditions offer 14 - 18,000 cycles at 20 -
25% DOD and 25 30,000 cycles at 7 - 14% DOD with high reliability and 
confidence depending on the specific load profile, power system requirements, 
and environment. NiH2 cells must demonstrate significant increases over 
these levels if they are to be the next generation of LEO batteries. This 
life test will demonstrate the performance capabilities of state-of- the-art 
NiH2 cells in low earth orbit and will provide a database, when combined 
with other relevant life test data and with program specific testing, that 
will permit an estimate of reliability at an appropriate confidence level. 
State-of-the- art, individual pressure vessel-type cells of 3.5 and 4.5 in. 
diameter are to be tested. 

OBJECTIVES 

The test will be a predominantly LEO regime (90 min. orbit with 30 min. 
of eclipse and 60 minutes of sun) with some test packs tested in MAO-to-HEO 
conditions (400 to 500 cycles per year with a 4 to 12 hour orbit) if funding 
and schedule permit. The NiH2 cell life test plan has the following 
objectives: 

1. Demonstrate NiH2 performance in LEO applications and support 
use in MAO at levels superior to current NiCd capabilities. 

2. Develop a statistically significant NiH2 battery cell 
database. 

3. Disseminate the test data and results in a timely fashion. 
4. Demostrate NiH2 cell performance in pulse applications. 
5. Demonstrate that the Manufacturing Technology Program (MANTECH) 

cells are capable of performing in high orbit as well as LEO. 

STATISTICAL REQUIREMENTS 

The statistical requirements for a test must be based on the largest 
homogeneous unit: single type of cell, same vendor, same test conditions. 
Analysis after testing has progressed may justify the combination of several 
of these units to increase the reliability and confidence level for a 
particular application. Generally tests performed under more severe 
conditions can support reliability assessments for applications at less 
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severe stress levels. 
The two-parameter Weibull function (zero failure rate at the start of the 

test is assumed) will be used to estimate reliability. The expression for 
the reliability after integration of the probability density function is, 

R(t} = exp[-(t/~}P] (1) 

where P is the shape of the failure distribution parameter, ~ is the scale 
parameter associated with the rate of failure and t is the test time (ref. 
2). This is a general function that reduces to an exponential distribution 
function (P = 1) or closely approximates a normal distribution function (P = 
3.313). The use of the function for evaluating NiCd test data has been 
demonstrated (ref. 3). When no failures occur in a test that has run for 
time t, the success-run theorem (Bayes' Formula), 

R = (1 - C)1/(n+1) (2) 

can give the relationship between confidence level C, the reliability at that 
confidence level R, and the sample size n. 2 Table I shows the relationship 
between sample size, test time, reliability, and confidence level for an 
assumed normal distribution (P = 3.313). Ten cell packs are chosen as the 
-test unit because of the reliability and confidence levels attainable and 
because this sample size permits evaluation of the failure distribution 
function. 

REPORTING 

Reports' will be issued when significant milestones are reached and at 
regular periods. Each major milestone, e.g. completion of acceptance 
testing, will result in a brief report. The progress of the test will be 
reported in an "Annual Report of Cycle Life Testingft and will, in addition, 
be summarized at least once a year and presented in an appropriate forum. 
The detailed data will remain available for access by qualified 
organizations. 

COORDINATION KIIR OTHER TESTING 

separate, program-oriented test the Hartin-Marietta Aerospace in In a 
Denver is 
coordinated 
at the key 
planning to 
this matrix. 
relevant will 

performing similar life testing. Their test matrix has been 
with this matrix to assure proper distribution and adequate data 

pOints; that is, at the center 10 deg. C test area. They are 
test at 20 deg. C and accounts for that condition missing from 

Any other testing data that becomes available and that is 
be incorporated into the growing database. 

~ ARTICLES 

It is the intent to test cells from all viable vendors in sufficient 
numbers to provide a comparison and to establish a statistically significant 
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database with a sufficiently high confidence level. A minimum of 155 3.5 in 
diameter and 45 4.5 in diameter cells are included in the test plan. 
Additional cells will be added as the need is demonstrated. Insofar as 
schedule and funding permits, approximately equal numbers of cells from the 
four U.S. vendors (GEBBD, Eagle Picher, Yardney, and HAC) are to be tested. 
The initial test articles will be 3.5 in. diameter cells drawn from purchase 
orders previously placed with Yardney, Eagle Picher, and GEBBD by AFWAL/POOC 
and AFWAL/ML. It is hoped that part of the complement of 4.5 in. diameter 
cells will be drawn from orders already placed (CPV program) by AFWAL/POOC. 

In the future cells will be purchased to a "Specification for Nickel 
Hydrogen Cells" that defines required performance in terms of voltage, 
capacity, weight, dimensions, and life. Presently used specifications will 
be covered by this specification because present versions specify additional 
details that are to be in the HCD or present test requirements are less 
severe. Each vendor's product will be procured to a deSignated part number 
with the details of construction contained in an associated, approved 
manufacturing control document (HCD). Stability, performance, and 
conformance to specification will be demonstrated at each vendor's facility. 
Formal acceptance testing is to be performed at the testing location (Naval 
Weapons Support Center (NWSC), Crane, IN). 

All cells will be in flight configuration (no special test units) and of 
flight quality. The cells are to be hermetically sealed. Pressure 
monitoring will be by externally mounted strain gauges only. 

~ OUTLINE 

The test· consists of acceptance and characterization testing, life 
testing, and failure and end-of-test analyses. 

PRE-LIFE TESTING 

Acceptance testing will be conducted at the life test site. Tests 
include standard capacities at -5, 10, and 20 deg. C using rates appropriate 
to LEO applications (a rate of C is proposed because this approximates the 
conditions of the test), overcharge stability and reference capacities, and 
charged stand loss determinations. The ampere-hour and watt-hour capacities 
of the cells will be reported to 1.20, 1.15, 1.10, 1.05, 1.00, and 0.5 V. 
These data will provide reference data for system applications. 

A 20% sample of the cells of each type (at least two cells) and from each 
vendor shall be subject to random vibration testing at levels 6 dB higher 
than the highest level anticipated in any application. The cells that are 
vibrated will be distributed throughout the test packs to determine any 
effects of vibration. 

Characterization tests will be performed to determine the required charge 
characteristics. A group of 5 cells of each type and from each vendor will 
be tested to determine charge efficiencies at selected rates and 
temperatures. Watt-hour and ampere-hour efficiencies will be determined at 
four charge rates, 3 discharge rates, and at 4 temperatures. 

The cells are to be assembled into test packs which contain cells from 
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only one vendor. Heat removal is by conduction through flanges attached to 
the cells onto thermally conductive plates. The flanges will be of a 
standard type similar to the units used on previous USAF/Hughes-type cells to 
provide for similar heat removal pathways and rates for all cells. Each pack 
will have at least one cell with a pressure transducer. 

LIFE TESTING 

The goals for these tests are to demonstrate at least 30,000 cycles at 
40% DOD and at least 20,000 cycles at 60% DOD in LEO and at least 5000 cycles 
at 80% DOD in MAO or high orbit. The 40% DOD level is greater than present 
NiCd cells can expect to achieve at three years planned life. A small number 
of cells (5 from each vendor) will be tested at 25% DOD to provide 
correlation with present NiCd testing and life databases. Cells could fail 
to reach a desired goal, e.g. 60% DOD and 5 years, and still perform 
significantly better than present state-of-the-art NiCd cells. 

A second goal is to establish a minimum reliability of 90% with a 
confidence level of at least 80% at the cycle lives stated above. This goal 
requires one additional year of testing beyond the life goals stated, but 
assumes that none of the groups of ten cells can be statistically combined. 

The DOD is defined as the percent of the measured capacity to 1.00 V of 
the lowest capacity cell in the test pack under the most appropriate 
conditions in acceptance testing. This number may be higher or lower than 
the rated capacity used during acceptance testing. 

Failure is defined as a voltage of less than 0.50 V at the end of the 
prescribed discharge or a voltage greater than 1.75 V during any portion of 
the charge. Data for other end-of-useful-life criteria will be available. 
Upon being declared a failure, the cell will be removed from the test pack 
and subjected to a repeat of at least part of the acceptance test within 180 
days of failure. The cell shall then be dispositioned for failure analysis. 

Data (current, voltage, pressure, and temperature) will be recorded for 
each test pack with sufficient frequency to assure that extrapolation between 
data points can be performed with adequate accuracy to detect any short term 
or long term trends. These data will be available for plotting or display 
and for the computation of watt-hour and ampere-hours input and output as 
well as charge returns. Periodically, e.g. every 2000 cycles, a complete 
plot of a charge/discharge cycle will be generated for each cell in test for 
comparison to detect trends. 

The distribution of cells, the DOD's, and the temperatures are shown in 
Table II for the completely funded test and for the minimum test necessary to 
meet the primary goals. The LEO test will use 90 min. cycles with 30 min. 
discharges. 

The charge procedure will consist of a high rate charge to return the 
bulk of the charge removed and a lower rate to complete the charge. This 
prevents subjecting the cells to high rate overcharge. The planned charge 
control method is ampere-hour integration (recharge fraction control). This 
method is flexible and particularly easy to integrate into a digital control 
system. Control shall be accomplished by changing the charge returned under 
a fixed depth of discharge until the following parameters are minimized: 
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1. The decrease in the end of discharge voltage 
2. The increase in the end of charge voltage (high rate and trickle) 
3. The recharge fraction (both watt-hour and ampere-hour) 

These parameters will be adjusted during the test as performance dictates. 
Reconditioning will not be performed on the cells in LEO testing. MAO 

testing may require reconditioning to maintain adequate efficiency. ~ 
capacity discharges shall be performed. 

The test is scheduled over a seven year period as shown in Figure 1. To 
maximize the information and provide the best statistics, the test should 
continue until the majority of the cells in each pack have failed. 

SPECIAL TESTING 

The general test plan will use continuous constant current discharges. 
However, the applications requiring pulsed high rate discharge within the 
envelope of the planned DOD's are sufficiently prevalent to make the 
correlation of such results with the general life test important. A small 
group of cells will be placed on life test in a pulsed discharge regime at 
maximum rates of approximately 5C. The detailed test plan for this portion 
will conform to the overall test organization, but will be prepared 
separately. Cells will be acceptance tested at the testing organization and 
sent to The Aerospace Corporation Battery Evaluation Laboratory for this 
testing. 

STATUS 

In the Spring, 1985, two Air Force System Program Offices (SPO), AFWAL 
AeroPropulsion Laboratory (AFWAL/POOC), and the AF Space Technology Center 
(STC) completed a transition agreement that seeks to provide data needed to 
bring NiH2 battery technology into general use in all intended 
applications. The two sPOts and the STC committed funds for the initiation 
of the testing. AFWAL/POOC agreed to provide NiH2 cells from previous 
contracts for testing. The AFWAL Materials Laboratory agreed to commit the 
Manufacturing Technology Program (MANTECH) cells to the life test program. 
The numbers of 3.5 in. diameter cells committed to the test program and their 
expected availability dates are listed in table III. 

Funding provided was sufficient to purchase test equipment, including a 
new computer facility for this test at NWSC Crane, and to proceed with the 
testing of the committed cells. This equipment will also serve as replace­
ments for some of the outdated and less reliable equipment currently in use. 

Test documentation including the life test plan, cell specification, and 
life testing procedure have been prepared and are currently undergoing 
review. Failure analysis documentation is yet to be prepared. 

Cells have been received and are currently undergoing acceptance testing. 
Additional funding is sought to complete the purchase of cells for the 

minimum test matrix shown in Table II and to assure the completion of the 
program. 
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SUMMARY 

A program to demonstrate the long term reliability of NiH2 cells in low 
earth orbits and support use in mid-altitude orbits has been initiated. Both 
3.5 and 4.5 inch diameter nickel hydrogen cells are included in the test 
plan. Cells from all U.S. vendors are to be tested. The tests will be 
performed at -5 and 10 deg. C at 40% and 60% DOD for LEO orbit and 10 deg. C 
and 80% DOD for MAO orbit simulations. The goals of the testing are 20,000 
cycles at 60% DOD and 30,000 cycles at 40% DOD. Cells are presently 
undergoing acceptance and characterization testing at NWSC Crane. Funding has 
been provided by the AFSTC and two AF sPa's to initiate the testing, but 
additional funding must be acquired to complete the purchase of cells and to 
assure completion of the testing. 
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TABLE~. TEST IlMI, RELIABILITY, ~ CONFIDENCE LEVEL r2RAllIl 
YEAR APPLICATION AS A FUNCTION QE~ SAMPLE ~ 

Sample Size 
Without Failures 

1 
2 
3 
5 
6 
7 
8 
9 

10 
15 
20 

Test Time 
(R=90S, C=69S) 

8.36 yrs. 
7.40 
6.78 
6.00 
5.73 
5.50 
5.31 
5.15 
5.00 
4.46 
4.12 

Reliability 
(C=69S, t=5 yrs) 

407 

56.0% 
68.0 
74.9 
82.4 
84.7 
86.5 
87.9 
89.1 
90.0 
93.0 
94.6 

Confidence Level 
(R=90S, t=5 yrs) 

19.0% 
27.1 
34.4 
46.9 
52.2 
57.0 
61.3 
65.1 
68.7 
81.5 
89.1 



TABLE II. PLANNED NiH2 LIFE TEST MATRIX 

ORBIT DOD MFR 3.5" DIA. CELLS1 4.5" DIA. CELLS1 TOTAL CELLS 
TEMPERATURE2 TEHPERATURE2 

10C -5C 10C 3.5" 4.5" 

LEO 25% YARD 5 
5 
5 
5 

5 
5 
5 
5 

40% 

60% 

MAO 80% 

EP 
GEBBD 
HAC! 

YARD 
EP 
GEBBD 
HAC 

YARD 
EP 
GEBBD 
HAC 

YARD 
EP 
GEBBD 
HAC 

10 
10 
10 
10 

10 
10 
10 
10 

10 (5) 
10 (0) 
10 (0) 
10 (0) 

10 

10 

10 

10 

10 

10 

10 

10 

10 (0) 
10 (0) 
10 (0) 
10 (0) 

20 
10 
20 
10 

10 
20 
10 
20 

10 (5) 
10 (0) 
10 (0) 
10 (0) 

10 

10 

10 

10 

10 (0) 
10 (0) 
10 (0) 
10 (0) 

SPECIAL TESTS: 

2 or 3 - 3.5 inch cells and 1+ - 4.5 
inch cell from each vendor: 

TOTAL CELLS:3,4 

10 5 

~ (155) ~ (45) 

1. The complete test configuration is shown with the minimum credible 
test shown in () where the two differ. 

2. The temperatures specified are to have tolerances of +4 deg. C. 
3. Strain gauge pressure monitors are required on at least 20% of the 

cells. 
4. An additional set-aside of one each wet and dry cell of each size 

from each manufacturer is recommended (not in above totals). 
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Table III. .3.....5..!rum Diameter lUl!.z. Cells COmmitted .t.Q. .tM :rut. 

SOURCE 

Yardney 
MANTECH 
AFWAL 

Eagle Picher 
Adv. Dev. Prog. 
AFWAL 
HAC (for AFWAL) 

GE BBD 
AFWAL 

APPROXIMATE NUMBER1 

25 (ZA) 
5 (ZA) 

24 (A) 
15 (Z) 
18 (Z) 

15 (Z) 

DATE AVAILABLE 

Winter 86 
Winter 86 

Spring 85 
Summer 85 
Spring 85 

Winter 86 

1. The letters indicate the type of separator: (A) asbestos, 
(Z) Zircar, and (ZA) MANTECH combination. 

409 



~ ...... 
o 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Iml FY8S FY86 FY87 FY88 " FY90 FY91 FY92 FY93 . . . . . . . . . . . . , ,. . . . . . . . . • • • I 

* OBTAIN CONSENSUS • * BRIEF POSSIBLE 
CONTRIBUTORS /\ 

.". 

* PREPARE SPECIFICATIONS 
AND DETAILED TEST PLAN /\. 

.". 

* PURCHASE AND INSTALL 
EQUIPMENT AT CRANE A 

.". 

* TEST AVAILABLE CELLS 
.". 

/I 

* ISSUE SOW'S FOR CELL 
PURCHASE A 

V 

* TEST PURCHASED CELLS /I 
V 

~I * REPORTS 
-PERIODIC PROGRESS • e 9 ~ ~ ~ e 
-FINAL I 

I 
• • • I • • • . . . . . . II. . . • • • I • • • • • • 
FY8S FY86 FY87 FY88 "FY90 FY91 FY92 FY93 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Figure 1. SCHEDULE FOR THE NiH2 LIFE TEST FOR A MINIMUM OF 7 YEARS. OPEN TRIANGLES INDICATE 
THAT THE ACTIVITY HAS NOT STARTED OR IS NOT FINISHED. ARROWS INDICATE THE ACTIV­
ITY MAY EXTEND LONGER THAN THE FIGURE SCALE. 

" .. ~. 



Introduction 

N87-11103 

4.5" DIAMETER IPV NI-H2 CELL DEVELOPMENT PROGRAM 

Lee Miller 

Eagle-Picher Industries, Inc. 

Interest in larger capacity Ni-H2 battery cells for space applications 
has resulted in the initiation of a development/qualification/production 
program. Cell component design has been completed and component hardware 
fabricated and/or delivered. 

Finished cell design projections demonstrate favorable specific ener­
gies in the range of 70-75 Whr/Kg (32-34 Whr/Lb) for capacities of 100-250 
All. 

It is further planned during this effort to evaluate the advanced cell 
design technology which has evolved from the work conducted at the NASA/ 
Lewis Research Center 

Background 

Cell pressure vessels (PV) of 8.89 cm (3.50 in) diameter have success­
fully accommodated cell capacities ranging from 30-90 All. However, further 
growth in PV length imposes certain design and fabrication technology prob­
lems. PV's of approximately 11.43 em (4.50 in) diameter are therefore of 
interest because s-imilar diameter-to-length relationships are maintained 
while accommodating larger cell capacities. 

Cell Designs 

The photograph presented in Figure I displays two (2) PV designs to be 
evaluated under this program. They are primarily distinguished by the 
method used to effect the vessel girth or joining weld. 

The design on the left accommodates an electron beam (EB) welding pro­
cess. The vessel is of thin walled, uniform construction and the weld ring 
(not machined in this view) design facilitates the necessary back supported, 
vessel "butt" joint. This concept is often referred to as the "Intelsat" 
PV design. 

The design on the right accommodates an automatic, tungsten-inert-gas 
(TIG) welding process. The vessel is of thin walled, multiple thickness 
(chern-milled) construction and the weld ring design facilitates an unsup­
ported, vessel "butt" jOint. This concept is often referred to as the 
"Air Force" PV design. 
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Production designs will accommodate either "compression seal" (Intel­
sat) or "hydraulic seal" (Air Force) terminal assemblies. In addition, 
both external/internal terminal mounting either axial or 450 off-set will 
be accommodated. An internal, 450 off-set terminal arrangement (3.5 in 
cell) is shown in the center of the above view. 

Projected Cell Characteristics 

The characteristics or design features for four (4) cell capacities 
(100, 200, 220 and 300 AH) have been projected with very favorable results. 

The design features for a 100 AH cell are presented in Figure 2. It 
was noted several listed parameters are independent of cell capacity. In 
Figure 3 only the parameters which change are summarized for all four (4) 
cell capacities. 

A review of these data reveal an inverse relationship between cell 
specific energy and cell capacity (see graph in Figure 4). This unusual 
relationship is primarily attributed to accelerated current conductor, 
cross-section growth with increased cell length. 

Advanced Cell Design Technology 

Advanced~i-H2 cell design technology has been reported by researchers 
at the NASA/Lewis Research Center. Technical details were most recently 
presented at the 1984 GSFC Battery Workshop (1) and the 20th Intersociety 
Energy Conversion Engineering Conference (2). 

Portions of this technology will be evaluated under this program to 
assess their potential benefit. The enhanced thermal/oxygen/electrolyte 
management characteristics offered by the catalyzed wall wick/reservoir 
concept may be well suited to the larger diameter cell configuration par­
ticularly in LEO applications. Each of these parameters becomes more 
difficult to management as cell cross-section increases. 

Conclusion 

A development/qualification/production program is proceeding on 
schedule to introduce 4.5" diameter Ni-H2 cell technology. Production 
tooling has been completed and cell hardware fabricated or delivered. 
Cell assembly will soon be initiated for design qualification and user 
industry evaluation. 

Large capacity Ni-H2 cell (100-250 AH) exhibiting specific energies 
of 70-75 Whr/Kg (32-34 Whr/Lb) and offering improved operational character­
istics will be available for the most demanding space missions on a near 
term basis. 
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100 AH 4.5 N D1a N1H2 CELL DESIGN FEATURES 

NOMIMAL CAPACITY (to 1.00 V) 109 AH 

DIAMETER 11.76 eM (4.63 IN) 

LENGTH 18.29 CM (7.20 IN) 

OPERATING PRESSURE 61 ATM (900 PSI) 

SAF'ETY F'ACTOR 2.5 : 1 

TERMINALS INTERNAL, 45 0 OF'F'-SET 

MASS 1783 GM (3.92 LB) 

SPECIF'IC ENERGY 74.6 WH/KG (33.9 WH/LB) 

Figure 2. 
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F'EATURES laa AH 2aa AH 22a AH 3aa AH 

NOMIMAL CAP. (AH) la9 218 243 333 

LENGTH (CM) 18.29 32.26 35.81 46.99 

MASS (GM) 1783 3676 4164 6ass 

SPEC. EN. (HH/KG) 74.6 72.4 71.2 67. 1 

COMMON F'EATURES 

DIAMETER 11.76 CM (4.63 IN) 

OPERATING PRESSURE 61 ATM (9aa PSI) 

SAF'ETY F'ACTOR 2.5 1 

TERMINALS INTERNAL, 45° OF'F'-SET 

Figure 3. 4.5" Dia. NiH2 Cell Design Features 
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